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Chapter 1

Strength of patient cohorts and
biobanks for cardiomyopathy
research

R.A. de Boer, L.L.A.M. Nijenkamp, H.H.W. Silljé, T.R. Eijgenraam, R. Parbhudayal, B.
van Driel, R. Huurman, M. Michels, J. Pei, M. Harakalova, F.H.M. van Lint, M. Jansen,
A.F. Baas, F.W. Asselbergs, J.P. van Tintelen, B.J.J.M. Brundel, L.M. Dorsch, M.
Schuldt, D.W.D. Kuster, J. van der Velden (DOSIS consortium)

Adjusted based on the publication in the Neth Heart J 28, 50-56 (2020).



ABSTRACT

In 2011 the Netherlands Heart Foundation initiated consortium funding (CVON,
Cardiovasculair Onderzoek Nederland) to stimulate collaboration between clinical and basic
(preclinical) researchers on specific areas of research. One of those areas involves genetic
heart diseases, which are frequently caused by pathogenic variants in genes that encode
sarcomere proteins. In 2014, the DOSIS (Determinants of susceptibility in inherited
cardiomyopathy: towards novel therapeutic approaches) consortium was initiated, focusing
their research on secondary disease hits involved in the initiation and progression of
cardiomyopathies. This thesis describes several main findings of the work performed in the
DOSIS consortium. This chapter introduces the clinical genetic phenotypes and provides
an introduction to the work described in this thesis.



INTRODUCTION

Inherited cardiomyopathies, caused by pathogenic variants in genes encoding proteins
that regulate cardiomyocyte contractility, are a major cause of morbidity and mortality.
In 50-60% of familial hypertrophic cardiomyopathy (HCM) and 30-40% of dilated
cardiomyopathy (DCM), a pathogenic gene variant can be identified. The most common
genes that are affected in HCM are MYH7, MYBPC3 and TNNT2, which encode the
thick filament proteins myosin heavy chain, cardiac myosin-binding protein C (cMyBP-C),
and the thin filament protein troponin T. Tropomyosin (TPM1) variants are observed
in DCM, HCM and restrictive cardiomyopathy (RCM) patients (Chapter 2). In DCM
the titin (TTN) gene, which encodes the giant myofilament protein titin, is the most
frequently affected gene (~15-20% of all gene variants);! in particular gene variants
that lead to TTN truncation have been shown to be pathogenic.? In addition, in the
Netherlands, a founder mutation in the PLN gene, which encodes the calcium-handling
protein phospholamban, was identified in 2012 as a now well-known cause of DCM and
arrhythmogenic cardiomyopathy.3* Figure 1.1 depicts a cardiomyocyte to illustrate the
affected proteins involved in cardiomyopathies. Upon activation of a cardiomyocyte,
calcium enters the cell via the L-type calcium channel, which subsequently releases calcium
from the intracellular calcium store, the sarcoplasmic reticulum. Calcium binds to the
troponin complex, which induces a conformational change of troponin-tropomyosin, and
thereby releases binding sites for myosin heads on the thin actin filament. Binding of
myosin to actin (so-called cross-bridge) results in force development. The kinetics of
cross-bridge cycling is regulated by cMyBP C, and the giant protein titin, encoded by TTN
and linked with DCM, underlies passive stiffness of sarcomeres.®

In past years the number of genes in genetic diagnostic panels has increased with the hope
to identify a disease-causing variant in a larger group of patients and their family members.
However, recent studies conclude that the additional benefit of screening large numbers of
genes is disappointingly low and of marginal clinical utility”® Numerous new TTN gene
variants have been identified, mainly because of its large size. A study in three European
cardiogenic centres showed that missense and non-frameshifting insertions/deletions
variants are most likely benign, as reference populations showed comparable frequencies of
these rare TTN variants.® The current panels thus rather increase the number of variants
with unknown significance, which are likely benign, though they may have a modifier role
in disease. Cardiomyopathy patients with a suspected genetic aetiology should be referred
for genetic screening. For HCM this includes patients with asymmetric left ventricular
hypertrophy, not explained by abnormal loading conditions, with or without a clear family
history. For DCM this includes patients with non-ischemic DCM, not fully explained
by other aetiological factors. Young age of onset and familial occurrence are important
parameters that hint towards a genetic aetiology. However, late onset in seemingly sporadic
cases does not exclude a genetic origin due to the reduced penetrance and variable disease
expression. All HCM and DCM patients in whom genetic screening was performed can be
added to the biobanks, including their relatives (asymptomatic mutation carriers).
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Figure 1.1: Activation of a cardiomyocyte triggers calcium entry and release of calcium from
the sarcomplasmic reticulum (SR), which results in contraction of the cardiac myofibrils. To
relax the cardiomyocyte, calcium is pumped back into the SR, and out of the cell via the
sodium-calcium exchanger (NCX). Myofibrils consist of sarcomeres composed of the thin actin and
thick myosin filament, and the third filament titin. Sarcomeres consist of sub-regions (depicted by
the different bands), which underlie the striated pattern of cardiac muscle. Gene variants that cause
cardiomyopathies are frequently found in myosin heavy chain, troponin T, cardiac myosin-binding
protein C (located in the Z zone) and titin. (Figure is adapted from Sequeira et al.%).
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Since cardiomyopathies continue to constitute one of the most common causes
of sudden cardiac death in the young and still represent major causes for cardiac
transplantation, adequate identification of additional disease triggers and understanding
the pathomechanisms is of utmost importance. The clinical approach is furthermore
complicated since inherited cardiomyopathies are clinically heterogeneous: age-dependent
penetrance and disease-severity differ greatly between patients with the identical genetic
variant. The mechanisms that underlie the variation in disease expression are still largely
unknown. By combining cellular, genetic and clinical data from well-phenotyped national
patient cohorts, DOSIS strived to define disease factors (i.e. secondary hits) that in addition
to the pathogenic gene variant cause and aggravate cardiac disease in cardiomyopathy
patients (Figure 1.2; Table 1.1). Several recent observations are highlighted below.

Figure 1.2: Disease modifiers in inherited cardiomyopathies (PQC, protein quality control).

Table 1.1: Cohorts of DOSIS

Cohort Participating Population Biobank Aim

centres collection
Erasmus HCM  Erasmus MC HCM patients DNA Identify predictive
observational and gene clinical markers for
cohort variant carriers major cardiac events
BIO FOr CARe UMC Utrecht, All sarcomere DNA, RNA Identify predictive
observational UMC Groningen,  gene variants (from biomarkers for major
cohort Amsterdam blood), cardiac events

UMC, Erasmus plasma and

MC serum
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Table 1.1: Continued

Cohort Participating Population Biobank Aim
centres collection
Telephone UMC Utrecht, MYBPC3 n.a. Determine predictive
interviews UMC Groningen, founder gene value of
Amsterdam variant carriers environmental factors
umMcC (especially exercise)
for major cardiac
events
ENERGY Amsterdam Preclinical Serum Determine effects of
randomised UMC, Erasmus MYH?7 gene trimetazidine on
placebo-controlled MC variant carriers improving myocardial
trial energy efficiency in
the pre-clinical disease
stage
Myectomy Erasmus MC, HCM patients DNA, Collect myocardial
cohort UMC Utrecht undergoing cardiac tissue for use in
septal tissue aetiological studies
myectomy

INDEXATION FOR BODY SIZE TO SET THE DIAGNOSTIC THRESHOLD FOR
LEFT VENTRICULAR THICKENING

Using a large collection of myectomy samples from patients with obstructive HCM, we have
shown that there is a sex-specific difference in diastolic function at the time of myectomy in
HCM patients carrying pathogenic variants in MYH7 and MYBPC3.1® Women showed more
diastolic dysfunction evident from significantly higher E/e’ ratios, impaired left ventricular
filling patterns, and higher tricuspid regurgitation velocities. Of the female patients, 50%
showed grade 11l diastolic dysfunction, while the majority of male patients (56%) had only
mild (grade I) diastolic dysfunction. Correction of maximal septal thickness and left atrial
diameter for body surface area (BSA) resulted in significantly higher values in female
compared with male patients. Histological and protein analyses revealed more advanced
remodelling of the heart in female compared with male HCM patients evident from higher
levels of fibrosis and activation of the cardiac foetal gene program, which is characteristic
of heart failure. In chapter 8 we performed a proteomics analysis in age-matched female
and male HCM patients to define sex-specific changes in cardiac tissue at the time of
myectomy. In addition to genetic screening, the current diagnostic criterion of hypertrophy
is a maximal left ventricular wall thickness of >15mm, or >13 mm in first-degree relatives
of HCM patients. As the hearts of women, and in general relatively small persons, are
smaller than the hearts of men, this threshold for the diagnosis of HCM should probably
be corrected for body size.!! The current diagnostic threshold, which does not take into
account body size, may likely explain the male predominance in HCM patient cohorts,
simply because males in general have larger hearts. A recent study in a Dutch cohort of
199 genotype-positive subjects, family members of HCM patients who were referred for
cardiac screening between 1995 and 2018, indexation of wall thickness by BSA decreased
the number of HCM diagnoses.!?> Moreover, predictive accuracy for HCM-related events
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(mortality, cardiac transplantation, implantable cardioverter-defibrillator implantation and
septal reduction therapy) improved significantly after indexation by BSA. These studies
indicate that correcting left ventricular thickness for body size should be considered for
the diagnosis of HCM and longitudinal follow-up studies in larger cohorts of preclinical
genotype-positive individuals are needed to confirm this.

ALTERED PROTEIN QUALITY CONTROL AS DISEASE MODIFIER IN
CARDIOMYOPATHY

An age-related decline in protein quality control (PQC) has been proposed as a contributor
to disease progression in cardiomyopathy. As sarcomere proteins are the most abundant
proteins in the heart, maintenance of sarcomere structure and function depends on PQC
mechanisms. Pathogenic gene variants result in poison polypeptides or reduced protein levels
(haploinsufficiency) and may trigger PQC and/or stress cellular protein homeostasis. DCM
patients with truncating TTN variants show a relatively mild disease course, though with
significant excess mortality in elderly patients. The latter may be explained by an age-related
deterioration of the PQC mechanisms. As life expectancy increases, T TN-associated
morbidity and mortality will likely become more prevalent.!®> Also in PLN-associated
cardiomyopathy, protein aggregation and activation of PQC pathways has been observed in
end-stage disease.*

Terminally misfolded and aggregation-prone proteins are cleared by the two degradation
systems, the ubiquitin-proteasome system and autophagy.'® Furthermore, pathways of PQC
are strongly linked to cell architecture, such as the microtubules network. The role of the
PQC in inherited cardiomyopathies is reviewed in chapter 3. Mutations in heat shock
proteins, which are components of the PQC system, cause DCM (chapter 4), and oral
geranylgeranylacetone (GGA), a HSP protein inducer, may activate specific HSPs to prevent
cardiac dysfunction (chapter 5). As such, HSPs represent a key cellular component which
may underlie development of cardiac disease, but also a target for drug therapy. Subsequent,
DOSIS studies in a large set of cardiac tissues from a well-characterised HCM patient
group showed altered PQC with several specific changes in gene-variant positive patients
(genotype-positive) compared with genotype-negative patients and non-failing controls
(chapters 6, 7 and 8).

