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Genetic cardiomyopathies are disorders of the cardiac muscle, most often explained by pathogenic mutations in genes encoding sarcomere,
cytoskeleton, or ion channel proteins. Clinical phenotypes such as heart failure and arrhythmia are classically treated with generic
drugs, but aetiology-specific and targeted treatments are lacking. As a result, cardiomyopathies still present a major burden to society,
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and affect many young and older patients. The Translational Committee of the Heart Failure Association (HFA) and the Working Group
of Myocardial Function of the European Society of Cardiology (ESC) organized a workshop to discuss recent advances in molecular and
physiological studies of various forms of cardiomyopathies. The study of cardiomyopathies has intensified after several new study setups
became available, such as induced pluripotent stem cells, three-dimensional printing of cells, use of scaffolds and engineered heart tissue, with
convincing human validation studies. Furthermore, our knowledge on the consequences of mutated proteins has deepened, with relevance
for cellular homeostasis, protein quality control and toxicity, often specific to particular cardiomyopathies, with precise effects explaining
the aberrations. This has opened up new avenues to treat cardiomyopathies, using contemporary techniques from the molecular toolbox,
such as gene editing and repair using CRISPR-Cas9 techniques, antisense therapies, novel designer drugs, and RNA therapies. In this article,
we discuss the connection between biology and diverse clinical presentation, as well as promising new medications and therapeutic avenues,
which may be instrumental to come to precision medicine of genetic cardiomyopathies.

Keywords Cardiomyopathy e Dilated cardiomyopathy e Hypertrophic cardiomyopathy e Disease
mechanism e Pharmacology e Gene therapy e Molecular biology e Heart failure
Introduction immune-mediated processes and peripartum cardiomyopathy

Cardiomyopathies form a heterogeneous group of heart muscle
diseases and an important cause of heart failure (HF). Compre-
hensive understanding of the underlying mechanisms and natural
courses have led to recent therapeutic advances with far-reaching
impact on management and prognosis.’

Amongst the cardiomyopathies, hypertrophic and dilated car-
diomyopathy (HCM, DCM, respectively) are the most prevalent.
Recently, the epidemiology of genetic cardiomyopathies has exten-
sively been reviewed and summarized.?3

The prevalence of HCM is 2-5 per 1000 of the general
population.*~7 In 40%—50% of patients, HCM results from auto-
somal dominant sarcomere gene mutations, whereas other
aetiologies, including hereditary syndromes, neuromuscular
disorders and storage diseases, which are considered as phe-
nocopies of HCM, account for 5%-10% of patients.>®° Most
patients with HCM have an asymmetric septal hypertrophy, and
approximately 40%—70% have an obstructive HCM (at rest or
during exercise), and significant left ventricular (LV) intracavitary
reduction.’®"’ Non-obstructive HCM is present in 30%—60%
patients. Timely recognition and treatment of patients at risk for
sudden cardiac death or progressive HF is important. Recently,
the EXPLORER-HCM trial introduced mavacamten, a selective
allosteric inhibitor of cardiac myosin ATPase, which successfully
reduced outflow obstruction of HCM."?

Dilated cardiomyopathy primarily presents as HF with reduced
ejection fraction (HFrEF), and advanced HF in DCM is one of
the leading indications for heart transplantation. The prevalence
of DCM in Europe and North America has initially been under-
estimated, at numbers of 6—15/100000.*" However, we have
dramatically improved our use of sensitive imaging modalities
and there has been a revolution of next genome sequencing
with better yield of genetic testing. A more general observation
is that DCM is approximately twice as prevalent as HCM. So,
likely, the true prevalence is between 1:2500 at the minimum and
1:250 at the maximum.">> The pathophysiology of DCM includes
genetic causes, as well as direct myocardial damage caused by
infectious or toxic agents, endocrine and metabolic abnormalities,

(PPCM). Newer treatment options, on top of guideline-directed
medical therapy (GDMT), include bromocriptine in PPCM while
treatments targeted at the immune response and autoantibodies
are still under investigation.'®

The prevalence of restrictive cardiomyopathy (RCM) is
currently unknown, but it is the least frequent amongst
the cardiomyopathies.” The aetiology of RCM is heteroge-
neous, including idiopathic, hereditary and acquired cases of
non-infiltrative and infiltrative myocardial disorders, storage dis-
eases and endomyocardial disorders. HF occurs frequently (as

high as 83%) in those patients,'®

and the majority of patients
present with HF with preserved ejection fraction (HFpEF), while
HFrEF usually occurs at a later stage (e.g. in amyloidosis or iron
overload/haemochromatosis). Recently, new treatment insights
with novel aetiology-specific therapies were introduced, including
transthyretin stabilizers in cardiac amyloidosis'®?
replacement therapies (Anderson—Fabry?! and Pompe disease

In this review, we have focused on genetic HCM and DCM, and
specifically highlighted genetic mutations in which strong scientific
interest exist, with recent progress, resulting in potential targeted
therapeutic modalities, either in development or entering the
clinical arena. We clearly acknowledge that many more (rare)
forms of cardiomyopathies exist and are subject to intensive study,

with new treatments on the horizon. For some, e.g. myocardial

and enzyme
22)

amyloid disease, there is a very wide body of literature and

recent reviews have covered this topic extensively,?~2°

and given
space restraints, we refer to this work. For other (very rare)
diseases, such as RCM and arrhythmogenic right ventricular car-
diomyopathies, recent progress is limited.?=?° Causes of RCM
include genetic HCM, cardiac amyloidosis, chemotherapy or
chest exposure to radiotherapy, cardiac haemochromatosis, and
rarely cardiac sarcoidosis. The therapy as such will depend of the
underlying cause, considering tafamidis or RNA silencing therapy
in transthyretin amyloidosis and treating haemochromatosis and
sarcoidosis lege artis.2® Left ventricular non-compaction (LVNC),
a classified form of cardiomyopathy, is a genetic disease character-
ized by excessive and unusual trabeculations within the mature left
ventricle.

