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HIGHLIGHTS

� Cardiomyopathies can appear clinically indistinguishable but may warrant unique man-
agement considerations by genotype.

� Genetic evaluations ideally involve trained geneticists or genetic counselors, with testing
tailored to the phenotype under investigation.

� Variants of uncertain significance should not be overinterpreted, and evidence for
“causative” variants should be periodically reappraised.
ABSTRACT
S

ro

h

s

is

a

Patients and families benefit when the genetic etiology of cardiomyopathy is elucidated through a multidisciplinary

approach including genetic counseling and judicious use of genetic testing. The yield of genetic testing is optimized when

performed on a proband with a clear phenotype, and interrogates genes that are validated in association with that

specific form of cardiomyopathy. Variants of uncertain significance are frequently uncovered and should not be overin-

terpreted. Identifying an impactful genetic variant as the cause of a patient’s cardiomyopathy can have important

prognostic impact, and enable streamlined cascade testing to highlight at risk relatives. Certain genotypes are associated

with unique potential cardiac and noncardiac risk factors and may dictate personalized approaches to treatment.

(J Am Coll Cardiol HF 2023;11:133–142) © 2023 by the American College of Cardiology Foundation.
C ardiomyopathies are typically classified by
the primary myocardial derangement: left
ventricular hypertrophy (hypertrophic car-

diomyopathy [HCM]); left and/or right ventricular
chamber dilatation (dilated cardiomyopathy [DCM]),
including cases with prominent arrhythmia (arrhyth-
mogenic cardiomyopathy [ACM]); or normal ventricu-
lar geometry with focal or global hypokinesia. Within
these coarse phenotypic categorizations lie a range of
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nuanced endotypes, some classified as “genetic car-
diomyopathies” warranting personalized, genotype-
based management. In recent years, classification
systems that distinguish between the different
cardiomyopathic etiologies, including the MOGE(S)
(morphofunctional phenotype [M], organ involve-
ment [O], genetic inheritance pattern [G], etiological
annotation [E], and optional information about heart
failure functional status [S]) criteria,1 have been
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ABBR EV I A T I ON S

AND ACRONYMS

ACM = arrhythmogenic

cardiomyopathy

DCM = dilated cardiomyopathy

HCM = hypertrophic

cardiomyopathy

VUS = variant of uncertain

significance
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proposed, highlighting a trend toward diag-
nostic granularity. This review presents evi-
dence in favor of incorporating genetic
evaluations into the care of patients with car-
diomyopathy, offering field guidance for best
practices.

GENETIC SCREENING:

OVERALL APPROACH
Genetic evaluation for cardiomyopathy ideally in-
volves: 1) collecting and documenting a detailed
family history; 2) 1-on-1 patient counseling on the
genetic investigation; and 3) molecular genetic
testing when appropriate (Central Illustration). Due to
wide population variability in gene sequences, the
probabilistic nature of genetic results, and the chal-
lenges of interpreting the impact of a particular gene
variant, the yield of testing is highest when per-
formed on individuals with a definitive phenotype.
Options for genetic testing range from sequencing of
a single gene, a targeted set of genes related to the
phenotype in question, or in some cases, exome
sequencing; genome sequencing is not routinely used
in clinical practice. Testing is typically performed on
a blood, saliva, or buccal swab sample using next-
generation sequencing, in which DNA is extracted,
purified, amplified, and fragmented, then isolated
and attached to labeled beads for short-read
sequencing. Sequence data are aligned against a
“reference” human genome sequence, and variants
present in the patient sample are further analyzed to
determine likelihood of pathogenicity. This variant
interpretation process differs slightly by each ge-
netics laboratory but weighs the variant type (ie, loss-
of-function variants such as frameshift mutations or
variants affecting the canonical splice site are
considered putatively damaging), allele frequency in
the general population as well as in ethnic subgroups
(using large publicly available databases of healthy
control exomes or genomes such as gnomAD [Genome
Aggregation Database]), the degree of evolutionary
conservation of the amino acid affected by the
variant, and the properties of that particular amino
acid (eg, charge, hydrophobicity), informing whether
a change will be tolerated by the protein or whether it
resides in a known “hot spot” for damaging variants
in a given gene. Because of the complexity of this
process, the American College of Medical Genetics
and Genomics (ACMG) and the Association for Mo-
lecular Pathology have established a set of guidelines
in an attempt to standardize variant interpretation.2

