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ABSTRACT

Idiopathic dilated cardiomyopathy has become one of the most prevalent inherited
cardiomyopathies over the past decades. Genetic screening of first-degree relatives has
revealed that 30-50% of the cases have a familial origin. Similar to other heart diseases,
familial dilated cardiomyopathy is characterized by a high genetic heterogeneity that
complicates family studies. Clinical screening, 12-lead electrocardiogram and transthoracic
echocardiogram are recommended for patients and first-degree family members. Magnetic
resonance also needs to be considered. Genetic technologies have become fundamental for
the clinical management of this disease. New generation sequencing methods have made
genetic testing feasible for extensive panels of genes related to the disease. Recently, new
imaging modalities such as speckle-tracking, strain and strain rate, novel magnetic resonance
parameters and circulating biomarkers such as non-coding RNAs, have emerged as potential
strategies to help cardiologists in their clinical practice. Imaging, genetic and blood-based
techniques should be considered together in the evaluation and testing of familial dilated
cardiomyopathy. Here, we discuss the current procedures and novel approaches for the

clinical management of familial dilated cardiomyopathy.

Keywords: familial dilated cardiomyopathy; genetics; echocardiography; magnetic

resonance; non-coding RNAs; biomarkers



Dilated cardiomyopathy (DMC) is defined as left ventricular dilatation and
dysfunction in the absence of abnormal loading conditions or coronary artery disease that is
sufficient to cause global systolic impairment [1]. DMC is a leading cause of heart failure and
sudden cardiac death. It is characterized by remodeling of the left ventricle and subsequent
loss of its geometry as well as impaired ventricular function. The right ventricle may be
involved, although this is not necessary for a diagnosis of DMC [2]. An idiopathic DMC
diagnosis is based on the absence of secondary causes such as hypertension, coronary artery
disease, valvular and congenital disease or active myocarditis. The estimated prevalence of
DCM is at least 1 in 2500 people, of which 30-50% is familial DCM [1]. Clinically, there are
no differences between familial and idiopathic DCM [3]. In cases of suspected familial DCM,
clinical screening is recommended in first-degree relatives, as well as an imaging
confirmation of an enlarged left ventricle with depressed ejection fraction [3]. Nonetheless,
risk stratification criteria in familial DCM populations have not been defined and the extent
to which genotype per se is a determinant of outcome has yet to be established.

DCM is considered familial when at least two members of the same family meet the
diagnostic criteria, after excluding other causes of DCM [4]. A familial DMC diagnosis is
assigned according to the phenotype and pedigree information and is not based on molecular
genetic data [5]. This condition is usually characterized by incomplete and age-related
penetrance and variable expression. Negative genetic testing in patients with familial DCM
does not exclude a genetic cause because only 15-25% of familial DCM genetic causes have
been described [6]. Although the prevalence of large genomic rearrangements remains
unknown, titin (TTN) and lamin A/C (LMNA) mutations are the most frequently reported and
are estimated to occur in 20-30% and 4-6% of patients with DCM, respectively. Other low-
frequency variants of familial DCM have been linked to the sodium voltage-gated channel

alpha subunit 5 (SCN5A) and desmin (DES) genes. The recent application of next-generation
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sequencing (NGS) for the genetic screening of patients has led to the identification of a wide
array of DCM-related genes including genes involved in muscle contraction and ion
channels.

During the screening protocol, a comprehensive family and personal cardiovascular
history is necessary. Sudden cardiac death or death under unusual circumstances has to be
considered, as well as a family history of premature cardiovascular disease, cardiac
transplantation, pacemakers or atrial fibrillation before the age of 40. Information regarding
the family history enables physicians to confirm if the DMC is familial or not and also helps
to determine the inheritance pattern and identify relatives who might be at risk [7]. However,
even a detailed family history might be negative in some familial DCM cases because the
asymptomatic period of the DCM-causal pathway can extend for years. Clinical screening,
including imaging of the left ventricle to determine size and function, is essential to complete
the family history. A diagnosis in early stages may be complex but necessary and vital for
identifying and monitoring mutation carriers. The age for performing cardiac screening will
depend on the age when cardiac complications are relevant to clinical management. In most
cases, the phenotype begins to manifest during or after puberty [6].

The primary problem with familial DCM is due to its clinical heterogeneity. Clinical
cardiologists should approach diagnosis of DCM using different established imaging
techniques and new biomarkers. Diagnosis and treatment of familial DCM requires a
multidisciplinary approach. Here, we review the current methodologies and novel
technologies for the clinical management of familial DCM (Figure 1). First, we will focus on
the cardiac imaging techniques, including transthoracic echocardiogram (TTE) and cardiac
magnetic resonance (MR). Then, we will discuss genetic testing as a tool for diagnosis and

characterization of the underlying pathophysiology. Finally, we will comment on the



potential role of novel biomarkers, such as circulating non-coding RNAS, as non-invasive

biochemical indicators with clinical application.

1. IMAGING DIAGNOSIS

The most advantageous cardiovascular imaging tests for patient management are TTE
and cardiac MR. TTE provides basic information for DCM such as left ventricle dimensions
and function but also provides information about other chambers. Cardiac MR, with a higher
spatial resolution, is considered a key imaging test for cardiomyopathies. A complete cardiac
exam with MR imaging is entirely non-invasive and enables the assessment of measures with
clinical interest in a single diagnostic test. In this section, we describe in detail the primary

imaging procedures with clinical application for the management of familial DCM.

