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Dilated cardiomyopathy (DCM) is a prevalent cardiac disorder affecting 1 in 250-500 individuals,
characterized by ventricular dilation and impaired systolic function, leading to heart failure and
increased mortality, including sudden cardiac death. DCM arises from genetic and environmental
factors, such as drug-induced, inflammatory, and viral causes, resulting in diverse yet overlapping
phenotypes. Advances in precision medicine are revolutionizing DCM management by leveraging
genetic and molecular profiling for tailored diagnostic and therapeutic approaches. This review
highlights comprehensive diagnostic evaluations, genetic discoveries, and multi-omics ap-
proaches integrating genomic, transcriptomic, proteomic, and metabolomic data to enhance
understanding of DCM pathophysiology. Innovative risk stratification methods, including ma-
chine learning, are improving predictions of disease progression. Despite these advancements, the
current one-size-fits-all management strategy contributes to persistently high morbidity and
mortality. Emerging targeted therapies, such as CRISPR/Cas9 genome editing, aetiology-specific
interventions, and pharmacogenomics, are reshaping treatment paradigms. Precision medicine
holds promise for optimizing DCM diagnosis, treatment, and outcomes, aiming to reduce the
burden of this debilitating condition.

Introduction

Dilated cardiomyopathy (DCM) is an umbrella term encompassing a wide range of genetic and non-genetic etiologies that lead to
left ventricular (LV) dysfunction and dilation of non-ischemic origin." DCM is the most common indication for heart transplantation
and the third most common cause of heart failure (HF).? Its prevalence is estimated to be about 1:250-1:500 in the general population,
and it seems to be slightly higher in men.>* Familial DCM has been reported to explain 30-50 % of cases, while a gene is identified in
20-35 % of those.>° The clinical presentation of DCM can vary widely, ranging from asymptomatic cases to severe HF symptoms or
sudden cardiac death (SCD).” Over the past twenty years, significant advancements have been made in understanding the complex
genetic underpinnings of DCM. Comprehensive clinical evaluations of DCM patients, thorough family screenings, and the use of
advanced imaging techniques have enabled earlier and more accurate diagnoses, as well as more specific criteria for implantable
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cardioverter defibrillator (ICD) implantation to prevent SCD. In the context of precision medicine, therapies tailored to specific genetic
mutations are beginning to develop.

DCM is characterized by LV diffuse contractile dysfunction and dilatation, occurring independently of abnormal loading conditions
such as hypertension, valvulopathies, or coronary artery disease (CAD).® It is a progressive disease with poor prognosis, and it is
characterized by repeated exacerbations and hospitalizations due to advanced HF.’ Diagnosis is established by an LV end-diastolic
diameter (LVEDD) exceeding 2 standard deviations (SD) from the predicted values, along with LV fractional shortening <25 % or
an LV ejection fraction (EF) below 45 %. Predicted values are determined using Henry’s formula, adjusted for age and body surface
area, and presented as a percentage of the predicted diameter. Specifically, the predicted LVEDD is calculated as follows: Predicted
LVEDD = (45.3 X body surface area®0.3) — (0.03 x age) — 7.2. A LVEDD value exceeding 112 % (> 2SD) serves as a diagnostic
criterion for DCM, while a value surpassing 117 % (2SD -+ 5 %) enhances specificity. '

Until recently, the management of patients with DCM has primarily revolved around conventional HF treatment strategies,
encompassing medication regimens, device therapy, and consideration for heart transplantation when deemed necessary.'! Never-
theless, it’s important to note that the therapy of HF traditionally follows a “one-size-fits-all” approach, highlighting the need for
precision and targeted therapies tailored to the individual characteristics of each patient. The prognosis for individuals with DCM has
markedly enhanced over the past few decades, attributable to advancements in both pharmacological and non-pharmacological in-
terventions.® This improvement is further facilitated by earlier diagnoses stemming from familial screening initiatives and
pre-participation cardiac assessments, coupled with personalized long-term monitoring.'?> Consequently, survival rates exceeding 80
% at an 8-year follow-up period, coupled with a reduced necessity for heart transplantation, reflect the substantial progress achieved in
managing DCM.'® However, despite these advancements, there is still increased morbidity and mortality among patients, highlighting
the need for further development of targeted and genome-directed therapies.

Precision medicine transforms the management of DCM by tailoring diagnostic and therapeutic strategies to individual genetic and
molecular profiles. This review provides an in-depth exploration of the latest advancements in DCM diagnosis, including compre-
hensive diagnostic workups and cutting-edge genetic insights. Multi-omics approaches that integrate genomic, transcriptomic, pro-
teomic, and metabolomic data try to offer a holistic understanding of DCM pathophysiology. Additionally, innovative methods for risk
stratification and prognostication enhance the ability to predict disease progression and outcomes. Targeted therapies, such as precise
genome editing with CRISPR/Cas9, and etiology-specific interventions, are highlighted for their potential to transform DCM treatment
paradigms. This review underscores the promise of precision medicine in improving the diagnosis, management, and therapeutic
outcomes for patients with DCM.

