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HIGHLIGHTS

o Knowledge of the genetic etiologies of cardiomyopathies has created novel opportunities for treatments.

e Emerging treatments targets include gene therapy, myofilament function, protein quality control, and metabolism.

e Consideration of the genetic cause, biophysical context, and cardiomyopathy disease stage will be critical to the success of

these novel treatments.

SUMMARY

GENETIC ARCHITECTURE OF
FAMILIAL CARDIOMYOPATHIES

The 3 major subtypes of familial cardiomyopathies
are hypertrophic cardiomyopathy (HCM), dilated
cardiomyopathy (DCM), and arrhythmogenic cardio-
myopathy (ACM). Although these diagnoses have
historically been made on the basis of established
clinical criteria, insights into genotype-
phenotype correlations enable a clearer understand-

new

ing of molecular etiology that can now be harnessed
to target therapies more precisely.

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

The primary etiology of a diverse range of cardiomyopathies is now understood to be genetic, creating a new paradigm
for targeting treatments on the basis of the underlying molecular cause. This review provides a genetic and etiologic
context for the traditional clinical classifications of cardiomyopathy, including molecular subtypes that may exhibit dif-
ferential responses to existing or emerging treatments. The authors describe several emerging cardiomyopathy treat-
ments, including gene therapy, direct targeting of myofilament function, protein quality control, metabolism, and others.
The authors discuss advantages and disadvantages of these approaches and indicate areas of high potential for short- and
longer term efficacy. (J Am Coll Cardiol Basic Trans Science 2022;7:70-83) © 2022 The Authors. Published by Elsevier on
behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

The sarcomere is the primary genetic etiology for
HCM, with 40% to 50% of patients carrying patho-
genic variants in 1 of 8 sarcomere genes (1). Compared
with patients without an identifiable genetic etiology
(“genotype negative”), patients carrying pathogenic
sarcomere variants present at younger ages, demon-
strate greater hypertrophy, and have a higher risk for
adverse events (1-3). There is a small number of
nonsarcomere genes with established strong associ-
ations with HCM, including CSRP3, FHL1, PLN, FLNC,
and ALPK3, that are rare causes of HCM (4-6), with
some manifesting unique phenotypic features.
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About 20% to 35% of patients with DCM have
identifiable pathogenic variants (7). The genetic ar-
chitecture for DCM is very diverse, with variants in
genes encoding proteins across virtually every car-
diac myocyte compartment (eg, nuclear membrane,
sarcomere, Z-disc, desmosome, cytoskeleton) and
with highly varied functionality (eg, contraction,
structural integrity, ion channels, molecular chaper-
ones) (8). Thanks to large, multicenter collaborative
efforts, unique correlations among genotype, pheno-
type, and clinical outcomes are emerging, most
notably for LMNA (9), DSP (10,11), RBM20 (12), and
FLNC (13).

ACM can be left or right dominant, with the right-
dominant form being classically recognized as
arrhythmogenic right ventricular cardiomyopathy
(ARVC). Classic ARVC is caused primarily by variants
in the genes PKP2, JUP, DSG2, and DSC2, which
encode the proteins of the cardiac desmosome. DSP
variant carriers typically present with left-dominant
DCM but may also present with ARVC. There are a
small number of genes outside of the desmosome that
represent rare causes of ARVC, including TMEM43,
PLN, and DES (14). Most clinical cohorts have been
dominated by PKP2 variant carriers.

For all of the aforementioned cardiomyopathy
subtypes, the most common mode of inheritance is
autosomal dominant. For each genetic variant that
causes cardiomyopathy, classification as either a loss-
of-function mechanism (typically from truncating
variants) or gain-of-function mechanism (typically
from missense variants) is critically important when
considering genetics-based treatment approaches
(see “Somatic Gene Therapy”).

Taken together, an increasingly precise under-
standing of cardiomyopathy etiology now un-
derscores the importance of integrating genetic
diagnosis with clinical assessment. Moreover, these
observations highlight the importance of accounting
for genetic diagnosis in the design of contemporary
clinical trials. Additionally, it will be imperative to
consider the variable extent and rate of cardiac
remodeling, which is common to all forms of cardio-
myopathy. This variability is related in part to back-
ground genetic modifiers, as suggested by reports of
digenic contributors to cardiomyopathy and recent
genomewide association studies (1,15-18) and pre-
sents a major challenge to determining the optimal
timing of novel therapies.

