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5.1 DCM-Associated Genes

Nowadays, genetic laboratories from the USA and Europe offer different pan-
els of genes related to DCM, ranging from 30 to more than 150 genes, with a
great part of them only anecdotally associated with the disease or with a puta-
tive link on the basis of biological relationship with known genes. A detailed
analysis of each different gene is far beyond the aim of this chapter, which will
be focused in the complexity of the interpretation of “evidence-based” DCM
genetic background. Here below is presented a brief list of the most investi-
gated and evidence-based genes, grouped according to functional intracellular
similarity. Cardiac sarcomeric and cytoskeletal genes (TTN overall) are the
most frequently encountered. Other involved genes spread all over cardiomyo-
cyte biological pathways and cell compartments, encoding components of des-
mosome, structural cytoskeleton, nuclear lamina, mitochondria, and ion
flux-handling proteins [1] (Fig. 5.1).

We must premise that in these years times are rapidly changing, and this list may
be no more representative of the entire genetic landscape of the disease in the next
years.

Human cardiomyocytes :
( Red: n-Cadherin; Green: alpha actinin; Blue: DAPI)
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Fig. 5.1 Cardiomyocytes’ immunofluorescence, with schematic representation of gene clusters
involved in DCM pathogenesis (courtesy of the authors)
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5.1.1 Titin

(See Sect. 5.5.1)

5.1.2 LaminA/C

(See Sect. 5.5.2)

5.1.3 Structural Cytoskeleton Z-Disk Genes

Cardiomyocyte’s structural integrity, sarcomeric orientation and contraction, and
mechano-sensing transductions depend on cytoskeleton and Z-disk correct func-
tion. DES, DMD, FLNC, NEXN, NEBL, LDB3, and VCL encode for component of
both sarcolemmal and sarcoplasmatic intermediate filaments, co-localizing to sar-
colemmal membrane, sarcoplasmic membrane, and Z-disk structure. Notably, no or
only a mild ATPase activity is known for these genes; thus all belongs to non-motor
actin-binding protein group inside Z-disk structure. Mutations in these genes
accounted for 5-10% of familial DCM, but this prevalence could increase after the
inclusion of the recently discovered Filamin C (FLNC) gene.

Desmin (DES): Desmin is a cytoskeletal protein which forms muscle-specific
intermediate filaments.

Mutations in the gene encoding Desmin cause a wide spectrum of phenotypes of
different cardiomyopathies, skeletal myopathies, and mixed skeletal and cardiac
myopathies. Desmin mutations account for 1-2% of all cases of DCM. Cardiac
manifestations include restrictive cardiomyopathy (RCM), DCM, conduction sys-
tem diseases, arrhythmias, and sudden death. Isolate cardiac phenotype is reported,
or it can precede skeletal muscle involvement [2—4]. Truncating DES variants are
associated with anticipated and more severe forms of DCM with diffuse LV fibrosis
(unpublished data from Heart Muscle Disease Registry of Trieste, HMDR).

Dystrophin (DMD): The Dystrophin gene is located on the short arm of the X
chromosome and consequently shows an x-linked pattern of inheritance. The dystro-
phin protein, in conjunction with the dystrophin glycoprotein complex, has an impor-
tant role in force transmission, being integral to the mechanical link between the
intracellular cytoskeleton and the extracellular matrix. Cardiac involvement is present
in approximately 90% of the cases of Duchenne’s muscular dystrophy and 70% of
Becker’s muscular dystrophy. Abnormal Q waves (“pseudonecrosis”) in lead I, aVL,
and V6 or in lead II, III, and aVF have been described. Right bundle branch block,
atrioventricular block, and supraventricular arrhythmias can be present. About 10% of
female carriers of DMD mutations (Duchenne or Becker type) may develop a DCM in
the absence of clinical involvement of skeletal muscle and, although in anecdotal
forms, missense and truncating variants of DMD may present with isolated cardiac
involvement in males, with DCM, and no signs of muscular dystrophy [5-8].

Filamin C (See Sect. 5.5.3)
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Vinculin (VCL): This gene encodes a cytoskeletal protein (Vinculin) involved in
cell-matrix and cell-cell adhesion. Specifically, Vinculin is involved in the linkage
of integrin adhesion molecules to the actin cytoskeleton. Mutations in this gene,
especially in cardiac-specific isoform metavinculin, are very rarely found (less than
ten variants described so far) and have been mainly related to DCM but also to
hypertrophic cardiomyopathy (HCM). Nowadays, only a limited number of cases
sustain these associations, and segregation studies were no or only marginally in
support of it. Moreover, some of the described families harbored a second mutation
that explained the phenotype [9, 10].

Lim Domain Binding 3 (LDB3, or Cypher Zasp): LDB3 interact with alpha-
actinin-2 and to protein kinase C, maintaining the structure of the Z-disk during
muscle contraction and contributing to signal transduction cascades including car-
diac hypertrophy and ventricular remodeling pathways. Mutations in this gene have
been associated with left ventricular non-compaction (LVNC), DCM, HCM, skele-
tal myopathy, and peripheral neuropathy. The evidence on the pathogenicity of
many of the first described variants is actually weak, as some of them have been
found with similar frequency in patients and controls [11]. Those variants that are
more likely pathogenic are mainly located in some of the zinc-binding LIM domains
of the protein [12].