Pathogenesis and etiology of DCM

Various genetic and acquired causes of LV dysfunction can present with the same clinical phenotype of DCM.'* According to the
ESC classification of cardiomyopathies, DCM is categorized into two main types: genetic or acquired.'" Approximately 20-40 % of DCM
cases are familial, resulting from inherited genetic mutations.'®> Mutations in genes encoding sarcomeric proteins (e.g., MYH7,
TNNT2), cytoskeletal proteins (e.g., DES, DMD), and ion channel proteins (e.g., SCN5A) are commonly implicated.'® These genetic
abnormalities disrupt myocardial structure and function, predisposing individuals to DCM. However, phenotypic expressions vary
depending on environmental stressors or different pathogenic variants in individuals. Often, genetic predisposition combined with
environmental factors leads to the manifestation of the disorder’s phenotype. Several drugs and toxins, including alcohol and anti-
neoplastic drugs like anthracyclines, can directly damage the myocardium, causing LV dysfunction.!” Alcohol’s impact on the heart is
dose-dependent, with abstinence potentially reversing LV systolic dysfunction. In contrast, anthracycline treatment typically results in
permanent cardiotoxic effects.'® An inflammatory response causing LV dysfunction, and a DCM phenotype can result from infectious
agents (such as viral or bacterial myocarditis), autoimmune disorders (like sarcoidosis), toxic agents (such as cocaine), or other fac-
tors.'>?" Deficiencies in essential nutrients, such as thiamine (beriberi), selenium (Keshan disease), and carnitine, can impair
myocardial function and structure, resulting in DCM.?"*>? These deficiencies interfere with energy production and myocardial
metabolism. Myocarditis progresses to DCM in up to 30 % of cases, and nearly half of DCM cases show evidence of myocardial
inflammation.'*?* Peripartum cardiomyopathy (PPCM) is a rare and potentially life-threatening condition where HF occurs in the last
trimester of pregnancy or within the first few months postpartum.*

Diagnosis

DCM exhibits variable phenotypic expressions and age-dependent penetrance, often resulting in patients displaying intermediate
phenotypes that do not fully meet standard diagnostic criteria.'' Advanced imaging techniques such as cardiac magnetic resonance
(CMR) have altered the diagnosis and management of DCM by enabling the identification of subtle or extensive myocardial scar even in
patients with normal LV dimensions and function.?” This capability is particularly crucial as significant ventricular arrhythmias (VAs)
and SCD may precede any evident structural or morphological changes in the heart.?® A systematic approach is essential for identifying
and managing the diverse range of disorders leading to DCM. Diagnostic workup, therapeutic management, and follow-up require a
multifactorial process. Basic evaluation should include personal and family history, physical examination, ECG, cardiac imaging, and
laboratory testing. Disease-specific diagnostic clues should guide further diagnostic workup, which may include CMR, endomyocardial
biopsy (EMB), and genetic testing.'! For suspected storage or metabolic diseases, EMB may also be considered. Secondary etiologies
like CA]22) should always be excluded, particularly in patients over 35 or those with a family history of early CAD or significant risk
factors.””
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ECG abnormalities are common in DCM, reported in up to 80 % of patients. Specific ECG phenotypes are associated with certain
genetic or acquired forms of DCM.?® For instance, sinus node disease, AV conduction defects, and marked bradycardia are common in
lamin A/C (LMNA) and sodium channel protein type 5 subunit alpha (SCN5A) gene variants, while conduction abnormalities are
characteristic in the presence of dystrophin (DMD), and desmin (DES) mutations.”’ Low voltage on the ECG, particularly in the limb
leads, is typical of Filamin C (FLNC), phospholamban (PLN), and desmoplakin (DSP) variants, and may precede echocardiographic
changes. T wave inversion is found in FLNC and DSP carriers. VAs often occur before overt LV dysfunction in carriers of LMNA, FLNC,
DES, DSP, and SCN5A variants.*’ A combination of conduction abnormalities and complex VAs strongly suggests an LMNA variant,
while a "posterolateral infarction" pattern with pathologic Q waves raises suspicion of muscular dystrophy. Specific ECG characteristics
have prognostic value in DCM.® QRS fragmentation and T wave alternans have been identified as potential prognostic markers for
VAs. Atrial fibrillation (AF) is associated with a worse outcome and may indicate the need for heart transplantation. Left bundle branch
block (LBBB), present in about a third of DCM patients, may precede structural changes in the heart and serve as a poor prognostic
indicator.?’

Echocardiography plays a crucial role in diagnosing, monitoring, and screening for DCM. Parameters like LVEF and NYHA func-
tional class serve as independent predictors of outcomes, with low LVEF and higher NYHA classes correlating with increased mortality
and need for heart transplantation.>! LV dilatation is associated with early VAs, while diffuse LV hypokinesia and eccentric hyper-
trophy are typical findings. Distinguishing regional wall motion abnormalities from those due to CAD is essential. Diastolic
dysfunction, functional mitral regurgitation, and left ventricular reverse remodeling (LVRR) are significant prognostic indicators.>%>
Right ventricular dilatation and dysfunction also carry prognostic significance, correlating with advanced LV failure. Novel echo-
cardiographic techniques like myocardial strain analysis show promise in detecting early DCM in asymptomatic variant carriers and
predicting mortality in symptomatic DCM patients.'%’35

CMR is invaluable for assessing ventricular size, function, and tissue characterization, particularly in detecting fibrosis through
late-gadolinium enhancement (LGE).*® In DSP disease patients with normal ECG and VAs of left ventricular origin, LGE in LV is the
only abnormality detected. Distinct LGE patterns have been observed in patients with pathogenic PLN R14del variants, highlighting
differences from other hereditary cardiomyopathies, particularly in the distribution of fibrosis.>” Novel CMR techniques such as
phosphorus P 31 magnetic resonance spectroscopy and diffusion tensor CMR (DT-CMR) provide detailed assessments of myocardial
performance, including cardiac energetics and microarchitecture dynamics, potentially offering superior predictive value for mortality
compared to traditional metrics like EF.® However, the diagnostic and prognostic utility of these methods in early-stage DCM remains
to be fully determined.