ALTERED METABOLISM AS KEY DRIVER OF DISEASE IN
CARDIOMYOPATHIES

Several studies suggest an important role for secondary disease modifiers such as additional
epigenetic and genetic variations and environmental disease triggers. Compelling data
have accumulated that obesity is an overarching risk factor, also for age-of-onset and
severity of cardiomyopathies. Proof that obesity contributes to disease onset and severity
comes from cohort studies. The international HCM SHaRe registry showed that patients
with a high body mass index have a significantly increased risk of heart failure, more
advanced left ventricular outflow tract obstruction and more arrhythmias (i.e. HCM-related
outcomes).1® Moreover, a prospective study in adolescent men demonstrated that even
mildly elevated body weight in late adolescence significantly increased the risk to develop
dilated cardiomyopathy in adulthood.!” At the heart level, a recent proteomics study
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in human HCM tissue samples showed reduced levels of energy metabolism proteins.®

We performed the largest proteomic study in HCM patient material and also observed
this reduction in proteins involved in a wide array of metabolic processes (chapter 6).
These observations are in line with studies in human HCM showing energy deficiency
of the heart.'®?° Energy deficiency has been proposed as the primary variant-induced
pathomechanism of HCM,?! which is supported by studies showing reduced cardiac
efficiency in preclinical asymptomatic carriers of sarcomere gene variants in the absence
of cardiac hypertrophy.?%?2 Accordingly, DCM caused by TTN gene variants has been
linked with mitochondrial dysfunction and metabolic perturbations as cause of disease
progression.?3 Overall, these studies indicate that timely disease stage-specific treatment of
metabolic perturbations may slow down disease progression in cardiomyopathy patients.?*
An observational cohort to determine the predictive value of metabolic biomarkers (BIO
FOr CARe: identification of biomarkers for development and progression of HCM in carriers
of the Dutch MYBPC3 founder carriers) and a clinical trial using metabolic drug therapy
aimed to improve energetics of the heart at preclinical stage in HCM gene variant carriers
are currently being performed by several DOSIS principal investigators (ENERGY trial).?®

CELL-TO-CELL mRNA/PROTEIN VARIABILITY AS PATHOMECHANISM IN
CARDIOMYOPATHY

As familial cardiomyopathies represent an autosomal dominant genetic disorder, most
patients are heterozygous for the mutation and carry one variant and one normal wild-type
allele. In cardiomyopathy patients, the heart of a genotype-positive individual produces
the variant protein in addition to the normal protein. As indicated above, the homeostasis
of cellular proteins is tightly regulated by the PQC system, but it is also regulated at the
mRNA level by non-sense mediated mRNA decay. Both systems are needed to suppress
the accumulation of variant protein while keeping the normal protein at sufficient levels
in cardiac muscle cells. It was recently shown that transcription of both alleles occurs
independently and in a stochastic manner, where one cell favours one allele and the next cell
favours the other allele.?® This burst-like, stochastic on/off switching of allele transcription
does not affect mRNA and protein levels in case of homozygous wild-type alleles. However,
heterozygosity of alleles as present in genotype-positive individuals may introduce cell-to-cell
variation with one cardiomyocyte expressing high levels of variant protein, while variant levels
may be low in another cardiomyocyte.?” Indeed, it has been shown that MYH?7 gene variants
cause a variable variant to wild-type ratio of mMRNA expression in cardiomyocytes from the
same heart.?6:28

The DOSIS consortium showed intercellular variation of cMyBP-C myofilament protein
expression due to truncating MYBPC3 variants in the myocardium of HCM patients.?’
The functional consequences of the variable protein expression, which results in a mosaic
pattern of cardiomyocytes with low and high variant/wild-type expression, remain to be
determined. Loss of cMyBP-C causes severe dysfunction in mouse studies and engineered
heart tissue.3%3! We propose that the intercellular variation of cMyBP-C protein levels
causes inhomogeneous contraction and relaxation and underlies the formation of myofibrillar
disarray, a currently unexplained disease characteristic of HCM. As ageing reduces the quality
of PQC, an age-dependent progression of the degree of allelic imbalance and cell-to-cell
variation may contribute to cardiomyopathy development.
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In conclusion, monogenetic cardiomyopathies have been intensely studied in the last three
decades, and this has resulted in major progress in understanding what genes are involved.
On the other hand, the striking heterogeneity, the highly variable age of onset, and the
presence of gene variant carriers that never develop disease is as of yet largely unexplained.
Given the profound repercussion for carriers, patients and family members we must improve
our understanding of the individual's response to the presence of a pathogenic gene variant.
DOSIS aims to study unexplored mechanisms that will probably modify the pathogenic gene
variant (Figure 1.3).

Figure 1.3: By combining cellular, genetic and clinical data from well-phenotyped national patient
cohorts, DOSIS strives to define disease factors that in addition to the pathogenic gene variant
cause and aggravate cardiac disease in cardiomyopathy patients.

We have set up important initiatives and collaborations and have generated preliminary
results showing that environmental and genetic modifiers are indeed important in our
understanding. In the future we will step up our initiatives and projects and have identified
an agenda, which contains - what we feel - important additional factors that when fully
understood will guide clinicians in proper diagnosis, risk prediction, prognostication and,
ultimately, cause-specific novel treatments.
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AIM AND OUTLINE OF THIS THESIS

. DIVERSE CLINICAL PHENOTYPES

Variants in the exact same gene may cause diverse forms of cardiomyopathy. In Chapter 2
we investigated three different TPM1 variants observed in DCM and RCM. In addition to a
comprehensive clinical evaluation showing the heterogeneous cardiomyopathy phenotype, we
describe, for the first time, the compound heterozygote TPM1gs5q/m28:7 gene variants in
a child with RCM. Since in thin filament cardiomyopathies, altered intracellular calcium
homeostasis may contribute to contractile dysfunction and ultimately perturb cardiac
structure, 3233 we overexpressed the identified TPM1I variants in HL-1 cardiomyocytes to
measure the effect on the resulting calcium transients.

Il. PROTEIN QUALITY CONTROL AND MICROTUBLE SIGNATURE IN
CARDIOMYOPATHIES

The PQC is crucial for cardiac health and requires the collaboration of all its components
to be functional. In chapter 3, we present recent mechanistic findings on the role of
proteostasis derailment in inherited cardiomyopathies with a special focus on the presence
of sarcomeric gene mutations. We were interested in whether key modulators of the PQC,
such as heat shock proteins (HSPs), Ubiquitin-proteasome system and autophagy, are
disease- and mutation-specifically altered and derailed in cardiomyopathies. Inter-individual
differences in the capacity of the PQC and/or the specific effect of the sarcomeric gene
mutation on the PQC may explain part of the disease heterogeneity. Since all three PQC
components are pharmacologically targetable, we provide therapeutic strategy suggestions
to improve the clinical outcome of cardiomyopathy patients.

In chapter 4 the focus is shifted towards two gene variants in the small heat shock
protein HSPB5 (alpha-B crystallin) that cause dominantly inherited DCM.343% HSPB5
function relies on oligomerization of HSPB5 proteins and oligomeric dynamics are important
for HSPB5 to bind to destabilized client proteins.3® In a first step, we overexpressed the two
HSPB5 variants in various cell systems to measure loss of function of HSPB complexes,
formation of aggregates, insolubilization and the effect on calcium transients. In a second
step, we studied whether introduction of two different secondary gene variants alleviates
protein aggregation and leads to regain of chaperone and contractile function.

The development of atrial fibrillation (AF) is an often complication of inherited
cardiomyopathies either as a direct consequence of disease-specific defects, secondary
to the primary illness, or a combination thereof.3” In chapter 5, left and right atrial
appendages of patients undergoing coronary artery bypass grafting were collected. Prior
to surgery, oral geranylgeranylacetone (GGA), a HSP protein inducer, or placebo was
administered for three days to determine HSPB1, HSPA1, HSPA5, HSPD1, heat shock
factor-1 (HSF1) and phosphorylation HSF1 levels in the appendages and the occurrence of
postoperative atrial fibrillation. The myofilament fraction was investigated for HSPB1 and
HSPA1 to check whether GGA administration induces the expression levels of these two
HSPs.
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In more than half of HCM patients a causative mutation is identified in genes encoding
sarcomere proteins.  With more than 1500 identified HCM-causing mutations, the
heterogeneity in genetic background of HCM is enormous.3® We performed an unbiased
proteomics approach in cardiac tissue from a clinically well-phenotyped HCM patient group
to define if genotype-specific changes at the protein level may explain the heterogeneity
in disease development (chapter 6). Furthermore, a novel MYBPC32373i,s¢ mouse model
was used to confirm functional relevance of our proteomic findings.

Sarcomere proteins are highly abundant proteins in cardiomyocytes and mutant forms of
these likely stress the PQC system. As mentioned before, the PQC system relies on a
functional microtubule network to maintain proteostasis. Therefore, in the same clinically
well-phenotyped HCM patient group, we quantified microtubule network markers (for
example acetylation of a-tubulin) and key PQC players, such as stabilizing and refolding
HSPs and degradation markers (ubiquitinated proteins, p62, LC3BIl) (chapter 7). We
aimed to understand if the presence of a sarcomere mutation differentially affects PQC and
assessed mutation-specific PQC changes by comparing HCM with missense mutations and
haploinsufficiency-causing MYBPC3 (cardiac myosin-binding protein-C) mutations.

Besides the different genotypes, sex-differences in clinical presentation contribute to
the phenotypic heterogeneity of HCM patients. The observations so far point to a higher
disease prevalence in men and a higher age of women at the time of diagnosis as well as at
the time of myectomy.1%:3% Since the disease severity in female patients with HCM may be
underestimated due to the smaller cardiac anatomy than men and setting the diagnostic
criterion of >15 mm wall thickness without taking correction by body surface area into
account,!! it is important to study cellular differences which are caused by sex differences.
In chapter 8, we analysed sex-differences at the protein level in proteomics data of HCM
patient tissue to define sex-specific protein expression which may explain the differences in
clinical presentation such as diastolic dysfunction.