5.1.4 Desmosomal Genes

Desmosome is a symmetric myocyte structure in which each part resides in the
cytoplasm of one of a pair of adjacent cells, anchoring intermediate filaments in the
cytoskeleton to the cell surface. In combination with the adherents and gap junc-
tions, it connects myocardial cells maintaining both the mechanical and electrical
integrity of the heart. Several desmosome genes have been identified in patients
with DCM, usually inherited with an autosomal dominant pattern. Interestingly,
desmosome genes (Plakophilin-2 (PKP2), Desmoplakin (DSP), Desmocollin-2
(DSC2), Desmoglein-2 (DSG2), and Plakoglobin (JUP)) were initially described as
causing arrhythmogenic right ventricular cardiomyopathy (ARVC), but in 2010,
Elliott et al. demonstrated a prevalence of 5% of desmosomal protein coding genes
mutations among 100 unrelated DCM patients [13]: in relation to this aspect, it is
now useful to introduce the concept of “overlapping, gene-driven phenotype”
between different forms of cardiomyopathies (which turns out to be a recurrent
feature in many genotypes)—even if originally described as linked to a peculiar
phenotype (in the case of JUP and DSP genes with Naxos and Carvajal diseases and
with ARVC), a specific genotype can manifest itself in different ways according to
others, also non-genetic, modifiers.

Furthermore, the genetic overlap between ARVC and DCM has also been shown
in most of non-desmosomal ARVC-related genes (e.g., LMNA, TMEM43), increas-
ing the possibility of a clinical overlap between different forms of cardiomyopathy.

It is worth mentioning the similarity between specific cardiac and cutaneous des-
mosomal protein isoforms: Desmoplakin, plakoglobin, and plakophilin-2 are, in
fact, constitutively expressed in desmosomes of both cardiomyocytes and



5 Genetics of Dilated Cardiomyopathy: Current Knowledge and Future Perspectives 49

keratinocytes, and a radical mutation in one of these two proteins often may result
in cardio-cutaneous syndromes. Cadherins, conversely (DSC and DSG), have differ-
ent isoforms preferentially expressed in the heart (isoform 2) or in the cutis (iso-
forms 1 and 3) [14, 15].

Desmoplakin (DSP): DSP codes for the protein desmoplakin, an intracellular
obligate component of desmosomes that anchors intermediate filaments, such as
desmin and filamins, to the inner desmosomal plaques, while the N terminus of the
protein (extracellular domains) interacts with plakophilin and plakoglobin. DSP-
related DCM is associated with increased ventricular arrhythmic burden and left
ventricular fibrosis, with or without right ventricular involvement (arrhythmogenic
cardiomyopathy). In general, frameshift and nonsense mutations in DSP are consid-
ered as disease causing, even when they have not been previously described, while
missense variants must be evaluated case by case. As previously mentioned, DSP
mutations, if present in homozygosity and with autosomal recessive inheritance pat-
tern, have also been associated with a series of diseases characterized by cardiac and
cutaneous involvement, such as Carvajal syndrome (woolly hair, keratoderma,
DCM), keratosis palmoplantaris striata II, woolly hair, and lethal acantholytic epi-
dermolysis bullosa. To date, large observational studies investigating the prognosis
and the clinical manifestation related to DSP-DCM in respect to other genotypes are
still lacking, but preliminary data from single-family studies and from HMDR of
Trieste seems to confirm the increased risk of malignant ventricular arrhythmias.

5.1.5 Sarcomeric (Motor) Genes

Mutations in genes encoding for proteins that form sarcomeric thick and thin fila-
ments have been largely recognized as DCM causing. These proteins (Myosin-
heavy chain alpha and beta (MYH6 and MYH?7, respectively), myosin-binding
protein C3 (MYBPC3), troponins (TNNT2, TNNI3, TNNCI ), tropomyosin 1 (TPM1),
cardiac actinin 1 (ACTN1), myopalladin (MYPN)) share catalytic activity and are
involved in sarcomeric contraction (MYPN shares also structural properties with
Z-disk genes); comprehensively, these genes are involved in about 10% of cases of
genetic DCM. Also this group of genes is characterized by a large overlapping of
phenotypes: this is due to increased allelic heterogeneity, where different mutations
resulting in different phenotypes are scattered and intercalated through the entire
nucleotide sequence of a given gene, and, more interestingly, a single variant may
express itself in different phenotypes inside the same family [16, 17]. Here below a
brief list of most frequently encountered sarcomeric genes in DCM genotyping:
Myosin-heavy chain alpha (MYH?7): MYH6 codes for the alpha subunit of car-
diac myosin heavy chain. It is the predominant isoform of myosin heavy chain at the
embryonic myocardium. The ATPase activity and the shortening velocity of this
isoform are higher than those of the adult beta-myosin isoforms. After birth, MYH6
expression decreases and represents on average 7% of ventricular myosin in the
adult heart. Despite its low expression, the presence of alpha-myosin is important
for ventricular function, and its expression in adult atrial myocardium remains ele-
vated, being the main isoform in this tissue (MYH6 variants are also strongly
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associated with atrial septal defects). The characterization of this gene in DCM is
representative of the evolving knowledge in cardiac genetics: previous studies have
highlighted the importance of MYH6 mutations in DCM patients, elucidating also a
possible negative prognostic effect [18]. These MYH6 mutations were distributed in
highly conserved residues and were predicted to negatively affect protein function,
but, nevertheless, the progression of knowledge of genetic databases has cast some
doubts about the real contribute of this gene in DCM, since there seems to be no
significant mutation excess in DCM patients in respect to controls. Variant is this
gene should be evaluated carefully case by case [11].

