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Abstract

Myofibrillar myopathies linked to desmin, also known as desminopathies, are rare
genetic diseases caused by mutations in the DES gene primarily characterized by the
progressive appearance of muscle weakness. In many cases, these pathologies are also
associated with dilated cardiomyopathy, leading to heart failure, which is a major cause of
death in these patients. Indeed, in addition to the disorders of cardiac contractility common
to all dilated cardiomyopathies, those induced by a DES gene mutation are characterized
by the presence of protein aggregates, mitochondrial dysfunction and myofibril
disorganization. To date, no effective treatment, pharmacological or surgical approach, can
reverse this progressive and disabling heart disease. The purpose of this PhD was first to
highlight pathophysiological mechanisms involved in the establishment and maintenance
of the disease. Then to better shed light on the cellular DES****X morphological phenotypes,
with the aim of modulating them by treatment with annotated compounds. These assays
allow us to deduce and validate biological targets previously identified, in order to open the
way toward new therapeutic approaches. In this context, the precise aim was to focus on

the state of proteostasis and protein quality control systems (PQC).

To reach these objectives, this study exclusively used in vitro models of DESE4%K
mutation-induced dilated cardiomyopathy based on cardiomyocyte derived from human
induced pluripotent stem cells (iPSC-CM) cultured as 2D monolayers or as engineered
human myocardium (EHM). Thus, after validation that the models recapitulated the
hallmarks of dilated cardiomyopathy, it was shown that in a DESE43°K mutation context,
cellular proteostasis was disrupted and PQC activated, notably the autophagy process. A
high-content imaging approach was then implemented to better characterize and quantify
the phenotypic properties of iPSC-CM carrying the DES E439K mutation. This method
allowed us to quantify the effects of annotated small compounds and to select those capable
of reversing the cellular phenotype. The identification of the mechanisms of action of these
compounds confirmed the involvement of mitochondrial and endoplasmic reticulum stress

response processes in the establishment of pathological phenotypes.

In conclusion, this study highlights the importance of regulating cellular proteostasis
and mitochondrial homeostasis in dilated cardiomyopathy caused by the DES gene

mutation, which could represent an interesting therapeutic approach.



Résumeé

Les myopathies myofibrillaires liées a la desmine, également appelées
desminopathies, sont des maladies génétiques rares causées par des mutations du géne DES
qui se caractérisent principalement par 'apparition progressive d'une faiblesse musculaire.
Dans de nombreux cas, ces pathologies sont également associées a une cardiomyopathie
dilatée, conduisant a une insuffisance cardiaque, qui est une cause majeure de déces chez
ces patients. En effet, outre les troubles de la contractilité cardiaque communs a toutes les
cardiomyopathies dilatées, celles induites par une mutation du géne DES se caractérisent
par la présence d'agrégats protéiques, de dysfonction mitochondriale et de désorganisation
des myofibrille. A ce jour, aucun traitement efficace, qu'il soit pharmacologique ou
chirurgical, ne peut inverser cette maladie cardiaque progressive. L'objectif de cette thése
est d'abord de mettre en évidence les mécanismes physiopathologiques impliqués dans
I'émergence et le maintien de la maladie. Puis de mettre en avant les phénotypes
morphologiques cellulaires DESE43°K, dans le but de les moduler par un traitement avec des
composés annotés. Ces essais permettent de déduire et de valider des cibles biologiques
préalablement identifiées, afin d'ouvrir la voie vers de nouvelles approches thérapeutiques.
Dans ce contexte, l'objectif précis était de se focaliser sur I'état de la protéostasie et des

systémes de contrdle de la qualité protéique (PQC).

Pour atteindre ces objectifs, cette é¢tude a utilisé exclusivement des modeles in vitro
de cardiomyopathie dilatée induite par la mutation DES®**X  se reposant sur des
cardiomyocytes dérivés de cellules souches pluripotentes induites humaines (iPSC-CM)
cultivées en monocouches 2D ou en myocarde humain (EHM). Ainsi, aprés avoir validé
que les modeles récapitulaient les caractéristiques de la cardiomyopathie dilatée, il a été
montré que dans un contexte de mutation DES®3%K | la protéostasie cellulaire était perturbée
et la PQC activée, notamment le processus d'autophagie. Une approche d'imagerie a haut
contenu a ensuite ét¢ mise en ceuvre pour mieux caractériser et quantifier les propriétés
phénotypiques des iPSC-CM porteurs de la mutation DESE#X, Cette méthode nous a
permis de quantifier les effets de composés chimiques annotés et de sélectionner ceux
capables d'inverser le phénotype cellulaire. L'identification des mécanismes d'action de ces
composés a confirmé l'implication des processus de réponse au stress mitochondrial et du

réticulum endoplasmique dans 1'établissement des phénotypes pathologiques.



