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A B S T R A C T

Dilated cardiomyopathy (DCM) is a common cause of heart failure and is the primary indication for heart
transplantation. A genetic etiology can be found in 20-35% of patients with DCM, especially in those with a family
history of cardiomyopathy or sudden cardiac death at an early age. With advancements in genome sequencing,
the understanding of genotype-phenotype relationships in DCM has expanded with over 60 genes implicated in
the disease. Subsequently, these findings have increased adoption of genetic testing in the management of DCM,
which has allowed for improved risk stratification and identification of at risk family members. In this review, we
discuss the genetic evaluation of DCM with a focus on practical genetic testing considerations, genotype-
phenotype associations, and insights into upcoming personalized therapies.
A B B R E V I A T I O N S DCM, dilated cardiomyopathy; GDCM, genetic dilated cardiomyopathy; ICD, implantable cardioverter-defibril-
lator; LV, left ventricular; VUS, variant of uncertain significance; WGS, whole genome sequencing.

Introduction motion abnormalities.1,6,7 Other features concerning for GDCM
Dilated cardiomyopathy (DCM) is characterized by left ventricular
(LV) dilation and systolic dysfunction. When ischemic and nonischemic
etiologies have been ruled out, DCM is labeled as idiopathic.1 However,
with the increased availability of genetic testing, a growing proportion of
patients (20-35%) previously labeled as idiopathic have been found to
have an associated genetic variant.2–4 The most common inheritance
pattern seen in genetic DCM (GDCM) is autosomal dominant although
other modes (i.e., autosomal recessive, X-linked, and complex polygenic)
have been observed.5

Red flags for GDCM include a strong family history with 2 first-
degree relatives having idiopathic DCM or sudden cardiac death at
age <35 years. Furthermore, GDCM should be suspected if 3 or more
of the following criteria are met: unexplained ventricular or supra-
ventricular arrhythmias, LV dilation >112% of the expected value,
LV dysfunction (EF <50% or fractional shortening <28%), unex-
plained sudden death before the 5th decade, and segmental wall
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include the presence of significant atrioventricular block, implant-
able cardioverter-defibrillator (ICD) or pacemaker before the age of
50 years and LV assist device or heart transplant before the age of 60
years.8–10 When these red flags are present, genetic testing is rec-
ommended to evaluate for GDCM. It is important to recognize that
the absence of red flags does not rule out genetic causes of DCM since
sporadic mutations can occur; therefore, genetic testing should still
be pursued if clinical suspicion remains high.

Recently, tools have been developed to aid the clinician in
deciding whether to pursue genetic testing in patients with suspected
GDCM. The Madrid Genotype Score estimates the probability of
receiving a significant genetic test result using 5 criteria: pre-existing
family history of DCM, low voltage on electrocardiogram, presence of
skeletal myopathy, absence of hypertension, and absence of left
bundle branch block.11 When 4 or more of these criteria were met, a
pathogenic or likely pathogenic variant was identified in 79% of
patients.11
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Figure 1. Practical framework for genetic evaluation of dilated cardiomyopathy.
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Genetic Evaluation

Family History

The first step in the genetic evaluation of patients with suspected
GDCM begins with identifying the proband and taking a detailed family
history (Figure 1). Providers should create a family tree of at least 3
generations to establish the mode of inheritance (i.e., autosomal domi-
nant/recessive, X-linked etc.).9 The cause and circumstances of every
death for every family member before the age of 50 years should be
recorded. A detailed family tree will help determine the pretest proba-
bility of genetic testing and identify other potential at risk family mem-
bers. However, before obtaining genetic testing, it is important to
perform genetic counseling.
Genetic Counseling

Genetic counseling involves helping patients understand the medical,
psychological, and familial implications of genetic disorders. Genetic
counseling is often broken down into pregenetic and postgenetic testing
concerns.9

Pretest counseling is critical for patient informed consent and pro-
viders should discuss the process, benefits and limitations of genetic
testing, including anticipated outcomes.12 Other discussion points should
include potential for incomplete penetrance, genetic heterogeneity,
incidental findings, insurance and employment discriminations, and
implications for other family members. Fortunately, with the Genetic
Information Nondiscrimination Act passed in 2008, individuals are pro-
tected from discrimination for health insurance and employment (only
applies to employers with 15 or more employees) based on genetic test
results.9 However, there are no laws prohibiting long-term care,
disability, and life insurance companies from using these genetic test
results. Additional pretest considerations include choosing the appro-
priate genetic test and identifying the best individual to test.

Post-test counseling is important to provide accurate result inter-
pretation, including explanations of variants of undetermined signifi-
cance (VUS), and any incidental findings.9 Furthermore, post-test
2

responsibilities include initiation of cascade screening of family mem-
bers if indicated and providing psychosocial support to patients and
families when needed. Providers must also be adept with genetic inter-
pretation which is challenging since genetic tests are not binary and the
pathogenicity assessment is extremely difficult in the background of
variable expressivity and incomplete penetrance.9 A “negative” genetic
test does not guarantee that the disease is not genetic, but only that a
mutation was not detected by that test.9 A VUS also has a wide range of
confidence for likelihood of being pathogenic (10-90%).13 Therefore, it
is important for cardiovascular genetic experts to re-evaluate results
especially VUS in the patient’s clinical context and consider possible
reclassification, particularly if the patient is of a racial or ethnic group
which may be under-represented in current genomic databases, or if
there is high suspicion that a variant will lead to a functional protein
defect. Additionally, genetic testing can often lead to incidental findings
that are unrelated to the initial indication for which the genetic test was
ordered.14 This is more commonwith nontargeted genetic testing which
includes whole genome or exome sequencing and genetic panel testing.
Problems lie in the ethics of reporting incidental findings, especially
when many of these findings are not clinically actionable. In 2021, the
American College of Medical Genetics and Genomics published clarifi-
cations on which incidental findings have actionable outcomes and thus
should be discussed in pretest and post-test genetic counseling ses-
sions.14,15 These include DCM-related genes such as LMNA, filamin C
(FLNC), PAG3, desmin, and RBM20. Providers should periodically check
in with genetic testing laboratories, review current interpretations in
ClinVar, and consider re-testing to ensure that management decisions
are based on the most up-to-date genetic information.9
Benefits of Genetic Testing

Genetic testing is often most useful to determine at risk family
members and does not have a direct health benefit to the proband,
although it can help to determine the etiology of disease.12 Therefore, the
primary benefit of genetic testing is cascade screening of family members
to potentially identify subclinical disease.9,16 Other benefits include
differentiating diseases that appear phenotypically and morphologically
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similar, prognostication, phenotypic risk stratification, potential for early
treatment, and personalized recommendations.9

The practical applications to genetic testing in DCM are limited but are
expected to grow as we learnmore. There is increasing evidence for the use
of genotype—rather than phenotype-based classification for risk stratifi-
cation of patients with cardiomyopathies.17 Paldino et al. found that a
genotype-based classificationmore accurately identified patients at risk for
malignant ventricular arrhythmias and sudden cardiac death compared to a
phenotype-based one. This has important clinical implications as it suggests
that patients with high-risk genetic variants (i.e., LMNA, FLNC, desmopla-
kin [DSP], and plakophilin-2) should be considered for ICD independent of
phenotype or LV systolic function. Currently, the Heart Failure Society of
America extends consideration of ICD in patients with LV ejection fraction
(LVEF) >35% in the presence of LMNA mutation.18 Moreover, other vari-
ants such as FLNC and PLN also show a similar propensity for developing
serious arrhythmias independent of LVdilation and function. Subsequently,
the Heart Rhythm Society extends consideration of ICD in these patients
with LVEF <45%.16 Finally, in the 2022 European Society of Cardiology
guidelines for prevention of sudden cardiac death, primary prevention ICDs
are recommended in DCM patients with a LVEF<50% and more than 2 of
the following risk factors (syncope, late gadolinium enhancement on car-
diac MRI, inducible sustained monomorphic ventricular tachycardia at
programmed electrical stimulation and pathogenic variants in LMNA, PLN,
FLNC, and RBM20).10,19
Genetic Testing

Genetic panel testing is the most widely used method of
testing.20 With recent advancements in sequencing technologies, it
Table 1
Common genetic variants associated with dilated cardiomyopathy