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 1 The multiple hit model of cardiomyopathy phenotype assumes that the phenotype is explained by the genetic mutation underpinning
the disorder, and an additional ‘second hit’ by an environmental or genetic factor. These ancillary (epi-)genetic or environmental factors may

accelerate or attenuate the phenotype.

Left ventricular non-compaction is quite commonly found in
families where other affected relatives have typical HCM or DCM.
Therefore, LVNC is seen as a phenotypic variation of genetic
variants otherwise related to the DCM/HCM phenotype. Shared
molecular mechanisms or treatment of LVNC will likely have an
overlap with HCM and DCM.

Although in many cardiomyopathies a pathogenic genetic vari-
ant is the main trigger, there is remarkable variance between
individuals, with differences in age-dependent penetrance, and
it is believed that ancillary (genetic, environmental) triggers are
needed to provoke a full-blown phenotype (second hit hypoth-
esis) (Figure 7). In the clinical work-up, an important interaction
between genetic and acquired causes needs to be considered.
Identification of an acquired cause of the cardiomyopathy does not
exclude an underlying pathogenic gene variant, whereas the latter
may require an additional acquired cause and/or disease modifier
to become manifested clinically.3°

While insights in the exact pathomechanisms of cardiomy-
opathies have increased, the treatment is still predominantly
following a one-size-fits-all regimen, with non-specific drugs such
as beta-blockers being widely employed. From a pathophysiolog-
ical point of view, it is remarkable that a large majority of the
patients do respond to generic drug regimen. However, many
patients do not adequately respond, and specific sub-forms are
not or marginally amenable to standard therapies, and would
benefit from targeted treatments. The Translational Committee
of the Heart Failure Association (HFA) of the European Soci-
ety of Cardiology (ESC) organized a workshop to discuss the
most recent insights and to foster a greater awareness of these
conditions, given the high potential of new targeted drugs on
the horizon.

Opportunities to intervene —
new insights from specific disease
features

Monogenic drivers of dilated
cardiomyopathy with specific
pathomechanisms

Phospholamban cardiomyopathy: a ‘cardiodegenerative
disease’ of protein aggregation

Phospholamban (PLN) is a protein in the sarcoplasmic reticu-
lum membrane that regulates the sarco—/endoplasmic reticulum
Ca?*-ATPase (SERCA) protein. PLN plays crucial roles in calcium
handling in health and disease.?"* A specific mutation in the PLN
gene, where the arginine in amino acid position 14 of the PLN
protein is deleted (p.Argl4del), results in a gain of function of
PLN with chronic suppression of SERCA activity. The consequent
cardiomyopathy is common in the Netherlands and the United
States, and gives rise to a severe form of cardiomyopathy with
high risk of developing arrhythmias and end-stage HF33* Of
individuals with the PLN p.Arg14del variant, between 20%—40%
will develop life-threatening ventricular arrhythmia or HF (of
whom approximately 15% dies) within 5years. The exact rate
will depend on the extent of family screening, with identification
of phenotype-negative mutation carriers. Patients with a PLN
mutation have a higher frequency of LV structural and functional
abnormalities compared to other genetic arrhythmogenic car-
diomyopathy patients.?® Decreased LV ejection fraction (LVEF),
the number of premature ventricular contractions and presence
of negative T waves on the electrocardiogram (ECG) are the

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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main predictors of malignant ventricular arrhythmias and death.3¢
So the reported rate of cardiac mortality will depend on the
functional/electric penetrance of the mutation along the extent
of family screening (asymptomatic vs. symptomatic; phenotype
negative vs. positive).

Phospholamban cardiomyopathy is characterized by common
features of severe HF, such as cell loss, fibrosis and impaired calcium
handling. However, besides these common pathways, patients with
PLN cardiomyopathy have typical PLN aggregates that localize with
the endoplasmic reticulum and nucleus.” A mouse model with
the murine variant of the p.Arg14del mutation almost completely
mimics the human cardiomyopathy.3® Studying these mice, PLN
aggregates may occur already in the disease process, before an
overt cardiac phenotype has ensued.3**° This ‘cardiodegenerative’
phenotype prompts further study, and may provide novel targets
for disease monitoring and therapy. Currently, a large number of
pre-clinical studies are conducted, with compounds that aim to
repair the genetic defect (e.g. antisense and gene therapy), but also
that target protein aggregation and integrity, as these appear so
crucial to PLN cardiomyopathy.*!42

Laminopathies - targeting the core of the
cardiomyocyte?