Once a causative variant in a proband is identified,
other relatives, including those without any known
phenotype, can be screened for the presence or
absence of that variant at the single site within the
gene, a process known as cascade genetic testing.

CHALLENGE 1: GENE-DISEASE ASSOCIATIONS

Large multigene (30-100þ genes) testing panels are
most employed for genetic assessment in cardio-
myopathies. Evolving understanding of gene-
disease pairs has prompted formation of expert
panels through the National Human Genome
Research Institute–funded ClinGen Resource, which
are systematically assessing the strength of evi-
dence for associations between genes and pheno-
types including ACM,3 DCM,4 and HCM;5 through
such reviews, genes that are commonly included in
diagnostic testing panels have been found to have
limited or no evidence for disease association.
These efforts will inform refined testing panels that
improve the clinical utility of genetic testing for
cardiomyopathies.

CHALLENGE 2: VARIANT CLASSIFICATION

Interpretation of genetic testing results is challenging
in part due to the high degree of gene variation in the
general population. In fact, in 1 exome series of 1,000
unrelated individuals in the United Kingdom, each
individual had, on average >20,000 gene variants,
including 160 unique rare (population allele
frequency #0.1%) variants.6 Thus, the ACMG has
recommended variant modifiers signifying likelihood
of impact for disease (Figure 1). Variants of uncertain
significance (VUSs) are those with insufficient data
available to adjudicate more definitively. The ACMG
variant classification matrix is designed to reduce the
number of false positive “true mutation” calls and
therefore inevitably skews toward VUS calls. The
contemporary practice of using larger gene panels
and exome sequencing raises the likelihood of VUS
results. Disclosure of VUSs to patients is an actively
debated topic, with some experts arguing that they
should be ignored during clinical decision making on
the premise that they are “innocent until proven
guilty,” allocate patients to “genetic purgatory,”7 and
increase the likelihood of misunderstanding ones re-
sults. VUSs are typically not useful for cascade ge-
netic testing in relatives due to their uncertainty;
overinterpretation can potentially cause harm, either
by wrongly dismissing individuals from clinical sur-
veillance or by causing unwarranted anxiety about
disease risk, economic burden, or overestimation of
benefit for therapies and inappropriate device im-
plantation. Patient attitudes toward receiving uncer-
tain genetic results may be negative (including regret,



CENTRAL ILLUSTRATION Optimal Overall Strategy for Genetic Evaluation in Patients With Cardiomyopathy

5. Variant interpretation
Prior associations with phenotype, zygosity,
potential impact of VUS (i.e. allele frequency,
"hot spot”)

6. Post-test counseling
Disclose genetic test results and provide
recommendations for follow-up care,
psychosocial support and appropriate referrals to
resources and providers. Reference pedigree
and discuss recommendations for relatives.

7. Family screening
Genetic testing for causative variant if
identified, otherwise clinical screening for first-
degree relatives

ACTGAAAGGGTTTCCTCTCTCGA
GCTGCTGCTCGGTTTAGATGCTAT
GTCGAAAATATAGCAGATGACAG
CACATCTGAGGATGGTCCTGCAT

1. Identify proband in family
Most clearly affected individual with
cardiomyopathy phenotype

2. Collect family history
Clarify phenotypes of potentially affected
relatives (i.e. through review of clinical and/or
autopsy records)

3. Pre-test counseling
Condition-specific education, review of potential
results categories (i.e. VUS), psychologic, legal,
ethical and financial implications of testing
including risks of genetic discrimination

4. Genetic testing
Select optimal test type for phenotype in
question, including only validated genes

Kontorovich AR, J Am Coll Cardiol HF. 2023;11(2):133–142.