1.1 Transthoracic echocardiogram

Non-invasive imaging techniques such as TTE are useful for the screening of both
patients and relatives affected by familial DCM. TTE allows cardiologists to diagnosis DCM,
evaluate the patient’s response to treatment and establish the patient’s risk for sudden cardiac
death. TTE is often the first imaging method used to complete a patient’s clinical evaluation.
The utility of this technique has been previously demonstrated. In a study performed by
Michels et al., 5% of familial DCM was determined using only the clinical family history,
whereas echocardiographic screening detected 20% of familial DCM [8]. TTE allows
cardiologists to assess the volume and function of the atria and ventricles in addition to

pulmonary artery pressure and other parameters.

Evaluation of the left ventricle




The left ventricle is the primary chamber of interest according to the DCM definition
[1]. Impairment of contractile performance and ejection fraction < 45% are evidence of
DCM. Global hypokinesia, thinned walls and chamber enlargement, accompanied by
geometric changes in axial symmetry, as well as a uniform circumferential distribution,
suggest heterogeneous changes in regional contractile function in subjects with idiopathic
DCM [9]. Despite the small sample size, Henn et al. have recently shown that contractile
alterations in this population are heterogeneous and are mainly located in a portion of the
interventricular septum [10]. Clinically, these initial results infer the existence of contractile
impairment that can be labeled as a sentinel region, with possible prognostic significance
during post-treatment contractility and functional recovery. Assessment of left ventricular
function in this population has diagnostic and prognostic implications. Furthermore,
therapeutic decisions regarding the development of heart failure, defibrillator implantation
and heart transplantation will be based on these data. Nevertheless, TTE has its limitations.
Indeed, interobserver variability is approximately 10%. Various methods could be used to
support the findings of the TTE including a two-dimensional Simpson's biplane method,
three-dimensional echocardiography, global longitudinal strain using ST and dobutamine
stress echocardiogram [11]. It has been recommended that the two-dimensional Simpson's
biplane technique be used as the method of choice for quantification of the ejection fraction.
A four-chamber view can be used when the two-chamber view is not sufficiently accurate;
the forced inclusion of the two chambers can induce an error in up to 15% of patients [12].

To prevent a "lower limit of normal ejection fraction", particularly in young patients,
the familial context must be taken into account. The cardiologist has to address a series of
issues when considering the familial group to detect early DCM markers and to stratify the

patient’s risk. The best markers for these “on-the-frontier" patients have been shown to be



simple M-mode left ventricle measurements (adjusted for age, height and weight) and
fractional shortening [13]

There are some left ventricular measurements that can be used as a marker with
prognostic implications such as the sphericity index. The sphericity index considers the
ventricular remodeling that occurs in individuals with DMC. The left ventricular sphericity
index can be defined as the ratio of the long-axis length divided by the left ventricular short-
axis length [14] and predicts the functional capacity in patients with left ventricular
dysfunction [15]. The left ventricle cavity becomes more spherical as the ratio approaches 1;
ratio values greater than 0.7 are predictive of failure to repair functional mitral regurgitation

[16, 17].

The left ventricle and novel non-invasive evaluation methods

New non-invasive methods for evaluating myocardial function allow the assessment
of regional left ventricular myocardial function. Three-dimensional echocardiography,
Doppler tissue imaging (DTI), strain imaging and two-dimensional ST, as well as stress
echocardiography supplement the information obtained through traditional echocardiography.

Three-dimensional echocardiography is recommended for experienced laboratories
that can provide optimal images. This method has been proven to be accurate and
reproducible for calculating ventricular volumes with 5% variability. In patients with
adequate acoustic windows, the accuracy of three-dimensional echocardiography is
comparable to that of cardiac MR, although volumes tend to be lower on echocardiographies
[18].

Furthermore, DTI show characteristic changes in patients with cardiomyopathy. DTI
analyses have revealed subtle abnormalities in systolic and diastolic function that may help

predict familial DCM in relatives who will later develop the disease. Peak longitudinal
;



systolic (S”) and early diastolic (E'") tissue velocities are reduced in basal left ventricle
segments of patients with DCM. These changes are detectable in genetically tested
asymptomatic patients and in early stages of cardiomyopathy, where an impaired left
ventricular ejection fraction or increased wall thickness are not yet present [4, 14].

The global longitudinal strain represents the average of the maximum systolic values
of all of the segments, and a good correlation between the longitudinal strain and left
ventricular function has been shown [19]. Furthermore, ST provides information on the
extent and the effect of myocardial interstitial fibrosis on ventricular systolic and diastolic
function. Thus, ST highlights heterogeneous contractile function in DCM. DCM patients
have lower circumferential and longitudinal strain values compared to individuals with
normal ventricular function. These values are further reduced after the increase in afterload
using isometric handgrip stress and low-dose dobutamine. The ST detects subclinical patients
with systolic dysfunction regardless of normalization of the ventricular function after optimal
drug therapy [20]. Related to fibrosis, in a study performed to assess the degree of interstitial
fibrosis in patients with idiopathic DCM, a significant correlation between the degree of
fibrosis and longitudinal strain parameters was shown [21]. In patients with an LMNA
mutation, ST has shown that an alteration in the mechanical dispersion leads to a higher risk
of ventricular arrhythmias despite a ventricular function > 35%, which reflects myocardial
heterogeneity [22].