Mutations in the lamin A/C (LMNA) gene cause laminopathies, a
group of disorders characterized by phenotypically heterogeneous
manifestations. Laminopathies either specifically affect distinct tis-
sues (striated muscles, peripheral nerves, the adipose tissue), or
present as a systemic disease (progeria, or accelerated ageing)
involving several organs. Cardiac involvement is one of the most
prevalent and severe manifestations, with a rapidly progressing
DCM associated with conduction system disease, atrial fibrillation
(AF) and malignant ventricular tachyarrhythmias.** In DCM patients
with pathogenic LMNA variants, between 15%—40% will develop
life-threatening ventricular arrhythmias (approximately 15% dies)
or HF progression within 5 years. As for PLN, also non-sustained
ventricular tachycardia, and a decreased LVEF, along male sex and
non-missense mutations, are the main risk factors.*

Lamin A/C is a nuclear protein, and mutations cause struc-
tural abnormalities in the nuclear envelope, triggering different
molecular events underlying LMNA-relasted DCM.* The lat-
ter includes activation of the MAP kinases (Ras, ERK1/2,
p38 MAPK) and AKT/mTOR, chromatin disorganization and
increased platelet-derived growth factor receptor (PDGFR)
expression, all causing myocyte death and fibrosis.*> Current
clinical trials have focused on the inhibition of p38 MAPK,
Ras, mTOR and PDGFR, with an ongoing phase 3 trial involv-
ing a selective oral inhibitor of the p38 MAPK pathway in
symptomatic LMNA-DCM (ARRY-371797, also PF-07265803;
https://clinicaltrials.gov/ct2/show/NCT03439514).
Ras-inhibitor (lonafarnib) — Ras/MAPK being crucial in signal trans-

Recently, a

duction of cell growth and differentiation — has been approved to
reduce mortality in LMNA-related progeria (Hutchinson—Gilford
progeria syndrome and progeroid laminopathies).* Whether
this would also be of benefit in LMNA-DCM has not yet been
studied. Given the pleiotropic effects of mutations in the LMNA

gene, initiatives have been launched to bundle knowledge on new
therapies, and a substantial number of novel treatment modalities
has been described, although most trials and case series are
limited in patient numbers.#’ As an example of this it was shown
that LMNA mutation-associated endothelial dysfunction could be
improved by lovastatin treatment.®

Titin truncation-cardiomyopathy: do mechanisms guide
future clinical trials?

Titin (TTN) is one of the largest proteins encoded by the
human genome, and is essential for cardiomyocyte structure and
function.®® In 15%—25% of patients with DCM, heterozygous TTN-
truncating variants (TTNtv) underlie the disease,*~>2 and at least
half of these variants are localised in non-transcribed exons.*?
However, TTNtv are also present at a rate of 0.5%—3% in the
healthy population, where they pose a risk factor for adverse
cardiac remodelling.>* Thus, a TTNtv may be more pathogenic if
additional genetic or acquired/environmental factors contribute to
disease development.®® In fact, TTNtv are present in up to 15% of
patients with ‘acquired DCM, including pregnancy-,*2 alcohol-*¢
and chemotherapy-induced® cardiomyopathy (Figure 7). TTNtv
also predispose to early or familial AF*® and ventricular tachya-
rrhythmias.>>¢° TTNtv can as such be regarded as a common gene-
tic risk factor to develop HF and/or arrhythmias when combined
with additional acquired (or genetic) disease factors (Figure 2).

Importantly, cardiac function improves in up to 80% of TTNtv
cardiomyopathy patients upon optimal HF treatment, but the
other 20% still follows a more malignant clinical course, with
persistent cardiac dysfunction and life-threatening arrhythmias.®!
RNA sequencing (RNA-seq) on right septal biopsies gathered
during diagnostic work-up in DCM patients carrying a pathogenic
genetic variant (TTN, LMNA, RBM20 or MYH7) have revealed
clearly distinct transcriptome profiles in TTNtv and LMNA-DCM,
as shown by a principal component analysis. In addition, two
distinct subgroups are present within the TTNtv patients. The
transcriptomic profile of the malignant TTNtv group (lower LVEF,
increased cardiac fibrosis, more arrhythmias, a higher concentra-
tion of blood inflammation markers, and N-terminal pro-B-type
natriuretic peptide) clustered close to LMNA patients, with
similarities in their clinical phenotype.®?

Recent work has elucidated the key pathomechanisms of
TTNtv-DCM: protein studies in over 100 end-stage failing DCM
heart tissues, 22 of them with a TTNty, suggested that titin
haploinsufficiency is present in TTNtv hearts and causes loss of
sarcomeres (Figure 2).6*¢* Moreover, truncated titin proteins were
shown to be stably expressed in adult TTNtv patient heart tissue,
and their content was higher in more severe disease.®® Thus, a
dominant-negative ‘poison peptide’ effect is likely, with associated
deregulated protein quality control, notably proteasomal dysfunc-
tion and aggregate formation. Contractile deficiency was shown
to be present in human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs) with a heterozygous TTNtv engi-
neered into three-dimensional heart muscle.®*%* Repair of the
TTNtv by CRISPR/Cas9 gene editing in engineered heart muscle
fully rescued contractility.®®

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 2 Current paradigm of titin protein homeostasis, in particular for truncating variants (TTNtv). This involves haploinsufficiency,
truncated titin proteins, and impaired protein quality control.63> Usage of TTN exons in human heart and location of TTN truncations detected

in dilated cardiomyopathy (DCM) patient or control cohorts (hatch marks) shown according to Schafer et al.>* Modified from Linke.*’