Triggered by our findings of increased levels of a-tubulin and posttranslational modifications
(acetylation and detyrosination) in genotype-positive HCM patients at the time of septal
myectomy (chapter 6 and 7), we were interested whether we observe the same changes of
the microtubule network in various model systems for hypertrophy and/or heart failure in
mouse and swine (chapter 9). Furthermore, we investigated whether the observed changes
are HCM-specific remodelling of the microtubule network or also apply to other inherited
or acquired cardiac diseases, such as DCM and ischemic heart disease.

I1l. DROSOPHILA MELANOGASTER - A MODEL SYSTEM TO STUDY
INHERITED CARDIOMYOPATHIES

In the third part of this thesis, we aimed to generate clustered regularly interspaced, short
palindromic repeats (CRISPR)/CRISPR-associated (Cas)9-edited Drosophila melanogaster
strains as a model system to study inherited cardiomyopathies and test drug interventions.
In chapter 10, we intended to study two distinct TNNI3 variants (wupA in Drosophila
melanogaster), whereby one variant is causing DCM and the other one HCM in humans.
In chapter 11, we introduced two distinct Mhc variants to investigate the effects of

STRENGTH OF PATIENT COHORTS AND BIOBANKS FOR CM RESEARCH 23



HCM-causing variants in humans located in either the head or the tail region of the protein.
All four variants represent orthologues of clinically relevant variants in humans.

Our attempt using scarless CRISPR/Cas9-mediated genome editing to make the
wupA-mutant strains in chapter 10 was not successful and therefore we provide various
explanations for the observed dominant lethal phenotype of both CRISPR edited strains.

In chapter 11, we thoroughly describe the phenotype of the two Mhc-mutant Drosophila
melanogaster strains.

In chapter 12, we summarize and discuss the data obtained in our experimental
chapters and provide future perspectives related to PQC derailment and microtubule
remodelling in inherited cardiomyopathies.

Sources of funding: CVON-DOSIS consortium 2014-40 Netherlands Heart Foundation
ACKNOWLEDGEMENT
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ABSTRACT

BACKGROUND

Variants within the alpha-tropomyosin gene (TPM1) cause dominantly inherited
cardiomyopathies, including dilated (DCM), hypertrophic (HCM) and restrictive (RCM)
cardiomyopathy. Here we investigated whether TPM1I variants observed in DCM and HCM
patients affect cardiomyocyte physiology differently.

METHODS

We identified a large family with DCM carrying a recently identified TPMI1 gene variant
(T201M) and a child with RCM with compound heterozygote TPM1I variants (E62Q and
M281T) whose family members carrying single variants show diastolic dysfunction and HCM.
The effects of TPM1 variants (T201M, E62Q or M281T) and of a plasmid containing both
the E62Q and M281T variants on single-cell Ca®* transients (CaT) in HL-1 cardiomyocytes
were studied. To define toxic threshold levels, we performed dose-dependent transfection of
TPM1 variants. In addition, cardiomyocyte structure was studied in human cardiac biopsies
with TPM1 variants.

RESULTS

Overexpression of TPM1 variants led to time-dependent progressive deterioration of CaT,
with the smallest effect seen for E62Q and larger and similar effects seen for the T201M and
M281T variants. Overexpression of E62Q/M281T did not exacerbate the effects seen with
overexpression of a single TPM1I variant. T201M (DCM) replaced endogenous tropomyosin
dose-dependently, while M281T (HCM) did not. Human cardiac biopsies with TPM1I
variants revealed loss of sarcomeric structures.

CONCLUSION

All TPM1 variants result in reduced cardiomyocyte CaT amplitudes and loss of sarcomeric
structures. These effects may underlie pathophysiology of different cardiomyopathy
phenotypes.



INTRODUCTION

Cardiomyopathies are a heterogeneous group of diseases of the myocardium that are
associated with mechanical and/or electrical dysfunction and frequently caused by a genetic
defect.! The working group on Myocardial and Pericardial Diseases of the European Society
of Cardiology proposed a clinically oriented classification system in which heart muscle
disorders are grouped into the following subtypes according to ventricular morphology and
function: hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), restrictive
cardiomyopathy (RCM), arrhythmogenic right ventricular cardiomyopathy (ARVC) and
unclassified cardiomyopathies.!?

Pathogenic variants in sarcomere genes are a frequent cause of cardiomyopathies
and may lead to different cardiomyopathy subtypes.3 One of these sarcomere genes is
TPM1 , which encodes alpha-tropomyosin and causes HCM (10 TPMI gene variants),
DCM (11 TPMI variants), cardiomyopathy (2 TPMI variants) and left-ventricular
non-compaction (3 TPMI1 variants) according to ClinVar database (January 2020).*
All reported TPMI1 variants are missense variants that result in a single amino acid
substitution, and they account for 1.5% of all likely pathogenic and pathogenic gene
variants in HCM and 1.9% in DCM.®

Since distinct variants in the same sarcomere gene have been observed to cause
either HCM or DCM, it has been proposed that these gene variants have to trigger two
different series of events to culminate in the distinct cardiomyopathy subtypes.® Several
studies have been published on the functional consequences of TPM1 variants, adding to
our understanding of the different pathophysiological processes that lead to distinct forms
of cardiomyopathy.”*

Here we describe a large family with DCM carrying a TPM1 variant that was previously
reported in a large Dutch cohort study.’® We also identified compound heterozygote TPM1
variants in a child with RCM, with family members carrying one of the two variants and
showing HCM(-like) phenotypes. As changes in calcium-handling have been suggested to
be central in determining the type of remodelling that occurs in genetic cardiomyopathies,!?
we expressed the three TPM1 variants in HL-1 cardiomyocytes and measured the resulting
Ca?* transients (CaT).

METHODS

The comprehensive method section is available in the Data Supplement.
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RESULTS

CLINICAL CHARACTERISTICS OF DCM FAMILY MEMBERS

Two probands (I11:20 and IV:5) were investigated separately at the outpatient clinic and
diagnosed with DCM. Clinical data of members of this DCM family (Figure 2.1A) are listed
in Table 2.1. Individual I11:20 complained of progressive dyspnoea, had a dilated LV and a
LV ejection fraction (LVEF) of 15%, leading to a diagnosis of DCM at age 31. She received
an implantable cardioverter defibrillator (ICD) at age 40. Ten years later, her LVEF was
18%. Genetic testing revealed that she carried the c.602C>T (p.(Thr201Met)) variant in
exon 6 of TPM1 (referred to as T201M), which had been previously identified in a large
Dutch cohort study of DCM patients.’® We classified T201M as likely pathogenic because
it fulfills one strong and two moderate criteria (Table Sl). This variant has not been further
investigated so far.

Figure 2.1: Pedigree of TPM1 variant carrier and echocardiographic images of a DCM
patient. (A) Pedigree of the DCM family. Presence (+) or absence (-) of the TPM1 variant
€.602C>T p.(Thr201Met) is indicated for the analysed subjects. (B) Parasternal long axis view and
(C) apical 4-chamber view of patient IV:5 (DCM family) at presentation. The left ventricle is dilated
(normal value <58 mm) and fractional shortening (FS) is reduced (normal value >25%). The left
atrium is also enlarged (normal value <40 mm). (D) Pedigree of the family with the RCM patient.
Presence (E62Q and/or M281T/-) or absence (-) of the TPM1 variants c.184G>C p.(Glu62GlIn)
and ¢.842T>C p.(Met281Thr) is indicated for the analysed subjects. Squares represent males and
circles represent females. Filled symbols indicate those with a diagnosis of (A) DCM and (D)
RCM or HCM. Vertical lines indicate those who are asymptomatic or with mild signs or features of
cardiomyopathies. Slashed symbols indicate deceased subjects. Arrowhead mark the index cases.
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Table 2.1: Clinical data of members of DCM family.

Pedi- TPM1 1st presentation Echocardiogram Phenotypes
gree genotype Age Reason LVEDd LVESd FS LVEF
(years) (mm) (mm) (%) (%)
11 p.(Thr201Met)* NA D/83yr
1:4  p.(Thr201Met) 84 Screening 62 44 29 NA DCM, atrial fibrillation
11:10 p.(Thr201Met)* NA D/63yr, “enlarged
heart”

11111 p.(Thr201Met)

11:13 p.(Thr201Met)

62 Dyspnoea 59 40 32 35 DCM, ICD at 66yr,
replaced at 84yr, nsVTs

70 Screening 61 50 18 35 DCM, atrial fibrillation
at 75yr, no ICD

1:3  p.(Thr201Met)

111:5 p.(Thr201Met)*
111:7  p.(Thr201Met)

111:11 p.(Thr201Met)
111:13 p.(Thr201Met)
11:16 p.(Thr201Met)
111:20 p.(Thr201Met)
11:22 p.(Thr201Met)
111:24 p.(Thr201Met)

111:25 p.(Thr201Met)

53 CVA 60 45 25 NA DCM, no follow-up
available

NA D/44yr, traffic accident

53 Screening 56 40 29 44 DCM, no follow-up
available

43 Dyspnoea 62 54 13 36 At 46yr discharged from
follow-up after
normalization echo

53 Screening 52 37 29 50 No follow-up available

48 Screening 42 29 31 55 At 57yr mild diastolic
dysfunction, no DCM

31 Dyspnoea 67 60 10 15 ICD at 40yr, LVEF 18%
at 50yr

38 Screening 58 47 19 28 DCM, no follow-up
available

47 Screening 48 30 38 60 Asymptomatic, no signs
of DCM at 56yr

45 Screening 51 34 33 55  Asymptomatic, no signs
of DCM at 53yr

IV:1 p.(Thr201Met)
IV:5 p.(Thr201Met)

IV:7  p.(Thr201Met)
1V:10 p.(Thr201Met)
1V:13 p.(Thr201Met)
1V:14 p.(Thr201Met)
1V:15 p.(Thr201Met)
1IV:17 p.(Thr201Met)
1V:22 p.(Thr201Met)

1V:23 p.(Thr201Met)

33 Screening 59 45 24 NA No follow-up available

21 Dyspnoea 82 74 10 12 ICD at 21yr, at 34yr no
ICD shocks, LVEF 40%

24 Screening No signs of DCM, no
follow-up available

18 Screening 52 37 29 60 Asymptomatic, LVEF
54% at 25yr

14 Screening 51 32 37 68 Asymptomatic, no signs
of DCM at 22yr

12 Screening 51 33 35 62 Asymptomatic, no signs
of DCM at 19yr

21 Screening 41  Mild DCM, no
follow-up available

13 Screening 48 32 33 62 Died of heart failure at
24yr

7  Screening 41 29 29 55 Asymptomatic, LVEF
50% at 19yr

19 Screening 58 37 36 60 Asymptomatic, no signs
of DCM at 27yr

Vi1 p.(Thr201Met)

V:3  p.(Thr201Met)

6  Screening 41 28 32 62 Asymptomatic, LVEF
41% at 17yr
6  Screening 39 26 33 NA No signs of DCM at 6yr
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Table 2.1: Continued

Pedi- TPM1 1st presentation Echocardiogram Phenotypes
gree genotype Age Reason LVEDd LVESd FS LVEF
(years) (mm) (mm) (%) (%)

V:4  p.(Thr201Met) 3  Screening 36 23 36 NA No signs of DCM at 3yr
V:5  p.(Thr201Met) 3  Screening 37 22 41 NA No signs of DCM at 3yr

* obligate carrier; CVA, cerebrovascular accident; D/, death; DCM, dilated cardiomyopathy; echo,
echocardiogram; FS, fractional shortening; ICD, implantable cardioverter-defibrillator; LVEDd, left
ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; LVESd, left ventricular
end-systolic diameter; NA, not available; nsVT, non-sustained ventricular tachycardia; yr, years.