Circulating biomarkers offer valuable insights into metabolic derangements, collagen turnover, and inflammatory processes,
potentially guiding therapy decisions in DCM. While some biomarkers lack cardiac specificity, markers like PICP and PIIINP correlate
with cardiac fibrosis and predict unfavorable outcomes in HF patients.>® Galectin-3 also shows promise as a prognostic marker in DCM
due to its association with worse outcomes. Integrating multidimensional data through phenomapping and machine learning ap-
proaches helps define distinct subclasses of DCM with shared and unique disease mechanisms, paving the way for more personalized

Table 1
Genetic underpinning in dilated cardiomyopathy.
Gene Protein Mutation Clinical Impact
TTN Titin Truncating Most common mutation

25 % of end-stage disease
familial cases (20-25 %)
sporadic cases (18 %)
LMNA Lamin A/C Missense or truncating 8-10 %
Aggressive phenotype
Conduction abnormalities
Malignant arrhythmias
Early ICD placement is recommended

FLNC Filamin C Truncating Arrhythmic DCM without skeletal muscle issues
VA, SCD
Left-dominant arrhythmogenic cardiomyopathy
BAG3 BCL2-Associated Athanogene 3 Missense or other mutations High penetrance >40 years old
Advanced HF
PLN Phospholamban R14del VA

end-stage HF
ICD placement

RBM20 Ribonucleic Acid Binding Protein 20 Splicing variant VA
DES Desmin Various mutations Often associated with muscular dystrophies
DMD Dystrophin Truncating Linked to Duchenne’s and Becker’s muscular dystrophies
SCN5A Sodium Channel Protein Type 5 Alpha Gain-of-function varijant VA
Sodium-channel blockers are effective
DSP Desmoplakin Truncating LV fibrosis
VA, SCD
TMEM43 Transmembrane Protein 43 Pp-S358L variant Males tend to have a worse prognosis

DCM, dilated cardiomyopathy; HF, heart failure; ICD, implantable cardioverter defibrillator; LV, left ventricular; SCD, sudden cardiac death; VA,
ventricular arrhythmias.
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therapeutic interventions tailored to individual patient subgroups.® In DCM patients, elevated levels of diagnostic biomarkers such as
BNP, NT-proBNP, and soluble suppression of tumorigenicity 2 (sSt2) have been shown to be strong predictors of adverse prognosis,
reflecting both the severity of ventricular dysfunction and the progression of HF.>*“C Also, biomarkers such as matrix
metalloproteinase-2 (MMP-2), tissue inhibitor of metalloproteinase-1 (TIMP-1), growth differentiation factor-15 (GDF-15), and
osteopontin (OPN) have demonstrated strong prognostic value, as their increased levels are associated with more severe myocardial
remodelling, increased systemic inflammation, and poorer clinical outcomes, highlighting their potential utility in risk stratification
and personalized treatment strategies.

Cardiopulmonary Exercise Testing (CPET) is considered as a powerful method in cardiology, especially for determining the
prognosis and for risk stratification of heart failure patients, particularly in DCM Patients. All the CPET variables provide synergistic
prognostic discrimination. However Peak VO2 serves as the most important parameter for risk stratification and prediction of survival
rate. Although an invasive evaluation, based on eg, central oxygen saturation and cardiac output, should be considered in every
candidate for LVAD-implantation, CPET is considered as one of the best tools for non-invasive evaluation, due to the fact that can
objectively justify and reflect the physical and hemodynamic capacity in rest, but most importantly under exercise.***3

Genetic underpinning insights

Familial cardiomyopathies exhibit diverse inheritance patterns, primarily autosomal dominant but also autosomal recessive, X-
linked, and mitochondrial.** Causative genes encode proteins crucial for cardiomyocyte function, including Titin (TTN), LMNA, and
DSP. DCM arises from mutations, predominantly rare single-nucleotide mutations, within these gene regions, leading to the production
of abnormal proteins (Table 1)."**> These conditions display significant genetic and allelic heterogeneity, meaning many variants in
different genes can cause the same phenotype.‘® Pathogenic variants often show incomplete and age-related penetrance, and variable
expressivity, leading to diverse manifestations of the disease.'! Some individuals may experience severe symptoms requiring early
interventions, while others may remain unaffected or mildly affected. This variability is influenced by genetic heterogeneity,
non-genetic factors like hypertension or exercise, and the co-inheritance of other genetic factors.'’ The genetic yield of DCM is esti-
mated at 20-37 %, with over 100 related genes identified.®*” Advances in sequencing technologies have made it easier to discover
more genes involved in DCM, reducing the cases of "idiopathic DCM”.° Next-generation sequencing studies show that over 38 % of
DCM cases have two or more variants, indicating an oligogenic inheritance pattern.*®*° There is significant gene overlap in DCM and
other cardiomyopathies or channelopathies.”®>? The presence of multiple pathogenic variants in individuals can explain the variable
penetrance and phenotypic expression seen even within the same family.' >

Sarcomeric DCM represents the most frequent genetic form of DCM, involving genes encoding sarcomeric proteins: titin, myosin,
actin, troponin, and tropomyosin.®*>> TTN is the largest sarcomeric protein in the myocardium. Truncating TTN variants, leading to
premature protein termination, result in abnormally truncated protein and are present in 25 % of end stage disease, 20-25 % of familial
cases of DCM, and in 18 % of sporadic cases, following an autosomal dominant pattern of inheritance.’*°° Truncation mutations in the
TTN gene, which are the most common causative mutations for DCM,>® have been linked to various conditions such as alcoholic
cardiomyopathy, PPCM, and chemotherapy-related cardiomyopathy. This suggests that environmental factors may act as a second hit,
alongside genetic factors, inducing DCM-like contractile dysfunction.’ Additional variants in the ribonucleic acid binding protein
(RBM20) gene, responsible for titin splicing regulation, can lead to a DCM phenotype characterized by frequent malignant VAs.””>

Nuclear envelope defects, or laminopathies, are caused by mutations in the LMNA gene and account for up to 8-10 % of DCM
cases.”® ©! These conditions are inherited in an autosomal dominant pattern and are characterized by an aggressive phenotype with
conduction abnormalities and malignant VAs.®? There is a high incidence of SCD, often occurring before significant LV dysfunction
develops, with a 12-year mortality rate of 30 %. The median age of onset is between 30 and 40 years, with nearly complete penetrance
by age 70.°° Detecting a pathogenic LMNA variant lowers the threshold for ICD placement for primary SCD prevention, regardless of
LVEF."!