Inheritance pattern Chromosome
locus

Gene Protein

Autosomal dominant 10q25.2 RBM20 RNA-binding motif
protein 20

Autosomal dominant 10q26.11 BAG3 BAG cochaperone 3
Autosomal recessive 12p11.21 PKP2 Plakophillin-2
Autosomal dominant 14q12 MYH7 B-myosin heavy

chain
Autosomal dominant/recessive 18q12.1 DSG2 Desmoglein-2

Auotosomal dominant 18q12.1 DSC2 Desmocollin-2
Autosomal recessive 2q31.2 TTN Titin
Autosomal dominant/recessive 2q35 DES Desmin
Autosomal dominant/recessive 3p22.2 SCN5A Voltage-gated

sodium channel
Autosomal dominant 3p25.1 TMEM43 Transmembrane

protein 43
Autosomal dominant/recessive 6q22.31 PLN Phospholamban

Autosomal dominant/recessive 7q32.1 FLNC Filamin C

X-linked Xp21.2 DMD Dystrophin

Autosomal dominant/recessive 1q21.2 LMNA Lamin A/C

Autosomal recessive 6p24 DSP Desmoplakin

X-linked Xq28 TAZ Tafazzin

Mitochondrial Maternal
mDNA

Multiple
gene

variants

NADH
dehydrogenase

ARVC, arrhythmogenic right ventricular cardiomyopathy; DCM, dilated cardiomyopa
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has become easier and cheaper to add genes to these panels while
still preserving sensitivity and specificity.21 Genetic panel testing is
particularly advantageous in DCM because of genetic heterogeneity
with multiple gene candidates.20 It is important that genetic panels
be periodically updated to include the most current, medically
actionable variants.14,15

Next generation sequencing has driven the costs of whole genome
sequencing (WGS) or whole exome sequencing down significantly where
they are feasible in the clinical setting. WGS is the gold standard for
sequencing of the genome as it illuminates all variant types, including
single nucleotide polymorphisms, insertions-deletions, splice-site vari-
ants, and genomic rearrangements.22 WGS is particularly attractive in the
context of DCM as pathogenic variants can exist outside the exon.23

Therefore, WGS may be useful when genetic panel testing is unrevealing
and clinical suspicion remains high for GDCM.
Variants Implicated in GDCM

GDCM is diverse with more than 60 genes implicated (Table 1). The
most common variants involve titin (TTN) and LMNA, which make up
10-20% and 5.5% of cases, respectively.3 This is drastically different
from hypertrophic cardiomyopathy, the most common inherited car-
diomyopathy, where variants in MYH7 and MYBPC3 represent 2-thirds
of the variants identified.24,25 The genetic heterogeneity in DCM has
propagated a “final common pathway” hypothesis where different
variants affect distinct processes to summate in a “final common
phenotype.”26,27 Often a genetic variant will not be enough to cause a
DCM phenotype unless there is an additional insult (i.e., hemodynamic,
toxic, or stress), described as the “2 hit” hypothesis.28 It is important to
Cardiac phenotype Additional clinical features

Aggressive DCM, malignant
ventricular arrhythmias

DCM Myofibrillar myopathy
ARVC

HCM/DCM

ARVC, ventricular arrhythmia,
sudden cardiac death

Wooly hair, keratoderma

ARVC
DCM Girdle muscle weakness and myopathy

ARVC, DCM Skeletal myopathy
Long QT syndrome, atrial

fibrillation, Brugada syndrome
ARVC

ARVC, ventricular tachycardia,
atrial fibrillation, extrasystolic

ventricular contraction
Ventricular arrhythmias, sudden

cardiac death
DCM early in the second decade

of life
Duchenne muscular dystrophy, Berker muscular
dystrophy, progressive skeletally weakness and

atrophy
Cardiac conduction

abnormalities, arrhythmic
abnormalities

Emery-Dreifuss muscular dystrophy, limb-girdle
muscular dystrophy, contractures of the elbows,
heels, and neck, progressive muscle weakness and

atrophy
ARVC, right bundle branch

block, right and left ventricular
arrhythmias, DCM

Carvajal syndrome, wooly hair, palmoplantar
keratoderma

HCM, ventricular arrhythmia,
sudden cardiac death, prolonged

QT syndrome

Barth syndrome, skeletal myopathy particularly in
proximal muscle groups, delayed motor
milestones, growth delay, neutropenia

Bundle branch blocks,
atrioventricular block, cardiac

arrest

Kearns-Sayre syndrome, progressive external
ophthalmoplegia, ptosis, atypical pigment

retinopathy,

thy; HCM, hypertrophic cardiomyopathy.
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recognize that many genetic variants associated with DCM have sig-
nificant overlap with other cardiac conditions such as arrhythmogenic
ventricular cardiomyopathy (AVC) and arrhythmogenic right ventric-
ular cardiomyopathy (ARVC). This heterogeneity consequentially re-
sults in lower yield of genetic testing, previously reported to be 16% in
patients with familial DCM.29 However, with increased use of next
generation sequencing, the diagnostic yield of genetic screening now
ranges from 16 to 46%.20,30,31

It is helpful to classify the GDCM into nonsyndromic and syndromic
etiologies. Nonsyndromic genetic causes include laminopathies, chan-
nelopathies, and desminopathies. The genetic syndromes associated with
DCM include Emery-Dreifuss, limb girdle muscular dystrophy, and Barth
syndrome.

Nonsyndromic

Lamins
Genetic variants that affect the nuclear lamina often result in DCM.

Lamins are intermediate filament proteins that are important in the
formation of the nuclear lamina. A-type lamins are encoded by the
LMNA gene and play an important role in maintaining the nuclear
architectural integrity and spatial organization of proteins in the inner
nuclear membrane. Prior studies suggest that LMNA mutations are
present in 2-4% of patients with DCM and are inherited in an autosomal
dominant pattern with almost complete penetrance in individuals over
the age of 70 years.3,30,32–34 Mutations in LMNA usually cause DCM and
is commonly associated with arrhythmias (both atrial and ventricular)
and conduction abnormalities, like atrioventricular block.35–37 Carriers
of pathogenic LMNA variants often have electrocardiogram abnormal-
ities that precede DCM diagnosis by a median of 7 years.38 The
genotype-phenotype relationship of LMNA with DCM and associated
molecular mechanisms are still poorly understood. However, recent
advancements in human-induced pluripotent stem cell-derived car-
diomyocytes (hiPSC-CM) have shown that LMNA variants were asso-
ciated with decreased pacing functionality along with prolonged action
potential durations within the cardiomyocyte.39 Additional hiPSC-CM
studies have shown abnormal platelet-derived growth factor
signaling, which stimulates proliferation of cardiac interstitial fibro-
blasts and eventual cardiac fibrosis.36 This effect was further amelio-
rated by treatment with platelet-derived growth factor receptor
inhibitors showing potential therapeutic approaches for certain vari-
ants of LMNA.36

SCN5A
Variants in the major cardiac sodium channel alpha subunit,

encoded by the gene SCN5A, have been associated with a form of
GDCM that is often preceded by cardiac conduction disorders such
as long QT syndrome and atrial fibrillation.26,40–42 Thus, patients
with SCN5A-associated DCM present with similar clinical features
to those with LMNA-associated DCM. However, individuals with
SCN5A-associated DCM may be harder to identify since SCN5A has
a considerable amount of variation in both penetrance and severity
between individuals.43

PLN
Phospholamban, encoded by the gene PLN, is a key protein involved

in regulation of calcium cycling in the sarcoplasmic reticulum. The
R14del variant has a high prevalence in the Netherlands and strong
correlation with DCM phenotype.44 Individuals with PLN-associated
DCM often present with an aggressive form of DCM, frequently accom-
panied by arrhythmic abnormalities such as extra systolic ventricular
contractions, ventricular tachycardia, and atrial fibrillation.45,46 Func-
tional studies of PLN variants in transgenic mice and hiPSC-CM models
have shown super-inhibition of the sarcoplasmic reticulum Ca2þ-ATPase,
leading to disruption of natural calcium cycling, altered cardiomyocyte
contractility, and ventricular dilation.45,46
4