This proband’s son (1V:17) died at age 24 from heart failure that had worsened after a high
energy trauma (car accident) two months before his death. Her sister (111:22) was diagnosed
with DCM at age 38 following family screening, but no follow-up is available. Two other
siblings tested negative for the familial TPM1 variant. The father of the proband (I1:11)
was diagnosed with DCM at age 62. At age 66, he received an ICD, which was replaced at
age 84. No ICD shocks were recorded.

The other proband in this family (IV:5) was diagnosed with DCM (Figures 2.1B-C) and
received an ICD at age 21. After 13 years of follow-up, he had not experienced any ICD
shocks and his LVEF was 40%. His mother (l11:5) died at age 44 in a traffic accident. His
maternal aunt (111:7) was diagnosed with DCM at age 53 following family screening. His
maternal grandfather (11:4), who had not undergone prior cardiac evaluations, was diagnosed
with DCM and atrial fibrillation at age 84 following family screening.

Both probands were linked to the same ancestral couple (I:1 and I:2). After cascade family
screening, 29 family members were identified as carriers of the familial TPM1 variant. The
phenotypic variability and age-related penetrance is further illustrated by 111:24 and 111:25,
who were asymptomatic and without signs of DCM at ages 56 and 53, respectively. The
penetrance, as indicated by age at DCM diagnosis, is shown in Figure SI. The youngest age
at diagnosis was 17 (V:1), though this individual was asymptomatic at that time. At age
60, a diagnosis of DCM was made in 55% of the family members who carried the T201M
variant.

CLINICAL CHARACTERISTICS OF RCM FAMILY MEMBERS

We describe, for the first time, compound heterozygote TPM1 variants in a child with
RCM, with family members carrying one of the two variants and showing HCM(-like)
phenotypes (Figure 2.1D).

An asymptomatic 6-year-old girl (V:1) was referred to the paediatrician after the sudden
death of her brother (V:2) at 22 months of age. No autopsy was performed, and no
DNA was available for genetic testing. At age six, the proband’s cardiac evaluation was
normal. At age nine, she was referred to a paediatric cardiologist because she reported
chest pain during exercise. Cardiac evaluation showed bi-atrial dilatation with near-normal
LV volume and raised ventricular end-diastolic pressures at cardiac catheterization. There
was no evidence of LV hypertrophy or constrictive pericarditis. Based on these findings,
a diagnosis of RCM was made in this patient. At age 12, she received an orthotopic
cardiac transplantation, and she reached adult age in good clinical condition. Genetic
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screening identified two missense variants in TPM1 : c.184G>C (p.(Glu62GlIn)) (referred
to as E62Q) and c.842T>C (p.(Met281Thr)) (referred to as M281T). Both variants
had previously been identified in HCM patients.'>'® We classified both variants as likely
pathogenic, with E62Q fulfilling one strong and two moderate criteria and M281T fulfilling
two moderate and >2 supporting criteria (Table SI).

The proband’s sister (V:3) had a normal cardiac evaluation at age seven and has so
far not undergone genetic testing. The proband’s father (1V:11), a carrier of the E62Q
variant, had minor abnormalities suggestive for RCM, with mild LV diastolic dysfunction
on echo. Her mother (IV:12), a carrier of the M281T variant, was asymptomatic but
had a mildly enlarged left atrium at age 40. The maternal uncle (IV:13), also a carrier
of the M281T variant, was asymptomatic, but echocardiography at age 40 showed mild
LV hypertrophy (13mm). The paternal grandmother (l1l:12) and other carriers in her
generation (I11) who were positive for the E62Q variant showed stable diastolic dysfunction
and atrial dilatation in an age range of 51-69 years. Notably, a cousin of the father (IV:8),
a carrier of the E62Q variant, was diagnosed with HCM at age 17 with an LV wall thickness
of 18 mm.

TIME-DEPENDENT REDUCTION OF CALCIUM TRANSIENT AMPLITUDE BY
TPM1 VARIANTS

Variants in TPM1 may lead to disturbed intracellular calcium handling that contributes
to contractile dysfunction,’* and different changes in calcium handling have been linked
to the development of either DCM or HCM.1! We therefore overexpressed the three
identified TPM1I variants (untagged, 0.75pg/pL) in HL-1 cardiomyocytes and determined
the effect on CaT. All three TPMI1 variants significantly reduced CaT amplitude 48h
post-transfection when compared to HL-1 cardiomyocytes overexpressing untagged
wild-type TPM1 (Figures 2.2A,G and SllI).

The reduction in CaT amplitude was significantly larger for TPM17o91p and TPM1p2s17
compared to TPMI17, with means = SEM of 34.90% =+ 0.05 and 35.78% =+ 0.04,
respectively, while the reduction for the TPM1ggq variant was smaller (19.33% + 0.07). As
the RCM patient carried both the E62Q and M281T variants ( TPM1g62q/m2817), We studied
if expression of both variants exacerbated the phenotype and found that TPMI1gsoq/mos17
expression did not significantly decrease CaT (24.64% =+ 0.06) in comparison to the
reductions we saw for the individual variants. Longer overexpression (72h) of all TPM1
variants further reduced the CaT amplitude, but did not change the variant-specific effects
that we had observed 48h post-transfection (Figures 2.2B,E). With the exception of
TPM1ge2q/m2617 48h post-transfection, no significant differences in calcium re-uptake
kinetics were observed between the wild-type and variant TPMI forms 48h and 72h
post-transfection (Figure 2.2C-D,F-G).

DOSE-DEPENDENT EFFECT OF TPM1 VARIANTS EXPRESSION

Since overexpression of TPM1I17o0:1p and TPM1p0g:7 48 h post-transfection resulted in a
strong reduction in CaT amplitudes, we wanted to see if this effect is dose-dependent. Using
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Figure 2.2: Time- (B-l) and dose-dependent (J-N) transfection of TPM1 variants.

(A) Schematic representation of the ratio of double transfected DNA. 0.25 ug/mL DNA encoding
RFP (red circle) was co-transfected with 0.75 (used in B-I), 0.50 or 0.25pug/mL DNA encoding
TPM1 (green circle). Green circles: TPM1I plasmids. Red circle: RFP plasmid. Thick green line:
exogenous TPM1 encoded by TPM1 plasmid. Thick black line: endogenous TPM1. Grey circles:
actin. Complex of yellow circles: troponin complex. (B) Quantified CaT amplitude data of single
HL-1 cardiomyocytes 48 h post-transfection. N = number of transfections; n = number of measured
HL-1 cardiomyocytes that were RFP-positive transfected. Exponential curve fitting was applied to
obtain (C) the mean time constant of CaT decay (tau) and (D) the time to 70% decay. (E)
Quantified CaT amplitude data of single HL-1 cardiomyocytes 72 h post-transfection, (F) tau and
(G) time to 70% decay. Representative CaT traces detected (H) 48 h and (I) 72 h post-transfection.
(J) Due to the amino-terminal V5-tag, exogenous TPM1 (green line) was larger and therefore
displayed migration on Western blot that was distinguishable from endogenous TPM1 (black line).
(K) Representative blot images for endogenous (TPM1-antibody) and exogenous (V5-antibody)
TPM1 expression level after dose-dependent double transfection of TPM1 and RFP. Ctrl: Control
cell lysate to compare different membranes. (L) Dose-dependent expression of exogenous V5-tagged
TPM1wt, TPM1lto0im and TPM1mosit. Each dot represents one transfection and each value was
normalized to the mean of TPM1wr_g75,¢/mL. (M) Endogenous TPM1 levels after dose-dependent
transfection. (N) Quantified CaT amplitude data of single HL-1 cardiomyocytes 48h after
dose-dependent double transfection (N = 2) of untagged wild-type/variant TPMI and RFP. Per
transfection, each CaT value was normalized to the mean value of overexpressed (B-1) TPM1wr
and (N) TPMI1wr go5/mi. *p<0.05, **p<0.01, ***p<0.001 versus TPM1wr and ##p<0.01
versus TPM1T201M_0.25pg/uL-
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different ratios of RFP (0.25pg/mL) and V5-tagged TPMI1 (0.25, 0.50 and 0.75 pg/mL
(used in previous experiment)), we were able to express TPM1 in a dose-dependent
manner (Figures 2.2J-L and SlII). Transfection of TPMIyt and TPMItpp1p resulted in
partial replacement of endogenous TPM1 (Figure 2.2M). Notably, endogenous TPM1 levels
increased with higher doses of transfected TPMIy08;7. Dose-dependent transfection of
untagged TPM1I variants and CaT assessment 48 h post-transfection showed that calcium
handling dysfunction was influenced by the dose of TPMItzp1n (Figure 2.2N), showing
significant effects at 0.5 ug/mL and a trend toward significance at 0.75 pg/mL TPMI7201m
levels. Transfection of 0.25 pg/mL TPM1120;0m, however, had no detrimental effect on CaT
amplitude, while transfection of 0.25 pg/mL TPM15;7 already significantly decreased CaT
amplitude. A lower transfection dose of TPM1yg;7 reduced CaT amplitude more than a
higher one.

TPM1 VARIANTS HAVE NO EFFECT ON AUTOPHAGY AND F-ACTIN

Based on the increase in endogenous TPM1 after high-dose transfection of TPMI1p2g:1T,
we defined the effect of TPM1 variants on components of cellular protein quality control.
Immunofluorescent staining of V5-tagged TPM1 revealed no difference in localization of
TPM1 variants 48h post-transfection, nor the formation of aggregates (Figure SIVA).
We also observed unaltered levels of markers for cardiac-specific proteins (a-actinin and
myosing heavy chain 7 (MYH7)), autophagy (LC3B and p62), endoplasmic reticulum stress
(phosphorylation of translation-initiation factor elF2a) and stress fibers (F-actin) in HL-1
cardiomyocytes transfected with TPM1 variants as compared to wild-type TPM1-transfected
cardiomyocytes (Figures SIV-V).

