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Cardiomyopathies are a heterogeneous group of inherited cardiac diseases
characterized by progressive myocardium abnormalities associated with mechanical
and/or electrical dysfunction. Massive genetic sequencing technologies allow a
comprehensive genetic analysis to unravel the cause of disease. However, most
identified genetic variants remain of unknown clinical significance due to incomplete
penetrance and variable expressivity. Therefore, genetic interpretation of variants
and translation into clinical practice remain a current challenge. We performed
retrospective comprehensive clinical assessment and genetic analysis in six families, four
diagnosed with arrhythmogenic cardiomyopathy, and two diagnosed with hypertrophic
cardiomyopathy (HCM). Genetic testing identified three rare variants (two non-sense and
one small indel inducing a frameshift), each present in two families. Although each variant
is currently classified as pathogenic and the cause of the diagnosed cardiomyopathy,
the onset and/or clinical course differed in each patient. New genetic technology allows
comprehensive yet cost-effective genetic analysis, although genetic interpretation, and
clinical translation of identified variants should be carefully done in each family in a
personalized manner.

Keywords: sudden cardiac death, arrhythmias, cardiomyopathies, genetics, genetic counseling

INTRODUCTION

Sudden cardiac death (SCD) is a major cause of death with an incidence ranging from
approximately 1:1000 to 1:3000 individuals per year in the general population (Deo and
Albert, 2012). In population <35 years old, inherited cardiomyopathies are the leading cause
of SCD, mainly hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), and
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arrhythmogenic cardiomyopathy (ACM) (Straus et al.,
2004). Cardiomyopathies are characterized by structural
heart abnormalities that induce mechanical and/or electrical
dysfunction, leading to ventricular arrhythmias and even SCD.
Sometimes the first manifestation of disease is SCD, which usually
occurs in a healthy young individual while doing exercise. These
disorders induce progressive morphological and histological
myocardial features, but abnormalities may be minimal or even
absent at young ages (Gopinathannair et al., 2015).

In post-mortem cases, current guidelines recommend
molecular autopsy in all cases without a conclusive cause of
death and without any cardiac alteration, but also if a cardiac
alteration suspicious of cardiomyopathy is identified (Priori
and Blomstrom-Lundqvist, 2015). In addition, ongoing clinical
surveillance for family members of affected individuals is
recommended because some relatives might have inherited
the genetic alteration and thus be at risk of SCD. Therefore,
establishing a proper pedigree including both clinical and
genetic data is crucial to provide a clear view of diagnosed
and asymptomatic relatives, focused on adopting preventive
therapeutic measures in each individual. Hence, incorporation of
genetic testing and genetic counseling is now considered standard
of care for cardiomyopathies (Marian and Braunwald, 2017).

Massive sequencing technologies such as next generation
sequencing (NGS) now allow comprehensive genetic analysis
of families in a cost-effective way – genetic data can be
obtained in reduced time and at low cost in comparison to
traditional Sanger sequencing (Morini et al., 2015). The main
current challenge is genetic interpretation as well as clinical
translation of these results, as most identified genetic variants
remain of unknown/ambiguous significance (Richards et al.,
2015; Amendola et al., 2016). This means genetic data are
not conclusive and do not help clinicians in the diagnosis,
risk stratification, or adoption of potential therapeutic measures
to prevent malignant arrhythmias. Consequently, genetic data
should be carefully translated into clinical practice.

Information of family history, segregation of genetic variants,
and genotype-phenotype correlations are crucial to elucidate
the role of each genetic variant (Campuzano et al., 2015a).
Further, the same genetic variant may be associated with
incomplete penetrance and variable expressivity, intrafamilial
as well as interfamilial, and complicating clinical interpretation
(Giudicessi and Ackerman, 2013).

MATERIALS AND METHODS

This study was approved by the Ethics Committee of the
Hospital Josep Trueta (Girona, Spain), following the Helsinki
II declaration. Written informed consent was obtained from all
relatives included in the study. Alive individuals were clinically
evaluated at Hospital Josep Trueta (Girona, Spain), Hospital
Clinic of Barcelona (Barcelona, Spain), or Hospital Sant Joan
de Deu (Barcelona, Spain). All patients were Caucasian and
native from Spain.

We analyzed six families diagnosed with cardiomyopathies
caused by 3 variants in 6 families. Each variant in two

families. A multidisciplinary group including cardiologists,
pediatricians, genetic counselors, molecular geneticists, and
pathologists performed personalized genetic interpretation and
clinical translation in each family. Families diagnosed with
the same cardiomyopathy due to the same mutation were
included in our study. Clinical evaluation of index cases and all
available relatives included a complete physical examination, 12-
lead electrocardiogram (ECG), 2-dimentional echocardiography
(ECHO), cardiac magnetic resonance imaging (MRI), exercise
stress test, 24-h Holter monitoring, and comprehensive genetic
testing. Regarding post-mortem samples, a complete autopsy
was performed according to current international regulations,
including macroscopic, microscopic, and toxicological analyses
(Basso et al., 2008; Sinard, 2013). When macroscopic autopsy
was labeled negative, forensic pathologists performed a complete
histological and toxicological investigation, and collected a blood
sample for genetic investigation. We excluded cases in which
the autopsy was labeled as violent death, including death from
drug overdose. We also obtained family history of syncope and
unexplained deaths.