Identification of the optimal proband, collection of family history, and pretest counseling are recommended prior to initiation of genetic testing. Genetic sequencing

results are analyzed for presence of important variants, interpreted in the context of the proband’s phenotype. Patients and relatives are counseled as to clinical

recommendations based on each variant. VUS ¼ variant of uncertain significance.
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distress/anxiety, and poor comprehension/recall of
their results) or optimistic (beneficence from
furthering scientific understanding, enthusiasm for
receiving a potential explanation for their condi-
tion).8 Importantly, VUSs may be reclassified over
time; the vast majority will be downgraded to likely
benign or benign status.9 HCM variants previously
reported as pathogenic, especially in individuals of
African ancestry, were later found to be benign when
reanalyzed using population data from multiple
ancestry groups.10 Still, in 1 study, approximately 8%
of patients with HCM received a VUS result that upon
re-examination was likely pathogenic,11 and data
from SHaRe (Sarcomeric Human Cardiomyopathy
Registry) revealed that even VUSs can have an impact
on outcome, indicating that some VUSs are actually
misclassified pathogenic variants.12 Broader popula-
tion data, especially including diverse ethnic groups,
increased data sharing across testing laboratories,
and improved tools for functional classification of
variants will lead to better diagnostic certainty, and
fewer VUSs, in genetic testing.

CHALLENGE 3: INCLUDING GENETICS

SPECIALISTS ON THE CARE TEAM

Genetic counselors are specially trained and certified
to assist patients and their families in understanding
the genetic causes of disease and the risks and ben-
efits of genetic testing and should ideally be involved
at every step of the genetic work-up. One key
contribution is collecting a detailed family history,
documented through a comprehensive 3-generation
pedigree, a visual “road map” for capturing inheri-
tance patterns and communicating testing recom-
mendations to families. Formalizing the family



FIGURE 1 Spectrum of Genetic Testing Results

Genetic variants are graded according to likelihood of causing disease, here denoted with red shading for high-impact, disease-causing variants (actionable) and

green shading for variants that are unlikely to cause disease. Gray shading highlights variants of uncertain significance (VUSs), for which insufficient data are available

to definitively adjudicate as either pathogenic or benign.
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history in this way affords the opportunity for pa-
tients to gather additional information from relatives,
sometimes including hospital or autopsy records.
When genetic testing is appropriate, genetic coun-
selors are instrumental in selecting the optimal test
(depending on the patient’s presentation, available
diagnostic results, and insurance) and performing
pre- and post-test counseling (Central Illustration).
Genetic counselors report a higher level of confidence
in counseling patients about VUS results compared
with cardiologists and are more likely to recommend
ongoing follow-up to ensure that patients receive
information about variant reclassification.13

Several genetic testing laboratories currently offer
no-charge testing for cardiomyopathy through pro-
grams with industry partners. One consequence of
the apparent ease of testing through these partner-
ship programs is that nongenetics specialists may feel
emboldened to independently order the genetic test.
Bypassing genetic counselors may jeopardize pa-
tients’ comprehension and decision making. The
ideal care team integrates genetics specialist who can
provide coordinated care for the entire family,
including children and adults.

CHALLENGE 4: PREDICTIVE VALUE OF A

“POSITIVE” GENETIC TEST RESULT

Genetic cardiomyopathies are associated with
reduced penetrance (genotype-positive relatives do
not necessarily manifest disease) and variable
expressivity (differing degrees of severity in relatives
at different ages). Pre- and post-test counseling for
individuals undergoing familial variant genetic
testing should review the potential impact of a posi-
tive result, including its limited predictive value for
clinical manifestations. Relatives who are confirmed
to carry a familial variant warrant baseline and
ongoing clinical surveillance (including electrocar-
diogram, echocardiogram, long-term rhythm moni-
tory, laboratory testing, and/or cardiac magnetic
resonance as indicated by genotype or phenotype)14

but may or may not ever show signs of disease. This
strategy enables prompt initiation of therapy in
genotype-positive individuals once a phenotype
emerges.