CURRENT THERAPIES

There are several inhibitors of neurohormonal and
adrenergic pathways with well-proven efficacy to
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reduce morbidity and mortality in patients
with DCM associated with reduced systolic
function (19). Recent trials of inhibitors of
sodium-glucose cotransporter-2 have unex-
pectedly shown additive benefit in patients,
independent of the presence of diabetes
(20-22). None of these trials have included
genetic information, and therefore it is un-
clear whether specific genetic subtypes of
familial DCM derive differential benefit. For
HCM and ACM, there is no currently proven
disease-modifying benefit of any of these
classes of drugs, and medical treatment of
these conditions is limited to medications
and procedures that provide symptomatic
relief.

EMERGING THERAPIES

Broadly speaking, new therapies under
consideration to treat genetic cardiomyopa-
thies fall into 2 categories: U.S. Food and
Drug Administration (FDA)-approved drugs
that are “repurposed” for new indications
and completely novel classes of drugs or
nonpharmacologic approaches. An example
of the former is a trial of the angiotensin re-

ceptor blocker valsartan in early-stage HCM,

ABBREVIATIONS
AND ACRONYMS

AAV = adeno-associated virus

ACM = arrhythmogenic
cardiomyopathy

ARVC = arrhythmogenic right
ventricular cardiomyopathy

ATPase = adenosine
triphosphatase

DCM = dilated cardiomyopathy

DMD = Duchenne muscular
dystrophy

DNA = DNA
DSP = desmoplakin

FDA = U.S. Food and Drug
Administration

GRT = gene replacement
therapy

GST = gene silencing therapy

HCM = hypertrophic
cardiomyopathy

HR = homologous
recombination

LNP = lipid nanoparticle

LVOT = left ventricular
outflow tract

RNA = RNA

TTR = transthyretin

the results of which are currently pending (23). This
review will focus primarily on the latter category:
novel pharmacologic and nonpharmacologic ap-
proaches to more precisely target specific genetic
cardiomyopathies. We have organized the review by
categorizing different approaches on the basis of their
mechanisms of action and the stage of disease evo-
lution each would be targeting (Central Illustration).

TIMING OF EMERGING THERAPIES

As the heart is a contracting organ, the persistent
biomechanical work load, in the presence of sensi-
tizing genetic variants, leads to progressive cardiac
remodeling during aging. Importantly, the rate of
progressive remodeling is highly variable across in-
dividuals. This phenotypic variability, driven by both
genetic background and other clinical factors, is
common to all forms of cardiomyopathy and presents
a major challenge in identifying the optimal timing
for potential treatment interventions (17,18). Sup-
porting the value of careful disease staging, Ho et al
(1) showed that patients with HCM with a young age
of diagnosis had a much higher rate of adverse events
than those presenting late in life, even when strati-
fied by genetic subtype. Therefore, design and
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targeting of novel agents requires careful attention to
timing to maximize the likelihood of success of clin-
ical trials. Accurate disease staging is also important
when considering the treatment target. Treatments
such as gene therapy or myofilament modulators
target the effects of pathogenic variants directly.
These strategies may be most effective at earlier dis-
ease stages. Following extensive remodeling, these
same treatments could potentially be harmful
depending on the level of maladaptive remodeling
that has occurred. For example, in HCM that has
progressed to left ventricular systolic dysfunction,
treatment with a medication to reduce myofilament
activation may be detrimental by further lowering
systolic function, though this has not yet been
studied.

SOMATIC GENE THERAPY

Gene therapies are appealing to treat a broad range of
human disease because they target the direct molec-
ular cause. Cardiac gene therapy could, in theory, be
applied before a cardiomyopathy has even developed.
All gene therapies require the delivery of nucleotide
sequences directly to the target cells. Efficient and
safe delivery has been the major hurdle. Gene therapy
has been accomplished largely using viral vectors that
have been coopted to deliver DNA (DNA) to target
cells or by using techniques such as lipid nano-
particles (LNPs) to gain entry of RNA (RNA) into target
cells. Early gene therapy attempts using viral vectors
in the 1990s were largely unsuccessful because of
limitations in efficacy and safety (24). Two classes of
modern vectors have moved successfully past these
limitations. Retroviral vectors (eg, lentivirus) have
proved effective for immunodeficiency and hemato-
poietic disorders but permanently integrate into the
genome and therefore pose a safety risk for cardiac
gene therapy. In contrast, adeno-associated virus
(AAV) is inherently replication deficient and non-
integrating. Modern AAV vectors have been devel-
oped to attain relatively high transduction levels with
minimal toxicity (25). AAV has rapidly emerged as the
dominant vector for somatic cell gene therapy with
impressive responses in clinical trials for inherited
retinal dystrophy and spinal muscular atrophy that
have led to FDA-approved treatments (26,27). With
some serotypes of AAV having natural tropism for the
heart (eg, AAV9), AAV-based gene therapies are
currently being evaluated for a range of cardiac
diseases.