Desmosome
Desmosomes are major intracellular adhesive junctions that provide

mechanical strength in cardiac muscle. Genetic variants involved in the
formation and function of the desmosome are predominantly associated
with AVC, ARVC, and DCM. Recent studies have also shown that patients
with desmosomal variants have a high propensity for sudden cardiac
death and malignant ventricular arrhythmias, similar to those with
LMNA variants.31 Genetic variants of DSP, desmoglein-2, desmocollin-2,
desmin, and plakophilin-2 and their protein products all fall within this
intersection.47–53

Sarcomeric Proteins
TTN, the largest sarcomeric protein found in humans, is responsible

for proper sarcomere assembly and plays a critical role in sensing me-
chanical stress and force generation.54–56 TTN variants have been
implicated in up to 25% of patients with familial DCM and idiopathic
DCM.23,30 Patients with TTN variant DCM have worse clinical outcomes,
mainly in the form of ventricular arrhythmias, when exposed to external
triggers.57 Truncating mutations in TTN have been shown in hiPSC-CMs
to affect proper sarcomere formation and functionality, which could
explain the observed DCM phenotype.58 Additional studies in mice with
heterozygous TTN truncating variants exposed to cardiac stress demon-
strated the development of marked LV dilation with impaired fractional
shortening and diffuse myocardial fibrosis.59 Patients with TTN variant
DCM usually show a blunted hypertrophic response and a lower LV mass
index in comparison to other patients with DCM.60 However, this dif-
ference in LV mass is not significant enough to differentiate TTN variant
DCM from other forms of DCM.60

Abnormalities in beta-myosin heavy chain, another sarcomeric pro-
tein encoded by MYH7 gene, account for up to 3% of DCM cases.61

Variants in MYH7 have been extensively studied in the context of hy-
pertrophic cardiomyopathy, but how these variants contribute to the
progression of DCM is not well elucidated. Carriers of MYH7 variants
typically exhibit symptoms around age 40 years with significant pene-
trance by age 60 years.62

FLNC
FLNC is a dimeric protein that is highly enriched in skeletal and

cardiac muscle. It is found in the z-disc of the sarcomere where it anchors
the actin thin filaments, playing a key role in the force generation of the
sarcomere. FLNC variants have emerged as a common cause of various
cardiomyopathies including GDCM. Specifically, truncating variants of
FLNC have been associated with about 3 to 4% of DCM cases.63–65 Like
LMNA variant GDCM, FLNC variant GDCM has been associated with high
rates of ventricular arrhythmias and sudden cardiac death irrespective of
LVEF.66–68 Mechanistic insights from hiPSC-CM have shown that hap-
loinsufficiency of FLNC impairs sarcomere protein turnover leading to
disruption of proteostasis.69 This impaired proteostasis ultimately leads
to cardiomyocyte dysfunction and dilation.69

RBM20
RNA-binding motif protein 20, encoded by the gene RBM20, is

important in the splicing of titin sarcomeric protein. Variants in RBM20
are strongly associated with an aggressive form of DCM and can be found
in up to 3% of patients with DCM.70 It is hypothesized that variants in
RBM20 cause abnormal splicing of titin resulting in defective protein that
leads to sarcomere dysfunction.71,72 Patients with RBM20 variant GDCM
have a high preponderance of malignant ventricular arrhythmias. Recent
studies in RBM20 knockout mice suggest that increased arrhythmia risk
may be due to abnormal calcium handling by cardiomyocytes which
causes abnormal electrical behavior of the cells.73

BAG3
BAG3 codes for the antiapoptotic protein located on the sarcomere Z-

disc in cardiomyocytes. Variants of the BAG3 gene are typically associ-
ated with myofibrillar and skeletal myopathies with rapidly progressing
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proximal muscle weakness.74–76 BAG3 variants have also been associated
with early-onset DCM leading to high rates of heart transplantation,
ventricular assist devices, or heart failure-related death.74,77,78 The pro-
tein product of BAG3 aids in sarcomere stability and mechanical stress
response, and dysfunction of sarcomere stability can lead to car-
diomyocyte injury.79
Syndromic

Syndromic DCM disorders, such as Duchenne, limb-girdle, and
Emery-Dreifuss muscular dystrophies, experience a higher incidence of
DCM at a significantly younger age (~90% by age 18 years) when
compared to the general population.80 Patients with these disorders are
also at higher risk for malignant arrhythmias and advanced heart
failure.80

Duchenne and Becker Muscular Dystrophy
Duchenne muscular dystrophy (DMD) is a neuromuscular disease

characterized by progressive skeletal weakness and atrophy. DMD affects
the heart, with most patients developing DCM by the second decade of
life.81 DMD is caused by dysfunctional dystrophin, which weakens stri-
ated myocytes and interferes with its ability to withstand the mechanical
stress of contraction. Upon contraction, these cells experience membrane
damage and subsequent injuries lead to a loss of membrane integrity and
myocyte death.81 Symptoms of DMD are characterized by a progressive
weakening and atrophy of skeletal muscle throughout childhood accel-
erating to immobility.81

Becker muscular dystrophy is due to partial loss of functional dys-
trophin and presents with similar signs and symptoms, although less
severe than DMD. When compared to DMD, patients with Becker
muscular dystrophy may have a later age of onset and longer life ex-
pectancy. Cardiomyopathy symptoms often preclude skeletal ones.81

Emery-Dreifuss
Emery-Dreifuss muscular dystrophy is characterized by a triad of

early contractures of the elbow, heels, and neck, progressive muscle
weakness and atrophy, and cardiac abnormalities.82 Contractures typi-
cally occur within the first decade of life and become more prominent
during adolescence. Muscle weakness and atrophy typically emerges
during the second or third decade of life.83 Emery-Dreifuss muscular
dystrophy can lead to DCM with severe arrhythmias, some of which may
be caused by LMNA variants.84–86

Limb Girdle Muscular Dystrophy
Limb girdle muscular dystrophy describes a diverse group of muscular

dystrophies that predominantly affect the proximal muscles of the
shoulders and hips. Patients typically experience progressive weakening
of these muscle groups with a high incidence of DCM, some of which are
due to LMNA and other genetic variants (Table 1).87,88

Carvajal Syndrome
Carvajal syndrome is an autosomal recessive syndrome that is asso-

ciated with wooly hair, palmoplantar keratoderma, and DCM. Variants in
DSP have been associated with the DCM phenotype, which overlaps with
genetic AVC and ARVC.89–91
Therapies

Current treatment of GDCM includes standard guideline-directed
medical therapies aimed at preventing or slowing the progression of
heart failure. These medications include the standard regimen of beta
blockers, angiotensin receptor-neprolysin inhibitors, sodium-glucose
contransporter-2 inhibitors, and mineralocorticoid receptor antago-
nists.92 Recent guidelines utilize genetic variants such as LMNA, FLNC,
and PLN to risk stratify patients for malignant arrhythmias and
5

recommend primary prevention ICD above the typical LVEF threshold of
35%.5,16,18

New personalized therapies include small molecule inhibitors and
myosin activators that target the underlying mechanism of disease. For
example, it has been shown that the p38MAPK pathway is upregulated in
GDCM due to LMNA variants. This led to the development of ARRY-
371797, an oral small molecule inhibitor of p38 MAPK pathway,
which showed promising phase 2 clinical results with notable improve-
ments in 6-minute walk test distance and decreases in BNPP.93 However,
the phase 3 Dilated Cardiomyopathy Due to Lamin A/C Gene Mutation
(REALM-DCM) trial was halted after interim analysis showed that the
trial would not meet its primary endpoint for the 6-minute walk test.
Next, omecamtiv mercabil and danicamtiv are 2 myosin activators with
in vitro studies demonstrating prolonged muscle contraction while pre-
serving relaxation.94–96 Thus far, omecamtiv mercabil has been evalu-
ated in 2 trials, Chronic Oral Study of Myosin Activation to Increase
Contractility in Heart Failure (COSMIC-HF) and Global Approach to
Lowering Adverse Cardiac Outcomes Through Improving Contractility in
Heart Failure (GALACTIC-HF). In the first trial, omecamtiv was shown to
improve various echocardiographic parameters including LV systolic
ejection time, stroke volume, and LV end-systolic diameter in patients
with heart failure with reduced ejection fraction (HFrEF).97 In the latter
trial, omecamtiv mercabil showed a significant absolute risk reduction of
2.1% in the composite outcome of cardiovascular death or HF event with
greater effects seen in subgroups with more LV dysfunction and hypo-
tension.98,99 Additionally, a phase 2a trial for danicamtiv has shown
improvement in myocardial function through reduction in LV volumes,
LV strain, and increases in left atrial function indices in patients with
HFrEF.96 Danicamtiv, like omecamtiv mercabil was well tolerated and
improved LV systolic functions in these patients.96 Overall, omecamtiv
mecarbil and danicamtiv are promising therapeutics, but face significant
challenges as studies are limited by small sample sizes and lack of
long-term data.96 In fact, the Food and Drug Administration advisory
committee recently concluded that omecamtiv mercabil showed more
risks than benefits for patients with HFrEF and voted against its approval.