Finally, stress echocardiography is a useful echocardiographic technique for the
evaluation of this disease. It is well known that catecholamine sensitivity is reduced in
patients with myocardial alteration due to abnormalities in B-adrenergic receptors [23].
Dobutamine stress echocardiograms allow for the identification of reduced contractile

reserves in patients with idiopathic DCM who are asymptomatic or mildly asymptomatic in



functional class | or IlI, which provides screening information for subjects who are in
preclinical stages of the disease [24].

In summary, left ventricle assessment plays a key role in the diagnosis and risk
stratification of DCM. Traditional echocardiography could be supplemented with new

diagnostic and prognostic tools to evaluate global and regional left ventricular function.

Evaluation of the right ventricle

In addition to the left ventricle, right ventricle dysfunction has been reported in
approximately 65% of patients with DCM, suggesting that DCM is a biventricular condition.
All of the previously mentioned echocardiographic tools should also be used to assess the
right ventricle. Idiopathic DCM presents more frequently with right ventricular dysfunction
than other causes. Patients with right ventricular involvement tend to have a worse prognosis
[25]. The tricuspid annular plane systolic excursion (TAPSE) is a simple measurement that
can be used on a daily basis. In patients with DCM, TAPSE values lower than 14 mm are
associated with poor prognosis [26]. Therefore, the evaluation of the right ventricle using
TAPSE or fractional area change, wave S” by DTI and longitudinal deformation by ST are
essential and should be routinely used. Right ventricular assessment also provides
information on the risk stratification for heart transplant or ventricular assistance candidates

[27, 28].

Systolic pulmonary artery pressure

The non-invasive systolic pulmonary artery pressure is derived from the sum of the
central venous pressure and the peak pressure gradient across the tricuspid valve between the
right atrium and the right ventricle during systole, which is obtained by spectral Doppler and

calculated with the use of the simplified Bernoulli equation. Although this method is used the
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most in daily practice, there are still some controversies regarding the confidence of this
method [29]. Systolic pulmonary artery pressure increases the risk of mortality in patients
with left ventricular systolic dysfunction [30]. DCM and pulmonary arterial hypertension
lead to more severe symptoms, a greater increase in BNP levels, more severe mitral
regurgitation and diastolic dysfunction. Refractory heart failure and a higher mortality rate
have been proven in young patients with left ventricular dysfunction and increased systolic
pulmonary artery pressure [31]. These results suggest that the evaluation of pulmonary artery
pressure helps identify a subgroup of patients with high-risk DMC that should be carefully
followed when timing non-pharmacological strategies, including heart transplant. Mild to
moderate pulmonary hypertension increases the risk of developing pulmonary hypertension
in the early phases after heart transplantation. An increase in systolic pulmonary artery
pressure severity predicts a worse prognosis for this group of patients; therefore, it may be
useful to consider systolic pulmonary artery pressure during the echocardiographic evaluation

in patients with idiopathic DCM [32].

Functional mitral insufficiency

Functional mitral regurgitation secondary to DCM has been extensively studied. The
primary pathophysiological mechanism of ventricular remodeling is the apical and lateral
displacement of the papillary muscles, which leads to tension on the chordae tendineae (heart
strings). This restricts the movement of the leaflets causing tenting, annular dilatation and
ventricular dyssynchrony, which eventually leads to incomplete closure of the mitral valve
[33]. The presence of a secondary mitral regurgitation predicts a poor outcome. A mitral

2

valve tenting area > 6 cm® is generally associated with severe mitral insufficiency.

Furthermore, three-dimensional echocardiography provides advantages over two-dimensional
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echocardiography because it considers leaflet and chord tensile geometrical components as

well as changes along the regurgitant orifice during systole [34].

Diastolic function

Diastolic dysfunction contributes to symptoms of heart failure and provides important
diagnostic and prognostic information. Young patients with preclinical familial DCM can
show normal stroke volume, cardiac output and grade | diastolic dysfunction [13]. However,
as the disease progresses, the diastolic pattern may evolve to pseudonormal or restrictive,
which worsens the prognosis [35]. The restrictive pattern indicates severe hemodynamic
impairment, advanced symptoms and poor prognosis [36]. Shortening of the diastolic filling
period, which could be a sign of atrioventricular dyssynchrony, is associated with reduced
stroke volume and increased left atrial pressure [37].

Furthermore, previous studies have shown a relationship between the degree of
fibrosis and diastolic dysfunction [36, 38, 39]. Fibrosis is a common endpoint in a variety of
pathological myocardial processes that can alter the properties of compliance, relaxation and
ventricular filling. Moreo et al. [40] showed that the degree of diastolic dysfunction was
associated with a greater degree of myocardial fibrosis, which is better quantified through
delayed enhancement cardiac MR imaging. These findings provide clinical information to
detect early changes in diastolic function in the early stages of DCM development.

Thus, TTE is the first imaging method used to complete the clinical evaluation. It
helps to assess the left ventricle and other hemodynamic characteristics used in the diagnostic

and prognostic risk stratification of familial DMC patients.