The most direct type of gene therapy is gene
replacement therapy (GRT), in which a wild-type
gene is expressed by a promoter within a viral
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vector to replace gene function in the setting of a loss-
of-function variant (Figure 1). Loss-of-function vari-
ants are most often nonsense, splice, or frameshift
that cause a shift in reading frame and premature
termination codon (commonly referred to as “trun-
cating” variants, even though actual truncated pro-
tein is rarely present, because of nonsense-mediated
RNA decay of the mutant transcript). Loss of function
is common in a number of cardiomyopathy genes,
including MYBPC3, TTN, LMNA, DSP, PKP2, BAG3,
and FLNC. The first AAV-based GRT clinical trial for
cardiomyopathy is currently under way for Danon
disease, caused by truncating variants in LAMP2.

Expressing a wild-type gene may also be effective
in the context of certain missense variants. For
example, exogenous expression of a sarcomere pro-
tein can result in stoichiometric replacement of
endogenous protein without overexpression (28).
Therefore it is conceivable that GRT with a wild-type
gene could outcompete a missense mutant sarcomere
protein to drive its abundance below a certain
threshold at which it would no longer significantly
affect sarcomeric function. The same concept might
be true of other cardiomyopathy-associated genes but
has not been reported to date.

AAV-based GRT faces several hurdles: 1) the
maximum gene size that can fit within the AAV vector
is 4.7 kb, preventing application to larger genes; 2)
because AAV is nonintegrating, the efficacy likely
wanes after several years (the duration in humans is
not yet known); 3) current AAV vectors require rela-
tively high titers to attain sufficiently high cardiac
transduction; 4) neutralizing antibodies are present
in some individuals because of prior exposure to
natural AAV and limit efficacy; and 5) future redosing
of the AAV may be less effective because of induction
of neutralizing antibodies elicited from the first dose.
Technologies to circumvent the gene size require-
ment are being pursued, including trans-splicing ap-
proaches that use dual AAV vectors to express partial
genes that splice together prior to translation in
transduced cells (29). For some large genes, a shorter
version of the gene is capable of partial rescue,
reducing the required vector capacity. For example,
in Duchenne muscular dystrophy (DMD), the expres-
sion of “mini” or “micro” DMD genes has shown ef-
ficacy in animal models (30,31) and is currently being
tested in clinical trials (32). Recently, a trans-splicing
approach was used for a 7-kb mini-DMD gene to
effectively treat a canine model of DMD, demon-
strating the potential for combined strategies to
overcome packaging limits of AAV (33). Improve-
ments in cardiac-specific targeting and transduction
efficiency are expected through engineering of
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CENTRAL ILLUSTRATION Existing and Emerging Therapies for Genetic Cardiomyopathies
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Helms, A.S. et al. J Am Coll Cardiol Basic Trans Science. 2022;7(1):70-83.

Existing therapies are limited largely to treatment of symptomatic patients with established disease and adverse ventricular remodeling. Emerging
therapies would target early effects of genetic and environmental triggers, ideally before disease is fully manifest. These include genetic therapies and
modulators of primary and secondary disease pathways. Figure created with biorender.com. ACM = arrhythmogenic cardiomyopathy; DCM = dilated
cardiomyopathy; HCM = hypertrophic cardiomyopathy.
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FIGURE 1 Gene Therapy
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With the gene replacement strategy, a wild-type gene is expressed by a promoter within a viral vector to replace gene function in the setting of a loss-of-function
variant. Gene silencing is typically used to reduce expression of a mutant gene (referred to as allele-specific silencing) and applies primarily to missense variants (ie,
single-nucleotide substitutions) that alter protein function. For direct genome editing, using CRISPR-Cas9, a targeted DNA cleavage can be directed to a precise location
in the genome determined by the unique sequence of a guide RNA (RNA). Figure created with biorender.com. AAV = adeno-associated virus; mMRNA = messenger RNA.

synthetic AAV capsids. Presumed waning efficacy will
potentially be addressed by developing strategies to
prevent neutralizing antibodies from developing that
will enable more effective redosing and/or engineer-
ing of the AAV capsid (34-36).

Gene silencing therapy (GST) is used to reduce the
expression of a mutant gene (referred to as allele-
specific silencing) and applies primarily to missense
variants (ie, single-nucleotide substitutions) that
alter protein function. The primary approach for GST
has been interfering RNA delivered by LNPs or AAV,
and proof-of-concept studies have shown efficacy for
cardiomyopathy-causing variants in MYH6 and MYL2
in mice (37,38). The major hurdle for GST is that
separate interfering RNA-targeting constructs typi-
cally need to be developed for each individual
variant. This hurdle is practically insurmountable
with current technological throughput and also faces
major obstacles from a clinical trial design perspec-
tive. Additionally, for many genes, the biologic
tolerance for silencing of 1 allele (creating iatrogenic
haploinsufficiency) over a human lifetime is not clear,