Variant Analysis
Genomic DNA was obtained from peripheral blood or saliva.
DNA analyzed using NGS technology (MiSeq, Illumina). We
screened the most prevalent genes involved in cardiomyopathies
and other pathologies associated with SCD (ABCC9, ACTC1,
ACTN2, AKAP9, ANK2, ANKRD1, BAG3, CACNA1C,
CACNA2D1, CACNA1G, CACNA1H, CACNA1I, CACNB2,
CALM1, CALM2, CALM3, CALR3, CASQ2, CAV3, CRYAB,
CSRP3, CTNNA3, GJA1, CTF1, DES, DMD, DMPK, DPP6, DSC2,
DSG2, DSP, DTNA, ECE1, EMD, EN1, EYA4, FHL2, FKTN,
FLNA, FLNC, GAA, GJA5, GLA, GPD1L, HCN1, HCN2, HCN4,
JPH2, JUP, KCNA5, KCND3, KCNE1, KCNE2, KCNE3, KCNE4,
KCNE5, KCNH2, KCNJ2, KCNJ5, KCNJ8, KCNQ1, LAMA4,
LAMP2, LDB3, LMNA, MYBPC3, MYH6, MYH7, MYL2, MYL3,
MYLK2, MYOZ2, MYPN, NEBL, NEXN, NOS1AP, NOTCH1,
NPPA, NUP155, PDLIM3, PHOX2A, PHOX2B, PITX2, PKP2,
PLN, PRKAG2, RANGRF, RBM20, RYR2, SCN1B, SCN2B,
SCN3B, SCN4B, SCN5A, SCN10A, SDHA, SGCD, SLC22A5,
SLC6A4, SLC8A1, SLMAP, SLN, SNTA1, TAZ, TCAP, TGFB3,
TLX3, TMEM43, TMPO, TNNC1, TNNI3, TNNT2, TP63, TPM1,
TRDN, TRIM63, TRPM4, TTN, TTR, and VCL) (Campuzano
et al., 2014a). All gene isoforms described in Ensembl 751

that have been linked at least with either a RefSeq code2 or
CCDS3 were included.

Coordinates of sequence data were based on UCSC human
genome version hg19 (NCBI GRCh37 built). Biotinylated
cRNA probe solution was used as a capture probe (Agilent
Technologies, Santa Clara, CA, United States). Bioinformatic
processing of fastq files consisted of low-quality base-trimming
followed by a mapping step with BWA-MEM. After removal
of duplicates and low-quality reads, variant call was performed
with SAMtools v.1.2, and an ad hoc pipeline to generate raw

1http://www.ensembl.org
2http://www.ncbi.nlm.nih.gov/refseq
3https://www.ncbi.nlm.nih.gov/CCDS
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VCF files. The final annotation steps provided information
included in public databases. Identified variations were compared
with DNA sequences from 500 healthy Spanish individuals
(individuals not related to any index case and of the same
ethnicity) as control cases in order to identify potential founder
mutations. In addition, in order to determinate the frequency
of variants identified, they were contrasted with the Human
Gene Mutation Database (HGMD4), HapMap5, 1000 Genomes
Project6, Exome Variant Server (EVS7), Genome Aggregation
Database (gnomAD8), and Exome Aggregation Consortium
(ExAC9). Non-common genetic variants [minor allele frequency
(MAF) <1%] identified in NGS analysis were confirmed by
Sanger sequencing. Exons and exon-intron boundaries of each
gene were amplified (Verities PCR, Applied Biosystems, Austin,
TX, United States). PCR products were purified (Exosap-IT,
Affymetrix Inc., USB Products, Cleveland, OH, United States),
and then were directly sequenced in both directions (Big
Dye Terminator v3.1 and 3130XL Genetic Analyzer, Applied
Biosystems) with posterior SeqScape Software v2.5 analysis
(Life Technologies, Carlsbad, CA, United States), comparing
obtained results with the hg19 reference sequence. Sequence
variants were described following rules outlined by the Human
Genome Variation Society (HGVS10), and checked in Mutalyzer11.
In silico prediction of pathogenicity of genetic variations was
assessed in Functional Annotations for Non Synonymous
SNVs (FannsDB12), Mutation Taster13, Protein Variation Effect
Analyzer (PROVEAN14), and Polymorphism Phenotyping v2
(PPH215). Alignment of DNA sequences for different species was
also performed for novel variations using Uniprot database16.
Finally, protein structure and domains were consulted at
STRING17 and SMART databases18.

Regarding copy number variation (CNV), our approach
focused on capturing significant differences between expected
normalized coverage and obtained normalized coverage for a
given sample in a region of interest. Several samples were
analyzed to corroborate similar levels of coverage between
samples, as already published by our group (Campuzano et al.,
2014b). All CNVs were compared with ExAC, including recently
added data concerning CNVs. Genetic analysis in relatives was
performed using the Sanger method. Only rare genetic variants
confirmed in the index case were analyzed in relatives to perform
a comprehensive genetic study in each family.