The case for ‘phenomapping’

This heterogeneity in DCM phenotypes as a consequence of a mix
of genetic and acquired factors, makes it difficult to classify DCM
with great precision, and hence to guide clinical decision-making.
Therefore, Vendonschot and colleagues recently included 795
consecutive DCM patients from the Maastricht Cardiomyopa-
thy Registry who underwent in-depth phenotyping, comprising
extensive clinical data on aetiology and comorbidities, imaging,
genetics and endomyocardial biopsies for unsupervised machine
learning clustering.®® Four mutually exclusive and clinically distinct
phenogroups (PG) were identified based upon unsupervised hier-
archical clustering of principal components: [PG1] mild systolic
dysfunction, [PG2] auto-immune, [PG3] genetic and arrhyth-
mias, and [PGA4] severe systolic dysfunction. RNA-seq of cardiac
samples revealed a distinct underlying molecular profile per
PG: pro-inflammatory (PG2, auto-immune), pro-fibrotic (PG3;
arrhythmia-genetic) and metabolic (PG4, low ejection fraction)
gene expression. Identification of DCM phenogroups associated
with significant differences in clinical presentation, underlying
molecular profiles, and outcome, will help to pave the way for
individual treatment. In particular, genetic modifiers may be discov-
ered by large genome-wide association studies (GWAS), and these
have already generated several genetic loci associated with early
onset DCM.®%7 Stjll, studies to determine the additional genetics
(epigenetic and transcriptional) in different cells (single cell/nuclear
sequencing) along epidemiological data (acquired factors, family
members) are required to come to individualized therapy for
DCM patients.

Monogenic drivers
of hypertrophic cardiomyopathy
with specific pathomechanisms

Gene mutations encoding cardiac contractile proteins account for
30%—60% of the aetiology of HCM, characterized by LV hyper-
trophy, increased interstitial fibrosis and diastolic dysfunction.®
MYBPC3 and MYH7, encoding cardiac myosin-binding protein
C (cMyBP-C) and f-myosin heavy chain, are the most preva-
lently affected genes, containing approximately 30%—-40% of all
pathogenic or likely pathogenic HCM variants, respectively.®’
TNNT2, which encodes cardiac troponin T, is the main affected
thin filament gene. Most of the MYBPC3 mutations are truncating
(75%),7°-7% and their expression is regulated at the mRNA level
by non-sense-mediated decay (NMD),” leading to the absence
of mutant protein and cMyBP-C haploinsufficiency.”*~7¢ Individu-
als with bi-allelic MYBPC3 mutations develop a more severe form
of HCM.”? In the case of bi-allelic truncating mutations, the regula-
tion of the expression of non-sense mMRNAs by NMD is expected
to lead to complete deficiency of cMyBP-C in the sarcomere.
In patients, this results in a massive hypertrophy, severe systolic
and diastolic dysfunction, progressive HF and death within 1 year.
For these infants, there is no other therapy than heart transplant.
Pre-clinical data of MYBPC3 gene therapy in HCM mouse models,
mouse and human engineered heart tissues and hiPSC-CMs illus-
trate that MYBPC3 gene replacement therapy via adeno-associated
virus (AAV) vector transfer is appropriate to replace the deficient
protein in cardiomyocytes for severe forms of HCM (Figure 3).77-%2

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 3 From bedside to bench and back to the patients for severe forms of hypertrophic cardiomyopathy (HCM) with MYBPC3 truncating

mutations.

In past years, several mutation-mediated pathomechanisms
have been deciphered that drive HCM. The mutation-induced
changes relate to a disturbance of cellular homeostasis at three
different levels, protein, functional and structural, which may all
be target for therapies. Evidence for perturbed regulation of
protein homeostasis comes from studies in mouse and human.
Both the ubiquitin-proteasome system and autophagy-lysosomal
pathway are impaired in mouse models of HCM, and activa-
tion of autophagy partially restored the phenotype. 3 The
mutation-related changes in sarcomere function funnel to a distur-
bance of energy homeostasis. High calcium-sensitivity, perturbed
length-dependent activation, increased cross-bridge kinetics and
increased tension cost of myofilament contraction® may all
increase ATP utilization by sarcomeres. The ATPase activity of
the myosin heads represents the energy-consuming process at the
level of the sarcomeres. About 10 years ago, a new state of myosin
was described, which was termed the super-relaxed state (SRX), in
skeletal muscle and subsequently in cardiac muscle.®6%” This SRX
state has a very low metabolic rate, and it was suggested that the
SRX state could be a cardioprotective mechanism by decreasing
the metabolic load on the heart. Subsequent studies in mouse
and human showed a reduction of SRX in tissue with reduced
cMyBP-C,8-% indicating that truncating MYBPC3 mutations reduce
SRX and thereby result in an energetically unfavourable myosin
state. A shift from SRX to a disordered state (DRX) was recently
also described for MYH7 mutations.’’ Overall, mutation-induced
sarcomere changes have a negative impact on cellular energetics
and may be targeted by interventions aimed to correct the sar-
comere deficit, or by optimizing processes involved in metabolism
and mitochondrial function.”? Recent findings point to a marked
accumulation of the microtubule network,” an inverse correlation
between the levels of cMyBP-C and tubulin,’* and higher detyrosi-
nated tubulin level in HCM.?*% A disturbance of the microtubule

network, which has a central role in structure, function and
transport in cardiomyocytes, represents a third mechanism with
likely major impact on cardiomyocyte homeostasis in HCM.