and mouse models are inadequate to fully evaluate
the potential long-term consequences of allele
silencing because of their short life span. To avoid
these potential long-term consequences, another
approach is to combine silencing of the endogenous
gene expression with GRT (as described previously);
this strategy was recently shown to be feasible using
lentiviral vectors to rescue KCNQi-mediated long-QT
syndrome in vitro, but it has not yet been demon-
strated in vivo, for which AAV-mediated gene de-
livery would be required (39). So far, there has been 1
promising application for GST in cardiomyopathy that
has reached clinical translation: transthyretin (TTR)
amyloidosis. As the function of TTR appears to be
largely dispensable, silencing constructs have been
developed to degrade all TTR transcripts. Clinical
trials for GST in TTR amyloidosis have recently shown
efficacy, leading to the first approval for patisiran
(silencing RNA therapy) for polyneuropathy using
LNPs for delivery (40,41). A clinical trial of patisiran
for TTR cardiomyopathy (APOLLO-B) is ongoing.
LNP-based delivery of small interfering RNA into the
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heart has not yet been achieved, but this is an active
area of study.

Direct genome editing is now conceivable because
of the development of CRISPR-Cas9 technology (42).
With CRISPR-Cas9, a targeted DNA cleavage can be
directed to a precise location in the genome, deter-
mined by the unique sequence of a guide RNA. The
technical feasibility of direct variant correction was
recently shown using CRISPR-Cas9 genome editing in
human embryos with a variant in MYBPC3 (43).
However, as preimplantation genetic screening of
embryos through an in vitro fertilization approach
has been available for many years, there is no prac-
tical utility for direct embryonic genome editing for
inherited cardiomyopathies. We will therefore focus
in this section on the potential application of somatic
genome editing.

Targeting with CRISPR-Cas9 alone results in error-
prone repair called nonhomologous end joining,
which invariably results in insertion or deletion var-
iants at the targeted site, 2 thirds of which will shift
the reading frame, resulting in premature truncation.
To edit a specific nucleotide, homologous recombi-
nation (HR) can be achieved using a repair DNA
template. Cas9 genes, guide RNA sequences, and HR
templates can all, in theory, be delivered to the heart
via AAV. The major obstacle to somatic CRISPR-Cas9
genome editing with current technology is that the
rate of HR is very low, particularly in cardiomyocytes.
Technologies to circumvent these limitations are an
area of active investigation, including direct CRISPR-
Cas9 base editing (44,45). If successful, this technol-
ogy would have the potential for a complete cure,
requiring only a single treatment. One important
exception to the requirement for HR during CRISPR-
Cas9 editing is the case of DMD. As large portions of
the interior sequence of DMD are not required for
muscle function, nonhomologous end joining can be
targeted to create insertion/deletion variants that
restore the reading frame without requiring HR. This
strategy has been effective in rodent and dog models
of DMD, and a clinical trial is in progress (46-48).
Patients are candidates for this approach only if the
their DMD variants are in specific exons for which the
strategy has been developed. Additionally, this
approach would not be translatable to most other
genes, as the case of unnecessary interior sequence in
the extremely large DMD gene is relatively unique
(TTN may be an exception), and eligibility of patients
with DMD depends on the specific locations of their
variants.

ADDITIONAL CONSIDERATIONS FOR CARDIAC
GENE THERAPY. Gene therapy holds enormous po-
tential for a complete or near cure for a host of
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different diseases. One recent and very promising
example is for sickle cell disease and p-thalassemia, in
which CRISPR-Cas9 gene editing of an erythroid
enhancer region resulted in re-expression of fetal
hemoglobin and a dramatic clinical response with
elimination of vaso-occlusive episodes and need for
transfusion (49). These diseases of the blood cell lin-
eages are at the forefront, as gene editing of bone
marrow-derived cells is more accessible and can be
done ex vivo. In contrast, cardiac gene editing re-
quires further technical development for effective
delivery. Current applications rely on AAV9 vectors,
which have inherent limitations related to packaging,
need for high titers, immunogenicity, and possible
off-target effects with unwanted delivery to other
organs (eg, the liver). Nonviral vector delivery sys-
tems, including LNPs, are being actively pursued as
vehicles for delivery of not only small interfering
RNA, but also messenger RNA and DNA, to their target
organs (50). LNP delivery of CRISPR-Cas9 reagents for
base editing of PCSK9 in the liver was recently shown
to be highly efficient, resulting in durable lowering of
low-density lipoprotein cholesterol in nonhuman
primates (45). Although specific targeting of LNPs to
the heart has not yet been achieved, it is certainly a
possible vehicle for future applications of cardiac gene
therapy and could circumvent the obligate use of viral
vectors for delivery of genetic material for gene edit-
ing or silencing. Regardless of the vehicle or method
of delivery, the cost of genetic therapies will un-
doubtedly be a factor as well in their widespread
clinical applicability.