En conclusion, cette étude met en évidence l'importance de la régulation de la
protéostasie cellulaire et de I'hnoméostasie mitochondriale dans les cardiomyopathie dilatée
causée par la mutation du géne DES, ce qui pourrait représenter une approche thérapeutique

intéressante.
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I. INTRODUCTION

I.1. Myofibrillar Myopathy

Myofibrillar myopathy (MFM) is a rare neuromuscular disease characterized by the
onset of progressive muscle weakness. In the 1990s, a number of myopathies were grouped
together under the term MFM, on the basis of common characteristics. These muscular
pathologies presented the same histopathological patterns, as well as myofibrillar
dissolution associated with the accumulation of myofibrillar degradation products. In
addition, ectopic expression of multiple Z-disc-derived proteins was observed (Béhin et al.,

2015).

MFM is a heterogeneous group of hereditary diseases. According to rare disease
databases (OMIM and Orphanet) the main genes known to be associated with MFM are
DES (coded for Desmin), CRYAB (coded for a-B-crystallin), MYOT (coded for Myotilin),
LDB3 (coded for LIM domain binding 3), FLNC (coded for Filamin C), BAG3 (coded for
BAG cochaperone 3), FHLI (coded for Four and a half LIM domains 1), 77N (coded for
Titin) and DNAJBG6 (coded for DnaJ heat shock protein family (Hsp40) member B6). The
majority of hereditary mutations are autosomal dominant, a few mutations follow
autosomal recessive mode, and few others are present as sporadic forms. The underlying
mechanisms of these disorders are not yet fully understood. They may differ from one type
of disorder to another, depending on the causal mutations in a single gene. Actually, some
pathologies such as laminopathy or selenopathies have the same histopathological features
as MFM, but are not classified in the same group. In fact, these disorders have quite distinct

pathophysiological mechanisms (D’Amico et al., 2005; Ferreiro et al., 2004).

The clinical spectrum of MFM is large, in addition to the progressive development of
proximal and/or distal limb muscle weakness; limb-girdle and scapuloperoneal phenotypes
may be observed, as well as involvement of muscles of the hand, face and pharynx
(Schroder & Schoser, 2009). Cardiomyopathy, peripheral neuropathy, respiratory failure
and cataracts are frequently associated clinical perturbations (Ferrer & Olivé, 2008). The
diagnosis of these pathologies can be established by muscle biopsy showing abnormal

fibers containing amorphous material of irregular shape and size or the positivity test into



the aggregate structure for several proteins, including a-B-crystallin, desmin and myotilin

(Cannone et al., 2023).

MFM and more specifically those caused by pathogenic variants in the DES gene are
associated with a high risk for arrhythmogenic dilated cardiomyopathy, characterized by a
high risk for (1) severe heart failure due to left ventricular systolic dysfunction and
restrictive filling pattern and (2) arrhythmic complications including complete atrio-

ventricular block and sustained ventricular tachyarrhythmias (Wahbi et al., 2012a).

I1.2. Dilated Cardiomyopathy

Cardiomyopathies are a group of heart disorders characterized by structural or
functional alterations of the heart muscle, without an external cause such as coronary
disease or arterial hypertension being responsible for these abnormalities. As a result, the
heart is no longer able to perform its role of pumping blood efficiently. Cardiomyopathies
are a major source of cardiovascular morbidity and mortality worldwide (Brieler et al.,
2017). There are several types of cardiomyopathy, including restrictive cardiomyopathy,
hypertrophic cardiomyopathy or dilated cardiomyopathy (DCM) (McNally EM, 2017).
DCM is one of the most common forms of cardiomyopathy. It manifests as abnormal
dilatation of the heart's chambers, principally the left ventricle, leading to loss of contractile
function and heart failure. The diagnostic tests for all patients with known or suspected
DCM include clinical history, laboratory tests, electrocardiogram (ECG), and cardiac
imaging. Classically, a diagnosis of DCM requires the identification of both ventricular

dilation and systolic dysfunction (Heymans et al., 2023).