Cytoskeletal cardiomyopathy is characterized by force transmission deficit and involves genes encoding proteins comprising the
cytoskeleton like filamins, DMD, and DES.®* Pathogenic variants in these genes are often linked to muscular dystrophies and can lead
to a diverse range of cardiomyopathies.®> DES mutations affect a muscle-specific intermediate filament, causing various cardiac and
skeletal muscle issues. DMD, located on the X chromosome, plays a crucial role in linking the cytoskeleton to the extracellular matrix,
with cardiac involvement common (up to 70-90 %) in Duchenne’s and Becker’s muscular dystrophies.%’67 Truncation variants in
FLNC are associated with severe arrhythmogenic DCM, even without apparent skeletal muscle disorders.>* Additionally, truncating
FLNC variants have been linked to both skeletal and cardiac myofibrillar myopathies, as well as a combined phenotype of
left-dominant arrhythmogenic cardiomyopathy and DCM. This combined phenotype carries a heightened risk of malignant VAs and
premature SCD.6%6°

Furthermore, mutations in the BAG3 gene, which encodes an antiapoptotic protein, have been linked to the development of LV
dysfunction and DCM phenotype. BAG3 gene variants are linked to DCM, exhibiting high penetrance after 40 years and posing a
substantial risk of progressive HF.”%’! Notably, a single point mutation in the BAG3 gene is associated with myofibrillar myopathies,
often presenting with hypertrophic cardiomyopathy or restrictive cardiomyopathy.”? Phenotypic variability is significant, with some
mutation carriers experiencing advanced HF requiring transplantation or resulting in death, while others show no penetrance.”° Risk
factors for adverse outcomes among individuals with BAG3 pathogenic variants include male sex, decreased LVEF, and increased
LVEDD.”" Additionally, a multicenter cohort study revealed that carriers of the founder pathogenic R14del PLN variant face elevated
risk of malignant VAs or end-stage HF.”* Independent risk factors for these outcomes include sustained or non-sustained ventricular
tachycardia (NSVT) and LVEF below 45 %. Notably, a poor prognosis and elevated mortality rates were observed from late adolescence
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onward. Therefore, in patients diagnosed with PLN cardiomyopathy and exhibiting LVEF below 45 % or NSVT, the consideration of
implanting an ICD is reasonable (class I1a).”® In carriers of the p.S358L-TMEM43 variant, a study revealed improved survival among
those treated with an ICD compared to those managed conventionally.”* Additionally, males exhibited a poorer prognosis compared to
females, with affected males experiencing hospitalization four times more frequently and a younger age at death.”®

Genotype-phenotype studies highlight the importance of ICDs for primary prevention, even in patients without severe LV
dysfunction but carrying certain genetic variants. Patients with pathogenic LMNA variants, for instance, are recognized as a high-risk
group for SCD. The most recent ESC guidelines for the management of DCM emphasize the impact of phenotype on the risk of SCD.
Individuals carrying disease-causing variants in genes like PLN, DSP, LMNA, FLNC, TMEM43, BAG3, and RBM20 exhibit a notably
higher incidence of major arrhythmic events compared to other DCM causes, irrespective of their LVEF. Therefore, in such cases, ICD
implantation for primary prevention should be considered (class ITa)."’

Genetic testing is recommended for individuals diagnosed with DCM, with cascade screening for relatives if a pathogenic variant is
found.”” Patients with variants in arrhythmogenic genes like LMNA or FLNC may need earlier ICD implantation.’® While
genotype-negative relatives were previously considered risk-free, recent evidence suggests they have a lower, but not zero, risk.*
These relatives may benefit from less frequent clinical screening every 2-3 years.”® Expert interpretation of genetic results is essential,
and testing should ideally be done in multidisciplinary clinics.”” Familial screening helps identify relatives with clinical or subclinical
DCM, even without a family history, aiding in early detection. First-degree relatives should undergo ECG, echocardiogram, and
possibly Holter monitoring for cardiomyopathy.”®”°

Multi-omics approaches

Studies on the functional genomic signature of DCM and ischemic cardiomyopathy (ICM) hearts have mainly focused on upstream
domains, including whole-genome sequencing, transcriptomic profiling, and protein expression. These studies have highlighted key
molecular changes in HF, such as extracellular matrix remodeling, inflammatory signaling, oxidative stress, mitochondrial dysfunc-
tion, and branched-chain amino acid metabolism.®®! However, these proteomic studies often use small sample sizes and lack
matching for age, gender, and body mass index (BMI). Li M et al. showed that a key metabolite common to both ICM and DCM was
thyroxine.®” This suggests that thyroid hormones play an important role in cardiac function, as patients often have "low T3 syndrome,"
impacting heart health. These findings show elevated T4 in HF myocardium, supporting the idea that low cardiac T3 exacerbates HF.
Flavin mononucleotide (FMN), significantly decreased in both conditions, indicates increased oxidative stress. FMN reduction has been
reported in animal models, but this is the first report in human HF, highlighting its potential as a therapeutic target.% Both ICM and
DCM showed significant changes in pyrimidine and purine nucleotides, linked to increased anaerobic glycolysis and decreased ATP
production. Also, this study highlights gender-specific differences in HF, with male-specific elevations in trimethylamine N-oxide and
inhibitors of nitric oxide synthase, suggesting different pathogenic pathways between sexes.®’ In another multi-omics study, the
integration of transcriptomic and proteomic analyses identified 10 differentially expressed genes/proteins in DCM signature,
comprising AEBP1, CA3, HBA2, HBB, HSPA2, MYH6, SERPINA3, SOD3, THBS4, and UCHL1.%! This study emphasized extracellular
matrix dysregulation and proposed potential novel diagnostic and/or therapeutic biomarkers for DCM.