Gene replacement therapies are challenging in genetic DCM due to
vast genetic heterogeneity.100 Current research is primarily targeted in
the direction of muscular dystrophies that are highly associated with
DCM such as DMD. Significant improvements in adeno-associated viral
vectors and muscle-specific dystrophin gene cassettes have paved the
way for 3 human clinical trials involving the delivery of adeno-associated
viral vectors containing dystrophin in the United States.101,102

Future Directions

As promising therapies develop for genetic DCMs, refining clinical
trial design and patient selection criteria will be critical to move the field
toward precision medicine guided by genotyping. Ideally, therapies
should be started early in the disease before irreversible damage has
occurred. However, variable penetrance and expressivity make positive
genotype by itself an unreliable predictor of disease and treatment
benefit. Instead, discovery and validation of biomarkers that precede or
predict the onset of clinical cardiac dysfunction, such as global longitu-
dinal strain, may aid in patient selection and potentially serve as surro-
gate endpoints in rare disease clinical trials, which are often
underpowered to detect mortality differences.103 We are at a pivotal
moment in cardiovascular genetics where the successful completion of
these rare disease clinical trials will determine the utility of genotyping a
DCM patient.

Conclusion

Over the past decades, there have been significant advancements in
our understanding of what used to be largely classified as idiopathic
DCM. Improvements in our ability to sequence and interrogate the
human genome as well as advancements with in vitro cell culturing
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techniques, like hiPSC-CMs, have strengthened genotype-phenotype re-
lationships and aided in our understanding and interpretation of
numerous VUS. However, significant challenges remain with regard to
practical implications for genetic testing and ushering in personalized
therapeutics.

ORCIDs

Quan M. Bui https://orcid.org/0000-0001-6070-6978
Jeffrey Ding https://orcid.org/0000-0003-0310-5572

Funding

The authors have no funding to report.
Disclosure Statement

Eric Adler has equity interest in Rocket Pharmaceuticals and is the
Chief Scientific Officer at Lexeo Therapeutics. Quan Bui is a Consultant
for Lexeo Therpaeutics. Jeffrey Ding, and Kimberly Hong report no
conflicts of interest.

References

1 Mestroni L, Maisch B, McKenna W, et al. Guidelines for the study of familial dilated
cardiomyopathies. Eur Heart J. 1999;20(2):93-102.

2 Hershberger RE, Hedges DJ, Morales A. Dilated cardiomyopathy: the complexity of
a diverse genetic architecture. Nat Rev Cardiol. 2013;10(9):531-547. https://
doi.org/10.1038/nrcardio.2013.105

3 Jordan E, Peterson L, Ai T, et al. Evidence-based assessment of genes in dilated
cardiomyopathy. Circulation. 2021;144(1):7-19. https://doi.org/10.1161/
CIRCULATIONAHA.120.053033

4 Pugh TJ, Kelly MA, Gowrisankar S, et al. The landscape of genetic variation in
dilated cardiomyopathy as surveyed by clinical DNA sequencing. Genet Med. 2014;
16(8):601-608. https://doi.org/10.1038/gim.2013.204

5 Wilde AAM, Semsarian C, M�arquez MF, et al. European heart Rhythm association
(EHRA)/Heart Rhythm Society (HRS)/Asia Pacific heart Rhythm Society (APHRS)/
Latin American heart Rhythm Society (LAHRS) expert consensus statement on the
state of genetic testing for cardiac diseases. Europace. 2022;24(8):1307-1367.
https://doi.org/10.1093/europace/euac030

6 Hershberger RE, Morales A, Siegfried JD. Clinical and genetic issues in dilated
cardiomyopathy: a review for genetics professionals. Genet Med. 2010;12(11):655-
667. https://doi.org/10.1097/GIM.0b013e3181f2481f

7 Sweet M, Taylor MR, Mestroni L. Diagnosis, prevalence, and screening of familial
dilated cardiomyopathy. Expert opin Orphan Drugs. 2015;3(8):869-876. https://
doi.org/10.1517/21678707.2015.1057498

8 Moscarello T, Reuter C, Ashley EA. Is genetic testing for heart disease right for me?
JAMA Cardiol. 2019;4(9):956. https://doi.org/10.1001/jamacardio.2019.2421

9 Musunuru K, Hershberger RE, Day SM, et al. Genetic testing for inherited
cardiovascular diseases: a scientific statement from the American Heart Association.
Circ Genom Precis Med. 2020;13(4):e000067. https://doi.org/10.1161/
HCG.0000000000000067

10 Zeppenfeld K, Tfelt-Hansen J, de Riva M, et al. 2022 ESC guidelines for the
management of patients with ventricular arrhythmias and the prevention of sudden
cardiac death. Eur Heart J. 2022;43(40):3997-4126. https://doi.org/10.1093/
eurheartj/ehac262

11 Escobar-Lopez L, Ochoa JP, Royuela A, et al. Clinical risk score to predict pathogenic
genotypes in patients with dilated cardiomyopathy. J Am Coll Cardiol. 2022;80(12):
1115-1126. https://doi.org/10.1016/j.jacc.2022.06.040

12 Musunuru K, Hickey KT, Al-Khatib SM, et al. Basic concepts and potential
applications of genetics and genomics for cardiovascular and stroke clinicians:
a scientific statement from the American Heart Association. Circ Cardiovasc
Genet. 2015;8(1):216-242. https://doi.org/10.1161/HCG.0000000000000020

13 Plon SE, Eccles DM, Easton D, et al. Sequence variant classification and reporting:
recommendations for improving the interpretation of cancer susceptibility genetic
test results. Hum Mutat. 2008;29(11):1282-1291. https://doi.org/10.1002/
humu.20880

14 Miller DT, Lee K, Gordon AS, et al. Recommendations for reporting of secondary
findings in clinical exome and genome sequencing, 2021 update: a policy
statement of the American College of Medical Genetics and Genomics (ACMG).
Genet Med. 2021;23(8):1391-1398. https://doi.org/10.1038/s41436-021-
01171-4

15 Miller DT, Lee K, Abul-Husn NS, et al. ACMG SF v3.1 list for reporting of secondary
findings in clinical exome and genome sequencing: a policy statement of the
American College of Medical Genetics and Genomics (ACMG). Genet Med. 2022;
24(7):1407-1414. https://doi.org/10.1016/j.gim.2022.04.006

16 Towbin JA, McKenna WJ, Abrams DJ, et al. 2019 HRS expert consensus statement
on evaluation, risk stratification, and management of arrhythmogenic
6

cardiomyopathy. Heart Rhythm. 2019;16(11):e301-e372. https://doi.org/10.1016/
j.hrthm.2019.05.007

17 Paldino A, Dal Ferro M, Stolfo D, et al. Prognostic prediction of genotype vs
phenotype in genetic cardiomyopathies. J Am Coll Cardiol. 2022;80(21):1981-1994.
https://doi.org/10.1016/j.jacc.2022.08.804

18 Hershberger RE, Givertz MM, Ho CY, et al. Genetic evaluation of cardiomyopathy-A
Heart Failure Society of America practice guideline. J Card Fail. 2018;24(5):281-
302. https://doi.org/10.1016/j.cardfail.2018.03.004

19 Mirelis JG, Escobar-Lopez L, Ochoa JP, et al. Combination of late gadolinium
enhancement and genotype improves prediction of prognosis in non-ischaemic
dilated cardiomyopathy. Eur J Heart Fail. 2022;24(7):1183-1196. https://doi.org/
10.1002/ejhf.2514