There are several direct causes of DCM: pathogenic gene variants, infections,
autoimmunity, toxins (ethanol, recreational drugs and cancer treatments), endocrinopathies
and tachyarrhythmias. In 30-40% of cases, DCM is due to a genetic cause. The mode of
inheritance of familial DCM is typically autosomal dominant, suggesting a monogenic or
mendelian cause, although X-linked, autosomal recessive and mitochondrial inheritance
can also be observed (Khan et al., 2022). Over fifty genes have been characterized as
inducing DCM, however, evidence of causality is often incomplete (Mazzarotto et al.,
2020). Previous studies using a contemporary variant classification have highlighted the
importance of some twenty genes for which pathogenic or probable pathogenic variants
have been shown to be more or less causative of DCM. These genes code for proteins

involved in different mechanisms of cardiac contractility (Figure 1).
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Myofibril contractile dysfunction plays a central role in the initiation and progression
of DCM. The sarcomere is composed of numerous proteins, and mutations in several of
them have been associated with DCM, including actin a-cardiac muscle 1 (encoded by
ACTCI), myosin C binding protein cardiac type (encoded by MYBP(C3), myosin chains
(encoded by MYL2, MYL3, MYH6 and MYH?7) and the al chain of tropomyosin (encoded
by T7PM1). Mutations in genes encoding cardiac troponins (encoded by TNNT2, TNNCI1
and TNNI3) are also directly linked to disordered force generation (Willott et al., 2010).
Mutations in TTN which encodes the giant titin protein that connects myosin to the Z-discs,
are found in approximately 25% of patients with DCM (Ware & Cook, 2018). Mutations
in genes encoding proteins that are not directly related to the sarcomere have also been
described to be involved in the development of DCM. For example, mutations in other non-
contractile proteins (a co-chaperone for heat shock protein 70 (HSP70) encoded by BAG3)
can induce defects in cellular signaling pathways that alter cardiac response (Knezevic et
al., 2015). Moreover, mutations in phospholamban (encoded by PLN), a key calcium
signaling protein, have been directly linked to abnormal contractility (G. S. Liu et al., 2015).
It was also reported that desmosomal protein variants, notably, desmocollin 2 (encoded by
DSC2), desmoglein 2 (encoded by DSG2), desmoplakin (encoded by DSP) and plakophilin
2 (encoded by PKP2) are most commonly associated with arrhythmogenic right ventricular
cardiomyopathy, but mutations in these genes have also been implicated in DCM (Sen-
Chowdhry et al., 2008). In addition, in some patients with genetic DCM, a particular genetic
defect may be suggested by cardiac conduction abnormalities. In particular, variants of
lamin A/C (encoded by LMNA) a protein structure linked to the inner nuclear membrane
are associated with high rates of conduction system disease, ventricular arrhythmias and

sudden cardiac death (Japp et al., 2016).

Finally, the cytoskeleton which provides an important intracellular scaffold for the
transmission of force from the sarcomere to the extracellular matrix and for the protection
of the myocyte against external mechanical stress could also be associated to DCM. Indeed,
defects in cytoskeletal proteins such as desmin (encoded by DES) could predispose to DCM

by reducing force transmission and/or resistance to mechanical stress (Wahbi et al., 2012b).
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Figure 1 : Genetic causes of dilated cardiomyopathy. Stars represent genes whose mutation is likely
to induce dilated cardiomyopathy from (Schultheiss et al., 2019)

L.3. Desmin related to (cardio)myopathy, Desminopathy

Desminopathy refers to diseases caused by disruption of the desmin protein, such as
MFM and DCM. Morphologically, desminopathies are often characterized by protein
aggregation of the desmin and disruption of the myofibrillar network (Selcen, 2011). In
addition, abnormalities in the intercalated discs and mainly in mitochondria are observed
(Goldfarb & Dalakas, 2011). Initially, desminopathy was associated with progressive distal
limb myopathy, but other studies have shown that desminopathy can be considered as part
of the MFM family (B¢hin et al., 2015). Cardiac manifestations may precede, co-occur or
follow skeletal muscle manifestations. They take the form of cardiomyopathy leading to
cardiac conduction disorders or arrhythmias. Patients carrying DES mutations are also at

risk of developing respiratory and ocular diseases such as cataracts conduction (Capetanaki

etal., 2015).

Desminopathies are rare diseases with a prevalence of 5/10000, due to mutation in
DES encoding desmin. These diseases are found in both men and women. However, it has
been observed that men carrying the heterozygous mutation are more likely prone to
develop cardiac manifestations. The average age of manifestation is quite variable, ranging
from the first to the eighth decade of life. However, it appears that the majority of patients
manifests the disease between their 2nd and 4th decade of life (Clemen et al., 2013).