The genes described above constitute some of the most preva-
lent and deeply characterized monogenic drivers of DCM and
HCM. Dozens of additional genes have been implicated in car-
diomyopathies in recent years, though these reports varied consid-
erably in their study design and strength of evidence (the findings
of candidate gene studies in particular often failed to replicate).
Comprehensive reappraisal of these associations has been per-
formed in recent years, through rare variant association studies®”%®
and curation of published evidence though the NIH-funded Clin-
Gen initiative.”®'% The validated gene-disease associations arising
from these efforts reveal different genetic architectures that better
reflect the distinctive phenotypes of the major cardiomyopathies,
and enable more focused and accurate genetic testing for cardiomy-
opathy patients (Figure 4).

The incomplete penetrance and variable expressivity associated
with pathogenic cardiomyopathy variants, and the high propor-
tion of cases that lack known pathogenic variants, suggest these
conditions have a more complex genetic aetiology than allowed
for by simple Mendelian inheritance. Two recent GWAS have
revealed a key role for common genetic variation in HCM,'01102
Estimates of heritability revealed a strong polygenic influence for
sarcomere-negative HCM (hzg = 0.34+0.02), and polygenic risk
scores explained a significant portion of the phenotypic variability
observed in cases with rare pathogenic variants. Intriguingly, these
studies also demonstrated strong genetic correlation between
HCM and DCM (as well as associated LV traits), but with opposite
directions of effect — risk alleles for HCM were protective for
DCM and vice versa. The shared genetic pathways for HCM and
DCM revealed by these GWAS may identify novel targets for
future therapeutic strategies.

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Opportunities to intervene —
a new toolbox

Human engineered heart tissues
and induced pluripotent stem cells:
improving our models

The study of inherited cardiomyopathies has been hampered by
the lack of relevant in vitro human cardiac cell or tissue models,
particularly those reflecting patient-specific abnormalities, by
limitations in determining the role of genetic changes in disease
pathogenesis, and by paucity of specific and effective therapies
(Figure 5). These challenges may be overcome through genera-
tion of patient-specific hiPSC-CMs.'® In the field of inherited
cardiomyopathies, patient- or disease-specific hiPSC-CM models
were established focusing on mutations in genes encoding car-
diac sarcomeric and cytoskeletal proteins, ion channels, nuclear
proteins, mitochondrial proteins and lysosomal proteins.'®*
Patient-derived hiPSC-CMs were able to recapitulate the different
disease phenotypes in the culture-dish, to provide mechanistic
insights into disease processes, and to screen for existing and
novel therapeutic measures. Combing the hiPSC-CM technol-
ogy with genome-editing approaches (CRISPR/Cas system, see
infra) provided further insights into the genetic causes of various
cardiomyopathies by creation of isogenic-control lines (mutation
correction in diseased hiPSCs or mutation creation in wild-type

hiPSCs)'%-1%7 and by evaluating the potential role of variants of
unknown significance and modifier genes.'%®

The hiPSC-based modelling studies, however, also identified
some limitations of this approach; namely the heterogeneous and
relatively immature nature of the generated hiPSC-CMs (consist-
ing of different early-stage cardiomyocyte subtypes), the use of
single-cells or non-complex tissue models, and limitations associ-
ated with existing phenotyping methodologies. Recent work in the
field has attempted to address the aforementioned limitations'®
(Figure 5). First, development-biology inspired differentiation sys-
tems were established to coax the differentiation of hiPSC into
purified populations of atrial, ventricular and conduction system
(sinoatrial node) cells.’’® Moreover, relevant non-myocyte cardiac
cells such as vascular, cardiac fibroblasts, epicardial and endocar-
dial precursor cells could also be generated, allowing to construct
more clinically relevant cardiac-like structures and asses the role of
non-myocyte/cardiomyocyte crosstalk in cardiac pathologies. Simi-
larly, ongoing efforts are focused on enhancing hiPSC-CM matura-
tion through the use of thyroid and glucocorticoid hormones,'"
the effects of extracellular-matrix and tissue-engineering strategies,
mechanical and electrical training, changes in the metabolic fuel to
free fatty acids, and other interventions.

Moving from the cellular level to three-dimensional engi-
neered heart tissues, by combining polymer-based scaffolds with
hiPSC-CMs, allowed to derive more clinically relevant mod-
els to study cardiomyopathies.’’? The next frontier in tissue
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Figure 5 Toolbox in the study of genetic cardiomyopathies: from models
to three-dimensional and engineered heart tissue. CM, cardiomyocyte; hiPS

engineering will focus on establishing multi-cellular cardiac-like
structures (for example through self-organization in case of cardiac
organoids''>'13) and on incorporating anatomical structural fea-
tures through the use of organ decellularization/recellularization
or three-dimensional bio-printing strategies''* (Figure 5). Finally,
innovative methodologies have been developed to characterize and
modulate the functional properties of the hiPSC-based cardiomy-
opathy models'>-""7 (Figure 5). These diverse methodologies,
focusing on characterizing the electrophysiological and mechanical

111 106,112,117 can be

properties at both the cellular''" and tissue levels,
tailored to derive detailed pathophysiological mechanistic insights
into various disease pathogenesis as well as scaled up for high

throughput pharmacological studies.