20 Verdonschot JAJ, Hazebroek MR, Krapels IPC, et al. Implications of genetic testing
in dilated cardiomyopathy. Circ Genom Precis Med. 2020;13(5):476-487. https://
doi.org/10.1161/CIRCGEN.120.003031

21 Wilson KD, Shen P, Fung E, et al. A rapid, high-quality, cost-effective,
comprehensive and expandable targeted next-generation sequencing assay for
inherited heart diseases. Circ Res. 2015;117(7):603-611. https://doi.org/10.1161/
CIRCRESAHA.115.306723

22 Meynert AM, Ansari M, FitzPatrick DR, Taylor MS. Variant detection sensitivity and
biases in whole genome and exome sequencing. BMC Bioinformatics. 2014;15:247.
https://doi.org/10.1186/1471-2105-15-247

23 Herman DS, Lam L, Taylor MR, et al. Truncations of titin causing dilated
cardiomyopathy. N Engl J Med. 2012;366(7):619-628. https://doi.org/10.1056/
NEJMoa1110186

24 Watkins H, Ashrafian H, Redwood C. Inherited cardiomyopathies. N Engl J Med.
2011;364(17):1643-1656. https://doi.org/10.1056/NEJMra0902923

25 Jefferies JL, Towbin JA. Dilated cardiomyopathy. Lancet. 2010;375(9716):752-762.
https://doi.org/10.1016/S0140-6736(09)62023-7

26 Bowles NE, Bowles KR, Towbin JA. The "final common pathway" hypothesis and
inherited cardiovascular disease. The role of cytoskeletal proteins in dilated
cardiomyopathy. Herz. 2000;25(3):168-175. https://doi.org/10.1007/
s000590050003

27 Hershberger RE, Norton N, Morales A, Li D, Siegfried JD, Gonzalez-Quintana J.
Coding sequence rare variants identified in MYBPC3, MYH6, TPM1, TNNC1, and
TNNI3 from 312 patients with familial or idiopathic dilated cardiomyopathy. Circ
Cardiovasc Genet. 2010;3(2):155-161. https://doi.org/10.1161/
CIRCGENETICS.109.912345

28 Verdonschot JAJ, Hazebroek MR, Wang P, et al. Clinical phenotype and genotype
associations with improvement in left ventricular function in dilated
cardiomyopathy. Circ Heart Fail. 2018;11(11):e005220. https://doi.org/10.1161/
CIRCHEARTFAILURE.118.005220

29 Hazebroek MR, Krapels I, Verdonschot J, et al. Prevalence of pathogenic gene
mutations and prognosis do not differ in isolated left ventricular dysfunction
compared with dilated cardiomyopathy. Circ Heart Fail. 2018;11(3):e004682.
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004682

30 Shah RA, Asatryan B, Sharaf Dabbagh G, et al. Frequency, penetrance, and variable
expressivity of dilated cardiomyopathy-associated putative pathogenic gene variants
in UK Biobank Participants. Circulation. 2022;146(2):110-124. https://doi.org/
10.1161/CIRCULATIONAHA.121.058143

31 Gigli M, Merlo M, Graw SL, et al. Genetic risk of arrhythmic phenotypes in patients
with dilated cardiomyopathy. J Am Coll Cardiol. 2019;74(11):1480-1490. https://
doi.org/10.1016/j.jacc.2019.06.072

32 Parks SB, Kushner JD, Nauman D, et al. Lamin A/C mutation analysis in a cohort of
324 unrelated patients with idiopathic or familial dilated cardiomyopathy. Am Heart
J. 2008;156(1):161-169. https://doi.org/10.1016/j.ahj.2008.01.026

33 van Tintelen JP, Hofstra RM, Katerberg H, et al. High yield of LMNA mutations in
patients with dilated cardiomyopathy and/or conduction disease referred to
cardiogenetics outpatient clinics. Am Heart J. 2007;154(6):1130-1139. https://
doi.org/10.1016/j.ahj.2007.07.038

34 van Rijsingen IA, Arbustini E, Elliott PM, et al. Risk factors for malignant ventricular
arrhythmias in lamin a/c mutation carriers a European cohort study. J Am Coll
Cardiol. 2012;59(5):493-500. https://doi.org/10.1016/j.jacc.2011.08.078

35 Fatkin D, MacRae C, Sasaki T, et al. Missense mutations in the rod domain of the
lamin A/C gene as causes of dilated cardiomyopathy and conduction-system disease.
N Engl J Med. 1999;341(23):1715-1724. https://doi.org/10.1056/
NEJM199912023412302

36 Lee J, Termglinchan V, Diecke S, et al. Activation of PDGF pathway links LMNA
mutation to dilated cardiomyopathy. Nature. 2019;572(7769):335-340. https://
doi.org/10.1038/s41586-019-1406-x

37 Arbustini E, Pilotto A, Repetto A, et al. Autosomal dominant dilated
cardiomyopathy with atrioventricular block: a lamin A/C defect-related disease.
J Am Coll Cardiol. 2002;39(6):981-990. https://doi.org/10.1016/S0735-1097(02)
01724-2

38 Brodt C, Siegfried JD, Hofmeyer M, et al. Temporal relationship of conduction
system disease and ventricular dysfunction in LMNA cardiomyopathy. J Card Fail.
2013;19(4):233-239. https://doi.org/10.1016/j.cardfail.2013.03.001

39 Shemer Y, Mekies LN, Ben Jehuda R, et al. Investigating. Int J Mol Sci. 2021;22(15):
7874. https://doi.org/10.3390/ijms22157874

40 Mann SA, Castro ML, Ohanian M, et al. R222Q SCN5A mutation is associated with
reversible ventricular ectopy and dilated cardiomyopathy. J Am Coll Cardiol. 2012;
60(16):1566-1573. https://doi.org/10.1016/j.jacc.2012.05.050

41 McNair WP, Sinagra G, Taylor MR, et al. SCN5A mutations associate with
arrhythmic dilated cardiomyopathy and commonly localize to the voltage-sensing
mechanism. J Am Coll Cardiol. 2011;57(21):2160-2168. https://doi.org/10.1016/
j.jacc.2010.09.084

https://orcid.org/0000-0001-6070-6978
https://orcid.org/0000-0001-6070-6978
https://orcid.org/0000-0003-0310-5572
http://refhub.elsevier.com/S2474-8706(23)00082-9/sref1
http://refhub.elsevier.com/S2474-8706(23)00082-9/sref1
https://doi.org/10.1038/nrcardio.2013.105
https://doi.org/10.1038/nrcardio.2013.105
https://doi.org/10.1161/CIRCULATIONAHA.120.053033
https://doi.org/10.1161/CIRCULATIONAHA.120.053033
https://doi.org/10.1038/gim.2013.204
https://doi.org/10.1093/europace/euac030
https://doi.org/10.1097/GIM.0b013e3181f2481f
https://doi.org/10.1517/21678707.2015.1057498
https://doi.org/10.1517/21678707.2015.1057498
https://doi.org/10.1001/jamacardio.2019.2421
https://doi.org/10.1161/HCG.0000000000000067
https://doi.org/10.1161/HCG.0000000000000067
https://doi.org/10.1093/eurheartj/ehac262
https://doi.org/10.1093/eurheartj/ehac262
https://doi.org/10.1016/j.jacc.2022.06.040
https://doi.org/10.1161/HCG.0000000000000020
https://doi.org/10.1002/humu.20880
https://doi.org/10.1002/humu.20880
https://doi.org/10.1038/s41436-021-01171-4
https://doi.org/10.1038/s41436-021-01171-4
https://doi.org/10.1016/j.gim.2022.04.006
https://doi.org/10.1016/j.hrthm.2019.05.007
https://doi.org/10.1016/j.hrthm.2019.05.007
https://doi.org/10.1016/j.jacc.2022.08.804
https://doi.org/10.1016/j.cardfail.2018.03.004
https://doi.org/10.1002/ejhf.2514
https://doi.org/10.1002/ejhf.2514
https://doi.org/10.1161/CIRCGEN.120.003031
https://doi.org/10.1161/CIRCGEN.120.003031
https://doi.org/10.1161/CIRCRESAHA.115.306723
https://doi.org/10.1161/CIRCRESAHA.115.306723
https://doi.org/10.1186/1471-2105-15-247
https://doi.org/10.1056/NEJMoa1110186
https://doi.org/10.1056/NEJMoa1110186
https://doi.org/10.1056/NEJMra0902923
https://doi.org/10.1016/S0140-6736(09)62023-7
https://doi.org/10.1007/s000590050003
https://doi.org/10.1007/s000590050003
https://doi.org/10.1161/CIRCGENETICS.109.912345
https://doi.org/10.1161/CIRCGENETICS.109.912345
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005220
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005220
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004682
https://doi.org/10.1161/CIRCULATIONAHA.121.058143
https://doi.org/10.1161/CIRCULATIONAHA.121.058143
https://doi.org/10.1016/j.jacc.2019.06.072
https://doi.org/10.1016/j.jacc.2019.06.072
https://doi.org/10.1016/j.ahj.2008.01.026
https://doi.org/10.1016/j.ahj.2007.07.038
https://doi.org/10.1016/j.ahj.2007.07.038
https://doi.org/10.1016/j.jacc.2011.08.078
https://doi.org/10.1056/NEJM199912023412302
https://doi.org/10.1056/NEJM199912023412302
https://doi.org/10.1038/s41586-019-1406-x
https://doi.org/10.1038/s41586-019-1406-x
https://doi.org/10.1016/S0735-1097(02)01724-2
https://doi.org/10.1016/S0735-1097(02)01724-2
https://doi.org/10.1016/j.cardfail.2013.03.001
https://doi.org/10.3390/ijms22157874
https://doi.org/10.1016/j.jacc.2012.05.050
https://doi.org/10.1016/j.jacc.2010.09.084
https://doi.org/10.1016/j.jacc.2010.09.084