4http://www.hgmd.cf.ac.uk/ac/index.php
5http://hapmap.ncbi.nlm.nih.gov
6http://www.1000genomes.org
7http://evs.gs.washington.edu/EVS
8http://gnomad.broadinstitute.org
9http://exac.broadinstitute.org
10http://www.hgvs.org
11https://mutalyzer.nl
12http://bg.upf.edu/fannsdb
13www.mutationtaster.org
14http://provean.jcvi.org/index.php
15http://genetics.bwh.harvard.edu/pph2
16http://www.uniprot.org
17https://string-db.org
18https://smart.embl.de

Finally, each variant was classified in one of the following
current recommendations of the American College of Medical
Genetics and Genomics and the Association for Molecular
Pathology (ACMG/AMP) (Richards et al., 2015). This
recommendations describe several items of pathogenicity
(PVS, evidence of pathogenicity very strong; PS, evidence of
pathogenicity strong; PM, evidence of pathogenicity moderate;
and PP, evidence of pathogenicity supporting), and benignity
(BA, evidence of benign impact stand-alone; BS, evidence
of benign impact strong; and BP, evidence of benign impact
supporting), enabling a final score and consequent classification
of variants as: pathogenic (P), likely pathogenic (LP), variant of
uncertain significance (VUS), likely benign (LB), or benign (B).
The PM2 item in the ACMG score was considered fulfilled if
MAF ≤0.1% in relevant population databases (Lek et al., 2016).
Concerning frequency of disease-causing variants, the majority
of pathogenic variants are extremely rare (<0.01%) (Kobayashi
et al., 2017). Concerning potential PVS1 variants, it should
be only used for variants in genes where loss of function is a
previously established disease mechanism19 (Abou Tayoun et al.,
2018). In addition, some items of ACMG/AMP may underlie a
lack of specificity or ambiguous or contradictory interpretations,
so we check the parameters using Sherloc (semiquantitative,
hierarchical evidence-based rules for locus interpretation)
(Nykamp et al., 2017). Finally, to avoid bias, three authors with
PhDs in human genetics independently and comprehensively
investigated published genetic data concerning each analyzed
variant. In addition, four independent expert cardiologists
(including two pediatric cardiologists) comprehensively
reviewed available clinical data to reconfirm diagnoses following
current guidelines (Priori and Blomstrom-Lundqvist, 2015). All
investigators discussed data included in each item of the ACMG
and consensus and the final classification of all variants.

RESULTS

Our study retrospectively analyzed six families diagnosed with
cardiomyopathy after comprehensive clinical assessment –
families A, B, C, and D included relatives clinically diagnosed
with ACM, and families E and F included relatives diagnosed
with HCM. Comprehensive NGS analysis was performed
on at least one patient clinically diagnosed with ACM or
HCM in each family. Concerning NGS data, all samples
showed <4% duplicates of amplified regions; a minimum
of 96% reads mapped uniquely and 55% reads of insert.
Finally, the median coverage was 300× and call rate at
30× was 99.9%. After genetic interpretation, three pathogenic
rare variants – each present in two different families –
were identified as the cause of disease. Families A and
B carried the variant PKP2_p.(Leu92∗), families C and D
carried the variant PKP2_p.(Arg413∗), and families E and F
carried the variant MYBPC3_p.(Arg891Ala_fr∗160). Variants
PKP2_p.(Leu92∗) and PKP2_p.(Arg413∗) are previously reported
non-sense variants that are widely accepted as pathogenic. Both

19https://www.ncbi.nlm.nih.gov/projects/dbvar/clingen
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FIGURE 1 | Electropherogram of pathogenic variants identified in our families and closest proteins interactions. (A) Families A and B: c.275T > A (TTG > TAG),
p.L92X (p.Leu92∗) in the PKP2 gene. Families C and D: c.1237C > T (CGA > TGA) and p.R413X (p.Arg413∗) in the PKP2 gene. Families E and F: c.2670dupG,
p.R891A_frX160 (p.Arg891Ala_fs∗160) in the MYBPC3 gene. (B) Network of ten closest proteins to PKP2. (C) Network of ten closest proteins to MYBPC3.

genetic abnormalities radically change the protein, resulting in
a final protein that is shorter than wildtype PKP2 (Figure 1
and Tables 1, 2).

The PKP2_p.(Leu92∗) variant was reported first as a cause
of ACM in a cohort of cases (Fressart et al., 2010). Currently,
global population databases have reported this variant with
very low frequency (2/251424, MAF: 0.0007955%), and in silico
analysis predicts this genetic alteration is deleterious. The
PKP2_p.(Arg413∗) variant was reported for the first time
in 2006 in a cohort of cases with ACM (Syrris et al.,
2006). To date, more than 10 reports describe families with
ACM due to this pathogenic variant, and in silico, analysis
predicts the variant is deleterious. Despite identification of
this variant in global databases (rs372827156), the frequency
is very low (2/121408 alleles, MAF: 0.001647%). The third
variant,MYBPC3_p.(Arg891Ala_fr∗160), is novel. Current global
population databases do not include this variant, and in silico
analyses predict a deleterious role. It is a small indel that
induces a frameshift, resulting in a longer than wildtype protein.
Therefore, all parameters analyzed indicate a pathogenic role
(Figure 1 and Tables 1, 2).