CHALLENGE 5: CLINICAL DECISION MAKING

IN GENETICALLY AT-RISK INDIVIDUALS

Based on efficacy in overt heart failure, neurohor-
monal blockade is often initiated at the earliest signs
of cardiac remodeling or reduction in systolic func-
tion. In HCM, one promising approach may involve
angiotensin receptor blockers, which prevent ven-
tricular hypertrophy and fibrosis in mice if adminis-
tered early, through inhibition of transforming
growth factor beta. In a randomized, double-blind,
placebo-controlled trial, valsartan improved cardiac
structure and function in young, genotype-positive,
early-stage (mild hypertrophy) individuals with pri-
marily Class I symptoms.15 An earlier and smaller trial
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tested the utility of the calcium-channel blocker dil-
tiazem in phenotype-negative sarcomere variant
carriers without hypertrophy and found benefit for
stabilizing ventricular geometry, wall thickness, and
biomarkers.16 Additional and larger studies are
needed to determine whether these or other strate-
gies will be clinically impactful in broader pop-
ulations of genotype-positive at-risk individuals.

CHALLENGE 6: EMERGENCE OF

COMPLEX GENETICS

The traditional paradigm of classic Mendelian rare
variants causing monogenic cardiomyopathies may
be incomplete. Increasingly, a subset of cardiomy-
opathy with digenic and oligogenic etiologies is
recognized,17 suggesting that multiple high-impact
variants can have cumulative effects on disease
penetrance and associate with earlier onset. Thus,
the practice of dismissing from clinical surveillance
those relatives who test negative for a single fa-
milial pathogenic variant is questioned. Some ex-
perts now suggest that relatives should continue
intermittent surveillance regardless of genotype
status, due to the possibility that additional unde-
tected causative variants may pose risk in families.
Further research is needed to better understand the
spectrum of genetic architecture in cardiomyopa-
thies, including the role of modifier genes, poly-
genic loci, and interaction with environmental
factors.18

GENETIC EVALUATION IN PRACTICE:

DCM AND ACM

An overview of practical recommendations for ge-
netic evaluation in cardiomyopathies is depicted in
Figure 2. After ruling out ischemic, autoimmune,
endocrine, medication, toxin, or tachycardia-
induced factors, idiopathic DCM can be classified
as familial or nonfamilial (sporadic). Genetic etiol-
ogies can be confirmed in 50% and 20% to 40% of
these groups, respectively, and thus should be
investigated. To date, more than 50 genes have
been causally linked to DCM, with 23 genes
responsible for >97% of all genetic DCM.19 These
DCM genes govern structure or function of a range
of cardiomyocyte elements, including the
sarcomere/Z-band, desmosome, cytoskeleton, nu-
clear lamina, mitochondria, and ion-channel pro-
teins. DCM is characterized by genetic and allelic
heterogeneity, with many variants found to be
novel or private in families. Among patients with
DCM, genotype-positive status is associated with
increased heart failure and arrhythmia outcomes
and worse left ventricular reverse remodeling
compared with genotype-negative patients.20

ACM AND DCM GENOTYPES WARRANTING

UNIQUE CLINICAL MANAGEMENT

For many patients with DCM, detection of a causative
variant will not significantly alter clinical manage-
ment; however, several notable exceptions exist.
Although phenotypes and symptoms may overlap in
different ACM/DCM endotypes, a number of impor-
tant etiologies warrant unique clinical consider-
ations. In the following section and in Table 1,
examples are presented in which recognition of
genotype influences clinical management.