Specific therapies: genetic modification

The possibility of manipulating DNA through genome editing has
enabled many advances in cardiovascular medicine, especially in
terms of understanding genetic diseases but also of developing new
targeted therapies. These techniques could quickly create oppor-
tunities to cure genetic cardiomyopathies associated with muta-
tions in major determinants of the electrical or contractile prop-
erties of cardiomyocytes. The available techniques and the strate-
gies to target cardiovascular cells have been extensively reviewed
elsewhere.'8-12" Whereas the first genome editing experiments
have been conducted in the late 1970s, CRISPR/Cas9 has recently
emerged as the major technology used for therapeutic genome
engineering, including for cardiomyopathies.
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on single cell level, to inducible pluripotent stem (iPS) cell modelling,
C-CM, human induced pluripotent stem cell-derived cardiomyocyte.

Genome editing in large animals appears a highly desirable
model situation bridging basic proof of principle studies to clin-
ical application. In this regard, pathologies where a number of
mouse models have demonstrated applicability of a therapeu-
tic AAV-based CRISPR/Cas9 approach, stand out. A prominent
example is Duchenne muscular dystrophy (DMD), where dys-
trophin gene mutations lead to absence of the dystrophin pro-
tein. Here, gene editing may suit the purpose of exon skipping,
which results in a shortened, but functional protein. For example,
several groups have demonstrated in a mouse model of DMD
(mdx mouse) that excision of the mutated exon 23 suffices to
enable expression of a stable dystrophin gene.'??~'?5 Functional
assessment, though limited due to a mild phenotype of the mouse
model, suggested improvement of the skeletal and heart mus-
cles after local or systemic vector application. Extending this evi-
dence, Amoasii et al."”?® applied single-guide RNAs and Strepto-
coccus pyogenes Cas9 into DMD dogs (lacking exon 50), either
intramuscularly (i.m.) or intravenously (i.v.). They found that dys-
trophin was expressed at the injected sites (i.m.) and also in the
heart (i.v. approach). In a complementary transgenic pig model
lacking exon 52 of the dystrophin allele, a well-established Cas9
split version was used, where both halves were ligated to a pair
of inteins (an intein is a protein sequence embedded within a
precursor protein, and it can excise itself via protein splicing)'?’
which splice themselves out after recombination of the whole
Cas9 RNA. In this setting, two guide RNAs (gRNAs), capable of
excising exon 51 were evenly distributed on the same vectors.
In pilot i.m. experiments, the intein-split Cas9-gRNA approach
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was efficient in editing up to 78% of the muscle nuclei analysed
after regional application and up to 52% after systemic applica-
tion of the AAV-Cas9-gE51 vectors. Moreover, in the heart, DMD
expression was detected upon i.v. application 4 weeks postnatally.
Up to 7% of the genomes were edited, sufficing to avoid fibro-
sis of the left ventricle. High-resolution electrophysiological maps
of the left ventricles indicated that the extent of low-amplitude
areas, corresponding to fibrotic myocardial tissue, was decreased
after AAV9-Cas9-gE51 treatment. In accordance, treated DMD
animals lived up to one third longer than untreated DMD ani-
mals, which displayed the phenotype of sudden cardiac death.'?®
In complementary experiments of hiPSC-CMs lacking dystrophin
exon 52, additional excision of exon 51 allowed re-expression of
myocytic genes, such as MYHT1, TTN and cadherin 15 (CDH15).
Only thereafter, DMD myoblasts were able to differentiate to mult-
inucleated myocyte fibres, which were rarely found in untreated
iPSC-derived myoblast cultures under further differentiation pro-
tocols. Patient-derived DMD iPSC-CMs lacking exon 52 dis-
played an arrhythmogenic phenotype, which was normalized by
AAV6-Cas9-gE51 treatment. Further refinements of the approach
pending, AAV9-Cas9 combinations might become applicable to
DMD patients, offering exon excision to allow expression of a
shortened but stable and functional dystrophin protein.

CRISPR/Cas9 is also a versatile tool that can be modified by
deactivating the catalytic domains (forming a so-called dead Cas9 or
dCas9) and then fusing new functional models. Using dCas9, a new
approach called ‘base editing’, has recently been reported as allow-
ing direct replacement of a single base pair in a genome without
the need for DNA cleavage (i.e., C-G to T-A conversion or a A-T
to G-C transition).''%% The technique is still in its early develop-
ments but has recently been successfully applied in a murine model
of Hutchinson—Gilford progeria syndrome caused by a mutation
in the gene encoding nuclear lamin A."3' The base editing system
packaged into an AAV9 was administered via a single retro-orbital
injection, and resulted in a durable correction of the pathogenic
mutation (around 20%—60% across various organs 6 months after
injection), reduction in the progerin protein levels and improved
survival of animals. In vivo base editing thus represents another
future therapeutic option for genetic cardiomyopathies.