Families A and B
Families A and B were clinically diagnosed with ACM (Table 1).
The cause of the disease was a pathogenic variant (CM102825) in
PKP2 (c.275T > A, p.L92X – p.Leu92∗) (Table 2). Our NGS panel
included genes encoding the functionally closest PKP2-related
proteins, but no abnormalities were identified except in Family
A. In addition, no CNVs were identified in either family.

Family A included two members clinically diagnosed with
ACM, III.1 -48 years old- and III.4 -42 years old- (Figure 2).
Individual III.1 had repeated episodes of palpitations. During
clinical assessment (right ventricle ejection fraction: 38%; dilated
right ventricle: 4.3 cm; no left ventricle affectation), III.1

suffered a syncope due to ventricular arrhythmia, and an
implantable cardioverter defibrillator (ICD) was implanted.
Individual III.4 was diagnosed with ACM -abundant fibro-fatty
infiltration in epicardium and myocardium of right ventricle
(residual myocytes <60%), moderate decrease of right ventricular
ejection fraction (45%), and mild right ventricle dilatation-, but
with a slow clinical evolution during follow-up and negligible
symptoms to date. No other relatives were diagnosed with
ACM except one family member (II.1 -74 years old-) who
showed scattered cardiac fibrosis but not a definite diagnosis
of ACM. She remained asymptomatic thus far, without any
episode of palpitations, arrhythmia, or syncope. Neither SCD
nor syncope episodes occurred in this family. The grandparents
(I.1 and I.2) died at old age (>75 years old both), both due to
oncologic diseases, and without documented episodes of syncope.
Genetic analysis identified the already reported pathogenic
variant -PKP2_p.(Leu92∗)- in three cases, II.1, III.1, and III.3.
In addition, a rare variant in DSG2 (c.527C > T, p.T176I –
p.Thr176Ile) was also identified in the index case (III.1), with
the amino acid threonine (polar, uncharged side chain) changed
to isoleucine (non-polar, hydrophobic side chain). This variant
is reported in global databases with a low frequency (2/249296,
MAF: 0.0008023%). However, in silico analysis predicts an
ambiguous role, and alignment between species showed no
highly conserved domain. The variant in DSG2 was present
in the index case (III.1, clinically diagnosed with ACM), her
sister (III.3 -44 years old-, not diagnosed with ACM), and her
mother (II.1, not diagnosed with ACM but showing scattered
cardiac abnormalities). One relative clinically diagnosed with
ACM (III.4) did not carry this variant. Therefore, we disregarded
DSG2_p.(Thr176Ile) as pathogenic, at least as the cause of
ACM in this family.

Family B also carried the same non-sense variant,
PKP2_p.(Leu92∗). Relative III.1-39 years old- was definitely
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TABLE 1 | Clinical data.

Family Individual Age Gender Gene_Variant Diagnosis Criteria

A II.1 74 F PKP2_p.(Leu92∗) No –

III.1 48 F PKP2_p.(Leu92∗) ACM Definite (2 major and 2 minor)

III.4 42 F PKP2_p.(Leu92∗) ACM Definite (1 major and 2 minor)

B II.1 68 F PKP2_p.(Leu92∗) ACM (1 major and 1 minor)

III.1 39 F PKP2_p.(Leu92∗) ACM Definite (1 major and 2 minor)

C I.1† 44 M ? ACM Possible (2 minor)

II.2 42 F PKP2_p.(Arg413∗) ACM Definite (2 major and 2 minor)

II.3† 21 M PKP2_p.(Arg413∗) ACM Definite (1 major and 2 minor)

II.4 40 M PKP2_p.(Arg413∗) ACM Definite (2 major and 1 minor)

II.6 37 M PKP2_p.(Arg413∗) ACM Definite (2 major and 2 minor)

III.2 9 M PKP2_p.(Arg413∗) ACM Definite (1 major and 2 minor)

D II.1 74 F PKP2_p.(Arg413∗) ACM Definite (2 major and 1 minor)

II.5 71 M PKP2_p.(Arg413∗) ACM Definite (2 major and 1 minor)

II.7 68 M PKP2_p.(Arg413∗) ACM Definite (1 major and 2 minor)

III.2 39 F PKP2_p.(Arg413∗) ACM Definite (1 major and 2 minor)

III.4 35 F PKP2_p.(Arg413∗) No –

III.6 30 M PKP2_p.(Arg413∗) ACM Definite (2 major and 1 minor)

III.8 38 M PKP2_p.(Arg413∗) ACM Definite (2 major and 1 minor)

IV.1† 10 M PKP2_p.(Arg413∗) ACM (2 minor)