Myosin-heavy chain beta (MYH?7): B myosin heavy chain was the first sarco-
meric protein to be linked with cardiomyopathy, and mutations in MYH7 are now
common causes of HCM and are also associated with DCM, LVNC, and RCM. In
respect to DCM, they are responsible for about 4-6% of cases of familial
DCM. Truncating variants should generally be considered pathogenic. The con-
verter region of the protein (amino acid: 700-790) represents a mutation hotspot
which have been shown to correlate with possible overlapping phenotypes and
severe prognosis [16, 17].

Troponin T type 2 (TNNT2):The protein troponin T type 2 is the tropomyosin-
binding subunit of the troponin complex, which is located on the thin filament of
striated muscles and regulates muscle contraction in response to alterations in intra-
cellular calcium ion concentration. Mutations in 7NNT2 have also been associated
with HCM, DCM, RCM, and LVNC. Patients with TNNT2 mutations generally
exhibit a high frequency of premature sudden cardiac death. It accounts for 2-3% of
DCM familial forms. Variant Arg173Trp has been clearly associated almost exclu-
sively with dilated phenotype [19].

Myosin-binding protein C3 (MYBPC3): This gene 3 encodes for a member of
myosin-associated proteins, which localized in the cross-bridge-bearing zone (C
region) of A bands in cardiac muscle. It is the most common mutated gene in HCM,
and, as others sarcomeric genes, it has been associated also with dilated or non-
compaction phenotype. The more recent evidences raise questions about its contri-
bution to DCM phenotype, given the relatively similar prevalence of MYBPC3 rare
variants in healthy and affected individuals of explored populations [11]. However,
it must be underlined that some HCM that develop “burnout” physiology may turn
in dilated phenotype: particular attention should be paid to this aspect when facing
a DCM patient with a rare variant in MYBPC3.

5.1.6 lon Channel-Related Genes

Genes encoding for ion-channel proteins are strongly associated with channelopat-
ies, but, in the last years, a growing amount of studies extended the phenotypical
spectrum of clinical entities related to a defect in one of these genes to also to struc-
tural (dilated or non-compaction) phenotypes. The mechanistic links behind these
associations is still poorly understood, but it is potentially related to altered mem-
brane stability (i.e., syntrophin-mediated interaction between SCN5A and DMD) or
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altered calcium handling leading to sarcomeric inefficiency (phospholamban (PLN)
and RYR2 variants). HCN4 (hyperpolarization-activated cyclic nucleotide-gated
potassium channel 4) mutations have also been recently shown to be associated with
LVNC, with or without DCM overlap (NB: the association between HCN4 and
DCM needs still to be demonstrated) [20-23].

SCN5A: This gene encodes the voltage-gated sodium channel known as
tetrodotoxin-resistant Nav1.5 dependent. The protein expression is predominant at
heart. It is responsible for the fast sodium current that causes phase 0 of the action
potential. Mutations in this gene, with marked allelic heterogeneity, have been
strongly associated with Brugada syndrome in case of loss of function effect and
long QT type 3 in case of gain of function effect, both diseases with autosomal
dominant transmission. The association with DCM has been, in proportion, very
rarely reported; it is generally accepted that these mutations are located in two spe-
cific regions of the channel: in the voltage-sensitive domain (VSD) and intracellular
loops. One of the best characterized mutations is Arg222Gln [20], which affects the
VSD. This mutation is also associated with frequent ventricular arrhythmias, car-
diac conduction disease, and, in some cases, atrial fibrillation. None of the carriers
presented a prolonged QTc. Recently, especially for truncating variants, the associa-
tion with DCM has been further confirmed [11].

Ryanodine Receptor 2 (RYR2): This gene encodes a ryanodine receptor
found in cardiac muscle sarcoplasmic reticulum. The encoded protein is one of
the components of calcium channel, mediating the release of Ca** from the sar-
coplasmic reticulum into the cytoplasm and thereby playing a key role in trigger-
ing cardiac muscle contraction. Mutations (>95% missense) in this gene are
known to result in catecholaminergic polymorphic ventricular tachycardia
(CPVT), typically in the absence of structural heart disease. Some missense
mutations have also been originally associated with the development of ARVC;
however, it is now accepted that these carriers had not fulfilled current diagnostic
criteria for the disease. Among missense variants, only one has been clearly asso-
ciated with the development of structural (hypertrophic) heart disease in patients
diagnosed with CPVT. A different variant (exon 3 deletion) has been demon-
strated, in two families, to segregate with CPVT and progressive left ventricular
dysfunction and/or cavity enlargement in some members [20]. Thus, the pres-
ence of DCM without CPVT phenotype related to RYR2 (radical) mutations is
yet to be demonstrated.