Novel modalities: drugs

Our increased understanding of genetics, epigenetics, proteomics,
metabolomics and protein modulations associated with different
morbidities have stimulated the development of innovative com-
pounds able to successfully interfere with previously ‘un-druggable’
targets. Especially genetics and the analysis of large-scale next gen-
eration sequencing combined with phenotypic analysis turned out
to be a very powerful tool in modern pharmaceutical research and
drug target identification processes.’*? This also led to a significant
increase of the ‘druggable’ genome from early estimates of about
10%—14% of the number of proteins in the proteome in 2002 by
Hopkins et al,,’>* with an addition of 2282 genes to about 4479
(22%) of the 20300 protein-coding genes which are now deemed
drugged or druggable.’* This number is likely to increase even fur-
ther due to the inclusion of even more novel modalities, particularly

the application of novel therapeutics based on nucleic acids. Nucleic
acid-based drugs, especially oligonucleotides, present unique
opportunities to interfere with protein metabolism at the genome
or gene level. Oligonucleotides can be categorized into four types:

(a) Single strand antisense oligonucleotides (ASOs) that cause
knockdown via RNase H, RNA blockade through binding,
splice switching or exon skipping.

(b) Double stranded small interfering RNAs (siRNAs) that feed
into the RNA interference pathway.

(c) Single stranded anti-miRs or microRNA precursors.

(d) mRNAs and CRISPR-based therapies.

In general, oligonucleotides prevent the production of
disease-related genes by modulation of gene expression. Success-
ful examples are the first ASO Vitravene (fomivirsen), approved
in 1998, the first aptamer Macugen (pegaptanib), approved in
2004, and the first siRNA Onpattro (patisiran), approved in 2018
(Table 7). New approaches also include the use of locked-nucleic
acid-based technologies to block pathological cardiovascular
microRNAs.'35136 MicroRNA inhibitors or precursors may target
altered gene expression patterns induced by a specific mutation or
may intervene with pathophysiological secondary consequences
of cardiomyopathies. Here, safety and efficiency of anti-miRs have
been documented in clinical studies."™~'3 Moreover, a worldwide
first study has shown safety and initial efficacy hints for miR-132
blockade in chronic HF patients in a phase 1b study.’> A recent
article reported on successful treatment of transthyretin amyloi-
dosis using CRISPR-Cas9 in vivo gene editing."*® And increased
knowledge on epigenetic information in the setting of HF allows
new diagnostic and therapeutic purposes in patients, as recently
discussed.™

So, we have significantly increased the druggable genome.
Despite this, we need to overcome additional hurdles such as
new challenges posed by cell, tissue and organ-specific targeting.
Additionally, it will be important to see to which extent financiers
are willing to fund such personal medicine approaches in the car-
diomyopathies in the future. Apart from that, cross functional and
integrative approaches are needed, as can be seen in the recent suc-
cesses of sodium—glucose co-transporter 2 inhibitors (gliflozins) in
different disease areas such as HF, diabetes and kidney disease.'*
However, the increased focus of ‘big pharma’ in targeting rare dis-
eases, the introduction of novel modalities combined with innova-
tive experimental strategies such as organs on a chip and iPSC biol-
ogy to exploit these opportunities, give rise to further optimism.

Development of a targeted therapy
for hypertrophic cardiomyopathy

Understanding the fundamental biophysical and biochemical
changes that result from pathogenic HCM variants prompted a
screen of small molecules to identify lead compounds that could
modulate myosin ATPase activity. One compound, MYK-461
was found that reduced ATPase activity and myofibril con-
tractility in a dose-dependent fashion.'® Subsequent analyses
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Table 1 All currently known nucleic acid-based therapeutics in clinical research

Disease

CMV retinitis

Familial homozygous
hypercholesterolemia

SMA

TTR amyloidosis

Duchenne

Duchenne
TTR amyloidosis

Acute intermittent
Porphyria, hereditary

Age-related macular
degeneration;

Clinical trial identifiers
(https://clinicaltrials.gov/ct2/home)

NCT00002187
NCT01475825

NCT04591678; NCT02462759
NCT04306510

NCTO01540409; NCT02286947;
NCT02420379; NCT03992430;
NCT03985878

NCT04708314; NCT02500381

NCT01617967; NCT03862807;
NCT03997383; NCT04201418;
NCT02510261; NCT01961921;
NCT02939820; NCT01961921;
NCT05023889

NCT03906214; NCT02082860 Several
more studies finished and ongoing

NCT00549055; NCT00320775 Several
more studies finished and ongoing

Drug Type Mechanism Application

Vitravene®  PS DNA RNase H1 Intraocular

Kynamro® PS 2’ MOE RNase H1 Subcutaneous

Spinraza® PS 2’ MOE Splicing Intrathecal

Tegsedi™ PS 2’ MOE RNase H1 (loss of Subcutaneous
TTR protein)

Exondys® Morpholino Splicing Subcutaneous

Vyondys 53 ASO Exon 53 skipping Intravenous

Onpattro® siRNA (in lipid nano Ago?2 (loss of TTR Intravenous

particles) protein)

Givlari RNAi Targeting ALAS-1 Subcutaneous

Macugen Polynucleotide Aptamer (degrades Intravitreal
VEGF)

Viltepso ASO Exon 53 skipping Intravenous

Defitelio Mixture of Anti-thrombotic, Intravenous

single-stranded
oligonucleotides

pro-fibrinolytic

choroidal

neovascularization

NCT02740972; NCT02310906;
NCT04337112

NCT00628498; NCT00358501

Duchenne

Severe hepatic
veno-occlusive disease

ASO, antisense oligonucleotide; CMV, cytomegalovirus; RNAi, RNA interference; siRNA, small interfering RNA; SMA, spinal muscular atrophy; TTR, transthyretin; VEGF

vascular endothelial growth factor.