IV.2 11 M PKP2_p.(Arg413∗) No –

IV.5 6 F PKP2_p.(Arg413∗) No –

E II.2 68 F MYBPC3_p.(Arg891Alafs∗160) HCM LV wall thickness 19 mm

II.3 66 M MYBPC3_p.(Arg891Alafs∗160) HCM LV wall thickness 20 mm

III.2 39 M MYBPC3_p.(Arg891Alafs∗160) HCM LV wall thickness 17 mm

III.4 34 F MYBPC3_p.(Arg891Alafs∗160) No –

III.6† 38 M MYBPC3_p.(Arg891Alafs∗160) HCM Myocardial disarray

III.8 36 M MYBPC3_p.(Arg891Alafs∗160) HCM LV wall thickness 24 mm

III.11 30 M MYBPC3_p.(Arg891Alafs∗160) HCM LV wall thickness 16 mm

IV.2 11 M MYBPC3_p.(Arg891Alafs∗160) No –

IV.4 8 F MYBPC3_p.(Arg891Alafs∗160) No –

IV.6 3 F MYBPC3_p.(Arg891Alafs∗160) No –

IV.8 2 F MYBPC3_p.(Arg891Alafs∗160) No –

F II.2 73 M MYBPC3_p.(Arg891Alafs∗160) HCM LV wall thickness 25mm

III.1 46 F MYBPC3_p.(Arg891Alafs∗160) HCM LV wall thickness 23mm

III.2 41 M MYBPC3_p.(Arg891Alafs∗160) HCM LV wall thickness 22mm

ACM, arrhythmogenic cardiomyopathy; F, female; HCM, hypertrophic cardiomyopathy; LV, left ventricle; M, male. Sign †means sudden death.

diagnosed with ACM (Figure 3). She suffered syncope
during exercise. Clinical assessment showed dyskinesia
with a moderate dilation of the right ventricle (39 mm), a
minor reduction of ejection fraction (40%), and no criteria
of fibro-adipose infiltration in the myocardium (residual
myocytes nearly 75% in right ventricle). The left ventricle
was not affected. Given the risk of lethal arrhythmias, this
individual had an ICD implanted 6 years ago, with three
appropriate shocks registered to date. Individual II.1 -68 years
old-, despite old age, showed no symptoms during most of
her life (punctual palpitations in the past 8 years during
moderate physical activity). One relative (grandfather,
I.2) died suddenly at a young age -36 years old- while
working on a farm. However, neither complete autopsy nor
molecular autopsy was performed. No other rare variants were
identified in this family.

Families C and D
Families C and D were also diagnosed with ACM (Table 1), and
both carried a previous reported pathogenic variant (CM060431)
in PKP2 (c.1237C > T, p.R413X – p.Arg413∗), associated with
ACM (Table 2). Our NGS panel included genes encoding
the closest PKP2-related proteins, but no abnormalities were
identified in these genes. In addition, no CNVs were identified
in either family.

Family C included six family members diagnosed with
ACM, four of which were alive (II.2 -42 years old-, II.4 -
40 years old-, II.6 -37 years old-, and III.2 -9 years old-) and
carried the same genetic variant, PKP2_p.(Arg413∗) (Figure 4).
Concerning diagnosis, inverted T-wave in right precordial leads
were observed in three cases (II.2, II.4, and II.6); in addition,
sustained ventricular tachycardia were observed in II.4, and II.6.
Image analysis in II.2 showed regional RV akinesia and 38% RV
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ejection fraction. In III.2, regional RV akinesia and PLAX RV
outflow tract of 31 mm were identified. The other two relatives
died suddenly at a young age and both were diagnosed with ACM
post-mortem (both showing residual myocytes <60% in fibro-
fatty infiltration); I.1 died working in a building site -44 years
old-, and II.3 died at young age during exercise -21 years old-
. Molecular autopsy indicated individual II.3 carried the same
genetic variant. Unfortunately, no sample was obtained from
I.1 to perform genetic analysis. No other rare variants were
identified in this family.

Family D included six alive family members diagnosed with
ACM (II.1 -74 years old-, II.5 -71 years old-, II.7 -68 years old-,
III.2 -39 years old-, III.6 -30 years old-, and III.8 -38 years old-)
(Figure 5). Inverted T-wave in right precordial leads were
observed in five relatives (II.1, II.5, III.2, III.6, and III.8). III.7
also showed inverted T-wave in right precordial leads but in the
presence of complete right bundle-branch block. Non-sustained
ventricular tachycardia of left bundle-branch morphology were
observed in III.6, and III.8. Image analysis showed RV ejection
fraction of 38% and 39% in II.1 and II.5, respectively. All
other relatives (II.7, II.2, III.6, and III.8) showed RV ejection
fraction between 40 and 45%. Two relatives (III.3 and IV.1)
died at a young age (15 and 10 years old, respectively). The
index case, IV.1, died while sleeping and showed minor post-
mortem cardiac abnormalities (including myocarditis) with no
definite diagnosis of ACM but possible. Neither autopsy nor
molecular autopsy was performed in III.3 despite SCD at a
young age during exercise. No syncope or cardiac pathology
was diagnosed in either young relative who died suddenly.
Molecular autopsy of the index case (IV.1) identified three rare
genetic variants –PKP2_p.(Arg413∗), MYH7_p.(Leu1591Gln)
and TTN_p.(Ala20252Pro)-. All clinically affected relatives (II.1,
II.5, II.7, III.2, III.6, and III.8) carried the PKP2_p.(Arg413∗)
variant. Three additional relatives (III.4 -35 years old-, IV.2 -
11 years old-, and IV.5 -6 years old-) carried the same genetic
variant, but all remain asymptomatic so far. Individual III.4
showed some cardiac abnormalities, although they were not
diagnostic of ACM following current guidelines (Marcus et al.,
2010). Neither grandparent (I.1 nor I.2) died suddenly or at
a young age (both more than 75 years old). Concerning the
other two rare variants identified -MYH7_p.(Leu1591Gln) and
TTN_p.(Ala20252Pro)-, previous studies published by our group
disregard a pathogenic role (Campuzano et al., 2015b).