5.1.7 Other Genes

BCL2-Associated Athanogene 3, BAG3: Members of the BAG family, including
BAG3, are cytoprotective proteins that bind to and regulate Hsp70 family molecular
chaperones. Heterozygous mutations in BAG3 have been associated with
DCM. Mechanism of disease may, at least in part, depends on a decreased capabil-
ity to compensate external stressors. The severity of DCM, in fact, has been shown
to vary considerably between carriers. By the age of 70, the disease penetrance is



52 M. Dal Ferro et al.

apparently 100%. Both non-truncating and truncating BAG3 mutations are reported,
with variable penetrance. A specific variant (Pro209Leu), typically a spontaneous
de novo variant, is linked to pediatric myofibrillar myopathy [24, 25].
RNA-Binding Motif Protein 20, RBM20: This gene encodes a RNA-binding
protein that acts as a regulator of mRNA splicing of a subset of genes involved in
cardiac development, mainly sarcomeric genes (77N, but also MYH7, TNNT2, and
others). The association of this gene with DCM was firstly established in 2009 by
genome-wide linkage analysis and progressively confirmed by subsequent studies.
Remarkably, these mutations were located in exon 9, which appears to be a muta-
tional hotspot. Nowadays, also mutations out of exon 9 are reported to be DCM
causative, with similar penetrance and clinical manifestations. In respect to preva-
lence in DCM families, RBM 20 represents a rare genotype, accounting for 2-3% of
cases. For this reason, so far, we should underline that evidence-based genotype-
phenotype correlations are still lacking: only a small number of studies, in fact, with
small numbers of index-patients or families, and short follow-up, reported a pheno-
type characterized by “severe heart failure, arrhythmia, and the need for cardiac
transplantation” [26, 27], which still need to be confirmed in further studies.

5.2  Technical Issues in Genetic Sequencing

Over the last three decades, different approaches and technologies have been used
to obtain genetic information in families or sporadic patients with hereditary dis-
eases. Linkage analysis was the first method used to identify new disease genes, but
this technique requires very large families or a large number of sporadic cases. The
advent of “old” sequencing technology (Sanger method) has made genetic analysis
much more effective, but with timing analysis and high costs, especially for pathol-
ogies with high genetic heterogeneity such as cardiomyopathies.

More recently we are witnessing a revolution in medical genetics and scientific
research applied both to the identification of new disease genes and to the massive
parallel study of a large number of genes. This is due to the discovery of high-
efficiency instruments (NGS) that allowed the entry into what is called the era of the
precision medicine; speed, reliability, and limited costs are the advantages peculiar
of these techniques that allow the parallel analysis of a large number of genes.

NGS technologies can be applied in various formats, with the aim of sequencing
the entire genome (including non-coding parts), or the exome, which includes only
the coding regions of the genome, or a group (panel) of selected genes. Currently (but
technologies are continuously improving), the latter application seems to offer the
best compromise between costs, execution speed, and accuracy for certified diagnos-
tic purposes, as it usually guarantees greater coverage of the analyzed genes [28, 29].

Different next-generation platforms have been proposed, differing from each
other mainly in their methods of clonal amplification of short DNA fragments (50—
400 bases) as a genomic library template and how these fragment libraries are sub-
sequently sequenced through repetitive cycles to provide a nucleotide readout (see
Table 5.1) [30].
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Table 5.1 Comparison between the most common NGS platforms

NGS whole genome platforms Compact NGS sequencers
SOLID 5500
XLW
(Applied PGM Ion
Biosystems®, | 454 GS FLX torrent
Thermo Titanium XL HiSeq 4000 | MiSeq (Thermo
Sequencer Fisher®) (Roche®) (Illumina®) | (Illumina) Fisher)
Methods Sequencing | Pyrosequencing | Sequencing | Sequencing | Semiconductor
by ligation by synthesis | by synthesis | sequencing
Most used Whole Whole exome/ | Whole Target Target
sequencing exome/ genome exome/
application genome genome
Read length 35-50 700 150 300 400
(bp)
Reads perrun | 1.2-1.4 1 million 2.5-5 billion | 15 million 80 million
billion
Run time 2-7 days 24 h 1-3 days 24 h 3h
Advantage Low error Read length, fast | Low error Low error Short time
rate rate rate Less expensive
High
throughput
Disadvantage | Short read Homopolymer | Shortread | Higher cost | Homopolymer
length, long | errors length errors
run time

However, the discovery of new single nucleotide variants (SNVs) using NGS still
requires validation with Sanger sequencing methods because of the possible loss of
precision in obtaining a really high number of short DNA fragments using the poly-
merase chain reaction (PCR) during library building. NGS platforms have in fact
error rates of approximately ten times higher (1 in 1000 bases with 20x coverage)
than Sanger sequencing (1 in 10,000 bases). Although the reading depth cutoff for
NGS platforms is conventionally set at 20x, many studies indicate that average read-
ing depths greater than 100x are required for the use of these platforms as indepen-
dent tool for newly discovered variants, even under optimal conditions [31].