More than 70% of DES mutations induce heterogenous cardiac manifestations (Van

Spaendonck-Zwarts et al., 2011), which are the main cause of premature death in this type
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Myopathy P.Q165-A175delinsAS
p.L38SP p.A120D c™m
pL69P — p-Q389P
P.EAOIK
LVNC Trabeculations  P721%
/ p.A360S
PpSTE pK240del  p.34sP p.N366del
P.S46F p.L274P p.Q348P p.L370P
p.Sa6Y PL2TAR P.M349-R355delinsG p.L377P
pRS2L PAIITP PR3SSP pxazIY
PIT6RC1 & pL338R P.E359-5361del p.D214Y
PLEL0BX
PA3IST-E359del p.5344P

Figure 2 : Venn diagram indicating the different cardiac and skeletal phenotypes of DES mutation
carriers. Of note, the associated clinical phenotypes of different mutations overlap significantly.
DCM = dilated cardiomyopathy, HCM = hypertrophic cardiomyopathy, ARVC = arrhythmogenic
right ventricular cardiomyopathy, RCM = restrictive cardiomyopathy, LVNC = left ventricular
cardiomyopathy, CM = atypical or unknown cardiomyopathy from (Brodehl et al., 2018)

1.3.1. Desmin

In eukaryotic cells, three filamentous systems form the cytoskeleton. First, actin
filaments ensure the structural integrity and stability of almost all mammalian cells, in
(cardio)myocytes, these structures also compose the sarcomeric filaments. Next,
microtubules are composed of a and B-tubulin and are required for kinesin-mediated vesicle
transport. Lastly, intermediate filaments ("IF") are formed by highly flexible, non-globular
protein units, composed mainly of a-helices. IF proteins are nanomolecular springs that
offer structural flexibility. There are over 73 different IF proteins, classified into six groups
on the basis of similarities between their amino acid sequences (Hnia et al., 2015). In

cardiac tissue, the cytoskeletal IF proteins expressed are:
- type III: desmin, vimentin, paranemin and sycoilin
- type IV: symenin and nestin
- type V: nuclear lamins

Desmin is the muscle-specific IF protein and the most abundant IF protein expressed

in cardiomyocytes, it is also found in skeletal and smooth muscle cells.
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Desmin is a 470 amino acid protein with a molecular weight of 53.5 kDa. Like all IF
proteins, desmin is fibrous in nature and has a tripartite structure with a central,
predominantly a-helical. This domain, known as the "rod", is surrounded by non-oa-helical
amino-terminal ("head") and carboxy-terminal ("tail") domains. The central rod domain
contains four alpha-helical regions (1A, 1B, 2A, 2B) separated by three non-helical

junctions (Figure 3).

| HEAD | HELICAL ROD | |

85 aa 23 aa 8aa 16 aa 8aa 61aa

470 aa

Figure 3 : Schematic representation of desmin protein. Amino acid (aa) from (Marzuca-Nassr et
al., 2018)

The human desmin gene (DES), located on chromosome 2q35, is a single-copy gene
spanning approximately 8.3 kb and comprising nine exons encoding for desmin. Nearly 70
mutations in the DES gene have been identified as inducing desminopathy (Van
Spaendonck-Zwarts et al., 2011). The vast majority of familial desminopathies follow an
autosomal dominant mode of inheritance. The most frequent DES mutations are missense

mutations leading to single amino acid substitutions (Clemen et al., 2013).

Desmin is one of the first muscle-specific proteins to appear during embryonic
development, where it is transiently expressed along with vimentin, nestin and keratins
(Kuisk et al., 1996). Studies have shown that amino-terminal mutations in desmin interfere
with cardiogenesis by altering important cardiogenic regulators such as brachyury,
goosecoid, nkx2.5 and mef2 (Hofner et al., 2007). Indeed, desmin appears to play a
regulatory role during myogenic and cardiogenic commitment and differentiation (Hollrigl

et al., 2007).

Desmin and its multiple binding partners form a 3D scaffold that spans the entire
diameter of the cardiomyocyte, surrounding the Z-discs linking the contractile apparatus to
the costamers and intercalated discs of the plasma membrane, as well as to most membrane-
bound cellular organelles, including mitochondria, the sarcoplasmic reticulum and the

nucleus (Capetanaki et al., 2007).
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Extracellular Matrix

Mitochondria Z-Bands Desmosomes

Figure 4 : Schematic overview about the localization of desmin filaments (red) in cardiomyocytes.
Of note, desmin filaments connect several protein-protein complexes (e.g., desmosomes) and cell
organelles (mitochondria, nuclei) to the cytoskeletal network from (Brodehl et al., 2018)

First, desmin were described to be responsible for the lateral alignment of myofibrils
and the integrity of the contractile apparatus (Granger & Lazarides, 1980). However, in
DES 7 mice model (Z. Li et al., 1996), overexpression of Bcl-2, a mitochondrial anti-
apoptotic protein, has been shown to restore correct Z-disk alignment in the absence of
desmin (Weisleder et al., 2004). Still, desmin is important to ensure the stability of these
structures, as illustrated by some studies where the interaction of nebulin and nebulette with

desmin induced stabilization of actin filaments in sarcomeres (Hernandez et al., 2016).