The influence of genetic background
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Concerning these echocardiographic tools, it should be noted that familial DCM
shows different patterns depending on the affected gene, although these patterns are not as
well-defined as those of hypertrophic cardiomyopathy. Individuals with TTN mutations have
clinically and statistically larger left ventricular end-systolic diameters but lower mortality,
fewer pacemakers, resuscitation and atrial fibrillation compared with LMNA mutation carriers
[41]. Regarding these patients, Yoskovitz G. et al. [42] showed a late-onset presentation and
clinical characteristics such as left axis deviation, poor R progression and complete left
bundle branch block. Echocardiographic examinations revealed enlarged volumes, impaired
systolic function and end-systolic dimension in these patients, while there was no observed
impaired diastolic function or tissue Doppler measurements. Right ventricular systolic
function was also affected. No differences in wall thickness were found. Pérez-Serra et al.
[43] described a temporal pathological sequence in symptomatic patients with LMNA
cardiomyopathy in which an electrical alteration is first seen in the ECG followed by
mechanical cardiac impairments detected by TTE. Echocardiographies in these patients
showed a mildly dilated and rounded left ventricle with a moderately depressed ejection
fraction. However, in the absence of an established DMC, the diastolic impairment pattern
was determined with DTI [43]. As suggested by Volpi et al., early recognition of young
patients carrying a pathogenic mutation in the LMNA gene may retard the rate of progression
of the cardiomyopathy [44]. Although it is a relatively rare disease, awareness is increasing
among clinical cardiologists regarding LMNA cardiomyopathy because of its aggressive
course compared to most other inherited cardiomyopathies. This condition has been linked to
an increased risk of sudden cardiac death related to severe ventricular failure. There is a 46%
risk of sudden cardiac death and a 64% risk of heart failure secondary to left ventricular

systolic dysfunction after the age of 50. Therefore, it is fundamental to the analysis of the
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echocardiographic criteria for each specific genetic mutation related to familial DCM. Future

studies should focus on this key issue for the management of patients with familial DCM.

1.2 Magnetic resonance

MR is the gold-standard test for the diagnosis cardiomyopathies because it provides
essential anatomical and functional information. Some different tools are used in the
evaluation of a patient with DCM to uncover the global, regional and tissue myocardial
characteristics (Table 1). Cine cardiac MR using steady-state free precession (SSFP)
sequences provides a functional analysis of the heart that allows for the evaluation of not only
systolic and diastolic function but also global and regional contractility. In fact, this technique
is considered the gold standard for evaluating ventricular function and mass with excellent
interobserver agreement [45]. For that reason, they are essential sequences in the evaluation
of DCM. Although the imaging protocol should be adapted regarding the clinical scenario,
the protocol should at least include horizontal and vertical long axis and short axis views, the
last with full biventricular coverage for measuring volumes, mass and function [46]. In these
sequences, DCM typically shows increased ventricular mass with larger trabeculae, end—
diastolic and end-systolic volumes, reduced stroke volume and ejection fraction. Hypokinetic
wall function could also be observed [47]. In advanced stages, there is myocardial wall
thinning (< 5.5 mm) [48]. Moreover, valvular insufficiency can be determined by visualizing
valve regurgitant jet in SSFP sequences (Figure 2). Quantifications can also be carried out
through phase contrast sequences with an estimation of the regurgitant volume and fraction
[46].

One of the advantages of cardiac MR among other imaging techniques is the capacity
to characterize normal and pathological myocardium by detecting the presence of

intramyocardial fat, edema, focal (replacement) or diffuse (interstitial) fibrosis. This is done
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by means of inherent myocardial T1 and T2 properties and may help in making an adequate
differential diagnosis in DCM and identifying secondary causes.

T2-weighted short-tau inversion recovery image sequences (T2-STIR) are used to
detect increases in myocardial free water content, which is indicative of myocardial edema of
ischemic, inflammatory or infectious origins (acute or chronic myocarditis, cardiac allograft
rejection, etc.). Although it reflects various pathologic conditions, edema is usually
associated with reversible myocardial injury. T2—STIR sequences’ main limitations include
a) signal intensity variability caused by phased array coils; b) slow—flow artifacts; ¢) motion
artifacts; and d) the subjective nature of image interpretation. With conventional T2—
weighted images, diffuse myocardial edema is difficult to detect [49].

T2 mapping techniques have been developed to directly evaluate the T2 values of the
myocardial tissue based on a parametrical map [50]. T2 mapping is preferred because of the
absence of the limitations described for T2-STIR sequences. Regarding the T2 mapping
sequences, the amount of water content is significantly higher compared to normal controls
and progresses as left ventricular dysfunction increases [49]. Additionally, having been
correlated with alterations in intramyocardial movement, decreases in circumferential strain
measured by myocardial tagging were correlated with regions of myocardial inflammation
[51].

Conversely, myocardial fibrosis could occur in response to the loss of myocytes (focal
or replacement fibrosis) as a reparative method to preserve myocardial structural integrity or
as a “reactive”/“interstitial” process secondary to a variety of insults (mechanical, toxic,
infective or autoimmune), which are distributed throughout the myocardial tissue [50]. Late
gadolinium enhancement is an effective and reproducible method for demonstrating
macroscopic (replacement) fibrosis, which is not seen with other techniques, by using T1-

weighted imaging sequences with an inversion time pulse for nulling normal myocardial
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tissue 10-20 minutes after the infusion of an extracellular gadolinium-based contrast media.
Delayed enhancement is seen in up to 20-40% of patients with idiopathic DCM [52].