DCM arises from a complex interplay of genetic and environmental factors, with intracellular phenotypes manifesting as endo-
phenotypes at disease onset. Recent advancements in single-cell RNA sequencing have enabled molecular profiling at the cellular level,
offering insights into disease mechanisms and potential treatment avenues.®” Studies have revealed specific molecular signatures in
cardiomyocytes of patients with DCM, including activation of DNA damage response and TGF-f signaling, downregulation of genes
related to mitochondrial metabolism, and the presence of dopamine receptor D1 positive cardiomyocytes associated with fatal VAs.®
Additionally, analysis before and after left ventricular assist device implantation showed restoration of mitochondrial
metabolism-related gene expression.®* Measurement of IGFBP7 from DNA damage-positive cardiomyocytes has been proposed as a
marker for HF severity.>! Further investigations have highlighted age-related changes in cardiac fibroblast proportion and gene
expression profiles, as well as distinct molecular signatures associated with different clinical phenotypes of DCM, including autoim-
mune predisposition and arrhythmias.®* These findings underline the potential for precise disease stratification and targeted therapies
in DCM patients.

Several recent studies have utilized single-cell RNA sequencing to analyze cardiomyopathy cases and correlate them with clinical
characteristics. Koenig et al. conducted single-nucleus RNA sequencing on heart nuclei from patients with DCM, revealing an increased
population of monocyte-derived inflammatory cells and characteristic gene expression patterns in fibroblasts, endothelial cells, and
pericytes associated with DCM.%° Chaffin et al. performed single-nucleus RNA sequencing on hearts from patients with both DCM and
HCM, identifying common fibroblast activation pathways in both conditions and assessing gene function through CRISPR-knockout
screens.’® Another study conducted single-nucleus RNA sequencing on hearts from DCM patients, observed a decrease in car-
diomyocyte proportion alongside elevation in endothelial and immune cell populations.®” While fibroblast population remained
stable, they exhibited strong expression of extracellular matrix-related genes and promoted fibrosis. Notably, endothelin signaling was
activated in LMNA mutant cardiomyopathy, while interleukin 6 signaling was activated in TTN mutant cardiomyopathy.®” Addi-
tionally, a study analyzing the human fetal heart using single-cell ATAC-seq, demonstrated cell-type-specific epigenomic changes
during development and illustrating how de novo mutations contribute to disease development by altering transcription factor binding
and downstream gene expression.®

Prominent metabolites like acylcarnitines, succinic acid, malate, methylhistidine, aspartate, methionine, and phenylalanine have
emerged as potential biomarkers for diagnosing DCM through metabolomics.®” Furthermore, biomarkers such as 1-pyrroline-2-carbox-
ylate, norvaline, lysophosphatidylinositol, phosphatidylglycerol, fatty acid esters of hydroxy fatty acid, and phosphatidylcholine play a
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crucial role in distinguishing DCM from 1CM.%° Acylcarnitines, isoleucine, linoleic acid, and tryptophan are key biomarkers for

tracking treatment response in DCM. Dysregulation of metabolic pathways, including branch-chain amino acid, glycolysis, tricar-

boxylic acid cycle, and triacylglycerol and pentose phosphate metabolism, shows promise for therapeutic interventions in this
.89

population.

Sudden cardiac death prediction

Genome-wide genetic research plays a crucial role in accurately assessing disease risk. Rapid advancements in single-cell analysis
are shedding light on the pathophysiology of DCM. Combining genomic analysis with single-cell molecular profiling is anticipated to
enhance the detailed stratification of cardiomyopathy.’” Moreover, utilizing machine learning techniques for multiparametric phe-
notyping is crucial in delineating and validating new prognostically significant subtypes of DCM and stratifying patients accordingly.”"
The predictive strength of LGE and genetic markers for VAs and SCD in DCM could greatly amplify with deeper investigations into
genotype-phenotype correlations across DCM-related genes. Recent strides in long-term heart rate monitoring, high-definition CMR,
and next-generation sequencing hold potential for uncovering new DCM subtypes based on genetic, metabolomics,’> morphological,
and electrophysiological profiles (Fig. 1).°

For years, assessing the risk of SCD in DCM patients relied on LV dysfunction severity and presence of symptoms.® While ICD
implantation was traditionally reserved for symptomatic patients with LVEF < 35 % and a predicted survival of over a year, recent
findings challenge this approach. Research increasingly supports the use of LGE in risk assessment, as it predicts mortality, hospi-
talization, and SCD. LGE presence, extent, and patterns offer insights into malignant VAs and LV reverse remodeling.® Studies suggest a
stronger correlation between VAs and LGE than with LVEF, particularly in patients undergoing primary prevention ICD implantation.
Due to family and sports screening, DCM patients are now often identified earlier and at asymptomatic stages. While their risk of
HF-related events is low, the risk of life-threatening VAs and SCD may be elevated. Myocardial fibrosis and specific genetic substrates
linked to arrhythmic phenotypes serve as additional risk stratification markers.'' Also, the traditional approach overlooks the diversity
within DCM, and emerging data indicate an elevated risk of SCD associated with specific genotypes. This shift in understanding has
influenced international guidelines on ICD, advocating for lower thresholds in patients with certain genetic variants such as LMNA,
FLNC, PLN, or RBM20, alongside other high-risk features beyond LVEF. These updated guidelines reflect a broader trend aiming to
personalize patient care by considering both genotype and phenotype.