LOSS OF SARCOMERIC STRUCTURES IN HUMAN TISSUE BIOPSIES WITH
TPM1 VARIANTS

As HL-1 cardiomyocytes do not show the highly organized myofilament structure of adult
cardiomyocytes,'51% we determined the localization of TPM1 in the myocardium of patients
carrying either the TPMI17201p variant or the TPM1gsoq/m2s;T variants. We stained patient
samples (small endomyocardial biopsies) with antibodies against TPM1 and a-actinin. Both
biopsies showed a loss of cardiomyocyte-typical architecture indicated by a loss of sarcomere
striations and a loss of intact cardiac muscle fibers (Figure 2.3). TPM1 epitopes appeared
disrupted and were not organized in the characteristic contractile filaments, and this was
accompanied by an almost complete loss of a-actinin. Biopsies from end-stage ischemic
heart failure and non-failing subjects were used as controls, and these show the expected
sarcomere striation and distribution of TPM1 and a-actinin.
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Figure 2.3: Representative images of immunohistochemical staining for TPM1 (left column)
and a-actinin (right column) of endomyocardial biopsies.(A) Subject (I11:11) with TPM1 T201M
variants, (B) proband (V:1) with TPM1 E62Q/M281T variants, (C) remote area biopsies from the
left ventricle of one of three patients with end-stage ischemic heart failure (HF) and (D) septal
tissue from one of four subjects that died due to a non-cardiac cause of death (non-failing Ctrl).
Scale bar represents 50 pm.
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DISCUSSION

Gene variants in thin filament components, including alpha-tropomyosin, are known to
cause a complex heterogeneous pattern of progressive ventricular remodelling and clinical
phenotypes.!” Our study confirms this clinical heterogeneity in two families with TPM1
variants and different cardiomyopathy subtypes, namely TPM1 72010 (DCM) and TPM1gp2q
and TPMIpzg;7 (HCM; and in combination RCM). We also describe, for the first time,
compound heterozygote TPMI1gs2q/m2e:7 Vvariants in a child with RCM. Overall, the
genotypes and diverse clinical characteristics of the family members of the DCM and RCM
probands suggest that additional causal factors are necessary for the development of cardiac
abnormalities in carriers of a heterozygous TPM1 variant, whereas compound heterozygosity
for TPM1 variants causes severe cardiomyopathy in childhood.

IMPAIRED CARDIAC PERFORMANCE DUE TO REDUCED CALCIUM
TRANSIENT AMPLITUDES

In thin filament cardiomyopathies, altered myocellular Ca®* homeostasis may trigger events
that remodel the cardiomyocyte and ultimately perturb cardiac structure.!”!® Data from
experiments in which adenovirus was used to express human HCM-causing variants in
isolated guinea pig left ventricular cardiomyocytes showed that altered CaT were one of
the primary effects of HCM-causing variants expression.'* We therefore measured CaT
amplitudes in HL-1 cardiomyocytes. Cardiac muscle cell properties have been measured
in this model system before.1%?9 In our experimental model system, production of all
TPM1 variants resulted in reduced CaT amplitudes that were independent of the clinical
cardiomyopathy phenotype. Previous studies on HCM- and DCM-related thin filament
gene variants have shown opposing changes in myofilament Ca®*-sensitivity, specifically
an increase for HCM variants and a decrease for DCM variants (reviewed in 2!). Tardiff
and colleagues suggested that the observed primary alterations in Ca®*-sensitivity at the
myofilament level indicate a disruption of the Ca®t-dependent sarcomeric activation by
thin filament gene variants.!” These Ca®*t-sensitivity changes were associated with similar
opposite effects in the Ca?* affinity of myofilaments, i.e. an increase for HCM variants and
a decrease for DCM variants.'* These opposing changes may alter cytosolic Ca?>* buffering
in different ways, and thereby alter cellular CaT. Davis and colleagues provided evidence for
diverse changes in developed tension and CaT when comparing HCM- and DCM-related
cardiac troponin C variants, a finding they related to diverse activation of signaling
pathways leading to either concentric or eccentric remodelling.!! While previous studies
on TPM1I variants have also reported a similar opposite effect on the Ca?t-sensitivity of
myofilaments for HCM- and DCM-associated variants,® two DCM-related TPM1 variants
have shown opposite effects: the Glu4OLys variant decreased Ca®*t affinity, while the
Glu54Lys variant increased Ca®* affinity (but at 100% variant level).}* Importantly, no
effect on Ca®* affinity was observed when a mixture of 50% variant:50% wild-type TPM1
was studied.

In contrast, we observed a decrease in CaT for both HCM- and DCM-related TPM1
variants. The previous study and our current data indicate that TPMI1 variant-related
changes in Ca®* affinity and CaT are independent of the type of cardiac remodelling, which
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suggests that the diverse clinical cardiac phenotypes seen in affected subjects may rather
involve modifier genes and/or environmental factors.!’

Reduced CaT amplitudes may affect tension development of cardiomyocytes. Comparing
the CaT amplitudes at 48 h and 72 h post-transfection revealed that longer overexpression
of all TPM1 variants further reduced CaT amplitude, suggesting a progressive pathogenic
process. This is in line with a series of longitudinal studies of patients with thin filament
variants in whom the ventricle, in particular, was progressively remodeled.???3 Reduced CaT
amplitudes have been associated with impaired cell-shortening of HL-1 myocytes, indicating
contractile dysfunction.!® Taken together, reduced CaT amplitudes may contribute to the
poor cardiac contraction seen in affected individuals.

DOSE-DEPENDENT TRANSFECTION: MAINTENANCE TPM1
STOICHIOMETRY

Previous studies in several transgenic mouse models revealed that increasing the expression
of Tpm1 variants causes a concomitant decrease in wild-type TPM1 levels, histopathological
changes and severe impairment of both contractility and relaxation.?*?> Given the large
decrease in CaT amplitude 48 h post-transfection induced by production of TPM1ya91m
(DCM) and TPM1yag; (HCM) (Figure 2.2B), and the previously reported dose-effects of
TPM1 variants, we studied the effect of dose-dependent transfection of these particular
variants. A dose-dependent decrease in endogenous TPM1 was observed upon transfection
with TPM115010, and this coincided with a reduction in CaT. These data illustrate that a
heterozygous gene variant, which results in a mixture of the variant and wild-type TPM1,
is sufficient to suppress CaT. We therefore propose for TPM115011 that total TPM1 levels
seem to be kept constant to preserve stoichiometry of sarcomere proteins. Furthermore,
“threshold” levels of TPMltooim seem to have been reached when TPMIt5p1p was
transfected between 0.25 and 0.50 pg/mL since functional compensation by wild-type
TPM1 became insufficient. This is in line with Tpml transgenic mouse experiments
indicating that there may be “threshold” levels of TPM1 expression that lead to defined
phenotypes rather than a gradient of physiological or pathological conditions.?*25 While
the total amount of TPM1 protein remained unchanged in these Tpm1 transgenic mice,
wild-type TPM1 levels were reduced by 35 to 65%.242°

In contrast to the TPMIypm-induced reduction of endogenous wild-type TPMI,
higher transfection doses of the TPMIypg;7 variant did not lower endogenous TPMI1,
instead resulting in higher levels of wild-type TPM1. This indicates that synthesis of
TPML1 is increased and/or its degradation decreased in the presence of an increasing dose
of the TPM1y0g;7 variant. The largest drop in CaT was observed at the lowest dose of
TPM1p28;17 transfection, which coincided with the lowest level of wild-type TPM1.

Overall, we observed that the dose-dependent effect on CaT may be determined by
the mixture of variant and wild-type TPM1. DCM- and HCM-associated TPM1 variants
led to opposite effects, and this difference may be related to the ability to replace/reduce
endogenous sarcomeric tropomyosin.
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DESTRUCTION OF HUMAN CARDIOMYOCYTES IN TISSUE BIOPSIES WITH
LONG-TERM EXPRESSION OF TPM1 VARIANTS

In contrast to our observations in short-term TPM1 overexpression experiments and
previous findings suggesting that Tpml variants expressed in isolated rat cardiomyocytes
or 12-month-old transgenic mice were normally incorporated into the sarcomeres without
altering sarcomeric structures,?®?” cardiomyocytes in the respective human tissue biopsies
displayed obvious structural changes. To our knowledge this is the first time that
cardiac biopsies with these TPMI1 variants have been immunohistochemically analysed
for intracellular localization of TPM1 and a-actinin. We used a-actinin as a Z-disc
marker to assess normal myofilament structure. The combination of chronic expression of
TPM1 variants and cardiomyopathy-associated pathological remodelling may have been
responsible for the loss of cardiomyocyte-typical architecture. Cardiac histopathologic
findings of myocyte disarray and interstitial fibrosis have also been reported in an affected
subject with the TPMIp;7sn variant,2® and myofibril loss has been observed in subjects
with HCM, DCM and RCM.?%3! Reduced myofibril density may subsequently impair
contractility and enhance the respective cardiomyopathy-associated pathomechanisms.

Since the TPM1 epitopes appeared disrupted and not organized in the characteristic
contractile filaments and o-actinin was almost completely lost, we hypothesize that
these TPM1 variants affect the sarcomeric organization, especially assembly of o-actinin.
TPM1-deficient cardiomyocytes have been shown to assemble aberrant F-actin fibrils
with o-actinin puncta dispersed irregularly along their lengths.3? Moreover, disrupting
the tropomodulin=TPML1 interaction in chicken cardiac myocytes led to thin filament
depolymerization and disassembly that was accompanied by perturbation of Z-lines,
thick filaments and titin filaments.33 Likewise, the TPM1 variants we studied may
disrupt interactions of TPM1, leading to its depolymerization and, as a consequence, to
disassembly of o-actinin.