Q.M. Bui et al. Structural Heart 7 (2023) 100200
42 McNair WP, Ku L, Taylor MR, et al. SCN5A mutation associated with dilated
cardiomyopathy, conduction disorder, and arrhythmia. Circulation. 2004;110(15):
2163-2167. https://doi.org/10.1161/01.CIR.0000144458.58660.BB

43 Peters S, Thompson BA, Perrin M, et al. Arrhythmic phenotypes are a defining
feature of dilated cardiomyopathy-associated. Circ Genom Precis Med. 2022;15(1):
e003432. https://doi.org/10.1161/CIRCGEN.121.003432

44 van Rijsingen IA, van der Zwaag PA, Groeneweg JA, et al. Outcome in
phospholamban R14del carriers: results of a large multicentre cohort study. Circ
Cardiovasc Genet. 2014;7(4):455-465. https://doi.org/10.1161/
CIRCGENETICS.113.000374

45 Liu GS, Morales A, Vafiadaki E, et al. A novel human R25C-phospholamban
mutation is associated with super-inhibition of calcium cycling and ventricular
arrhythmia. Cardiovasc Res. 2015;107(1):164-174. https://doi.org/10.1093/cvr/
cvv127

46 Haghighi K, Kolokathis F, Gramolini AO, et al. A mutation in the human
phospholamban gene, deleting arginine 14, results in lethal, hereditary
cardiomyopathy. Proc Natl Acad Sci U S A. 2006;103(5):1388-1393. https://doi.org/
10.1073/pnas.0510519103

47 Sen-Chowdhry S, Syrris P, Prasad SK, et al. Left-dominant arrhythmogenic
cardiomyopathy: an under-recognized clinical entity. J Am Coll Cardiol. 2008;
52(25):2175-2187. https://doi.org/10.1016/j.jacc.2008.09.019

48 Syrris P, Ward D, Asimaki A, et al. Desmoglein-2 mutations in arrhythmogenic right
ventricular cardiomyopathy: a genotype-phenotype characterization of familial
disease. Eur Heart J. 2007;28(5):581-588. https://doi.org/10.1093/eurheartj/
ehl380

49 Syrris P, Ward D, Evans A, et al. Arrhythmogenic right ventricular dysplasia/
cardiomyopathy associated with mutations in the desmosomal gene
desmocollin-2. Am J Hum Genet. 2006;79(5):978-984. https://doi.org/
10.1086/509122

50 Posch MG, Posch MJ, Geier C, et al. A missense variant in desmoglein-2 predisposes
to dilated cardiomyopathy. Mol Genet Metab. 2008;95(1-2):74-80. https://doi.org/
10.1016/j.ymgme.2008.06.005

51 Elliott P, O'Mahony C, Syrris P, et al. Prevalence of desmosomal protein gene
mutations in patients with dilated cardiomyopathy. Circ Cardiovasc Genet. 2010;
3(4):314-322. https://doi.org/10.1161/CIRCGENETICS.110.937805

52 Li Mura IE, Bauce B, Nava A, et al. Identification of a PKP2 gene deletion in a family
with arrhythmogenic right ventricular cardiomyopathy. Eur J Hum Genet. 2013;
21(11):1226-1231. https://doi.org/10.1038/ejhg.2013.39

53 Klauke B, Gaertner-Rommel A, Schulz U, et al. High proportion of genetic cases in
patients with advanced cardiomyopathy including a novel homozygous Plakophilin
2-gene mutation. PLoS One. 2017;12(12):e0189489. https://doi.org/10.1371/
journal.pone.0189489

54 Musa H, Meek S, Gautel M, Peddie D, Smith AJ, Peckham M. Targeted homozygous
deletion of M-band titin in cardiomyocytes prevents sarcomere formation. J Cell Sci.
2006;119(Pt 20):4322-4331. https://doi.org/10.1242/jcs.03198

55 van der Ven PF, Bartsch JW, Gautel M, Jockusch H, Fürst DO. A functional knock-
out of titin results in defective myofibril assembly. J Cell Sci. 2000;113(Pt 8):1405-
1414. https://doi.org/10.1242/jcs.113.8.1405

56 Kn€oll R, Hoshijima M, Hoffman HM, et al. The cardiac mechanical stretch sensor
machinery involves a Z disc complex that is defective in a subset of human dilated
cardiomyopathy. Cell. 2002;111(7):943-955. https://doi.org/10.1016/s0092-
8674(02)01226-6

57 Verdonschot JAJ, Hazebroek MR, Derks KWJ, et al. Titin cardiomyopathy leads to
altered mitochondrial energetics, increased fibrosis and long-term life-threatening
arrhythmias. Eur Heart J. 2018;39(10):864-873. https://doi.org/10.1093/
eurheartj/ehx808

58 Hinson JT, Chopra A, Nafissi N, et al. HEART DISEASE. Titin mutations in iPS cells
define sarcomere insufficiency as a cause of dilated cardiomyopathy. Science. 2015;
349(6251):982-986. https://doi.org/10.1126/science.aaa5458

59 Gramlich M, Michely B, Krohne C, et al. Stress-induced dilated cardiomyopathy in a
knock-in mouse model mimicking human titin-based disease. J Mol Cell Cardiol.
2009;47(3):352-358. https://doi.org/10.1016/j.yjmcc.2009.04.014

60 Tayal U, Newsome S, Buchan R, et al. Phenotype and clinical outcomes of titin
cardiomyopathy. J Am Coll Cardiol. 2017;70(18):2264-2274. https://doi.org/
10.1016/j.jacc.2017.08.063

61 Mazzarotto F, Tayal U, Buchan RJ, et al. Reevaluating the genetic contribution of
monogenic dilated cardiomyopathy. Circulation. 2020;141(5):387-398. https://
doi.org/10.1161/CIRCULATIONAHA.119.037661

62 de Frutos F, Ochoa JP, Navarro-Pe~nalver M, et al. Natural history of MYH7-related
dilated cardiomyopathy. J Am Coll Cardiol. 2022;80:1447-1461. https://doi.org/
10.1016/j.jacc.2022.07.023

63 Ader F, De Groote P, R�eant P, et al. FLNC pathogenic variants in patients with
cardiomyopathies: prevalence and genotype-phenotype correlations. Clin Genet.
2019;96(4):317-329. https://doi.org/10.1111/cge.13594

64 Ortiz-Genga MF, Cuenca S, Dal Ferro M, et al. Truncating FLNC mutations are
associated with high-risk dilated and arrhythmogenic cardiomyopathies. J Am
Coll Cardiol. 2016;68(22):2440-2451. https://doi.org/10.1016/
j.jacc.2016.09.927

65 Janin A, N'Guyen K, Habib G, et al. Truncating mutations on myofibrillar
myopathies causing genes as prevalent molecular explanations on patients with
dilated cardiomyopathy. Clin Genet. 2017;92(6):616-623. https://doi.org/10.1111/
cge.13043