Depending on the myocardial enhancement pattern, a differential diagnosis can be
established confirming idiopathic versus secondary DCM. The enhancement pattern
associated with idiopathic DCM appears as a thin band in the intramyocardial septum,
patched or subepicardial in the inferolateral wall, without vascular territory distribution
(Figure 3). There is not a consensus on the meaning of the regions of intramyocardial
fibrosis or on the identification of areas of myocardial injury in a chronic inflammatory
process. Transmural or subendocardial enhancement in DCM is highly suggestive of an
ischemic event, even in the absence of significant coronary lesions, which is justified by
spontaneous recanalization after embolization or occlusion or minimal stenosis from unstable
plaques [53].

T1 mapping allows direct quantification of the T1 signal intensity of the myocardium
before (T1 native) or after administration of gadolinium-based contrast media at different
time points (post—contrast T1 maps) with extracellular volume calculation. The T1 value of
the myocardium is prolonged in myocardial edema, interstitial fibrosis and amyloid deposits
and shortened in lipid or iron accumulation [54]. Native T1 is significantly lower in patients
with DCM than in controls and performed better than post-contrast T1 mapping-derived
parameters [55]. This information may enable important risk stratification in patients with
DCM [56]. Myocardial fibrosis is a major independent predictor of adverse clinical outcomes
and, possibly, is an important parameter for device implantation. Moreover, extracellular
volume fraction allows for differentiating earlier than “overt” DCM and is considered a
significant prognostic predictor of cardiovascular death, heart failure and malignant

arrhythmias [57, 58].
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MR spectroscopy (MRS) was recently suggested as a non-invasive modality for
studying cardiac metabolism in vivo. DCM is one of the main clinical areas in which this
technique may provide insight into pathophysiological mechanisms [59]. MRS
uses magnetic resonance signals from nuclei, such as phosphorus, hydrogen and sodium, to
provide comprehensive metabolic and biochemical information about the cardiac muscle.
This technique has been used in familial hypertrophic cardiomyopathy to identify phenotypes
[60] and could be available for familial DCM in the future. Currently, MRS is only used in
research settings; with further technical developments leading to improved temporal and
spatial resolution. Cardiac MRS will dramatically advance our understanding of the
pathophysiologic and metabolic nature of a number of cardiac conditions.

In fact, cardiac MR allows an integral evaluation of the heart including bi-ventricular
geometry, volumes, mass and function, tissue characterization (myocardial fat and edema)
and identification of focal or diffuse fibrosis. It helps to distinguish primary from secondary
forms of DCM and, specifically, to ascertain whether an ischemic etiology is present. In
addition, it permits cardiologists to obtain several clinically feasible and reproducible
parameters, some of them constituting biomarkers with important prognostic implications, in

patients with DCM.

2. GENETICS

Since 2009, the American Heart Failure guidelines include recommendations on
genetic counseling and genetic testing in patients and families with certain cardiomyopathies.
Almost 50% of familial DCM cases have been shown to be associated with a genetic
alteration in at least one of the over 60 genes linked to this disorder (Table 2). As shown in

Figure 4, most of these genes codified proteins related to cell structure, ion channels and
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desmosomes. Most familial cases of DCM are transmitted in an autosomal dominant
inheritance, although other inheritance patterns have been reported, such as autosomal
recessive, X-linked and mitochondrial [6]. The TTN gene is responsible for nearly 30% of the
DCM cases. The next most affected genes in familial DCM are LMNA, responsible for nearly
15% of cases, and a group of genes (MYH7, TNNT2, RBM20, BAG3, TPM1, DSP, SCN5A,
ACTC1 or MYBPC3) involved in 5-10% of familial DCM cases. The other affected genes
associated with this condition are responsible for 1-5% of cases [61].

Mutations in the TTN gene (ID: 7273, 2931.2; size: 34350 amino acids; molecular
mass: 3816030 Da) are frequently detected in DCM. This gene encodes the largest human
protein, titin, which provides an external scaffold and interacts with both thin and thick
filaments and plays an important role in sarcomere assembly and force generation. Titin
provides a passive force and elasticity to preserve diastolic and systolic function, respectively
[62]. To date, 37 pathogenic variants in the TTN gene have been associated with familial
DCM, most of which are truncating variants (in 25% of cases). Despite the lack of
phenotype-genotype segregation studies, some evidence suggests that men affected by DCM
with a TTN mutation had adverse events at earlier ages [63].

The second most frequent mutation associated with DCM is found in the LMNA gene
(ID: 4000, 1g22; size: 664 amino acids; molecular mass: 74139 Da). This gene encodes the
lamin A/C protein located in the nuclear lamina (a fibrous structure underlying the inner
nuclear membrane). The integrity and stability of the nuclear envelope is supported by the
interaction between lamin and integral proteins of the inner membrane [64]. To date, 114
pathogenic variants in the gene have been associated with familial DCM. The phenotype of
DCM patients carrying a pathogenic variant in this gene is extremely variable; however,
conduction system disturbances are frequently presented (sinus bradycardia, atrioventricular

conduction block and atrial tachyarrhythmia), as well as skeletal myopathies with or without
17



conduction-system disease. Eventually, these patients develop heart failure, and cardiac
transplant is recommended. DCM subjects with LMNA mutations have the worst prognosis
and serious cardiovascular problems, including sudden cardiac death and a higher rate of
transplantations, in comparison with individuals with idiopathic DCM. Regarding copy
number alterations, the deletion of several exons in LMNA leads to nuclear membrane
abnormalities, which compromises the normal function of the lamina and reduces wild type
protein levels [65].