5.3  The Complexity in Variant Classification Process

Traditionally, a mutation is defined as a permanent change in the nucleotide
sequence, whereas a polymorphism is defined as a variant with a frequency above
1%. These terms, however, which have been used widely, actually seem no longer
suitable to describe the complexity of interindividual genetic variability. The Human
Genome Project, culminating in 2001 with the determination of the complete
sequence of human DNA [32], provided a first quantitative assessment of the inter-
individual genetic variability and the possible impact that this variability has on
human health. Subsequent multiple international projects (like ESP and 1000
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genomes, recently merged with other projects in the most comprehensive exome
and genome database: gnomAD; http:/gnomad.broadinstitute.org) led to the con-
clusion that about 1 in 1000 nucleotides in the human genome (three million in
total) differs between people, and this variation is largely responsible for the physi-
cal, behavioral, and medical unique characteristics of each individual. In this line,
the term “mutation” is no more strictly associated with the concept of pathogenicity,
as the term polymorphism with the concept of benignity.

Taking into account the higher complexity of genetic information, the American
College of Medical Genetics and Genomics (ACMG) 2015 guidelines defined a
new standard [33]; both terms, mutation and polymorphism, should now be
replaced by the term “variant,” followed by one of these modifiers: (I) pathogenic,
(I) likely pathogenic, (III) uncertain significance, (IV) likely benign, or (V)
benign. Several stringent criteria are required to reach one of these different modi-
fiers, which are defined by crosschecking the evidence that derives from different
categories of evaluation: (a) population and disease-specific genetic databases, (b)
in silico predictive algorithms, (c) biochemical characteristics, (d) literature evi-
dences. A free access website, http://wintervar.wglab.org/results.php, released
from ACMG, allows a guideline-based, point-by-point analysis of each—mis-
sense—variant of interest.

This classification approach is more stringent than the previous ones and may
result in a larger proportion of variants being categorized as uncertain significance.
It is hoped that this approach will reduce the substantial number of variants being
reported as “causative” of disease without having sufficient supporting evidence for
that classification. It is important to keep in mind that when a variant is classified as
pathogenic, healthcare providers are highly likely to take that as “actionable,” i.e.,
to alter the treatment or surveillance of a patient or remove such management in a
genotype-negative family member, based on that determination [11].

In recent years, in fact, genetic laboratories often showed a lack of uniformity in
the definition of variants, especially for variants originally described in the past lit-
erature, which are still reported as pathogenic in older databases but were subse-
quently found to be too common in general population, so unlikely to be disease
causing. This dis-homogeneity potentially led to different clinical management of
similar variants.

A similar argument is related to new candidate genes: these genes are included in
offered extended panel tests on the basis of a putative biological relationship with
known disease-causing genes, but—still—in the absence of solid population or sci-
entific supporting data. The actual net effect of extended gene panels is an increase
in the amount of variants of unknown significance and a relative decrease in action-
able variants.

It is important now to provide a brief mention to the mostly used of these “clini-
cally oriented variant classification” databases: ClinVar and HGMD [34, 35]. The
ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/) is a public database that
better represents the “historical” process that characterizes the classification of each
variant: quoting, “ClinVar is a freely accessible, public archive of reports ‘coming
from research and diagnostic laboratories’ of the relationships among human
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variations and phenotypes, with supporting evidence. ClinVar thus facilitates access
to (...) the history of that interpretation.” The Human Gene Mutation Database
(HGMD®, https://portal.biobase-international.com/hgmd/pro/start.php), available
under subscription in the most updated version (last 3 years), is the other most reli-
able source of information about “known (published) gene lesions responsible for
human inherited disease.” Since nowadays not all laboratories are active submitters
to ClinVar or HGMD®, clinicians should still be careful in referring to them as a
gold standard for variant classification: when a potentially disease related rare vari-
ant is found in a patient, these databases should be intended as a valuable source of
informations to crosscheck with, but representing only a part of the multi-paramet-
ric approach that finally lead to definite variant classification.