Genomic risk scores, derived from common genetic variations, enhance the prediction of individual susceptibility to cardiovascular
conditions. While specific risk scores for DCM are yet to be developed, understanding one’s genetic predisposition could impact the
threshold for myocardial dysfunction in carriers of rare variants.’* Integrating genomics risk scores for DCM-related comorbidities like
AF could refine risk assessment models for DCM onset and outcomes. However, the similarity in variant prevalence between specific
cardiomyopathy cohorts and idiopathic DCM suggests environmental factors might expedite disease progression rather than solely
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Fig. 1. Current guidelines and new insights for the prevention of SCD in patients with DCM.
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triggering it.”> Further research is imperative to clarify these gene-environment dynamics. Identifying genetic risk variants holds
clinical significance, revealing why certain individuals respond less favorably to treatment or fail to improve despite stressor avoid-
ance.”® For instance, women carrying deleterious genetic variants in PPCM often exhibit poor recovery rates, potentially indicating
familial DCM.®” This underscores the importance of cascade testing for relatives. Prior genetic testing before planned stressors such as
anthracycline chemotherapy could inform strategies to mitigate DCM risk, though feasibility and cost-effectiveness necessitate further
assessment.”® Finally, exercise oscillatory ventilation is considered one of the most powerful, independent predictors for morbidity,
mortality and sudden cardiac death in patients with systolic heart failure, with a prevalence of 17-35 %.°°

Targeted therapies and precision interventions

Current management of DCM primarily focuses on treating symptomatic patients with a "one size fits all" approach, which includes
HF drug therapy (B-blockers, renin-angiotensin system inhibitors, aldosterone antagonists, sodium-glucose cotransporter-2 inhibitors,
and diuretics), devices, and heart transplantation. However, this method is ineffective and unsustainable due to the persistently high
morbidity and mortality rates among DCM patients.'*>® Transitioning to individualized care and shifting the focus from treatment to
prevention could improve patient outcomes and reduce healthcare costs.® Integration of genetic data presents novel pathways for
phenotype-targeted treatment, facilitating preemptive interventions in at-risk asymptomatic individuals. Precise phenotyping for this
heterogeneous disease holds paramount importance. The utilization of phenomapping, involving deep phenotyping alongside clus-
tering analysis, has the potential to reveal patient subclasses that may benefit from tailored therapies, thereby offering invaluable
guidance for treatment strategies (Table 2).14

Genotype directed therapy

Advancements in genetics offer promising prospects for tailoring treatments based on genotype. Understanding gene-specific
mechanisms and functional effects of variants is crucial for determining appropriate therapeutic approaches. Genotype-specific
medical therapies are advancing, with clinical trials investigating treatments targeting the molecular consequences of genetic cau-
ses. Selective inhibition of mitogen-activated protein kinase shows promise in laminopathies.'’’ Also, gene editing therapies offer
significant potential for improving outcomes in genetic diseases. Genotypes are expected to play a larger role in patient management.
For many individuals with overt DCM, identifying a pathogenic variant through genetic testing may not significantly alter clinical
management. However, for certain genes, knowing the precise molecular cause can influence treatment decisions.'?1%?

Targeted genetic therapy focuses on alleviating the clinical consequences associated with the mutation and targeting the molecular
effects of the pathogenic variant. For instance, patients with PLN, DSP, LMNA, FLNC, TMEM43, BAG3, and RBM20 mutations often
require ICD implantation at a lower threshold.'! Moreover, severe arrhythmic DCM caused by the gain-of-function variant pR222Q in

Table 2
Targeted therapies in dilated cardiomyopathy.

Intervention Target Description Clinical Evidence
Sodium-channel blockers SCN5A R222Q Sodium channels blocking Improvement in ventricular function
variant Arrhythmic reduction

RCTs are needed

Prevent LV dilation and dysfunction

Restoring sarcomere function

Experimental studies

RCTs are needed

Restoring sarcomere function in cardiomyocytes

p38 MAP kinase inhibition LMNA mutation Inhibits MAP kinase pathway

CRISPR/Cas9 genome editing TTN truncating

mutations

Gene-editing technology to correct truncating
TTN mutations
Exon skipping

TTN truncating Skips defective exons to rescue myofibril

mutations assembly
Mesenchymal progenitor cells Anthracycline- Restores myocardial function damaged by SENECA trial (ongoing)
induced DCM anthracycline chemotherapy

Gene correction with iPSC-
derivedcardiomyocytes

TTN, PLN mutations ~ Corrects genetic variants in patient-specific

iPSCs, then re-differentiates into functional

Reversal of DCM phenotypes in vitro in PLN
R14Del mutations

B-blockers and calcium
antagonists

Mitogen-Activated Protein
Kinase Inhibitors

Pharmacogenomics

ICD for primary prevention

Various genetic
mutations

LMNA mutations

CYP2D6
polymorphisms
LMNA, PLN, RBM20
variants

cardiomyocytes

Reduces the severity of the DCM phenotype by
blocking f-adrenergic activity and improving
calcium handling

Targets elevated cardiac metabolism caused by
LMNA mutations

Determines individual drug metabolism rates,
guiding personalized treatment

Early ICD placement to prevent SCD in patients
with high-risk genetic variants

Restoring sarcomere structure and function
Improved outcomes (DES, TNNT2, LMNA)

Mitigated LV dysfunction in mice

Reduce LV dilation and prevent HF

RCTs are needed

Genetic testing identifies poor metabolizers

Strong recommendation in guidelines for
patients with certain variants, regardless of LV
ejection fraction