Additional DCM-linked genes have been identified over the last several years using
NGS platforms [56]. This technique has revolutionized clinical genetic screening because it
allows for the analysis of a large number of genes in a cost-effective and time-efficient
manner [66]. The large amount of data and genes identified using NGS has led to an
overlapping of DCM and other cardiomyopathies such as hypertrophic cardiomyopathy and
arrhythmogenic cardiomyopathy. Thus far, sarcomere or desmosome gene mutations have
been primarily associated with hypertrophic cardiomyopathy and arrhythmogenic
cardiomyopathy, respectively. The genetic complexity of DCM is currently being studied
[67]. Another challenge for geneticists and clinicians is the interpretation of the large volume
of data generated via high-throughput screening. Frequently, a large number of genetic
variants are identified and their pathogenicity interpreted using computational biology tools.
In silico tools are used for predicting pathogenicity in terms of pathogenic, likely pathogenic,
unknown significance or benign. Co-segregation analysis of family members is essential to
determine the relative importance of each gene [68]. Penetrance, defined as the percentage of
mutation carriers who express the cardiomyopathy phenotype, is age- and gene-dependent
but is so far poorly understood [69, 70].

Because of the high number of genes related to DCM, it is recommended that

cardiologists perform a comprehensive genetic analysis using NGS technology in the best
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cost-effective way that is currently available. The primary challenge currently for clinicians is
the pathogenic interpretation of genetic variants identified as well as translation into clinical

practice.

3. NOVEL BIOMARKERS: non-coding RNAs

Patients may benefit from an accurate, accessible and non-invasive test when being
screened for familial DCM. Currently, there are no blood-based biomarkers available for
monitoring cardiac alterations in patients with familial DCM. The development of a blood-
based diagnostic and prognostic test to predict and/or monitor cardiac abnormalities during
the subclinical stages of the disease could meet the clinical needs of the cardiologists.

MicroRNAs (miRNAs) are a family of small RNAs (19-25 nucleotides) that play a
relevant role in post-transcriptional gene regulation by inducing the degradation or reducing
the translation of the target mRNA. miRNAs participate in development, homeostasis and
cellular response to stress [71]. Indeed, the dysregulation of intracellular miRNA expression
is a hallmark of several cardiovascular disorders [72]. Focusing on DCM, several research
groups have demonstrated the involvement of miRNAs in the pathophysiology of the disease
[73]. Inhibition of miIRNA biogenesis in cardiac myocytes causes cardiac dysfunction and
eventually DCM [74]. Targeted deletion of specific miRNAs, such as miR-22, sensitized
animal models to left ventricular dilation after stimulation by pressure overload [75]. Wijnen
et al. suggested a role for miR-30c in the onset of the disease through the impairment of
mitochondrial function [76]. Dysregulated miR-699a expression has been associated with
severe progression of DCM in dystrophic mice [77]. The same authors proposed the use of
miR-699a as a therapeutic strategy to slow down the progression of DCM [77]. In humans,

the miR-199/214 cluster has been associated with cardiac mass loss during dilation [78]. A
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close relationship between expression levels of miR-208 [79] and let-7i [80] in
endomyocardial biopsies and adverse clinical events in patients with DCM has been
described, suggesting a possible clinical application for intracellular miRNAs as biomarkers.
Evidence on the role of miRNAs in familial DCM is very limited. Nevertheless, some
indirect data point to the participation of miRNAs in familial DCM. Indeed, Sylvius et al.
demonstrated that miRNA expression is affected in laminopathies. This group identified a
signature of 16 miRNAs differently expressed in skeletal muscle from patients with LMNA-
related muscular dystrophy compared to control subjects [81]

miRNAs have also been detected in body fluids, including blood [82]. Extracellular
miRNAs have a key role in intercellular communication and regulate gene expression and the
phenotype of the recipient cells [83]. Similar to their intracellular forms, the c-miRNAs are
involved in the onset and development of cardiovascular disease [84]. Interestingly, their
release into the extracellular milieu and bloodstream in response to cell stress or damage
supports the study of miRNAs as potential biomarkers of pathophysiological conditions [85].
Extracellular miRNAs meet optimal biochemical and physiological properties to become
excellent biomarkers [86]: i) specific profiles of miRNAs are released in response to different
physiological and pathological stimuli; ii) miRNA secretion into microvesicles and miRNA-
protein complexes gives them outstanding stability; iii) miRNAs have evolutionarily highly
conserved sequences, which facilitate their analysis; iv) samples are stable and have a long
half-life; and v) their determination is performed relatively inexpensively with high
sensitivity and specificity through standard techniques already available in clinical
laboratories (e.g., quantitative reverse transcription PCR).

Circulating miRNAs (c-miRNAs) are biological markers of a wide variety of
cardiovascular conditions [87]. Indeed, c-miRNAs have been proposed as potent biomarkers

of cardiac disease including heart failure and different cardiomyopathies [88], in some cases
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with higher clinical value than the current gold standard [89]. Thus, the clinical application of
c-miRNA as biomarkers of cardiovascular diseases has been proposed in the short- to
medium-term [90]. During this decade, a number of studies focusing on circulating miRNAs
as potential biomarkers of DCM have been published [91-96] (Table 3). Nevertheless,
whether circulating miRNAs can be useful diagnostic and prognostic tools in familial DCM
still remains to be elucidated.