In respect to variants in DCM-related genes, a recent report [11] shed some light
in this topic, helping the clinicians to reassess the classification of variants and
genes offered by clinical laboratories according to the new guideline standards, in
order to elucidate the common characteristics of true actionable variants. The
authors found that in some genes, previously strongly associated with a given car-
diomyopathy, a rare variant was not clinically informative because there is an unac-
ceptably high likelihood of false positive interpretation, while, by contrast, in other
genes, diagnostic laboratories may have been overly conservative when assessing
variant pathogenicity. Interestingly, some genes proposed on the basis of several
(but dated) studies as among the most common causes of DCM (e.g., MYBPC3,
MYHG6, and missense variants in SCN5A) showed no excess variation among affected
cases, raising an important question about their contribution to DCM phenotype
development. Identifying the frequency of the most common HCM pathogenic vari-
ant in the available population databases (c.1504C>T in MYBPC3: 2.5 x 1075) as the
conservative upper bound, this study clearly elucidated what is the major allele
frequency (MAF) threshold for a rare variant to be considered pathogenic: 0.0001
in ExXAC (ExAC is the first release version of gnomAD, composed by exome data).

The emerging concept is the odds ratio (OR) of a given variant, to be disease
causing (e.g., LMNA-truncating variants (tv) reached an OR of ~99 to develop
DCM, TTN-truncating variant an OR ~20 to ~50, FLNC not tested): the higher OR
corresponds to higher actionability.

To summarize, clinicians should be aware that the “pathogenicity” of a variant is
a fluid and evolving definition that should be periodically re-evaluated with the
evidence coming from database and scientific progress, in order to be continuously
customized to the patient.

5.4 The External Modulation of Genotype:
Environmental Triggers

In DCM, both in sporadic and in familial cases, the pathogenicity of a gene variant
is modulated by interfering, non-genetic environmental factors: this interaction
could be largely responsible for variability in disease phenotype and prognosis. It
is important to keep in mind how the actual knowledge in this field (contribution of
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interfering factors) may still be invalidated by a different accuracy in underlying
genetic characterization, with the oldest reports being published before the release
of 2015 ACMG standard. Below is reported a brief summary of known interfering
environmental factors: inflammation, toxic exposure, hormones, and metabolic
profile. Notably, in this field the research is currently very active, and all the fol-
lowing statements are susceptible to possible modifications in the next future
(Table 5.2).

To conclude, we may say that the phenotypically normal heart with a pathogenic
variant (definition that should be constantly re-evaluated) represents a model of fail-
ing but compensated heart, which is no or less able to sustain a second, environmen-
tal, failing hit [48]: all these potential “second hits” must be taken into account in
DCM treatment and prognosis stratification.

5.5 Evidence-Based Genotype-Phenotype Correlations

As previously mentioned, the key factor for a correct genotype-phenotype analysis
is the accuracy of the underlying variant classification: reliable genotype-dependent
phenotypic informations are in fact achievable only if driven by a solid pathogenic-
ity assessment.

Then, as patient’s phenotype represents the final results of a long-lasting process
of interactions between genetic background and environment, clinicians are aware
that discovering the net effect of the pathogenic variant requires a careful “pruning”
of “confounding” factors. Furthermore, some correlations could also be outlined “a
posteriori”, i.e., by the type of response to the medical therapy.

Finally, in assessing this correlation, it is important to focus on what is the best
starting point: specific mutation versus specific gene versus specific clusters of
genes with similar function inside the cardiomyocyte.

In this line, in respect to truly personalized medicine, the most correct approach
should be the correlation between a specific pathogenic variant in a gene and its
“private” phenotype, but, in order to achieve a more clinically meaningful classifi-
cation, gene clustering attempts have been made and were shown to allow a rough,
but functional, orientation, especially in therapeutic management [49]. At the cur-
rent state of knowledge, a good compromise could be represented by the correlation
between a specific gene and its phenotype, just preceded by a brief general distinc-
tion on the two main categories of variant (in respect to structural protein effect):
missense and truncating (or radical). Generally speaking, the former is expected to
affect protein morphology and/or function by changing a single amino acid in the
protein sequence, while the latter is expected to cause a premature truncation of the
amino acid sequence, leading to a decrease of total protein amount or effectiveness
at the cellular level, mainly through nonsense-mediated decay (NMD). Consequently,
truncating variants are generally considered less tolerated and linked to haploinsuf-
ficiency. Among all the human genes, the ones that are most conserved, expressed
in early development, and highly tissue specific usually do not tolerate to be
expressed in a single copy and are called haploinsufficient genes [50]. All
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cardiomyopathy-causing genes are included in this category, but they are not
mutated with similar proportions of truncating and missense variants: for example,
truncating variants on 77N have been discovered as the most frequent mutations in
all DCM, whereas, in other DCM disease-causing genes, missense variants are the
most frequently encountered (with, interestingly, similar actionability). With these
principles in mind, among the several papers published on this topic, only few of
them demonstrate evidence-based genotype-phenotype correlations that are helpful
in the clinical management of patients with genetic DCM. To date, the best charac-
terized correlations regard LMNA and TTN genes. Filamin C and other genes, in the
next future, may reach a similar level of evidence (Fig. 5.2).

5.5.1 LaminA/C

LMNA represent the more investigated gene in DCM, and the natural history of
LMNA-DCM has been outlined in several papers [52-54]. Comprehensively, with a
confirmed mortality rate around 12% at 4 years (up to 30% at 12 years of follow-
up), it could be considered the more aggressive genotype in DCM. Its phenotypic
expression is characterized by a relatively high incidence of sudden cardiac death or
major ventricular arrhythmias, even before the development of systolic left ven-
tricular dysfunction. The median age at disease onset is between 30 and 40 years,
and penetrance is almost complete at the age of 70 [52].