LIMITATIONS OF HL-1 CARDIOMYOCYTES

As sarcomeric structures are immature,'>® HL-1 cardiomyocytes present with limited
contractility.'® We therefore focused on the effect on Ca* transients since disturbed Ca®*
handling will impair contractility. CaT data in HL-1 cardiomyocytes has been shown to
be similar to that of isolated rat and dog atrial cardiomyocytes, indicating that HL-1
cardiomyocytes represent a cardiac cell model to trace changes in Ca?T transients in
relation to cardiac diseases.1%:34

HL-1 cardiomyocytes are immortalized cells of mouse atrial origin and therefore do
not precisely recapitulate a cellular milieu that reflects the ventricular cardiac myocytes
in human or of acutely isolated ventricular cardiomyocytes.3> In future, it is important
to test these TPM1 variants in a human cell-based model such as human iPSC-derived
cardiomyocytes.
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CONCLUSION

In conclusion, various TPMI1 variants lead to heterogeneous clinical manifestations of
different cardiomyopathy subtypes. Overexpression of TPM1I variants led to time-dependent
progressive deterioration of cardiomyocyte CaT amplitudes. The dose-dependent effect
on CaT was opposite for DCM- and HCM-associated TPM1 variants. Overall, our data
indicate that reduced cardiomyocyte CaT amplitudes and loss of sarcomeric structures are
independent of the TPM1I variant and of the clinical cardiomyopathy phenotype.
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ABSTRACT

Mutations in genes encoding sarcomeric proteins are the most important cause of
inherited cardiomyopathies, which are a major cause of mortality and morbidity worldwide.
Although genetic screening procedures for early disease detection have been improved
significantly, treatment to prevent or delay mutation-induced cardiac disease onset is lacking.
Recent findings indicate that loss of protein quality control (PQC) is a central factor
in the disease pathology leading to derailment of cellular protein homeostasis. Loss of
PQC includes impairment of heat shock proteins, the ubiquitin-proteasome system and
autophagy. This may result in accumulation of misfolded and aggregation-prone mutant
proteins, loss of sarcomeric and cytoskeletal proteins, and, ultimately, loss of cardiac
function. PQC derailment can be a direct effect of the mutation-induced activation, a
compensatory mechanism due to mutation-induced cellular dysfunction or a consequence
of the simultaneous occurrence of the mutation and a secondary hit. In this review,
we discuss recent mechanistic findings on the role of proteostasis derailment in inherited
cardiomyopathies, with special focus on sarcomeric gene mutations and possible therapeutic
applications.



CLASSIFICATION OF CARDIOMYOPATHIES

Cardiomyopathies (CM) constitute one of the most common causes of sudden cardiac death
in young adults and represent major causes for cardiac transplantation.! Disease onset
generally ranges between 20-50 years of age. CMs are defined by abnormal myocardial
structure and function in the absence of any other diseases sufficient to cause these
abnormalities.? These can be sub-classified based on their functional phenotype and
their specific morphological changes. The most common types are hypertrophic CM
(HCM), characterized by increased left ventricular (LV) wall thickness often occurring
asymmetrically, and dilated CM (DCM), in which the presence of LV dilatation is
accompanied by contractile dysfunction.? Besides HCM and DCM, there are less frequent
forms such as restrictive CM (RCM) and desmin-related cardiomyopathy.? All these
cardiomyopathies can be familial and are typically inherited in an autosomal dominant
manner. Mutations in genes encoding sarcomeric proteins are the most common cause of
these types of CMs.3 However, the genotype-phenotype relationship is far from clear. The
variations in age of CM onset and disease phenotype suggest that additional factors play a
role in CM pathogenesis.

Accumulating evidence indicates the presence of derailed proteostasis in CMs as well
as its contribution to CM onset and progression. This derailment could either be caused
directly by the mutation or indirectly due to a compensatory mechanism. In the former
case, the mutant protein might be instable or improperly folded leading to direct activation
of the protein quality control (PQC). In the latter case, the mutation does not interfere
with protein folding or stability but causes functional impairment which in turn leads
to cellular stress and indirect activation of the PQC. Furthermore, the “secondary-hit"”
model may apply in CMs, in which a primary sarcomere mutation enhances vulnerability
to secondary stressors which increases cellular burden resulting in PQC derailment. This
review summarizes the current knowledge about perturbations in the different components
of the PQC in CMs that are caused by mutations in sarcomeric proteins.

PROTEOSTASIS NETWORK ENSURES CARDIAC HEALTH

The heart has a very limited regenerative capacity and therefore requires surveillance
by a system that maintains protein homeostasis to ensure cardiac health.* The PQC
system sustains proteostasis by refolding misfolded proteins or removing them if refolding
is impossible. It is composed of heat shock proteins (HSPs), the ubiquitin-proteasome
system (UPS) and autophagy. PQC is only then functional when all three components are
operative and interact with each other. This means that derailment of one of the parts
might impair the function of the others in a direct or indirect manner. In a physiological
state, protein folding and refolding is ensured by HSPs and their regulators. Terminally
misfolded and aggregation-prone proteins are cleared by the two degradation systems, i.e.
the UPS and autophagy, that work in collaboration with the HSPs (Figure 3.1). First, the
different parts of the PQC in normal physiology are described, before addressing their role
in CMs.
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Figure 3.1: Collaboration of the protein quality control components.

Stress leads to misfolding of proteins which may result in abnormal interaction and subsequent
aggregation. Small HSPs (white/grey rectangle) and HSPs with ATPase activity (blue moon shape
with black rectangle) prevent aggregation formation by binding to the hydrophobic surfaces of
misfolded protein. They either refold the misfolded protein to its native structure or initiate its
polyubiquitination (Ub, orange hexagon). Misfolded proteins with polyubiquitin chains linked to
lysine 48 (K48) are mainly degraded by the proteasome. Misfolded proteins carrying K63-linked
polyubiquitin chains and aggregated proteins enter the autophagic pathway.
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HEAT SHOCK PROTEINS

HSPs, originally identified as heat responsive proteins, are constitutively expressed in the
cell to serve as molecular chaperones to ensure correct folding and assembly of proteins.
HSPs are classified in two categories: the small HSPs with a low molecular weight
(15-30kDa) and the chaperones with a high molecular weight (>30kDa).

One functional group of HSPs are chaperonin complexes, which are ATP-dependent
chaperones with a barrel-like structure, that provide correct folding of nascent proteins
after translation. Besides their folding function during protein translation, HSPs are also
induced in response to cellular and environmental stressors to maintain a healthy cellular
proteostasis by clearance of misfolded proteins.5

As reviewed by Garrido et al, small HSPs show an ATP-independent holdase activity. This
means that they bind to misfolded proteins, keep them in a state competent for either
refolding or degradation, and thereby prevent or attenuate their aggregation. Due to the
association of small HSPs with the HSPs that have an ATP-dependent folding activity,
the misfolded proteins can be refolded into their native and functional conformation.”
The binding affinity of HSPs to the misfolded protein is dependent on the chaperone
cofactors bound to the HSPs. Furthermore, this binding of chaperone cofactors determines
the processing of the misfolded protein for either refolding or degradation. Chaperone
cofactors involved in degradation pathways can switch off the refolding activity of HSPs
by inhibiting their ATPase activity and assist the HSPs and the UPS or autophagy in the
breakdown of misfolded proteins (Figure 3.2).8° The degradation of the thick filament
protein myosin-binding protein-C (MyBP-C), for instance, is mediated via the chaperone
cofactor HSC70 playing a major role in regulating MyBP-C protein turnover.’ These
degradation pathways are addressed in the following sections.

To maintain the structure and function of the highly dynamic cardiac sarcomeres, HSPs
play an important role. The molecular chaperones GimC (Prefoldin), chaperonin TCP-1
Ring Complex (TRiC), aB-crystallin and HSP27 ensure correct folding and assembly of
proteins, maturation of actin and prevent aggregate formation.!"1* HSP27 is mostly found
as high—molecular weight oligomers in the cytosol of unstressed cells.!®> Upon stress, HSP27
deoligomerizes and translocates to F-actin and thereby stabilizes the F-actin network.'®
To assemble the myosin thick filament, the chaperones UNC-45, HSP90 and HSP70 are
required, whereas the actin filament is self-assembled.!”1° Several members of the small
HSPs family are expressed in the heart and associate with cytoskeletal proteins.?%?! These
HSPBs stabilize cytoskeletal structures and improve coping with stress situations.?1-?3

UBIQUITIN-PROTEASOME SYSTEM

In case of terminally misfolded proteins, that failed be refolded, HSPs and their chaperone
cofactors recruit enzymes to mediate polyubiquitination of the target substrate and thereby
mark them for the appropriate degradation pathway. Short-lived proteins are typically
degraded by the UPS, whereas autophagy is mainly used for degrading long-lived proteins
and entire organelles.?4%°

The polyubiquitination of the target substrate requires the sequential action of three
enzymes.  The ubiquitin-activating enzyme (E1) activates ubiquitin which is then

PROTEIN QUALITY CONTROL IN INHERITED CARDIOMYOPATHIES 55



binding of HSPs

o ©
O association of \.:

chaperone

cofactors
(]
refolding l Q ubiquitination

gl..
I

native protein l

degradation

Figure 3.2: Chaperone cofactor binding determines the heat shock protein (HSP) function.
Small HSPs (white/grey rectangle) and HSPs with ATPase activity (blue moon shape with black
rectangle) bind to the misfolded protein to stabilize it. Dependent on the chaperone cofactors
(green circles or turquoise squares), the misfolded protein gets either refolded or ubiquitinated for
subsequent degradation. If refolding is impossible, the chaperone cofactors can be exchanged to
promote degradation. In case of ubiquitination, the chaperone cofactors can switch off the HSP
refolding activity by blocking the ATPase activity and, together with HSPs, assist in clearance of
the misfolded protein via the degradation pathways.
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transferred to a ubiquitin-conjugating enzyme (E2). In the last step, a ubiquitin ligase (E3)
links ubiquitin from the E2 enzyme to a lysine residue of the target protein. There are only
two E1 enzymes, several E2 enzymes and many E3 ligases, each of which recognizes one
or several specific protein motifs. Therefore, the substrate specificity is achieved by the
selectivity of the different E3 ligases.?®?” Dependent on the combination of E2 enzyme
and E3 ligase, polyubiquitin chains are linked to the preceding ubiquitin molecule either via
lysine 48 (K48) or via lysine 63 (K63) which marks the protein for degradation. Therefore,
the polyubiquitination process determines the degradation pathways: Proteins carrying
K48-linked polyubiquitin chains are predominantly targeted to proteasomal degradation,
and proteins carrying K63-linked polyubiquitin chains enter the autophagic pathways as
discussed in the following paragraph.?®

K48-linked polyubiquitinated proteins are transferred to the proteasome, which is
almost exclusively the 26S proteasome in eukaryotic cells. This protein complex consist
of one 20S core- and two 19S regulatory subunits forming a barrel-like structure. The
regulatory subunits have ubiquitin-binding sites to recognize polyubiquitinated proteins
and unfold them using their ATPase activity. The unfolded proteins are transferred to the
catalytic core and proteolytically cleaved.?® Sarcomeric proteins have an average turnover
rate of 5-10 days.3%3! Therefore, they rely on a proper functioning UPS to regulate their
clearance. Once dissociated from the myofibrils, ubiquitin-conjugating enzymes mark the
proteins for proteasomal degradation by adding K48-linked polyubiquitin chains.313? In
cardiomyocytes, this step is mediated by the MuRF family of E3 ligases.3334

AUTOPHAGY

Autophagy cleans up aggregates or proteins via lysosomal breakdown that cannot be
refolded by chaperones or processed by the UPS.3% During macroautophagy, herein referred
to as autophagy, membrane enclosed vesicles are formed containing the targeted cellular
components. First, an isolation membrane is formed engulfing the cytoplasmic material.
The membrane expands until the edges fuse to form the autophagosome.3® Fusion of
the autophagosome with a lysosome leads to an autolysosome which breaks down the
cargo.3” During selective autophagy, proteins carrying a K63-linked polyubiquitin chain are
degraded. In the case the proteasome is overwhelmed with proteins carrying a K48-linked
ubiquitin chain, such as aggregated proteins, they can also be cleared via autophagy.
Their polyubiquitin chain docks to the adaptor protein p62/SQSTM1 which enables the
translocation into the autophagosome.3® Acidic lysosomal hydrolases degrade the captured
material together with the inner membrane and the resulting macromolecules are recycled
into ATP, amino acids and fatty acids.