Studies involving a desmin-deficient mice model (DES ) have highlighted the
importance of the interaction between desmin and mitochondria (Milner et al., 2000).
(Cardio)muscular homeostasis requires a close link between energy production and
demand. Therefore, mitochondrial abnormalities are a common pathological feature of
desmin-related cardiomyopathies. Indeed, the earliest and most prominent features of DES
- mice are mitochondrial structural disturbances, appearing before any other cardiac
dysfunction (Milner et al., 2000). Mitochondrial defects include loss of proper morphology
followed by cardiomyocyte death, inflammation, fibrosis and calcification. This cascade of
events leads to myocardial degeneration, DCM and heart failure (Fountoulakis et al., 2005).
Desmin appears to be important for cristae structure, respiratory function, activation of the
mitochondrial permeability transition pore (mPTP), sensitivity to oxidative stress and
appropriate mitochondrial membrane potential (Aym) (Diokmetzidou et al., 2016). Indeed,
the desmin network could keep mitochondria close to myofibrils and facilitate the sensing
and transfer of energy requirements, thus coupling mechanochemical signaling to
metabolism. Moreover, desmin would also promote mitochondrial interactions with other
organelles such as the endoplasmic reticulum/sarcoplasmic reticulum (ER/SR) (Tsikitis et

al., 2018). Indeed, it has been shown that desmin is localized in contact sites between the
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SR and mitochondria (MAMs, mitochondria-associated membranes), structures that are
important for multiple cellular processes, including Ca?" and metabolite transfer, lipid
metabolism, regulation of mitochondrial shape, the formation of autophagosomes and
inflammasomes (Eisner et al., 2013). This association could be mediated by the voltage-
dependent anion channel (VDAC), present in both mitochondria and SRs, which has been
shown to interact directly with desmin (H. Li et al., 2016). The importance of desmin in
mitochondrial function is reinforced by the discovery of desmin associating with various
mitochondrial proteins like the MICOS (mitochondrial contact site and cristae organizing
system) complex, the mitochondrial outer membrane Sam50 and OPA1 involved in fusion
and ATP synthase f (Diokmetzidou et al., 2016). Furthermore, a recently demonstrated
association of RyR2a with myospryn desmin-associated protein (CMYAS,
cardiomyopathy-associated 5), a novel protein of the tripartite motif (TRIM) family,
demonstrated an indirect pathway for desmin association with the SR of cardiomyocytes

(Agnetti et al., 2022).

Interestingly, studies have shown that desmin can be associated with proteins
involved in vesicle trafficking and control of endo/lysosomal compartments. This promotes
the appropriate biogenesis and distribution of lysosomes in cardiomyocytes, and potentially
the appropriate formation of autophagosomes/autophagophores (X. Wang & Robbins,
2014).

Two heat shock proteins have been described as interacting with desmin at multiple
sites: Hsp25 (Hsp27) and a-B-crystallin (HspB5) (Wettstein et al., 2012). The desmin- a-
B-crystallin interaction appears to play an important role in the pathology of
cardiomyopathies. Mutations in this hsp cause the same desmin-related DCM and heart
failure with similar mitochondrial defects (Goldfarb & Dalakas, 2011). a-B-crystallin and
desmin are notably localized in mitochondria-SR contact sites (MAMSs) and their correct
interaction has mitoprotective and cardioprotective effects (Ganguly et al., 2014). It has
been illustrated that overexpression of a-B-crystallin in desmin-deficient hearts improves
all mitochondrial defects and cardiac function (X. Wang et al., 2001). Mechanisms

involving hsp will be described later in the manuscript.

Post-translational modifications of desmin include phosphorylation, ADP-
ribosylation, ubiquitination, glycation, oxidation and nitration and have implicated in the

pathogenesis of desmin-related muscle diseases (Claeyssen et al., 2023; D. L. Winter et al.,
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2014). Most post-translational modifications result in the disassembly of the desmin

network, with the exception of ubiquitination, which leads to its degradation.

|

| aB-crystallin
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