It is associated also to a primary disease of the conduction system, with supra-
ventricular arrhythmias and atrioventricular block, by some authors called LMNA
“atriopathy.” To date, LMNA pathogenic variants represent the only genetic back-
ground in DCM that is included in current guidelines, as it may change clinical
choices such as the implantable cardioverter-defibrillator (ICD) therapy in primary
prevention regardless of left ventricular ejection fraction values (Class Ila, level of
evidence B, for ICD implantation in the presence of risk factors [55]: NSVT during
ambulatory electrocardiogram monitoring, LVEF < 45% at first evaluation, male
sex, and non-missense mutations).

The type of variant (missense versus truncating) and its site (before or after the
nuclear lamina interacting domain) have also been addressed in respect to progno-
sis: actual evidence shows that mortality rates are similar, but truncating variants are
related to anticipated penetrance of the disease. No clear effect is still demonstrated
in respect to the site of variants [56].

5.5.2 Titin

Titin (TTN) is known as the largest sarcomeric protein that resides within the heart
muscle. Due to alternative splicing of TTN, the heart expresses two major isoforms
(N2B and N2BA) that incorporate four distinct regions termed the Z-line, I-band,
A-band, and M-line. The amino terminus of Titin is embedded in the sarcomere
Z-disk and participates in myofibril assembly, stabilization, and maintenance. The
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elastic I-band behaves as a bidirectional spring, restoring sarcomeres to their resting
length after systole and limiting their stretch in early diastole. The inextensible
A-band binds myosin and myosin-binding protein and is thought to be critical for
biomechanical sensing and signaling. The M-band contains a kinase that may par-
ticipate in strain-sensitive signaling and affect gene expression and cardiac remod-
eling in DCM.

Due to its higher prevalence in DCM population in respect to Lamin A/c (TTN
12-18% of whole DCM population, versus LMNA 4-6%), Titin is becoming the
more broadly assessed genotype, despite its relatively recent discovery as a DCM-
related gene [57]. To date, the evidence of pathogenicity is related almost exclu-
sively to truncating variants. Since Titin-truncating variants (77Ntv) were reported
also in 2-3% of general population without overt cardiomyopathy, many efforts
have been made, firstly, to outline the characteristics that distinguish the disease-
related truncating variants from the benign ones.

An important study by Roberts et al. elucidated the importance of the specific
site of truncating variants: of the 364 exons of the entire gene, only a part of them is
translated in cardiac isoforms N2B and N2BA [58]: Proportion (or percentage) of
exons spliced in (PSI) is the concept that allows to correlate the exon site of the
truncating variant with the molecular—and clinical—consequences of this trunca-
tion, with a PSI > 15% set as a lowest threshold to be penetrant and PSI > 90%
describing exons sites with higher cardiac expression and higher association with
fully penetrant DCM phenotype. The entire A-band and the proximal or terminal
part of I-band contain exons with PSI proximal to 100%. Tv in M-band exons and
Z-band exons should be evaluated case by case. This is the reason why the OR of a
TTNtv varies between 20 and 50 according to the site involved by the mutation.

A second paper by the same group further demonstrates this concept, showing
that also in general population without overt cardiomyopathy, the presence of TTNtv
in sites with PSI > 15% mildly, but significantly, affects cardiac dimensions and
function when assessed with 3D cardiac magnetic resonance [48].

Lower ventricular mass values, with lower ventricular wall thickness, have been
recently outlined as a peculiar phenotypic manifestation of TTNtv [49, 59].

In respect to other clinical manifestations of 77N-related DCM, evidences are in
favor of a relatively mild and treatable form of the disease in respect to LMNA-
related one, with lower mortality rates, in line with the general DCM population.
This could be true, especially in relatives that are diagnosed in a preclinical state
[49, 59].

Clinicians must be aware that TTNtv, even if in small proportion of cases, could
be linked to malignant ventricular arrhythmias especially in the presence of external
modifiers: comprehensively, the sum of the actual evidences recommends a com-
plete and continuous clinical follow-up of patients with T7Ntv-related DCM and
their relatives, even in the absence of overt cardiomyopathy [60].

Titin missense variants, on the contrary, nowadays are considered mostly as
benign. This assumption has been tested in a recent multicenter study that sequenced
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TTN gene in a cohort of 147 DCM patients in which the outcome was not affected
by the presence of Titin missense variants, confirming that most of these variants
could be in fact benign (despite a highly conservative and accurate selection of vari-
ants: lowest population frequency, familial segregation, software predictions of
pathogenicity) [61]. Recently, however, this “simple” classification has been ques-
tioned: a report in fact elucidated the pathogenicity of a specific 77N missense vari-
ant in DCM phenotype with non-compaction aspects, raising the threshold of
complexity in 77N variant evaluation [62].