Autophagy is found to be upregulated in response to starvation, growth factor withdrawal or
high bioenergetic demands.3%4? The ability to sequester and break down entire organelles,
such as mitochondria, peroxisomes, endoplasmic reticulum and intact intracellular
microorganisms, makes autophagy a unique and essential process in the cell. Especially
in post-mitotic cells like cardiomyocytes, basal activation of autophagy is important to
maintain a balanced proteostasis by degradation of long-lived proteins, lipid droplets and
dysfunctional organelles.?* Cardiomyocytes have a low basal autophagic activity under
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normal conditions. Upon stress, the formation of protein aggregates is facilitated and
triggers activation of autophagy.*® Furthermore, cardiac autophagy is initiated in response
to energy stress during periods of nutrient deprivation or high metabolic demand.**

PROTEOSTASIS DERAILMENT IN INHERITED
CARDIOMYOPATHIES

The PQC is of great importance in many cardiac diseases caused by ‘wear and tear’,
including cardiac amyloidosis, myocardial infarction and atrial fibrillation.#>*® The
activation of PQC in a variety of cardiac stress conditions can be considered as a positive
compensatory response to maintain proteostasis. This might be especially true in the
case of inherited CMs, where mutant protein expression is the disease-causing mechanism.
Recent studies provide evidence for a causative role of the PQC in CM. On one hand,
mutations in components of the PQC itself can cause CM. This has been described
for the R120G mutation in CRYAB encoding for the chaperone aB-crystallin, causing
desmin-related CM, and the P209L mutation in the chaperone cofactor BAG3, leading to
juvenile DCM.#%:50 Mutations in PQC components as causes of inherited CM are rare, but
PQC impairment can also occur as a result of CM-causing sarcomeric mutations. In this
case, mutant sarcomeric proteins may impair the function of the PQC through overload of
its components including HSPs, UPS and autophagy. This could lead to increased levels of
mutant protein, exacerbating CM disease progression.

So far, the role of PQC has been investigated only in a limited number of studies on
CM caused by sarcomeric gene mutations. /n vitro information is available for HCM-
and DCM-causing mutations in ACTCI1. Furthermore, it has been studied in vivo with
HCM-causing mutations in MYBPC3, MYH7 and MYOZ2, DCM-causing NEBL mutations
and RCM-causing TNNI3 mutations (Table 3.1). In the following sections, the interaction
between CM and derailments of the different parts of the PQC are described in detail.

Table 3.1: Overview of structural changes and adaptations in the protein quality
control system related to cardiomyopathies.

Gene Pheno- Morphological Chaperones UPS Autophagy
type abnormalities
HCM not reported + (in vit“ro)51 not reported not reported
ACTC1 DCM not reported + (in vitro)®>  not reported not reported
RCM not reported not reported not reported not reported
HCM cytoplasmic not reported not reported not reported

vacuolization,
perinuclear halo,

ACTN2 dysmorphic nuclei
(human)
DCM not reported not reported not reported not reported
HCM large irregular oB-crystallin 1 (mice)5® 1 (human)®® |
MYBPC3 vacuoles (infant)>3 1 (mice)®* (mice)®®
DCM not reported not reported not reported not reported
MYH6 HCM not reported not reported not reported not reported
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Table 3.1: Continued

Gene Pheno- Morphological Chaperones UPS Autophagy
type abnormalities
DCM not reported not reported not reported not reported
HCM not reported not reported not reported 1 (human)®6
MYH7 DCM not reported not reported not reported not reported
RCM not reported not reported not reported not reported
MYL2 HCM not reported not reported not reported not reported
HCM not reported not reported not reported not reported
MYL3 RCM ultrastructural not reported not reported not reported
defects (mice)®”
MYOZ2 HCM not reported not reported 1 (mice)® not reported
HCM myocyte not reported not reported not reported
vacuolization
(human)®®
NEBL DCM enlarged and not reported not reported abnormal
deformed lysosomes
mitochondria, lipid (mice)®0
accumulation
(mice)®0
HCM not reported not reported not reported not reported
DCM no evidence of not reported not reported not reported
vacuolization
TNNCI (human)®!
RCM degeneration of not reported not reported not reported
myocardial fibres
(human)%2
HCM not reported not reported not reported not reported
DCM not reported not reported not reported not reported
TNNI3 RCM irregularly shaped not reported lproteasomal not reported
megamitochondria activity
(human)%3 (mice)8
HCM myocyte atrophy not reported 1(mice)® not reported
(mice)®®
DCM not reported not reported not reported not reported
TNNT2 RCM abnormal not reported not reported not reported
mitochondria
(human)*67
HCM nuclear gigantism©8 not reported not reported not reported
DCM accumulation of not reported not reported not reported
TPM1 TPM1 (mice)®
RCM not reported not reported not reported not reported

Mixed genotypes are indicated with *. A "4" indicates a positive finding, whereas a

that it has been studied with a negative outcome.
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DIVERSE ABNORMALITIES IN HEAT SHOCK PROTEIN FUNCTION

HSP impairment or activation contribute to disease pathology in CMs. Desmin-related CM
displays HSP impairment and is either caused by mutant desmin itself or mutant chaperone
oB-crystallin.  In a normal state, aB-crystallin binds to desmin and thereby prevents
its aggregation.!®> Mutant desmin, however, impairs the interaction with aB-crystallin
leading to desmin accumulation and cardiomyocyte dysfunction.”® This suggests aberrant
protein aggregation can cause CM. Correspondingly, the R120G mutation in CRYAB
results in desmin-related-CM as well and also presents with aggregates containing desmin
and mutant aB-crystallin.*® Sanbe et al. showed that upregulation of HSPB8 due to
geranylgeranylacetone treatment reduces the amount of mutant aB-crystallin-containing
aggregates.”! This implies that other HSPs can compensate for the loss of function
to remove aggregates. Furthermore, in vitro experiments have shown that HCM- or
DCM-causing mutations in ACTCI, encoding cardiac actin, can interfere with its folding
by the TRiC chaperonin complex resulting in inefficient incorporation of actin into the
myofilament and its subsequent aggregation.’® Mutations in one specific subdomain of
actin affect protein stability or polymerization, making actin more prone for degradation.
Whereas mutations in other subdomains of actin cause alterations in protein-protein
interactions.””> A gene co-expression analysis of human controls and HCM samples
identified the TRiC chaperonin complex as the most differential pathway thereby further
highlighting its importance in HCM."3

By contrast, various studies on the role of PQC in CMs report on increased levels
of HSPs due to PQC activation. However, it still remains unresolved whether the increased
levels of HSPs are a direct effect of the mutant protein or a compensatory secondary effect
due to increased cellular stress. Therefore, the direct interaction of mutant protein and
HSPs needs to be studied. In mice with a truncating MYBPC3 mutation and an HCM
phenotype, increased levels of aB-crystallin have been found.?* In other CM mouse models,
independent of a sarcomeric mutation, increased levels of HSP70 have been observed.™
A study in patients with chronic heart failure due to DCM revealed a correlation of
serum HSP60 levels with disease severity.”® Since increased levels of HSP27 and HSP70
are associated with a protective effect in models for atrial fibrillation, by maintaining
cardiomyocyte function, one can speculate that increased expression of these HSPs might
be part of a compensatory protective mechanism in CM.7476

In general, research findings indicate that HSP impairment is detrimental for cardiomyocyte
function due to a higher risk of impaired protein folding and aggregate formation. By
contrast, HSP activation in CM is considered as a beneficial effect and is most likely a
compensatory mechanism of the cell.

DERAILMENT OF THE UBIQUITIN-PROTEASOME SYSTEM

Derailed UPS function in CM affects the degradation of terminally misfolded proteins.
MYBPC3 mutations often lead to expression of truncated protein, which is not
incorporated into the sarcomere because the most C-terminal domain needed for
incorporation is missing.”” Truncated MyBP-C has not been detected in cardiac samples of
HCM patients.”® In addition, very low levels (<4%) of truncated MyBP-C, which were not
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incorporated into the sarcomeres, were found in engineered heart tissue made of MYBPC3
knock-out mouse cardiomyocytes transfected with a truncating MYBPC3 mutation.”
Therefore, it is likely that either the mutant mRNA is degraded via nonsense-mediated
mRNA decay and/or the truncated MyBP-C forms a substrate for immediate degradation
by the UPS or autophagy. Since MyBP-C is highly expressed in cardiomyocytes, high levels
of truncated protein may lead to an increased UPS burden and competitive inhibition of the
proteasome.?>80 In this case, the UPS is overwhelmed by the amount of truncated protein
that needs to be degraded. In line with this hypothesis are analyses of myectomy samples
from HCM patients with sarcomeric mutations which show a decrease in proteolytic
activity (Table 3.1).5581 Decreased processing through the UPS system is also indicated
by the increase in overall levels of protein ubiquitination in HCM patients and animal
models which is already detectable at an early postnatal phase prior to any other symptom
development.®>068182 Consistent with the studies in MYBPC3-mutant samples, UPS
perturbations have also been found in mouse heart tissue with TNNT2 mutations.%®
Patient samples with a sarcomeric mutation showed higher levels of polyubiquitination and
decreased proteolytic activity compared to healthy controls.8!

In addition to overload of the UPS by mutant protein, increased oxidative stress
can also impair the function of the proteasome. In this case, the proteasomal dysfunction
would not be a direct effect of the mutant protein but a consequence of secondary
cellular changes. In CM samples, an increase in oxidation of cytosolic protein content
as well as the 19S proteasome, thereby decreasing the overall proteolytic function of
the 26S proteasome subunit, has been identified.%¢81:83 |n addition to the proteasome
itself, the expression of ubiquitin ligases can be altered. In an HCM mouse model
with mutant Mybpc3, the muscle specific E3 ligase Asb2B showed decreased mRNA
levels compared to wild-type mice.8* Since one of its targets is desmin, accumulation
of desmin could contribute to the HCM phenotype, as observed for desmin-related
CMs. A large HCM patient cohort and matched healthy controls were screened for
genetic variants in all three members of the MuRF family, since mutations in the gene
encoding MuRF1 were reported to cause HCM.2% In this study, a higher prevalence
of rare variants of the cardiac-specific E3 ligases MuRF1 and MuRF2 was found in
HCM patients.?® These were associated with earlier disease onset and higher penetrance
implying that disturbances of the UPS might act as a disease modifier contributing to HCM.