TTN. Truncating variants in the titin (TTN) gene are
the most commonly implicated genetic cause of DCM,
causing up to 25% of familial and 18% of sporadic
cases.21 Progression in TTN-associated DCM is faster
than non-TTN DCM, with earlier age at death, trans-
plantation, or ventricular assist device. Due to the
length of its coding sequence (about 100 kb), TTN was
not included on first-generation genetic testing
panels, and therefore this gene may not have been
assessed in patients who underwent genetic testing
prior to 2012. While an important cause of genetic
DCM, truncating variants in TTN are also found in
approximately 1% to 3% of the general population.
Nonsense, frameshift, and canonical splice site TTN
variants, as well as those occurring in the A-band
domain, are enriched in DCM patients compared with
healthy control subjects.22 As genetic testing for a
range of applications increasingly reveals truncating
TTN variants in unselected populations (ie, genomic
screening programs or secondary reporting in exome
sequencing performed for noncardiac indications),
recognition of variant features associated with path-
ogenicity will improve prognostication.

LMNA. Cardiac disease related to the nuclear enve-
lope protein lamin A (LMNA) is associated with
nearly 100% penetrance in older adults, causing a
high burden of progressive malignant brady- and
tachyarrhythmias frequently occurring in addition to
heart failure.23 Anticipant arrangements for thera-
pies directed at sudden death and heart failure risk
are warranted, including consideration for primary
prevention implantable cardioverter-defibrillator
with or without resynchronization therapy in car-
riers of causative LMNA variants. Worse outcomes
have been reported in individuals who engaged in
competitive sports24 and patients with these geno-
types warrant counseling on exercise modification.
Furthermore, certain LMNA variants are associated
with skeletal myopathy, including the limb-girdle



FIGURE 2 Practical Recommendations for Clinicians

Cardiomyopathy phenotypes can be roughly categorized according to ventricular morphology and function. After ruling out systemic and environmental/lifestyle

causes of cardiomyopathy, clinicians should consider genetic etiologies. A family history of heart failure, cardiomyopathy, or sudden death in a first-degree relative

suggests a possible monogenic familial disease. Unique additional cardiac (ie, arrhythmia, conduction defect, or congenital lesion) and extracardiac (ie, skeletal

myopathy) features may guide the genetic evaluation; a genetic testing strategy may start with a focus on the gene(s) specifically linked to a single highly suspected

endotype (ie, TTR gene when hereditary transthyretin amyloidosis is high on the differential, perhaps due to the presence of an abnormal nuclear scintigraphy scan),

or may involve use of a broader multigene panel. Clinicians should ensure that the selected test includes the gene(s) and methodologies (ie, need for repeat expansion

testing for DMPK in patients with suspected myotonic dystrophy type 1) necessary for diagnoses. The dagger indicates the requirement of repeat expansion analysis.

AL ¼ amyloid light chain; ASD ¼ atrial septal defect; CCD ¼ cardiac conduction disease; CPK ¼ creatine phosphokinase; GI ¼ gastrointestinal; LVH ¼ left ventricular

hypertrophy; PS ¼ pulmonic stenosis; SCD ¼ sudden cardiac death; VA ¼ ventricular arrhythmia; WPW ¼ Wolff-Parkinson-White syndrome; WT ¼ wild-type.
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TABLE 1 Special Cases for Genotype-Specific Considerations in Clinical Management of DCM, ACM, and HCM, Including Genes Associated With Unique Cardiac and

Noncardiac Features

Dilated, Nondilated, and Arrhythmogenic Phenotypes Hypertrophic Phenotypes

Gene Genotype-Specific Features Gene Genotype-Specific Features

TTN � Increased risk for peripartum cardiomyopathy
� Enriched in populations with myocarditis and

alcohol-induced cardiomyopathy
� Reproductive partners should have prenatal

genetic testing given severe risks associated
with homozygous inheritance in offspring

PRKAG2 � Ventricular pre-excitation and supraventricular
arrhythmias

� Frequently causes chronotropic incompetence and
advanced heart block necessitating pacemaker
implantation46