Families E and F
Families E and F were diagnosed with HCM (Table 1). The
disease was caused by a novel variant in MYBPC3. This variant
is a duplication of G (c.2670dupG), inducing a frameshift
(p.Arg891Ala_fr∗160) (Table 2). This genetic alteration induces
a radical change in fibronectin type 3 (FN3) domains, changing
the amino acid sequence of wildtype MYBPC3 starting at amino
acid 891. Our NGS panel included genes encoding the closest
MYBPC3-related proteins, but no abnormalities were identified.
In addition, neither other rare variants nor CNVs were identified
in either family.

Family E included five living family members (II.2 -
68 years old-, II.3 -66 years old-, III.2 -39 years old-,
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FIGURE 2 | Pedigree of family (A). Generations are indicated in the left side. Each individual is identified with a number. Clinically affected patients are show in gray,
clinically unaffected patients are show in white, and slashes indicate a deceased relative. Index case is indicated with an arrow (III.1). The genetic carriers of
PKP2_p.(Leu92∗) are represented with a plus sign inside rounds/squares. Minus sign indicates non-carriers of the genetic variant. Question mark indicates no
genetic analysis available. The ECG corresponds to index case. The ECG showing negative T waves in V1-3, and prolonged Terminal Activation Duration as major
and respectively, minor diagnostic Task Force Criteria for ACM.

FIGURE 3 | Pedigree of family B. Generations are indicated in the left side. Each individual is identified with a number. Clinically affected patients are shown in gray,
clinically unaffected patients are shown in white, and slashes indicate a deceased relative. Index case is indicated with an arrow (III.1). The genetic carriers of
PKP2_p.(Leu92∗) are represented with a plus sign inside rounds/squares. Minus sign indicates non-carriers of the genetic variant. Question mark indicates no
genetic analysis available. SD means Sudden Death. The ECG corresponds to index case. ECG showing negative T waves in V1-2 (minor ACM criterion).

III.8 -36 years old-, and III.11 -30 years old-) diagnosed
with HCM (Figure 6). Only III.8 (left ventricular wall
thickness 24 mm; ejection fraction 41%), had syncope and
an ICD was implanted. All other relatives were diagnosed
with HCM: II.2 -left ventricular wall thickness 19 mm;
ejection fraction 49%-, II.3 -left ventricular wall thickness
20 mm; ejection fraction 45%-, III.2 -left ventricular wall
thickness 17 mm; ejection fraction 49%-, and III.11 -left
ventricular wall thickness 16 mm; ejection fraction 51%-.
They did not show severe heart abnormalities (follow-up
showed slow evolution of disease), and no syncope has
been documented thus far. All carried the same rare genetic
variant, MYBPC3_p.(Arg891Ala_fr∗160). Individual III.6 was
diagnosed post-mortem –died at 38 years old-, during an
extreme effort at work. Molecular autopsy identified the same
variant (p.Arg891Ala_fr∗160) and forensic report described
an asymmetric septal hypertrophy and microscopic analysis
identified myocardial disarray with interstitial fibrosis. In

addition, five relatives (III.4 -34 years old-, IV.2 -11 ears old-,
IV.4 -8 years old-, IV.6 -3 years old-, and IV.8 -2 years old-)
carried the same genetic variant, but all remained asymptomatic
and without any cardiac alteration, so far. Both grandparents (I.1
and I.2) died at old age (both >75 years old) due to oncologic
and ischemic episodes, respectively. Neither had documented
episodes of arrhythmia or syncope.

Family F included three living family members (III.1, III.2,
and II.2) diagnosed with HCM (Figure 7). Individual II.2 -
73 years old- had a syncopal episode several years before,
and an ICD was implanted. He showed a left ventricular wall
thickness of 25 mm, mitral valve regurgitation, and slightly
decreased ejection fraction (48%). The other two relatives
(III.1 and III.2), despite young ages (46 and 41 years old,
respectively), showed enlarged left ventricular wall thickness
(23 mm and 22 mm, respectively), moderately decreased
ejection fraction (45 and 47%, respectively), and mitral valve
regurgitation. Individual III.1 had an ICD implanted due to
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FIGURE 4 | Pedigree of family C. Generations are indicated in the left side. Each individual is identified with a number. Clinically affected patients are shown in gray,
clinically unaffected patients are shown in white, and slashes indicate a deceased relative. Index case is indicated with an arrow (II.2). The genetic carriers of
PKP2_p.(Arg413∗) are represented with a plus sign inside rounds/squares. Minus sign indicates non-carriers of the genetic variant. Question mark indicates no
genetic analysis available. SD means Sudden Death. The ECG corresponds to index case.

syncope. The three living relatives carried the same genetic
variant, MYBPC3_p.(Arg891Ala_fr∗160). Neither grandparent
(I.1 nor I.2) died suddenly or at a young age (both >75 years old).