DCM, Dilated cardiomyopathy; DES, Desmoplakin; HF, Heart Failure; ICD, Implantable Cardioverter Defibrillator; iPSC, Induced Pluripotent Stem
Cell; LMNA, Lamin A/C; LV, Left ventricular; MAP, Mitogen-Activated Protein; PLN; phospholamban; RBM20, RNA Binding Motif Protein 20; RCTs,
Randomized Controlled Trials; SCD, sudden cardiac death; SCN5A, Sodium Voltage-Gated Channel Alpha Subunit 5; TTN, Titin.
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the SCN5A gene responds dramatically to sodium-channel blocking drugs, showing significant improvement in ventricular function
and reduction in arrhythmic burden, unlike standard HF therapies.'?®> This emphasizes the significance of functional genomics in
identifying treatable variants. Additionally, increased cardiac activity of ERK1/2, JNK, and p38 MAP kinases has been observed in
LMNA-mutated mice. Inhibition of p38 effectively mitigated LV dilation and dysfunction, leading to the initiation of a phase III clinical
trial (NCT03439514) targeting symptomatic DCM patients with the LMNA variant. However, this trial was discontinued due to its
unlikely ability to meet its primary endpoint.'’’ Truncating mutations in the TTN gene elevate cardiac metabolism, leading to
sarcomere dysfunction and DCM progression. Targeting these metabolic alterations offers a potential gene-directed treatment.'**

The ultimate therapy is to target genetic disruption specific to each individual patient. Various methods are being evaluated for
their potential efficacy in treating DCM, including CRISPR/Cas9 technology, exon skipping, and gene replacement therapy.'’”> Nu-
cleases like CRISPR/Cas are efficient for targeted editing, but delivery via adeno-associated virus (AAV) vectors still carries risks.’
Despite challenges, CRISPR/Cas9 remains the leading tool for precise genome editing.'’® Various gene-editing methods hold promise
for directly altering variants such as DMD mutations, as demonstrated in dystrophic mice.'?” In the CRISPR/Cas9 system, RNA se-
quences target genes for Cas9 enzyme cutting, leading to double-strand breaks repairable via non-homologous end joining (NHEJ) or
homology-directed repair (HDR).® NHEJ often causes indels, knocking out the target gene, while HDR enables specific changes like
knock-in mutations.'°® Recent adaptations include base editing, converting base pairs without breaks, and prime editing, which makes
precise edits without breaks using reverse transcriptase. Both techniques have demonstrated efficacy in introducing mutations and
insertions.'*® Dave et al. evaluated CRISPR/Cas9-mediated genome editing’s therapeutic effects in mice with PLN9 gene mutations
using cardiotropic AAV9 vectors.'’’ They found that gene editing reduced ventricular dilation, stroke volume, and susceptibility to
ventricular tachycardia. Similarly, Hakim et al. showed that increasing gRNA vector doses enhanced DMD expression in mice with
DMD gene mutations, indicating potential for DMD specific treatment.''? El Refaey et al. demonstrated the feasibility of systemic AAV
rh.74-mediated CRISPR/Cas9 delivery for genome editing in mdx mice.'"” However, delivery of CRISPR-Cas9 to human car-
diomyocytes presents a significant challenge despite success in animal studies, primarily due to reliance on viral vectors, which can
provoke immune reactions and other adverse effects. Off-target effects are another concern, as CRISPR-Cas9 may inadvertently target
non-intended genomic regions, particularly problematic in the complex genetic landscape of DCM.'%® Moreover, CRISPR-Cas9's ef-
ficacy is limited to certain genomic regions, such as exons, while DCM-causing mutations may occur elsewhere. Additionally, DCM
often involves mutations in multiple genes, necessitating multi-pronged treatment approaches. Exon skipping, especially effective for
truncating mutations, involves removing the exon with new stop-codon, preventing incomplete transcripts.'!' Notably, in TTN
truncating mutations, which are the most common in DCM, this approach could rescue defective myofibril assembly and stability in
patient-specific cardiomyocytes derived from induced pluripotent stem cells (iPSCs)."'?

An increasingly appealing method involves utilizing iPSCs and differentiating them into cardiomyocytes (iPSCs-CMs). Research
utilizing iPSC—CM modeling has investigated various genetic variants including LMNA, DES, TNNTZ2, PLN, RBM20, and TTN.!!*118
These studies commonly report sarcomere disruption, reduced contractile force, and impaired calcium regulation. In vivo experiments
with p-blockers and calcium antagonists have shown a reduction in phenotype severity. Notably, two iPSC—CM studies targeting PLN
R14Del achieved complete phenotype reversal in vitro through targeted gene correction.''® These studies highlight the potential of
iPSC-based disease models and high-throughput screening approaches to identify novel therapeutic targets for genetic DCM. However,
the use of iPSC—CMs is limited by their relative immaturity, the monoculture of a single cardiac cell type, inherent technical and
biological variability, and the lack of an appropriate neurohumoral and contractile environment.''® Generating 3-dimensional cardiac
organoids from cocultured iPSC—CMs, fibroblasts, endothelial cells, and other cell types is feasible, enabling a more accurate simu-
lation of heart muscle structure and function. However, these engineered heart tissues pose challenges such as complexity, limited
scalability, and difficulties in achieving consistent cell composition and maturity, electrical coupling, as well as oxygen and nutrient

supply.'?°
Cardiotoxicity-directed therapy

Toxic agents causing direct damage to the myocardium are well-recognized etiologies of DCM. Anthracyclines, for instance, exhibit
cardiotoxic effects through various pathogenic pathways, such as heightened oxidative stress, modulation of topoisomerase activity,
changes in multidrug-resistant efflux proteins, and reduction in mesenchymal progenitor cells.'?! The decline in mesenchymal pro-
genitor cells diminishes the heart’s regenerative ability when subjected to stress. The SENECA trial, aA randomized, placebo-controlled
trial study is currently assessing the safety and feasibility of administering mesenchymal progenitor cells to patients with
anthracycline-induced DCM (NCT025091 56).'%> The SENECA trial aims to establish a targeted treatment approach for
chemotherapy-induced DCM, complementing prompt administration of general HF therapy.