LMNAa � Near 100% penetrance
� High burden of progressive malignant brady-

arrhythmias and tachyarrhythmias in addition
to heart failure

� High risk of SCD independent of EF
� Lower threshold for ICD
� Restrictions on physical activity
� Association with neuromuscular disease
� Clinical trial ongoing for disease-modifying

therapy
� Reproductive partners should have prenatal

genetic testing given severe risks associated
with homozygous inheritance in offspring

LAMP2a � Danon disease
� X-linked inheritance; affects males > females
� Pre-excitation
� Skeletal weakness and intellectual disability
� Clinical trial ongoing using gene therapy47

GLAa � Fabry disease
� X-linked inheritance; affects males > females
� Multisystem manifestations including kidney disease,

stroke, and acroparesthesia
� Disease-modifying treatment (enzyme replacement and

substrate reduction therapies) confer favorable
biochemical response and stabilization or reduction of
ventricular hypertrophy48

SCN5Aa � Multiple phenotypes (Brugada, LQTS, DCM)
� Variants leading to new gating pore cause

arrhythmogenic DCM responsive to sodium-
channel blockade

GAAa � Pompe disease
� Multisystem involvement, especially progressive skel-

etal muscle weakness
� Enzyme replacement therapy is available and improves

cardiac function

DSP, PKP2, DSC2, DSG, JUP � Arrhythmogenic phenotypes
� High risk of SCD independent of EF
� Restrictions on physical activity

TTRa � Hereditary transthyretin amyloidosis
� Multisystem manifestations including peripheral and

autonomic neuropathy
� Disease-modifying treatment available

FLNC � High risk of SCD independent of EF
� Lower threshold for ICD
� Reproductive partners should have prenatal

genetic testing given severe risks associated
with homozygous inheritance in offspring

DMDa

DES
� Neuromuscular involvement
� Reproductive partners should have prenatal

genetic testing given severe risks associated
with homozygous inheritance in offspring

� Clinical trial ongoing using gene therapy for
boys with DMD

aGenotype-specific drug therapy either available or under investigation.

ACM ¼ arrhythmogenic cardiomyopathy; DCM ¼ dilated cardiomyopathy; EF ¼ ejection fraction; HCM ¼ hypertrophic cardiomyopathy; ICD ¼ implantable cardioverter-defibrillator; LQTS ¼ long QT
syndrome; SCD ¼ sudden cardiac death.
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and Emery-Dreifuss muscular dystrophies;25 there-
fore, carriers should be referred to a neuromuscular
specialist for evaluation including measurement of
creatine kinase level. Until recently, no specific drug
therapy has been available for LMNA-associated
disease. However, the Long-Term Efficacy and
Safety of ARRY-371797 (PF-07265803) in Patients
with Lamin A/C-Related Dilated Cardiomyopathy
trial is studying a small molecule inhibitor of the
p38a MAPK (mitogen-activated protein kinase)
pathway in patients with LMNA-associated DCM,26

because this pathway has been found to be hyper-
activated in rodent models.

SCN5A. SCN5A-related DCM is another example in
which genotype may dictate clinical management.
SCN5A encodes the a subunit of the cardiac sodium
channel, Nav1.5, and is associated with pleiotropic
phenotypes including Brugada syndrome, long QT
syndrome type 3, familial conduction disease, and
familial atrial fibrillation,27 and with some variants
such as cardiomyopathy. A specific phenotype of
DCM with frequent multifocal premature ventricular
contractions occurs when certain amino acid sub-
stitutions result in a new gating pore. In one of the
more successful applications of precision medicine
for cardiomyopathies, 87% of such cases resolve
when treated with sodium-channel blockade.28 This
customized treatment strategy stands in contrast to
that for Brugada-associated SCN5A variants, for
which sodium-channel blockers (other than quini-
dine) can unmask an arrhythmic phenotype and
are contraindicated.29