Although still in the early days of cardiac gene
therapy, and with lingering uncertainties about long-
term safety and durability of response, patient
selection for upcoming gene therapy trials will be
critical. As it stands today, the optimal candidates for
early-stage gene therapy trials are young patients
with particularly severe and lethal cardiomyopathies
for whom treatment options are limited or completely
ineffective. Danon disease is a good example because
of its rapid progression to heart failure and need for
transplantation in pediatric and young adult male
patients. Another example would be patients with
biallelic variants in genes that cause complete loss of
function, such as MYBPC3. The number of these pa-
tients worldwide is very small, but they have a severe
neonatal DCM with very high morbidity and mortal-
ity, with no effective therapies other than cardiac
transplantation (51). Patients who are carefully
selected for high-risk criteria for progression to
advanced heart failure, or those with already
advanced disease who have no existing treatment
options, are other potential target groups, although
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the latter group is less likely to demonstrate a treat-
ment response.

MODULATORS OF PRIMARY DISEASE PATHWAYS

In this section, we consider a primary disease
pathway as a direct consequence of a genetic variant
on the protein that it encodes. These effects would
include biophysical changes, altered protein-protein
interactions, or protein aggregation as a few specific
examples (Central Illustration). We will discuss
several well-established primary disease pathways
for genetic cardiomyopathies for which pharmaco-
logic approaches are emerging as novel therapies.

DIRECT CONTRACTILE MODULATION. Hyper-
contractility in HCM and hypocontractility in DCM
have been conceptualized as pathophysiologic hall-
marks of disease, though this classification is likely
oversimplified, and the specific mechanisms that
lead to biophysical alterations may depend on the
particular causative genetic variant (52,53). Inotropic
therapy to improve contractility has long been
explored as a potential therapy for systolic heart
failure. Adrenergic receptor agonists and phospho-
diesterase inhibitors are currently used in acute care
settings and for bridging or palliation in end-stage
disease (54). However, these agents cause arrhyth-
mias and increase mortality, limiting their scope of
clinical use (55,56). These adverse effects may be
due in part to the fact that these agents target
pathways upstream of the cardiac sarcomere,
altering cyclin adenosine monophosphate and
intracellular calcium handling. A high-throughput
screen using a kinetic readout of myosin adenosine
triphosphatase (ATPase) activity identified
CK1827452/AMG-423 (omecamtiv mecarbil, Cytoki-
netics) as a compound that increases myosin ATPase
activity (57) (Figure 2). Omecamtiv mecarbil was
shown to selectivity target cardiac myosin without
inducing changes in the calcium transient, and it
resulted in improved cardiac contractility in pre-
clinical heart failure models (57). Similarly, dan-
icamtiv (MYK-491, MyoKardia) is a cardiac myosin
modulator that enhances contractility and has
demonstrated improved systolic function in pre-
clinical models and in early clinical trials
(NCT03447990, NCT03062956) (58). These
pounds appear to work, at least in part, by activating
the thin filament (59). A double-blind, placebo-
controlled, randomized phase 3 trial of omecamtiv
mecarbil demonstrated an 8% relative risk reduction
in the primary composite outcome of heart failure

com-

events or death from cardiovascular causes (60).

However, secondary endpoints were not met;
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specifically, no reduction in death from cardiovas-
cular causes or improvements in total symptom
score were observed. Given this somewhat
modest result, it is unclear whether omecamtiv
mecarbil will be integrated into the growing arma-
mentarium of DCM treatments. A potential role
could be in patients whose blood pressure is too low
to enable significant up-titration of current goal-
directed therapy.