DISCUSSION

The “five P” characteristics in current medicine – personalized,
predictive, preventive, participative, and precision – are an
innovative approach to the patient using available technologies to
interpret individually all patient data. Recently updated guidance,
first published in 2009 for the Heart Failure Society of America
and ACMG, supports the use of NGS in genetic testing for
cardiomyopathy to assist patient care and management of at-
risk family members (Hershberger et al., 2018). In our study, we
carried out an individualized interpretation of three pathogenic
variants leading to cardiomyopathy in six families showing high
expression variability even for the same variant and family due to
different onset, evolution, and/or outcome of the disease.

Families A and B were diagnosed with ACM due to a
pathogenic variant, PKP2_p.(Leu92∗) (CM102825). Our group
previously published the index case of Family A (Alcalde
et al., 2014), and here we have included family segregation.
Hence, Family A showed incomplete penetrance and variable
expressivity because one relative carried the pathogenic
variant but had no diagnosis of ACM (despite showing
some scattered fibrotic heart abnormalities). Intriguingly,
the relative without an ACM diagnosis is the progenitor of
both clinically affected patients, may be due to age-dependent
penetrance age. The phenotype of both diagnosed patients
differed despite their similar age—neither had early disease
onset, but the evolution was faster and more severe in
one patient in contrast to the other. Further, the variant
in DSG2 (p.T176I) was not present in a relative clinically
diagnosed with ACM (III.4). Therefore, we disregarded
DSG2_p.(Thr176Ile) as pathogenic, at least in Family A,
remaining the variant PKP2_p.(Leu92∗) is the most plausible
cause of disease in Family A.
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FIGURE 5 | Pedigree of family D. Generations are indicated in the left side. Each individual is identified with a number. Clinically affected patients are shown in gray,
clinically unaffected patients are shown in white, and slashes indicate a deceased relative. Index case is indicated with an arrow (IV.1). The genetic carriers of
PKP2_p.(Arg413∗) are represented with a plus sign inside rounds/squares. Minus sign indicates non-carriers of the genetic variant. Question mark indicates no
genetic analysis available. SD means Sudden Death. The ECG corresponds to IV.1.

Family B, despite only two genetic carriers showed
incomplete penetrance and variable expressivity. The
younger relative (III.1) showed an aggressive phenotype,
with often-malignant arrhythmias, and had an ICD
implanted. The older relative (II.1) showed a slow
evolution and benevolent phenotype due to minimal
symptoms throughout her life. Therefore, considering the
clinical data in both Families A and B, PKP2_p.(Leu92∗)
may be considered the cause of ACM, although other
genetic abnormalities may modify onset, evolution, and
outcome of the disease.

Families C and D were also diagnosed with ACM and
both carried a pathogenic variant (CM060431) in PKP2
(c.1237C > A, p.R413X - p.Arg413∗). Our group published
on Family C in 2014 (Alcalde et al., 2014). All clinically

affected relatives carried the non-sense variant in PKP2, and
young relatives showed cardiac abnormalities associated with
ACM, suggesting an early onset of disease due to this genetic
variant. In 2015, our group also published part of Family D
(Campuzano et al., 2015b), and here we have included more
relatives to confirm the pathogenic role of PKP2_p.(Arg413∗)
as cause of disease. Genotype-phenotype correlation suggests
that PKP2_p.(Arg413∗) is the cause of disease in these families,
whereas additional variants could play a role as phenotype
modulators. We observed incomplete penetrance and variable
expressivity, as occurs in other reported families affected by
ACM (Kannankeril et al., 2006). Asymptomatic patients carrying
this genetic variant were young relatives. However, it is well
accepted that ACM is a progressive structural disease, so
cardiac abnormalities may not yet be evident in early ages.
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FIGURE 6 | Pedigree of family E. Generations are indicated in the left side. Each individual is identified with a number. Clinically affected patients are shown in gray,
clinically unaffected patients are shown in white, and slashes indicate a deceased relative. Index case is indicated with an arrow (III.2). The genetic carriers of
MYBPC3_p.(Arg891Alafs∗160) are represented with a plus sign inside rounds/squares. Minus sign indicates non-carriers of the genetic variant. Question mark
indicates no genetic analysis available. SD means Sudden Death. The ECG corresponds to index case.

Indeed, a middle-aged relative in Family D showed some
cardiac abnormalities that were not diagnostic of ACM following
current guidelines (Marcus et al., 2010). Therefore, the same
non-sense variant induces pathology in both Families C and
D, but the onset in each family is different, especially in
young individuals (<40 years old). In Family C, relatives
showed evident heart abnormalities at an early age, suggesting
a highly aggressive role of the variant; however, in Family D,
the abnormalities seemed to occur progressively, suggesting a
pathogenic role of the variant but not with the same temporal
onset. Therefore, despite PKP2_p.(Arg413∗) being the cause
of ACM, other genetic abnormalities (although not in any of
the closest related proteins) may modify the onset, evolution,
and outcome of ACM.