demonstrated that MYK-461 normalized DRX and SRX ratios
in heart tissues and iPSC-CMs with pathogenic HCM vari-
ants, reduced hyper-contractility and normalized relaxation and
improved energetics.”®'* Moreover, young HCM mice treated
with MYK-461"% prevented clinical disease during treatment
duration. MYK-461 was developed as mavacamten, a first-in-kind
direct oral treatment for HCM. Pre-clinical and early clinical
trials in human patients demonstrated the safety and improved
ventricular compliance in treated HCM patients.’~1%7 A recent
phase lll, double-blind, randomized, placebo-controlled trial
(EXPLORER-HCM) of patients with obstructive HCM (gradient
>50 mmHg) showed that treatment with mavacamten for 30 weeks
improved exercise capacity, New York Heart Association class,
symptoms, and reduced outflow tract obstructive gradients with-
out significant changes in LVEF'? Preliminary analyses of cardiac
magnetic resonance imaging in a small subset of EXPLORER-HCM
participants showed notable improvements in cardiac morphol-
ogy, including significant reductions in LV mass and left atrial
volumes. Together these data indicate the considerable potential
for directly targeting the sarcomere to alleviate altered biophysical
abnormalities and adverse ventricular remodelling in HCM, and
raises the prospect that treatment will reduce the risk for AF and
progression to HF in HCM patients.

Considerable need for further mechanistic studies of HCM
remains. Experimental studies of mavacamten demonstrate rescue
of abnormal myofilament calcium sensitivity that occurs with
pathogenic variants in thin filament sarcomere proteins.’*® How-
ever, these salutary effects were accompanied by partial or some-
times worsening effects on contractility, through uncertain mech-
anisms. The signals and molecules that evoke distinct patterns of
hypertrophy — including strikingly asymmetric septal involvement
or apical remodelling — and how these influence mitral valve mor-
phology and function remain an enigma. Once again, human geno-
types may help to illuminate these processes. With the recent
identification of many polymorphic variants across the genome that
may influence disease expression, many new opportunities to fur-
ther explore disease pathogenesis that may advance additional new
therapeutics for HCM will arise.

In 2003, Crilley and colleagues showed that HCM caused by
sarcomere gene mutations is characterized by impaired energy
metabolism evident from a reduction in in vivo phosphocrea-
tine to ATP (PCr/ATP) ratio measured by magnetic resonance
spectroscopy.®® The PCr/ATP ratio is an indirect measure of
energy status, and correlates with severity of HF. Notably, the
reduction in PCr/ATP was observed in individuals without cardiac
hypertrophy, suggesting that impaired energetics is a primary

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.


https://clinicaltrials.gov/ct2/home

416

R.A. de Boer et al.

defect in the onset of HCM. Subsequent studies, which combined
measurements of oxygen consumption with acetate by positron
emission tomography and cardiac work by cardiac magnetic
resonance imaging, showed reduced myocardial efficiency in
both pre-clinical sarcomere mutation carriers and patients with
(obstructive) HCM.™%131 This reduction in cardiac efficiency was
present in individuals with mutations in thick filament genes MYH7
and MYBPC3'30151 and the thin filament gene TNNT2,'52 and at the
pre-clinical stage was explained by increased oxygen consumption.
Multiple cellular pathomechanisms may underlie increased oxygen
consumption and reduced cardiac efficiency, which already man-
ifests at the very early disease stage before cardiac remodelling.
Increased myofilament Ca2* sensitivity, increased kinetics and
ATPase activity, and disordered myosin have been proposed to
underlie impaired energy metabolism.®*1

Therapies targeting cellular mechanisms that underlie reduced
cardiac efficiency, or increase energetics via modulating metabolism
and mitochondrial function, may improve cardiac function and
147.153154 Clinical trials mostly focus
on patients with manifested symptomatic HCM, and reported

prevent cardiac remodelling.

benefit of therapies targeting myosin and/or metabolism. Future
studies are warranted in pre-clinical mutation carriers, using clearly
defined endpoints, to establish if treatments aimed to improve
cardiac energetics prevent and/or reverse cardiac dysfunction and
remodelling.'>

Future directions — on the horizon

Currently, more than 60 million people are suffering from HF
worldwide, and numbers are expected to increase in the future.
One third of them have non-ischaemic cardiomyopathies. In con-
trast to ischaemic and valvular heart disease, where new coronary
and valvular interventions have exploded and revolutionized its
treatment, we have no targeted therapies for DCM or HCM.
In order to get precision medicine, we need to distinguish the
different phenotypes. Especially, patients with genetic cardiomy-
opathies, including LMNA, RBM20, TTN subgroups or PLN, but
also DCM related to chemotherapy or pregnancy are poorly
responsive to classical HF therapies. And in HCM, it has become
clear that direct toxic effects of aberrant protein play a role
in the onset and progression of disease. Combining functional
and molecular phenotyping in human cardiac samples for target
discovery followed by experimental validation, along with machine
learning-guided ECG and imaging analyses, will allow not only
identification of novel therapeutic targets for precision medicine in
individual genetic or acquired cardiomyopathies, but also validate
and repurpose existing drugs.
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