Conversely, a strategy to decrease the ATPase rate
of myosin has recently proved effective for the treat-
ment of HCM. Originally identified using a high-
throughput screen for molecules that decrease
maximal actin-activated ATPase rate of myosin,
MYK-461 (mavacamten, MyoKardia) is an allosteric
modulator that stabilizes an autoinhibited state (su-
per-relaxed state) of cardiac myosin (61-63). At the
time of mavacamten’s development, it was unclear
whether an increase in power output was a consistent
molecular consequence of pathogenic sarcomeric
variants that cause HCM. Thus, mavacamten was
developed in part as an experimental tool to test if
inhibiting excess sarcomere power output could
ameliorate disease phenotypes (61). Mavacamten was
subsequently shown to abrogate the hypertrophic
phenotype in several mouse models of HCM resulting
from different pathogenic MYH7 variants (61). A
double-blind, randomized, placebo-controlled phase 3
trial tested the efficacy of mavacamten in 251 patients
with HCM and symptomatic left ventricular outflow
tract (LVOT) obstruction (EXPLORER-HCM [Clinical
Study to Evaluate Mavacamten (MYK-461) in Adults
With Symptomatic Obstructive Hypertrophic Cardio-
myopathy]; NCT03470545). Compared with placebo,
mavacamten improved exercise capacity, LVOT
obstruction, New York Heart Association functional
class, and health status (64). Furthermore, mava-
camten treatment was associated with reductions in
left ventricular hypertrophy and left atrial volumes,
showing a favorable impact on cardiac remodeling
(65). Mavacamten is the first disease-specific treat-
ment for HCM and is currently awaiting FDA approval
to treat patients with symptomatic, obstructive HCM.
The utility of this therapy in nonobstructive HCM is
less clear. A double-blind, placebo-controlled phase 2
dose-ranging study of mavacamten in patients with
symptomatic nonobstructive HCM (MAVERICK-HCM
[A Phase 2 Study of Mavacamten in Adults With
Symptomatic Non-Obstructive Hypertrophic Cardio-
myopathyl; NCT03442764) (66) revealed that bio-
markers of cardiac wall stress (N-terminal pro-brain
natriuretic peptide and cardiac troponin I) were
significantly reduced by mavacamten, but the primary
endpoint combining peak oxygen consumption and
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FIGURE 2 Myosin Modulators
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Omecamtiv was developed to improve contractile force for treatment of dilated cardiomyopathy. The mechanisms of this drug are compli-
cated, but increased attachment time of myosin cross bridges to actin serves to activate the thin filament and increase contractility.
Conversely, mavacamten and similar compounds were developed to decrease contractile force for treatment of hypertrophic cardiomyopathy.
These compounds act by decreasing myosin ATPase activity, resulting in the formation of fewer myosin-actin cross bridges. Figure created

with biorender.com.

symptomatic alleviation was not different between
the placebo and active treatment groups (66). Whether
this therapy will offer symptomatic benefit in any
subgroup of patients with nonobstructive HCM will
require further investigation. Another allosteric
modulator of myosin, CK3773274/CK-274 (Cytoki-
netics), which binds myosin at a site distinct from
mavacamten, is also in development with a clinical
trial currently enrolling (67). There is potential for
these myosin modulators to favorably affect disease
progression over the long term (Central Illustration),
independent of symptoms or LVOT obstruction, as
destabilization of the super-relaxed state may be an
early driver of HCM pathogenicity (63,68,69). As this
mechanism has been best described for variants in
thick-filament genes, it remains to be seen whether
patients with HCM carrying variants in thin-filament
or nonsarcomere genes will derive the same benefit
from myosin modulators, as these patients are under-
or unrepresented in clinical trials at present.
Alternative mechanisms by which sarcomeric var-
iants exert their effects include work stroke me-
chanics (stiffness), calcium-based activation, and
altering the number of available myosin heads (70).
These distinct molecular mechanisms may be targets
for novel therapeutic strategies in the future. For

example, pathogenic variants in TNNT2 and TPM1
affect calcium-based thin-filament regulation (71,72),
which could be therapeutically targeted by increasing
or decreasing troponin affinity for calcium (calcium
sensitizers or desensitizers) for DCM or HCM,
respectively (73-75).

PROTEIN STABILIZERS (CHEMICAL CHAPERONES).
Cardiotoxic protein aggregation is implicated in a
subset of cardiomyopathies. For example, in both
wild-type and hereditary TTR cardiac amyloidosis,
conformational instability in the tetrameric TTR re-
sults in the formation of amyloid fibrils (76). Among
strategies to foster protein homeostasis are the use of
chemical chaperones that bind to their respective
protein target and restore normal function by pre-
venting aggregation, degradation, and/or aberrant
trafficking (77). Tafamidis, developed for the treat-
ment of TTR amyloidosis, was discovered using a
structurally based drug discovery approach to iden-
tify compounds that stabilize the TTR tetramer by
binding a thyroxine-binding site and inhibiting amy-
loid formation (tafamidis meglumine, Fx-1006A)
(78,79). Tafamidis was shown in a double-blind, pla-
cebo-controlled phase 3 clinical trial (ATTR-ACT
[Safety and Efficacy of Tafamidis in Patients With
Transthyretin Cardiomyopathy]; NCT01994889) to
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FIGURE 3 Cardiac TTR Amyloidosis Therapies
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Gene silencing therapy, using a silencing RNA packaged in lipid nanoparticle and delivered to the liver, has been shown to be effective at
treating the polyneuropathy associated with transthyretin (TTR) amyloidosis. Stabilization of the TTR tetramer with tafamidis is effective in
treating both polyneuropathy and cardiomyopathy. Monoclonal antibodies to extract TTR amyloid deposits from tissues are in clinical trials.

reduce all-cause mortality and cardiovascular-related
hospitalizations in patients with TTR amyloid car-
diomyopathy (80). The study population comprised
patients with wild-type TTR (76%) and those with
pathogenic variants in TTR (25%), and benefits
appeared to be generalizable across these groups.
Human monoclonal antibodies against the misfolded
forms of TTR are also in early development, with 2
phase 1 clinical trials ongoing (81) (Figure 3).