5.5.3 FilaminC

FLNC encodes filamin C, an intermediate filament that cross-links polymerized
actin, contributing in anchoring cellular membrane proteins to cytoskeleton and in
maintaining sarcomeric and Z-disk stability. It directly interacts with two protein
complexes that link the subsarcolemmal actin cytoskeleton to the extracellular
matrix: (1) the dystrophin-associated glycoprotein and (2) the integrin complexes,
while, at intercalated disks, filamin C is located in the fascia adherens [63].

The association with DCM was initially reported by two separate studies [63,
64]. Ortiz et al. evaluated with NGS panels a cohort of 2877 patients referred for
various cardiac diseases (including channelopathies and HCM, the latter represent-
ing almost one half of the cases) and identified 28 unrelated probands with FLNC-
truncating variants, previously diagnosed mainly with DCM or, in minor part, with
arrhythmogenic or RCM. Truncating variants in FLNC came out to cause an over-
lapping phenotype of dilated and left dominant arrhythmogenic cardiomyopathy
complicated by frequent premature sudden death, with the phenotypic hallmark rep-
resented by subepicardial-transmural fibrosis in inferolateral LV wall. Interestingly,
a small portion of probands (<5%) had prominent right ventricular involvement or
restrictive phenotype.

The cumulative incidence of MVA or SD was found to be between 15 and 20%
in a median follow-up of 5 years, and the mortality rate was about 6% for the same
follow-up. We should underline that these data refer to a limited cohort of probands
referred for genetic testing due to aggressive familial disease, representing a poten-
tial selection bias. Data on large cohorts of FLNCtv-related DCM patients are still
lacking to confirm or modulate this aggressive phenotype.

Furthermore, it is worth mentioning that FLNC missense variants have been iden-
tified in a previous study also in families with HCM, although with a mild degree of
LV hypertrophy. As for other cytoskeletal or sarcomeric genotypes with allelic het-
erogeneity, this fact suggests that filaminopathies can generate a spectrum of differ-
ent cardiac disorders that at least in part may be related to the type of variant [65].

FLNC has only recently been included in the genetic screening of patients with
inherited cardiomyopathies and sudden death, and its real prevalence in DCM has
still to be elucidated. Figure 5.3 shows familial pedigrees of three families carrying
FLNCtv.
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Fig. 5.3 Familial pedigrees of three families carrying FLNCtv

5.5.4 Insights from Clinical Presentation and Left Ventricular
Reverse Remodeling (LVRR)

In clinical practice, especially in newly diagnosed DCM patients without familial
history of cardiac disease, cardiologists may find useful to know peculiar findings
that are representative of a specific genotype and, hopefully, able to guide disease
treatment and prognostic assessment, at least in the short time.

A recent report from HMDR of Trieste tried to shed some light in this sense, dif-
ferentiating genotypes on the basis of response to therapy: a different response, in
fact, can be interpreted as the indirect evidence of different, mutation-driven, under-
lying pathogenic processes [49]. These mutation-dependent processes may not, or
only marginally, be detectable otherwise.

Despite several limitations (possible selection bias in single referral center, lim-
ited number of patients partially grouped in gene clusters, thus introducing a pos-
sible heterogenic genetic background), this study allowed some interesting
observations both in clinical presentation and LVRR rate in different genetic-based
DCM, especially in relatively less investigated genotypes.

In respect to clinical presentation, most of the clinical and instrumental charac-
teristics did not differ between the different genotypes. Except for a lower rate of
left bundle-brunch block in both 77N and structural cytoskeleton Z-disk group and
a trend toward a mild degree of LV dilation and dysfunction in LMNA mutation car-
riers (part of these findings have been subsequently confirmed in other studies) [59,
60], symptoms, electrocardiographic, and echocardiographic findings were grossly
similar across different genotypes, being consistent with the hypothesis that DCM
represents the final common phenotype of multiple genetic-based cardiac diseases
and their relationship with environmental modifiers.

The most interesting finding was related to LVRR: a significant association was
in fact demonstrated between lack of LVRR and specific genotypes (FLNC, DES,
DMD, and other cytoskeletal Z-disk genes overall, followed by LMNAc). Conversely,
TTN genotypes were most frequently associated with positive LVRR on optimal
medical therapy (Fig. 5.4).
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Fig.5.4 Association between LVRR and absence of LVRR according to different genotypes (data
from HMDR) [49]

This kind of approach showed how phenotype correlations can be inferred also
in this way, as an “ongoing” process, once more related to the interactions with
external modifiers, in these cases represented by medications.

To conclude, the emerging concept elucidated in this chapter is that disease
manifestation and prognosis are the results of the interaction between genotype
and environment: the contribution of each factor to the patient’s clinical status is
modulated by (1) genetic variant’s actionability and (2) type and severity of envi-
ronmental factor(s). Summarizing, high actionable genotypes (with higher OR,
as LMNAtv, or double pathogenic variants) may be per se the major determinants
of disease manifestation/prognosis, while strong interfering environmental fac-
tors (e.g., chemotherapy) play a major role especially in cases with less action-
able genotype.

Future perspectives in genetics will further investigate these aspects.
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