66 Begay RL, Graw SL, Sinagra G, et al. Filamin C truncation mutations are associated
with arrhythmogenic dilated cardiomyopathy and changes in the cell-cell adhesion
structures. JACC Clin Electrophysiol. 2018;4(4):504-514. https://doi.org/10.1016/
j.jacep.2017.12.003
7

67 Gigli M, Stolfo D, Graw SL, et al. Phenotypic expression, natural history, and risk
stratification of cardiomyopathy caused by filamin C truncating variants. Circulation.
2021;144(20):1600-1611. https://doi.org/10.1161/
CIRCULATIONAHA.121.053521

68 Akhtar MM, Lorenzini M, Pavlou M, et al. Association of left ventricular systolic
dysfunction among carriers of truncating variants in filamin C with frequent
ventricular arrhythmia and end-stage heart failure. JAMA Cardiol. 2021;6(8):891-
901. https://doi.org/10.1001/jamacardio.2021.1106

69 Agarwal R, Paulo JA, Toepfer CN, et al. Filamin C cardiomyopathy variants cause
protein and lysosome accumulation. Circ Res. 2021;129(7):751-766. https://
doi.org/10.1161/CIRCRESAHA.120.317076

70 Refaat MM, Lubitz SA, Makino S, et al. Genetic variation in the alternative splicing
regulator RBM20 is associated with dilated cardiomyopathy. Heart Rhythm. 2012;
9(3):390-396. https://doi.org/10.1016/j.hrthm.2011.10.016

71 Guo W, Schafer S, Greaser ML, et al. RBM20, a gene for hereditary cardiomyopathy,
regulates titin splicing. Nat Med. 2012;18(5):766-773. https://doi.org/10.1038/
nm.2693

72 Maatz H, Jens M, Liss M, et al. RNA-binding protein RBM20 represses splicing to
orchestrate cardiac pre-mRNA processing. J Clin Invest. 2014;124(8):3419-3430.
https://doi.org/10.1172/JCI74523

73 van den Hoogenhof MMG, Beqqali A, Amin AS, et al. RBM20 mutations induce an
arrhythmogenic dilated cardiomyopathy related to disturbed calcium handling.
Circulation. 2018;138(13):1330-1342. https://doi.org/10.1161/
CIRCULATIONAHA.117.031947

74 Odgerel Z, Sarkozy A, Lee HS, et al. Inheritance patterns and phenotypic features of
myofibrillar myopathy associated with a BAG3 mutation. Neuromuscul Disord. 2010;
20(7):438-442. https://doi.org/10.1016/j.nmd.2010.05.004

75 Selcen D, Muntoni F, Burton BK, et al. Mutation in BAG3 causes severe dominant
childhood muscular dystrophy. Ann Neurol. 2009;65(1):83-89. https://doi.org/
10.1002/ana.21553

76 Homma S, Iwasaki M, Shelton GD, Engvall E, Reed JC, Takayama S. BAG3 deficiency
results in fulminant myopathy and early lethality. Am J Pathol. 2006;169(3):761-
773. https://doi.org/10.2353/ajpath.2006.060250

77 Domínguez F, Cuenca S, Bili�nska Z, et al. Dilated cardiomyopathy due to BLC2-
associated athanogene 3 (BAG3) mutations. J Am Coll Cardiol. 2018;72(20):2471-
2481. https://doi.org/10.1016/j.jacc.2018.08.2181

78 Norton N, Li D, Rieder MJ, et al. Genome-wide studies of copy number variation and
exome sequencing identify rare variants in BAG3 as a cause of dilated
cardiomyopathy. Am J Hum Genet. 2011;88(3):273-282. https://doi.org/10.1016/
j.ajhg.2011.01.016

79 Ulbricht A, H€ohfeld J. Tension-induced autophagy: may the chaperone be with you.
Autophagy. 2013;9(6):920-922. https://doi.org/10.4161/auto.24213

80 Groh WJ. Arrhythmias in the muscular dystrophies. Heart Rhythm. 2012;9(11):1890-
1895. https://doi.org/10.1016/j.hrthm.2012.06.038

81 Kamdar F, Garry DJ. Dystrophin-deficient cardiomyopathy. J Am Coll Cardiol. 2016;
67(21):2533-2546. https://doi.org/10.1016/j.jacc.2016.02.081

82 Emery AE, Dreifuss FE. Unusual type of benign x-linked muscular dystrophy.
J Neurol Neurosurg Psychiatry. 1966;29(4):338-342. https://doi.org/10.1136/
jnnp.29.4.338

83 Heller SA, Shih R, Kalra R, Kang PB. Emery-Dreifuss muscular dystrophy. Muscle
Nerve. 2020;61(4):436-448. https://doi.org/10.1002/mus.26782

84 Helbling-Leclerc A, Bonne G, Schwartz K. Emery-Dreifuss muscular dystrophy. Eur J
Hum Genet. 2002;10(3):157-161. https://doi.org/10.1038/sj.ejhg.5200744

85 Kułach A, Majewski M, Gąsior Z, Gardas R, Go�sci�nska-Bis K, Gołba KS. Dilated
cardiomyopathy with severe arrhythmias in Emery-Dreifuss muscular dystrophy.
Cardiol J. 2020;27(1):93-94. https://doi.org/10.5603/CJ.2020.0021

86 Sanna T, Dello Russo A, Toniolo D, et al. Cardiac features of Emery-Dreifuss
muscular dystrophy caused by lamin A/C gene mutations. Eur Heart J. 2003;24(24):
2227-2236. https://doi.org/10.1016/j.ehj.2003.09.020

87 El-Battrawy I, Zhao Z, Lan H, et al. Ion Channel dysfunctions in dilated
cardiomyopathy in limb-girdle muscular dystrophy. Circ Genom Precis Med. 2018;
11(3), e001893. https://doi.org/10.1161/CIRCGEN.117.001893

88 Liang WC, Jong YJ, Wang CH, et al. Clinical, pathological, imaging, and genetic
characterization in a Taiwanese cohort with limb-girdle muscular dystrophy.
Orphanet J Rare Dis. 2020;15(1):160. https://doi.org/10.1186/s13023-020-
01445-1

89 Kolar AJ, Milroy CM, Day PF, Suvarna SK. Dilated cardiomyopathy and sudden
death in a teenager with palmar-plantar keratosis (occult Carvajal syndrome).
J Forensic Leg Med. 2008;15(3):185-188. https://doi.org/10.1016/
j.jflm.2007.09.002

90 Molho-Pessach V, Sheffer S, Siam R, et al. Two novel homozygous desmoplakin
mutations in carvajal syndrome. Pediatr Dermatol. 2015;32(5):641-646. https://
doi.org/10.1111/pde.12541

91 Protonotarios N, Tsatsopoulou A. Naxos disease and carvajal syndrome:
cardiocutaneous disorders that highlight the pathogenesis and broaden the
spectrum of arrhythmogenic right ventricular cardiomyopathy. Cardiovasc Pathol.
2004;13(4):185-194. https://doi.org/10.1016/j.carpath.2004.03.609

92 Members WC, Members AAJC. 2022 AHA/ACC/HFSA guideline for the
management of heart failure. J Card Fail. 2022;28(5):e1-e167. https://doi.org/
10.1016/j.cardfail.2022.02.010

93 Judge DP, Lakdawala NK, Taylor MRG, et al. Long-term efficacy and safety of ARRY-
371797 (PF-07265803) in patients with lamin A/C-related dilated cardiomyopathy.
Am J Cardiol. 2022;183:93-98. https://doi.org/10.1016/j.amjcard.2022.08.001