Long non-coding RNAs (IncRNAs) are transcripts of more than 200 nucleotides in
length that function as epigenetic regulators [97]. LncRNAs are key mediators of cardiac
development, function and disease [98]. Similar to miRNAs, IncRNAs have been proposed as
potential clinical biomarkers [99]. Assays with clinical applications have been developed for
urine IncRNA PCA3, which is a highly specific biomarker of prostate cancer [100]. Recent
studies have identified circulating IncRNAs as useful diagnostic and prognostic tools with
clinical applications for cardiovascular conditions [101-104]. However, no previous
investigation has evaluated the circulating levels of IncRNAs as indicators of cardiac
abnormalities in patients with DCM or familial DCM.

Studies based on the circulating miRNA and IncRNA signature in familial DCM are a
promising strategy for the development of novel diagnostic, prognostic and therapeutic
biomarkers for the management of this disease. Further investigations focusing on non-
coding RNAs will elucidate the real clinical application of these novel biomarkers in this

interesting field.

4. CONCLUSIONS
Here, we highlight the relevance of multidisciplinary teams for the management of

familial DCM. Imaging biomarkers can detect the presence of the disease but are of little
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value for characterizing the earlier stages of the disease when the disease is not yet clinically

apparent. Genetic biomarkers provide insights into disease susceptibility. Nonetheless,

genetic testing does not supply any information about whether subclinical disease has

developed yet or not. Circulating biomarkers could provide relevant data about the disease

process, with some biomarkers reflecting activity in biological pathways that precede the

clinical presentation of the disease. However, the development of useful circulating indicators

is in pre-clinical stages. An integrated assessment of familial DCM including imaging,

genetic and blood-based biomarkers should lead to a novel understanding of familial DCM

and, therefore, how to improve patient management.

5. PERSPECTIVES

The combination of different methodologies is fundamental for a proper diagnosis
of familial DCM. Management of familial DCM will require collaboration among
multidisciplinary teams with representation from multiple different specialties.
The definition of echocardiography patterns specific for each genetic alteration
would be of diagnostic and prognostic utility for risk stratification of familial
DCM. New imaging techniques could contribute to clinical management.
Furthermore, the application of novel blood-based biomarkers should be
considered.

The integration of different types of biomarkers is fundamental for not only the
diagnosis and prognosis but also for risk stratification of patients, as well as for
decisions regarding changes in medical treatment, implantation of defibrillators

and the need for cardiac transplantation.
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FIGURES LEGENDS

Figure 1. Current methodologies and novel technologies proposed for the clinical
management of familial dilated cardiomyopathy. NGS: Next-generation sequencing; SSFP:
Steady state free precession; ST: speckle tracking; T2 — STIR: T2 short tau inversion

recovery.

Figure 2. Balance Steady State Free Precession image (bSSFP) oriented in a four-chamber
view revealing a severe dilatation of the left ventricle in a patient with idiopathic dilated
cardiomyopathy. Note the thinner walls of the heart, which are less than 6 mm in the lateral
wall (blue arrow). There is also increased trabeculation in the apical lateral segment without
fulfilling the Petersen criteria for MR-based diagnosis of non—-compaction cardiomyopathy
(yellow arrow). Secondary mitral insufficiency with a regurgitant jet present at the A2P2
segment of the mitral valve (green arrow) is also noted. This is in keeping with dilated

cardiomyopathy.

Figure 3. Late gadolinium enhancement (LGE) sequence oriented in a short axis view
revealing a linear midwall enhancement at the midventricular septal segments of the left
ventricle, which is suggestive of fibrosis (white arrows). This pattern of distribution is
indicative of a non-ischemic origin of the DCM. Those patients have a higher risk of

developing intraventricular systolic dyssynchrony and arrhythmias.

Figure 4. Schematic representation of the primary genes associated with dilated

cardiomyopathy.
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Table 1. Cardiac magnetic resonance parameters.

Sequence Aim

Parameter

Clinical importance and prognosis

Cine SSFP Ventricular geometry, size,
contractility and function

T2 mapping and T2  Water content in the

- STIR myocardium

Late Gadolinium Assessment of focal or
enhancement replacement fibrosis
T1 mapping Assessment of diffuse

interstitial fibrosis

Cardiac MR Evaluation of tissue
spectroscopy metabolism

RVEDVI, LVEF, LVCI

T2 ratio index
T2 values
Visual assessment

Native T1, post —

contrast T1, GdA and
ECV

Visual assessment

- LVEF: Strong predictor of mortality.

- LVCI: Prognostic of cardiac death and SCD.

- RVEDVI: Increased risk of cardiac death and SCD
secondary to arrhythmias and decompensated heart failure.
- Increment of water content with disease progression.

- Increased risk of mortality, heart failure, tachycardia and
SCD.

- Association with left ventricular systolic function and
impaired ventricular function.

- Differentiation of “early” DCM, “overt” DCM and normal
controls.

- Prognostic predictor of death, heart failure and malignant
arrhythmias.

- Associated with impaired ventricular filling, systolic
function and life-threatening arrhythmias.