Protein aggregation is also thought to underlie, in
part, the pathogenesis of other cardiomyopathies,
including missense variants in FLNC (82,83). As spe-
cific proteins within these aggregates are identified,
development of chemical chaperones or antibodies
against misfolded fibrils may be become feasible and
a more generalizable strategy to treat a broader range
of cardiomyopathies (84).

PROTEIN QUALITY CONTROL MODULATORS.
Although many sarcomere genes are tolerant to a
loss-of-function variation in 1 allele, for others, the
remaining functional copy is inadequate to preserve
normal function (85,86). Disruption of sarcomere
stoichiometry through haploinsufficiency of one of
its proteins is a common pathogenic mechanism in
cardiomyopathies. For example, loss-of-function
pathogenic variants in MYBPC3
loinsufficiency as the most common cause of familial

lead to hap-

HCM (87-89). The most common genetic causes of
DCM are truncating variants in TTN, resulting in
haploinsufficiency that sensitizes the ventricle to
dilation and dysfunction (90). Truncating variants in
desmosomal genes that cause ACM perturb stoichi-
ometry at the intermediate filament to desmosome
linkage (DSP) or the desmosome itself (PKP2, DSG2,
DSC2) (10,91).

As an alternative to a gene replacement strategy,
one potential therapeutic approach to address

haploinsufficiency is to target protein quality control
networks: the cell’s natural mechanism for main-
taining protein hemostasis. The essential role protein
quality control networks play in maintaining sarco-
mere homeostasis has been highlighted by the iden-
tification of pathogenic variants in molecular
chaperones that lead to genetic cardiomyopathies
including small heat shock protein (CRYAB) and heat
shock protein 70 cochaperones BAG3 and DNAJC18
(92-96). Furthermore, recent genomewide association
studies in HCM and DCM identified single-nucleotide
variants near molecular cochaperones HSPB7 and
BAG3 with opposing effects (protective vs detri-
mental) in HCM and DCM (17,18). Thus, there is strong
genetic evidence implicating molecular chaperone
regulation in the pathogenicity of cardiomyopathy
and heart failure. A pharmacologic approach to target
these chaperones may be an attractive therapeutic
strategy. Specific Hsp70 chaperone-client in-
teractions have been successfully targeted in a vari-
ety of preclinical models of cancer and
neurodegenerative diseases to correct aberrations in
protein homeostasis (97). Recently, MyBP-C has been
identified as a client of HSP70 chaperones (98).
Induced pluripotent stem cell-derived
diomyocytes harboring MYBPC3 truncating variants

car-

demonstrate a compensatory response to maintain
normal levels of MyBP-C, possibly by modulation of
HSP70 chaperones to reduce the rate of protein
degradation (99). Thus, targeting the HSP70-ubiq-
uitin proteasome dependent pathway may be a viable
therapeutic target for HCM associated with variants in
MYBPC3. As other specific clients of HSP70 and its
cochaperones are identified, chaperone modulation
may be considered more broadly as a potential ther-
apeutic option for cardiomyopathies (Central
Illustration).
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MODULATORS OF SECONDARY
DISEASE PATHWAYS

In this section, we consider secondary disease path-
ways as downstream consequences of the primary
effects of a particular genetic variant. Some examples
of these include alterations in cardiac metabolism
and energy substrate utilization, calcium homeosta-
sis, fibrosis, and the influence of environmental
factors.

METABOLIC MODULATION. The cardiomyopathic
heart is energetically depleted, with lower rates of
fatty acid oxidation and increased glycolysis being
hallmarks of metabolic remodeling (100). These
metabolic changes precede the development of overt
structural remodeling, suggesting that they represent
an early event in the pathogenesis of heart failure.
Reliance on glucose likely results in a state of aden-
osine triphosphate depletion over time. This theory is
supported by the failure of metabolic modulators that
further inhibit fatty acid oxidation, perhexiline and
trimetazidine, to improve functional status in clinical
trials of patients with HCM (101). An intriguing hy-
pothesis is that enhanced metabolism of ketone
bodies in the heart (102) could be adaptive, by effec-
tively bypassing the defect in fatty acid oxidation
(103). One of the mechanisms by which sodium-
glucose cotransporter-2 inhibitors work is by
increasing circulating ketone levels, and preclinical
studies have suggested that this may be a primary
driver of cardioprotection (104). Further studies will
be needed to test whether therapeutic ketosis could
be a generalizable approach for treatment of different
forms of cardiomyopathy.