Families E and F were diagnosed with HCM due to a
novel frameshift alteration in MYBPC3 that results in a
different protein than wildtype MYBPC3. All analyses suggest
a pathogenic role. Family E showed incomplete penetrance
and variable expressivity, with clinically diagnosed relatives
carrying the MYBPC3_p.(Arg891Alafs∗160) variant and showing
different phenotypic evolution of heart abnormalities. This
agrees with several reports showing different phenotypes from
one family diagnosed with HCM due to a single pathogenic
variant (Wang et al., 2018). In Family E, asymptomatic
patients were young relatives, suggesting a delay in the
onset of HCM that makes cardiac manifestations not yet
evident at younger ages. This agrees with previous reports
suggesting that pathogenic variants in genes associated
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FIGURE 7 | Pedigree of family F. Generations are indicated in the left side. Each individual is identified with a number. Clinically affected patients are shown in gray,
clinically unaffected patients are shown in white, and slashes indicate a deceased relative. Index case is indicated with an arrow (II.2). The genetic carriers of
MYBPC3_p.(Arg891Alafs∗160) are represented with a plus sign inside rounds/squares. Minus sign indicates non-carriers of the genetic variant. Question mark
indicates no genetic analysis available. The ECG corresponds to index case.

with HCM do not induce structural abnormalities at
early years (Brion et al., 2009, 2012). Family F showed
complete penetrance and variable expressivity. All relatives
who carried the MYBPC3_p.(Arg891Alafs∗160) variant
had a clinical diagnosis of HCM, including young family
members. Therefore, MYBPC3_p.(Arg891Alafs∗160) is the
likely cause of HCM in both Families E and F, and other
genetic abnormalities (although not in the closest related
proteins) may modify onset, evolution, and outcome of the
disease in each family.

Autopsy in young individuals who die suddenly may be
not conclusive and may not identify cardiac abnormalities.
However, potential cardiomyopathy should not be disregarded,
as ultramicroscopic changes that are not evident at autopsy may
nonetheless induce arrhythmia responsible for SCD (Campuzano
et al., 2014a). Molecular autopsy may identify the genetic
alteration in a gene associated with cardiomyopathy but
without anatomic heart abnormalities. This fact is important
in sudden deaths occurring in infants, children, and even
young people (Sarquella-Brugada et al., 2016). A recent
study states that, carriers of a pathogenic variant may be
at 2.5-fold greater risk of SCD compared to non-carriers
(Milano et al., 2016). Nonetheless, it should be communicated
to the patient that despite being a carrier, the individual
may never express the disease phenotype (Kapplinger and
Ackerman, 2016). Similar to our study, a 2010 publication
of a cohort of 60-year-old patients diagnosed with ACM and
carrying a pathogenic radical variant indicates that only 60%
of genetic carriers had experienced any symptoms, without
differences between genders (van der Zwaag et al., 2010).
It is well-known that cardiomyopathies may display a broad
range of phenotype variability, from asymptomatic individuals
to severe heart alterations; it is also important to remark
that sometimes the first manifestation of disease is SCD,
which usually occurs in a healthy young individual while
doing exercise, main trigger of life-threatening ventricular
arrhythmias. Considering all data, we believe that clinical
follow-up including periodic tests of risk should be performed
in all genetic carriers, despite remaining asymptomatic due

to high risk of lethal arrhythmias, accordingly to recent
published manuscripts (Kapplinger and Ackerman, 2016).
In addition, proper genetic counseling is essential for all
family members despite the high complexity of genetic
heterogeneity, incomplete penetrance, and variable expressivity
related to inherited cardiomyopathies (De Bortoli et al.,
2017). In this prospective, further genetic studies aiming to
identify modifying factors are needed to improve prevention
of malignant arrhythmias and guide appropriate treatment
in each patient.

In conclusion, genetic testing has been progressively
incorporated into clinical diagnosis, mainly due to improved
NGS technology. Although genetic interpretation may classify
rare variants as pathogenic, translation into clinical practice
sometimes shows both interfamilial and intrafamilial phenotypic
differences. We report here families carrying the same pathogenic
variant associated with cardiomyopathies but with differential
onset and/or clinical progression. Therefore, additional factors
may modify the disease phenotype in each individual.
Nonetheless, all individuals carrying a pathogenic variant,
despite being asymptomatic, are at risk of disease therefore,
clinical follow-up should be performed. Clinical translation
remains a main challenge for cardiovascular genetic units and
should be carefully performed in a personalized manner.

Limitations
A main limitation of this study is the lack of understanding
of the reasons implicated in high expression variability even
for the same variant and family. Additional analysis of the
assessed genes as well as in other genes not included in our NGS
custom-panel is necessary to identify additional genetic variants
that could modify the phenotype. In addition, other genetic
analyses focused on transcriptional/proteomic modifications are
necessary to clarify the role of each genetic variant in each
individual. It is important to remark the absence of data on
exercise, an important contributor to phenotypic manifestation.
Finally, in vivo and/or in vitro studies of each genetic variant
may help clarify pathophysiological mechanisms associated
with the pathology.
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