Anti-inflammatory and antiviral therapy

A prospective randomized controlled trial (RCT) involving 102 patients with idiopathic DCM showed that prednisone adminis-
tration led to a statistically significant, albeit modest, improvement in LVEF after 3 months.'?> Another three RCTs assessed the ef-
ficacy of immunosuppression in DCM patients, but without molecular analysis for viral infection, they showed no beneficial effect on
mortality or cardiac function.'?*~1?° The TIMIG trial conducted by Frustaci et al. was the sole study to demonstrate favorable outcomes
with an immunosuppressive regimen in patients with inflammatory DCM.'?> However, its limited sample size of only 85 patients,
absence of a median follow-up exceeding one year, and lack of a control population leave the clinical implications uncertain. Also, the
role of anti-interleukin 1 has been evaluated with some small pilot studies showing promising results.'%”>'>® However, its effectiveness
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needs to be validated with larger randomized trials. Moreover, in a prospective case-control study involving 34 idiopathic IDC patients,
immunoadsorption significantly improved cardiac function and clinical status by eliminating autoantibodies against p1-adrenoceptors
(P1-AABs), suggesting it may be an effective treatment to delay or avoid heart transplantation.'?* Another prospective study involving
22 DCM patients demonstrated that immunoadsorption therapy provides significant hemodynamic improvements in patients with
DCM, but these benefits are not directly linked to the removal of p1-adrenergic receptor autoantibodies, suggesting other mechanisms
are involved.'?” Also, a double-blind, randomized study by Gullestad L et al. involving 40 patients with chronic congestive HF found
that intravenous immunoglobulin (IVIG) significantly increased anti-inflammatory cytokines and improved LVEF compared to pla-
cebo.'* The study suggests that IVIG therapy may offer additional benefits in modulating inflammation and improving cardiac
function in CHF patients alongside conventional treatments. A multicenter, randomized, double-blind trial investigated the effects of
immunoadsorption (IA) with subsequent immunoglobulin G (IgG) substitution in patients with DCM, revealing that the removal of
cardiac autoantibodies, particularly IgG-3 subclass antibodies, led to significant improvements in cardiac function, including LVEF,
cardiac index, and stroke volume index, suggesting IA as a potential therapeutic strategy for DCM patients with HF.'*! Viral agents like
herpes simplex, cytomegalovirus, Epstein-Barr, parvovirus, hepatitis C, or human immunodeficiency virus have been identified in
DCM patients. However, trials using specific antiviral agents or intravenous immunoglobulins failed to demonstrate any treatment
benefit in these cases.'

Stem cell therapy

A systematic review of 13 RCTs comparing stem/progenitor cells with no cells in adults with non-ischaemic DCM demonstrated
that there is no clear evidence that stem cell therapy (SCT) provides significant benefits in reducing all-cause mortality, improving
health-related quality of life, or enhancing exercise capacity in people with DCM.'*® SCT may offer slight improvements in functional
class and certain physiological measures, but these effects are uncertain due to the low quality of the evidence.'*® Further research,
including ongoing studies, is needed to establish the role of SCT in treating DCM and to determine the most effective treatment
modalities. For now, SCT should remain within clinical research settings.'>> Also, the "Stem Cell Therapy in Non-Ischemic Non--
treatable Dilated Cardiomyopathies II" trial (NCT03797092) is an ongoing pilot study testing the safety and efficacy of allogeneic
adipose-derived stromal cells in improving myocardial function in patients with non-ischemic DCM and HF, with primary results
focused on changes in LV function.'**

Pharmacogenomics

The determination of genetic contribution to individual variation in pharmacotherapy responses is important in cardiovascular
diseases. While clinical characteristics such as age, sex, ethnicity, and BMI play a significant role in determining the optimal drug and
dosage for each patient, they may not suffice, as genetic polymorphisms in drug-metabolizing enzymes also often contribute to
variability. For instance, the hepatic elimination of p-blockers, a commonly used drug in clinical practice and HF management, relies
heavily on CYP2D6.'*> This enzyme exhibits high polymorphism, with varying prevalence of genetic variations across ethnicities.
Metoprolol, one of the most utilized p-blockers, undergoes 70-80 % of its metabolism through this pathway.'*® Clinical studies have
demonstrated that poor metabolizers of CYP2D6 exhibit 3 to 10 times higher plasma concentrations of metoprolol compared to
extensive metabolizers with normal CYP2D6 activity.'*%'®” Additionally, genetic variations in the p1-adrenergic receptor gene may
account for interindividual differences in response to p-blockers.'*> Genetic polymorphisms in the adrenergic signaling pathway serve
as significant risk factors or modifiers of cardiovascular disease.'*®

Conclusion

DCM is a complex and heterogeneous disease characterized by various etiologies and phenotypes, all leading to advanced HF.
Enhanced comprehension of the DCM phenotypes, coupled with recent advances in multi-omics and high-throughput technologies for
delineating the DCM genome, proteome, and metabolome, promises to refine diagnostic, preventive, prognostic, and therapeutic
strategies for this condition. By unraveling the complex pathogenic mechanisms of DCM and closely aligning with the disease
phenotype, precision medicine presents an opportunity to shape both preventive measures and therapeutic interventions. Addition-
ally, novel methods for risk stratification and prognostication, such as machine learning, improve the accuracy of predicting disease
progression and outcomes. It is crucial to link key disease-driving mechanisms in DCM patients with targeted therapies. As the genetic
components of DCM become increasingly understood, we are entering a period of rapid translation to precision medicine-based
treatments. Therapies targeting underlying causes, such as gene therapies and primary disease pathway modulators, as well as
pharmacogenomics, hold the potential to substantially alleviate disease burden and improve patient outcomes.
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