DESMOSOME GENES. Among individuals with geneti-
cally mediated DCM, 10% are due to damaging
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variants in genes encoding elements of the car-
diomyocyte desmosome (desmoplakin [DSP],
plakophilin-2 [PKP2], desmocollin-2 [DSC2],
desmoglein-2 [DSG2], plakoglobin [JUP]).20 These
genes are traditionally associated with arrhythmo-
genic right ventricular cardiomyopathy but are
increasingly recognized to cause left-dominant or
biventricular cardiomyopathy as well.30 Compared
with other DCM genotypes, desmosomal genes are
associated with higher incidence of malignant ven-
tricular arrhythmia, but less left ventricular reverse
remodeling.20 Individuals harboring causative vari-
ants in desmosomal genes and LMNA have the
highest rates of sudden cardiac death and ventricular
tachyarrhythmias, independent of left ventricular
ejection fraction.31 Truncating variants in the filamin
C gene (FLNC) confer a phenotype that overlaps with
that caused by desmosomal and LMNA variants, with
high rates of ventricular arrhythmia and frequent
premature sudden death, and should be considered
for implantable defibrillators, even if systolic
dysfunction is only moderate.32 Pathogenic variants
in phospholamban (PLN) and the cardiomyocyte-
specific RNA splicing factor RBM20 are also impor-
tant causes of both ACM and DCM.33,34 Because of
the role that endurance or frequent exercise plays in
potentiating ventricular arrhythmias, heart failure,
and worsening cardiomyopathy among desmosomal
variant carriers, exercise restriction is advised.35

GENETIC EVALUATION IN PRACTICE: HCM

As with DCM, genetic HCM is characterized by both
gene and allele heterogeneity. Damaging variants in
genes related to sarcomeric structure and function
(primarily myosin-binding protein C [MYBPC3], beta-
myosin heavy chain [MYH7], troponin T2 [TNNT2],
troponin I3 [TNNI3], alpha-actinin 2 [ACTN2], myosin
light chain 3 [MYL3], tropomyosin alpha-1 chain
[TPM1]) are found in 40% to 50% of patients with
HCM who undergo genetic testing.36 Compared with
patients with HCM with negative or uncertain genetic
testing (ie, VUSs), sarcomere-positive genotypes are
associated with worse outcomes, including earlier
onset and greater burden of disease, with increased
risk for ventricular arrhythmia, heart failure, and
atrial fibrillation.12 Mortality in genotype-negative
patients may not be increased above that of the
general population, highlighting the prognostic value
of genetic testing in HCM.

Penetrance and expressivity are also variable in
HCM. Of genotype-positive/phenotype-negative rel-
atives who carry a familial sarcomeric variant, 50%
developed HCM over 15 years of follow-up.36
Furthermore, the natural history of genotype-
mediated disease may be different in unselected
populations. Of participants from the UK Biobank
carrying likely pathogenic or pathogenic sarcomeric
variants, penetrance of left ventricular hypertrophy
was only 18%, although genotype-positive status was
associated with increased risk of adverse cardiovas-
cular outcomes and an attenuated cardiomyopathic
phenotype, with increased wall thickness relative to
genotype-negative biobank participants.37 Incidental
discovery of such genotypes warrants ongoing clin-
ical screening.