- Higher incidence of SCD and tachycardia.

- Increased risk of death and hospitalization.

- Risk stratification for device implantation.

ECV: extracellular volume; GdA: partition coefficient; LVEF: left ventricle ejection fraction; LVCI: left ventricle cardiac index; RVEDVI: right
ventricle end diastolic volume index; SCD: sudden cardiac death; SSFP: steady state free precession; T2 — STIR: T2 short tau inversion recovery.
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Table 2. The genes associated with familial dilated cardiomyopathy classified as pathogenic
or as likely pathogenic according to previously published studies, although the classification
IS not selective.

Clinical significance: pathogenic

% of FDC
caused by
the Profe
thoaeni rotein
Symbol Name pr?] ut?c?onc Affected/Function Reference
TTN titin 20-30% Sarcomere [105]
LMNA lamin A/C 6% Nuclear [105]
MYBPC3  myosin binding 4% Sarcomere [105]
protein C, cardiac
DES desmin 4% Desmosome [106]
MYH7 myosin, heavy 4% Sarcomere [107]
chain 7, cardiac
muscle, beta
SCN5A sodium voltage- 4% lon Channel [108]
gated channel
alpha subunit 5
DES desmin 4% Desmosome [106]
MYHG6 myosin, heavy 3-4% Sarcomere [109]
chain 6, cardiac
muscle, alpha
TNNT2 troponin T2, 3% Sarcomere [110]
cardiac type
BAG3 BCL2 associated 2.5% Z-disc [111]
athanogene 3
RBM20 RNA binding 2% Sarcomere [112]
motif protein 20
LDB3 LIM domain 1% Sarcomere [113]
binding 3
TCAP titin-cap 1% Z-disc [114]
TMPO thymopoietin 1% Nuclear [115]
TNNC1  troponin C1, slow 1% Sarcomere [105]
skeletal and
cardiac type
TPM1 tropomyosin 1 1% Sarcomere [116]
(alpha)
VCL vinculin 1% Cytoskeleton [117]
ACTN2 actinin alpha 2 <1% Z-disc [116]
DSP desmoplakin <1% Desmosome [118]
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PLN

EYA4

CSRP3

TNNI3

DMD
LAMP2

TAZ
NEXN
SGCD

MYPN
ANKRD1

ACTC1

EMD
JUP

DSC2
TTR
SGCD

PSEN1

PSEN2

phospholamban

EYA
transcriptional
coactivator and
phosphatase 4

cysteine and
glycine rich
protein 3
troponin 13,
cardiac type
dystrophin
lysosomal
associated
membrane protein
2
tafazzin
nexilin
sarcoglycan delta

myopalladin
ankyrin repeat
domain 1
actin, alpha,
cardiac muscle 1
emerin
junction
plakoglobin
desmocollin 2
transthyretin
sarcoglycan delta

presenilin-1

presenilin-2

<1%

<1%

<1%

<1%

<1%
<1%

<1%
<1%
<1%

<1%
<1%

<1%

<1%
<1%

<1%
<1%
<1%

<1%

<1%

Sarcoplasmic
Reticulum
Transcription Factor

Z-disc

Sarcomere

Cytoskeleton
Cytoskeleton

Cytoskeleton
Cytoskeleton
Sarcomere

Z-disc
Sarcomere

Sarcomere

Nuclear
Desmosome

Desmosome
Sarcomere
Sarcoglycan Complex

Gamma secretase
activity
Gamma secretase
activity

[105]

[119]

[116]

[120]

[121]
[122]

[123]
[115]
[124]

[125]
[109]

[105]

[126]
[127]

[128]
[129]
[130]

[131]

[131]
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Table 3. A summary of the studies measuring circulating miRNAs in dilated cardiomyopathy.

mMiRNA

Reference  Study Design source miRNA Biomarker

[96] 7 patients with non-ischemic DCM; 8 patients with ischemic PBMC miR-29b, miR-107, miR-139,
cardiomyopathy; 9 control subjects. Validation in 19 patients with miR-142-3p, miR-142-5p
non-ischemic DCM; 15 patients with ischemic cardiomyopathy; 19
control subjects

[92] 45 DCM patients; 39 age- and sex-matched controls Plasma miR-423-5p

[93] 48 non-failing controls; 44 patients with relatively stable CHF PBMC MiRNA-548 family
associated with DCM. Validation in 41 non-failing; 37 failing
patient samples

[95] 8 patients with diastolic function and preserved systolic function; 10 Buffy coat miR-142-3p, miR-124-5p
patients with stable compensated DCM; 13 patients with
decompensated congestive heart failure; 9 normal healthy
individuals

[94] 55 children <18 years old Serum miR-155, miR-636, miR-646,

miR-639
[91] 23 children with idiopathic DCM; 26 healthy controls Plasma miR-147, miR-194, miR-205,

miR-302a, miR-454, miR-518f,
miR-618, miR-518f, miR-875-3p
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Figure 4.
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HIGHLIGHTS

1. Familial dilated cardiomyopathies should be considering a multidisciplinary entity.

2. Imaging, genetic and serological techniques should be considered together in the evaluation and testing of familial dilated cardiomyopathy.

3. A multifocal focus could establish different genetic and cardiovascular imaging patterns in familial dilated cardiomyopathies useful for diagnosis and
prognosis status.
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