In contrast to HCM, in DCM the reported UPS derailments could not yet be linked
to sarcomeric mutations. A likely reason for this is that the DCM patient samples did not
carry a sarcomeric mutation and/or the underlying disease cause was not known. Tissue
analysis from explanted DCM hearts revealed increased expression of both E1 and/or E2
enzymes.88 Further evidence of increased ubiquitin-conjugating enzyme activity was
detected in end-stage DCM. Here, increased levels of MuRF1 and MAFbx were associated
with increased UPS degradation activity, which might be the cause of ventricle wall thinning
as observed in end-stage DCM patients.® In line with the increased ubiquitin-conjugating
enzyme levels, increased levels of polyubiquitinated proteins have been detected in DCM
samples.87:88.90.91 This finding is further supported by a 2.3-fold reduced expression of
the deubiquitinating enzyme isopeptidase-T in DCM patients.8 Furthermore, increased
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proteolytic activity of the 26S proteasome as well as the 20S subunit peptidase activity have
been found.8%°! In contrast to HSPs, the answer to the question whether UPS activation
or inhibition would be beneficial in HCM and DCM, is not as straight forward. In an
HCM phenotype, proteasome activation might improve the hypertrophic phenotype due to
increased mutant protein degradation. However, in DCM, increased proteasome function
might augment wall thinning and therefore DCM might benefit from proteasome inhibition.

UNRESOLVED ROLE OF THE AUTOPHAGIC RESPONSE IN
CARDIOMYOPATHIES

Autophagy is a crucial mechanism in CMs that only fulfills its cytoprotective mechanisms
when it is in balance.*> Moderate activation of autophagy has beneficial effects in CM
patients by removing aggregates and supplying the cell with energy.

However, protein degradation due to excessive autophagy has been associated with different
types of CM, including HCM, DCM, ischemic CM and chemotherapy-induced CM.9%-%7 This
could lead to loss of myofibrils, as observed in end-stage HCM and DCM patients.%%%°
In a recent study, the expression of vacuolar protein sorting 34 (Vps34), an important
autophagy regulator, was shown to be decreased in the myocardium of HCM patients and
deletion of Vsp34 resulted in an HCM-like phenotype in mice. Furthermore, decreased
expression of Vsp34 impaired the HSP-autophagy axis, as indicated by aB-crystallin-positive
aggregates.”” HCM patients with mutations in MYBPC3 or MYH7 revealed an upregulation
of autophagic vacuoles and markers, indicating increased autophagic activity.’® In a
homozygous Mybpc3-mutant HCM mouse model, levels of autophagy markers were
increased on protein level implying autophagic activation. However, mRNA levels of these
markers were not increased. This rather suggests an accumulation of autophagic proteins
due to defective autophagic-lysosomal degradation instead of activation on transcriptional
level 5% In explanted hearts from DCM patients, the imbalance of high uibiquitination
rate and insufficient degradation may contribute to autophagic cell death.8 Vacuolization
in CMs has been reported with mutations in ACTN2, MYBPC3 and NEBL.525359 This
observation suggests that the accumulation of autophagic vacuoles implies cardiomyocyte
stress. However, the interpretation of vacuole accumulation remains unclear since it could
reflect an increase in autophagic activity or an impairment of autophagosome-lysome fusion.
For a correct interpretation of the role of autophagy in CM, autophagic flux in combination
with gene and protein expression data have to be studied in the future.

ENVIRONMENTAL STRESSORS [INFLUENCING THE PROTEOSTASIS
NETWORK

Besides the upper mentioned effects of the sarcomeric gene mutations on the PQC, other
environmental stressors, including physiological stress, genetic and epigenetic pathways
and inflammation, can also impair its function.!9%191 |n CM patients with a sarcomeric
mutation, these stressors can act as second hit and thereby determine disease severity.
Since most of CM patients become symptomatic only in a later stage of their life, the
influence of drugs directed at the PQC system as treatment modality for co-morbidities
and the age-related decline of the PQC are discussed below.
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Several anti-cancer agents block the PQC to cause a lethal proteotoxicity in cancer
cells. Anthracyclines, for example, directly impair its function by enhancing proteasomal
degradation due to increased expression of E3 ligases and increased proteasome activity as
well as inhibition of autophagy in cardiomyocytes.19219% Furthermore, they disturb Ca®*t
homeostasis, leading to endoplasmic reticulum stress, which derails protein folding.1%? In
CM patients, dealing already with a sarcomeric mutation, treatment of another non-cardiac
disease can trigger the onset of CM or worsen the clinical outcome. Cardiotoxic side effects
of anthracyclines can lead to anthracycline-associated cardiomyopathy (AACM) which
presents as LV dysfunction and DCM in adults and RCM in children.1%197 Even a low
dose treatment caused anti-cancer agents-induced CM in cancer patients without a history
of cardiac disease. Genetic screening of these patients revealed truncating titin variants
which are known as a genetic cause of DCM. These variants may increase the susceptibility
for anti-cancer agents-induced CM.1% |n general, patients having a genetic predisposition
for DCM are more prone to develop AACM after anthracycline treatment.’%%119 |t can
be speculated that the impairment of the PQC due to the anti-cancer treatment is an
additional burden to the cardiomyocyte. The clinical cardiac phenotype is caused by
insufficient clearance of the mutant protein via UPS and/or autophagy. Therefore, these
findings suggest that PQC impairment by anthracyclines can act as catalysts in the
development of CM in patients with underlying sarcomeric gene mutation.

Ageing represents another cellular stressor leading to toxic mutation effects because
of the late disease onset and development of symptoms in inherited CMs. Clinical
characteristics, such as wall thickness and diastolic function, worsen with increasing
age.!'! This could be related to an age-associated decline in proteostatic function,
which is supported by the presence of damaged macromolecules and mitochondria in
aged cardiomyocytes.!*? Dysfunctional mitochondria generate high levels of reactive
oxygen species, which promote proteotoxic stress and accelerate detrimental effects on the
cardiomyocyte.!*3 Also, the activity of the 26S proteasome is decreased during ageing which
is possibly caused by oxidation of its components.66:83:114.115 The age-dependent decline in
proteasome function increases the burden for the autophagic pathway. However, not only
the proteasome, but also the autophagy-lysosomal system declines during ageing.!® As an
example, mTOR, a negative regulator of autophagy, was upregulated during ageing in a
mouse study which indicates decreased autophagic activity.!'” As a result, the activity of
the autophagic response might not be sufficient. However, similar to findings related to
the UPS, autophagy was enhanced during ageing in some animal models, suggesting an
increased need for autophagy in aged cells.1*® Further research is warranted to investigate
whether the age-related decline of the PQC is causative for CM onset and/or progression.

FUTURE THERAPEUTIC IMPLICATIONS

To improve the clinical outcome of CM patients, modulation of PQC components might
serve as a novel therapeutic strategy. Figure 3.3 summarizes the three different ways and
illustrates how a sarcomeric gene mutation can lead to PQC derailment. In case of a
direct mutation effect on the PQC as well as in combination with secondary hits, targeting
of the PQC would be most beneficial and the most direct way to prevent cardiomyocyte
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dysfunction. In case where the PQC derailment is a consequence of mutation-induced
cellular disturbances, it is important to also target the cellular dysfunction to prevent
further worsening of the PQC.

Sarcomeric gene mutation

+ second hit
PQC derailment Cellular dysfunction PQC derailment
Cellular dysfunction PQC derailment Cellular dysfunction
Direct effect Compensatory effect Secondary hit

Figure 3.3: Effects of sarcomeric gene mutations on the protein quality control (PQC) system.
Sarcomeric gene mutations can directly derail PQC function leading to cardiomyocyte dysfunction.
PQC derailments in cardiomyopathies (CMs) can also be a compensatory mechanism to counteract
cardiomyocyte dysfunction caused by the sarcomeric gene mutation. The secondary hit hypothesis
suggests that the PQC of cardiomyocytes carrying a sarcomeric gene mutation is more prone to
derail in response to additional cellular stressors, thereby resulting in cardiomyocyte dysfunction.

As extensively discussed in this review, PQC alterations in CMs are disease- and
mutation-specific leading to either increased or reduced function in one or several of
its components. Therefore, personalized treatment strategies are required to restore a
balanced proteostasis. Potentially, all three PQC components can be therapeutically
targeted with the appropriate compounds.

HSP expression can be induced by the drug geranylgeranylacetone. In animal models of
desmin-related CM, the induction of HSP expression by geranylgeranylacetone resulted in
a beneficial effect on heart function because desmin-aggregate formation was reduced.”
This example suggests that activation of HSPs might also be beneficial in other types of
inherited CMs since HSPs play a crucial role in coping with the mutant protein.
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The derailment of the UPS is context dependent: proteasomal function is decreased
in HCM, RCM and desmin-related CM and increased in DCM.8® Decreased proteasomal
function suggest that the misfolded proteins hamper the UPS by overwhelming it due to
permanent degradation of misfolded proteins. As a consequence, the activity of the UPS
is throttled. Therefore, UPS activation might be a beneficial therapeutic strategy in HCM
and desmin-related CM.2 In line with this, in HCM patients with a TNNT2 mutation
increased proteasomal activity was correlated with a better clinical outcome.%® In contrast,
over-activation of the UPS indicates a direct response of the UPS to the misfolded proteins
to ensure optimal clearance. However, excessive activation of the UPS transforms the
initially beneficial effects into a detrimental maladaptation that possibly contribute to
loss of myofibrils.8? Nevertheless, complete proteasome inhibition itself triggered cardiac
dysfunction and a CM-like phenotype in healthy pigs.!'® Therefore, it is important to
achieve a moderate UPS response in DCM to prevent the detrimental effects of complete
proteasome inhibition.

The altered autophagic flux in CMs can be caused on the one hand directly by the
misfolded protein itself or on the other hand indirectly by compensating for the impaired
functionality of the UPS. To optimize the degradation response, the autophagic activity
needs to be pharmacologically titrated into its proteostasis promoting range.'?°

CONCLUSION

The PQC is crucial for cardiac health and requires the collaboration of all its components
to be functional. Key modulators of the PQC are disease- and mutation-specifically altered
and derailed in CM. Pharmacological targeting of PQC components represents a novel
therapeutic strategy to treat CMs. Since most of the described findings are retrieved from
single CM patients or experimental animal models, systematic studies in larger CM patient

populations are warranted to untie the knot of disease- and mutation-specific derailments
of the PQC.
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