One important role for genetic testing in HCM is to
differentiate sarcomeric disease from the so-called
phenocopies. These are syndromic and infiltrative
conditions including lysosomal and glycogen storage
diseases (ie, Danon, Fabry, or Pompe disease),
RASopathies (ie, Noonan, Costello, or car-
diofaciocutaneous syndromes), and amyloidosis that
manifest with cardiac changes mimicking classic sar-
comeric HCM. In 1 center, these “mimickers” were
detected in 1.45% of patients with HCM who under-
went genetic testing.38 Although rare, recognition of
these entities, often elucidated only through genetic
testing, is essential, as the natural history and man-
agement differs significantly from that of sarcomeric
HCM (Table 1). Amyloidosis is another increasingly
recognized HCM phenocopy. In 1 Italian series of pa-
tients with an initial diagnosis of HCM, 9% were
reclassified as having cardiac amyloidosis through
either genetic testing revealing a pathogenic trans-
thyretin gene (TTR) variant (3.2%) or clinical testing
uncovering wild-type transthyretin or light chain
disease.39 In the United States, this may be an even
more important under-recognized cause of HCM, as
4% of African Americans harbor the cardiomyopathic
TTR variant, Val142Ile (V142I).40 Transthyretin stabi-
lizers and silencers (antisense oligonucleotide or
small interfering RNA) are now approved for treat-
ment of cardiac amyloidosis and hereditary poly-
neuropathy respectively.41 Early treatment appears to
associate with the most favorable outcomes, sup-
porting the need for expanded use of genetic testing,
especially in African Americans with ungenotyped
HCM.

OTHER CARDIOMYOPATHIES

Genetic etiologies have been described for forms of
left ventricular noncompaction and restrictive car-
diomyopathy, but yield of genetic testing is lower in
these settings. Some forms of myopathic heart dis-
ease appear to be genetically mediated but are
unmasked by specific exposures including
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myocarditis,42 peripartum,43 and alcoholic44 cardio-
myopathies. Interestingly, the genes associated with
these conditions overlap with those for other cardio-
myopathies including DCM, HCM, and neuromuscular
diseases with cardiac involvement. Genetic testing
using a broad cardiomyopathy panel can be consid-
ered as part of the etiologic work-up for these en-
tities, especially given the potential implications for
risk in family members. A recommendation for ge-
netic testing patients with peripartum cardiomyopa-
thy was cited in the most recent practice guidelines.14

GENETIC TESTING FROM THE BEGINNING TO

THE END OF LIFE

Because uncovering a genetic etiology in cardio-
myopathies impacts prognosis, risk stratification in
relatives, and potentially precision medicine ap-
proaches to clinical management, genetic testing
should be performed in an affected individual
(including children) as soon as a cardiomyopathy is
evident. However, it is never “too late” for genetic
testing. Postmortem testing on tissues obtained at
autopsy from an individual with cardiomyopathy or
sudden death can reveal a previously unrecognized
genetic cause and inform risk in surviving relatives.
Genetic testing can also guide decision making at
the earliest stages of life. When a genetic cause of
cardiomyopathy in a family is known, preimplan-
tation genetic diagnosis with in vitro fertilization
may be desired: embryos are screened in vitro for
the known familial variant, and only those without
the variant are implanted, thereby averting trans-
mission of risk to offspring. Because homozygous
variants in some genes (TTN, LMNA, DMD, DES, and
FLNC) are associated with more profound and
sometimes lethal phenotypes, reproductive partners
of heterozygous carriers should undergo prenatal
genetic testing to screen for variants in the same
gene(s); couples at risk for homozygous trans-
mission warrant further genetic counseling. In
families in which a genetic cause of ACM, DCM, or
HCM is identified in a proband, testing for the
causative variant should be offered to children and
adult relatives of all ages.

STUDY LIMITATIONS. Importantly, the yield of
contemporary genetic testing is significantly lower in
certain populations due to historically lower rates of
testing. In 1 series, only 4% of DCM patients of African
descent compared with 27% of non-Hispanic Euro-
peans were found to harbor an actionable variant.
Additional research in diverse populations and more
equitable utilization of genetic testing in clinical
practice are needed to improve understanding of the
genetic architecture of cardiomyopathies and address
disparities in care.45

CONCLUSIONS

The genetic evaluation can yield actionable informa-
tion to clarify etiology of cardiomyopathies, poten-
tially alter clinical management, and guide risk
stratification of relatives. Genetic testing results are
probabilistic and require careful interpretation to
avoid overattribution of risk. Accurate genotype data
can inform prognostication and, in specific cases,
present avenues for disease-modifying treatments.
A clinical team that integrates genetics specialists in
this process optimizes patient understand and coor-
dination of care.
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