94 Malik FI, Hartman JJ, Elias KA, et al. Cardiac myosin activation: a potential
therapeutic approach for systolic heart failure. Science. 2011;331(6023):1439-1443.
https://doi.org/10.1126/science.1200113

https://doi.org/10.1161/01.CIR.0000144458.58660.BB
https://doi.org/10.1161/CIRCGEN.121.003432
https://doi.org/10.1161/CIRCGENETICS.113.000374
https://doi.org/10.1161/CIRCGENETICS.113.000374
https://doi.org/10.1093/cvr/cvv127
https://doi.org/10.1093/cvr/cvv127
https://doi.org/10.1073/pnas.0510519103
https://doi.org/10.1073/pnas.0510519103
https://doi.org/10.1016/j.jacc.2008.09.019
https://doi.org/10.1093/eurheartj/ehl380
https://doi.org/10.1093/eurheartj/ehl380
https://doi.org/10.1086/509122
https://doi.org/10.1086/509122
https://doi.org/10.1016/j.ymgme.2008.06.005
https://doi.org/10.1016/j.ymgme.2008.06.005
https://doi.org/10.1161/CIRCGENETICS.110.937805
https://doi.org/10.1038/ejhg.2013.39
https://doi.org/10.1371/journal.pone.0189489
https://doi.org/10.1371/journal.pone.0189489
https://doi.org/10.1242/jcs.03198
https://doi.org/10.1242/jcs.113.8.1405
https://doi.org/10.1016/s0092-8674(02)01226-6
https://doi.org/10.1016/s0092-8674(02)01226-6
https://doi.org/10.1093/eurheartj/ehx808
https://doi.org/10.1093/eurheartj/ehx808
https://doi.org/10.1126/science.aaa5458
https://doi.org/10.1016/j.yjmcc.2009.04.014
https://doi.org/10.1016/j.jacc.2017.08.063
https://doi.org/10.1016/j.jacc.2017.08.063
https://doi.org/10.1161/CIRCULATIONAHA.119.037661
https://doi.org/10.1161/CIRCULATIONAHA.119.037661
https://doi.org/10.1016/j.jacc.2022.07.023
https://doi.org/10.1016/j.jacc.2022.07.023
https://doi.org/10.1111/cge.13594
https://doi.org/10.1016/j.jacc.2016.09.927
https://doi.org/10.1016/j.jacc.2016.09.927
https://doi.org/10.1111/cge.13043
https://doi.org/10.1111/cge.13043
https://doi.org/10.1016/j.jacep.2017.12.003
https://doi.org/10.1016/j.jacep.2017.12.003
https://doi.org/10.1161/CIRCULATIONAHA.121.053521
https://doi.org/10.1161/CIRCULATIONAHA.121.053521
https://doi.org/10.1001/jamacardio.2021.1106
https://doi.org/10.1161/CIRCRESAHA.120.317076
https://doi.org/10.1161/CIRCRESAHA.120.317076
https://doi.org/10.1016/j.hrthm.2011.10.016
https://doi.org/10.1038/nm.2693
https://doi.org/10.1038/nm.2693
https://doi.org/10.1172/JCI74523
https://doi.org/10.1161/CIRCULATIONAHA.117.031947
https://doi.org/10.1161/CIRCULATIONAHA.117.031947
https://doi.org/10.1016/j.nmd.2010.05.004
https://doi.org/10.1002/ana.21553
https://doi.org/10.1002/ana.21553
https://doi.org/10.2353/ajpath.2006.060250
https://doi.org/10.1016/j.jacc.2018.08.2181
https://doi.org/10.1016/j.ajhg.2011.01.016
https://doi.org/10.1016/j.ajhg.2011.01.016
https://doi.org/10.4161/auto.24213
https://doi.org/10.1016/j.hrthm.2012.06.038
https://doi.org/10.1016/j.jacc.2016.02.081
https://doi.org/10.1136/jnnp.29.4.338
https://doi.org/10.1136/jnnp.29.4.338
https://doi.org/10.1002/mus.26782
https://doi.org/10.1038/sj.ejhg.5200744
https://doi.org/10.5603/CJ.2020.0021
https://doi.org/10.1016/j.ehj.2003.09.020
https://doi.org/10.1161/CIRCGEN.117.001893
https://doi.org/10.1186/s13023-020-01445-1
https://doi.org/10.1186/s13023-020-01445-1
https://doi.org/10.1016/j.jflm.2007.09.002
https://doi.org/10.1016/j.jflm.2007.09.002
https://doi.org/10.1111/pde.12541
https://doi.org/10.1111/pde.12541
https://doi.org/10.1016/j.carpath.2004.03.609
https://doi.org/10.1016/j.cardfail.2022.02.010
https://doi.org/10.1016/j.cardfail.2022.02.010
https://doi.org/10.1016/j.amjcard.2022.08.001
https://doi.org/10.1126/science.1200113


Q.M. Bui et al. Structural Heart 7 (2023) 100200
95 Tang W, Unrath WC, Desetty R, Yengo CM. Dilated cardiomyopathy mutation in the
converter domain of human cardiac myosin alters motor activity and response to
omecamtiv mecarbil. J Biol Chem. 2019;294(46):17314-17325. https://doi.org/
10.1074/jbc.RA119.010217

96 Voors AA, Tamby JF, Cleland JG, et al. Effects of danicamtiv, a novel cardiac myosin
activator, in heart failure with reduced ejection fraction: experimental data and
clinical results from a phase 2a trial. Eur J Heart Fail. 2020;22(9):1649-1658.
https://doi.org/10.1002/ejhf.1933

97 Biering-Sørensen T, Minamisawa M, Liu J, et al. The effect of the cardiac myosin
activator, omecamtiv mecarbil, on right ventricular structure and function in
chronic systolic heart failure (COSMIC-HF). Eur J Heart Fail. 2021;23(6):1052-1056.
https://doi.org/10.1002/ejhf.2181

98 Teerlink JR, Diaz R, Felker GM, et al. Effect of ejection fraction on clinical outcomes
in patients treated with omecamtiv mecarbil in GALACTIC-HF. J Am Coll Cardiol.
2021;78(2):97-108. https://doi.org/10.1016/j.jacc.2021.04.065
8

99 Lehman SJ, Crocini C, Leinwand LA. Targeting the sarcomere in inherited
cardiomyopathies. Nat Rev Cardiol. 2022;19(6):353-363. https://doi.org/10.1038/
s41569-022-00682-0

100 Fatkin D, Huttner IG, Kovacic JC, Seidman JG, Seidman CE. Precision medicine in
the management of dilated cardiomyopathy: JACC state-of-the-art review. J Am Coll
Cardiol. 2019;74(23):2921-2938. https://doi.org/10.1016/j.jacc.2019.10.011

101 Elangkovan N, Dickson G. Gene therapy for Duchenne muscular dystrophy.
J Neuromuscul Dis. 2021;8(s2):S303-S316. https://doi.org/10.3233/JND-210678

102 Chamberlain JR, Chamberlain JS. Progress toward gene therapy for Duchenne
muscular dystrophy. Mol Ther. 2017;25(5):1125-1131. https://doi.org/10.1016/
j.ymthe.2017.02.019

103 Bui QM, Hong KN, Kraushaar M, et al. Myocardial strain and association with
clinical outcomes in danon disease: a model for monitoring progression of genetic
cardiomyopathies. J Am Heart Assoc. 2021;10(23):e022544. https://doi.org/
10.1161/JAHA.121.022544

https://doi.org/10.1074/jbc.RA119.010217
https://doi.org/10.1074/jbc.RA119.010217
https://doi.org/10.1002/ejhf.1933
https://doi.org/10.1002/ejhf.2181
https://doi.org/10.1016/j.jacc.2021.04.065
https://doi.org/10.1038/s41569-022-00682-0
https://doi.org/10.1038/s41569-022-00682-0
https://doi.org/10.1016/j.jacc.2019.10.011
https://doi.org/10.3233/JND-210678
https://doi.org/10.1016/j.ymthe.2017.02.019
https://doi.org/10.1016/j.ymthe.2017.02.019
https://doi.org/10.1161/JAHA.121.022544
https://doi.org/10.1161/JAHA.121.022544

	The Genetic Evaluation of Dilated Cardiomyopathy
	Introduction
	Genetic Evaluation
	Family History
	Genetic Counseling
	Benefits of Genetic Testing
	Genetic Testing

	Variants Implicated in GDCM
	Nonsyndromic
	Lamins
	SCN5A
	PLN
	Desmosome
	Sarcomeric Proteins
	FLNC
	RBM20
	BAG3

	Syndromic
	Duchenne and Becker Muscular Dystrophy
	Emery-Dreifuss
	Limb Girdle Muscular Dystrophy
	Carvajal Syndrome

	Therapies
	Future Directions

	Conclusion
	Disclosure Statement
	References