DOWNSTREAM SIGNALING PATHWAYS. A number
of other pathways are altered in the early phase of the
response to the molecular and biophysical effects of
pathogenic variants and may be targets for precision
therapy (70). One example is calcium signaling, which
can be perturbed directly by variants in calcium reg-
ulatory genes (eg, PLN) or indirectly across a range of
DCM and HCM phenotypes. A reduction in SERCA2a
abundance and uptake of calcium into the sarco-
plasmic reticulum has been observed in both DCM
and HCM (105,106), and activation of calcium/
calmodulin-dependent protein kinase type II is
observed in hearts from patients with sarcomeric
HCM. Gene replacement for SERCA2a demonstrated
efficacy for improving cardiac function in animal
studies of heart failure, but a clinical trial of AAV-
expressed SERCA2 failed to show significant clinical
benefit (107-109). Nevertheless, targeting of calcium
homeostasis through genetic or small-molecular
therapeutics is an avenue worth pursuing, given its
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potential for broad applicability to different cardio-
myopathy genotypes and phenotypes.

In desmosomal ACM, inhibition of Wnt/B-catenin
signaling and activation of the Hippo pathway have
been implicated in enhanced adipogenesis, but tar-
geting of this core molecular pathway has not thus far
translated to the clinic (110). Activation of inflamma-
tory signaling has also been linked to fibrotic remod-
eling in ACM (111). Transforming growth factor-f
signaling is noteworthy because it is among several
pathways broadly implicated in fibrosis in HCM and
DCM phenotypes and is blunted through angiotensin
receptor inhibition.

Antifibrotic treatments could potentially be bene-
ficial across a broad range of inherited cardiomyop-
athy subtypes. However, safely targeting fibrotic
signaling has been challenging because fibrosis is
vital for normal wound healing and repair responses
(112). A promising strategy was recently coopted from
cancer therapeutics: redirection of cytotoxic T cells to
recognize a chimeric antigen receptor that specif-
ically marks activated fibroblasts (via fibroblast acti-
vation protein) was able to specifically deplete
activated fibroblasts and prevent remodeling in a
mouse model of cardiac fibrosis induced by angio-
tensin II and phenylephrine infusion (113). To
what extent fibrosis may represent a necessary
salvage response to chronic injury sustained in the
presence of cardiomyopathic variants versus a mal-
adaptive response that can be interrupted remains an
unanswered question with high priority for future
work.

ENVIRONMENTAL FACTORS. Nongenetic factors can
play an important modifying or additive role in the
emergence and progression of genetic cardiomyopa-
thies. For example, about 15% of women who develop
peripartum cardiomyopathy have truncating variants
in genes associated with DCM, most commonly TTN
(114,115). As another example, diastolic hypertension
confers an increased risk for developing HCM in both
the presence and absence of a sarcomere gene variant
(17). Obesity and exercise also play key modulatory
roles in the level of physical functioning and clinical
outcomes (116,117). Looking ahead to novel geneti-
cally targeted therapies, it will be critical to continue
to incorporate lifestyle counseling and management
of comorbid conditions to achieve maximal thera-
peutic benefit.

CONCLUSIONS

Since the first discovery of genetic etiologies more
than 3 decades ago, we are now poised for a period of
rapid

translation to precision medicine-based
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treatments in genetic cardiomyopathies. Therapies
that are very proximal to the underlying genetic
cause, such as gene therapies and primary disease
pathway modulators, have the advantage of being
the most specific for a particular genetic etiology and
have the greatest potential for impact on disease
burden. Conversely, modulators of secondary disease
pathways will be less specific and may target only
one of many different consequences of the genetic
variants that cause adverse cardiac remodeling.
However, by targeting final common pathways, such
therapies may be more broadly applicable and
potentially closer to implementation with use of
repurposed drugs. Optimal deployment of these
treatments into clinical trials, and ultimately into
real-world practice, will require careful consideration
of patient selection, over a range from preclinical to
advanced disease stages. Needless to say, balancing
risks and benefits of different approaches will be of
paramount importance as novel therapies continue to
emerge. This is truly an exciting time of rapid dis-
covery and translation to the clinical arena, facili-
tated by increasing partnerships between academic
and industry entities and greatly enabled by patients

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 7, NO. 1, 2022
JANUARY 2022:70-83

eager to participate in early phase clinical trials,
selflessly motivated by the opportunity to advance
science and improve the lives of the next generation
of patients living with genetic cardiomyopathies.
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