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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

p.K43E P.R275G P.R429K
521
.G6SS R278W Ra54 ssw piKLRAX P )
: £108K : A285V : EZSZS P.S12F p.Q113fsX115 :nlr:cularﬂnd
A i A 1 . .N116QfsX1 // Septal
pVI126L p.5298L pV4S9I p-K201Rf5X20 & p.R429X P
p.L136P p.D312N p45IM p.D336Y pT219P pE234K HCM Hypertrophy
[ Dused pLI36H  p.G340D pR227C P.D399Y p.k245D pD3124
7 leftventride  pRisop  pR3SOW P.RA1SE pEALIR
P.L200fsX20  p.RIBEH P.E439K PVAEIM
PK0IN  pJaO2N P.RISOP
PR22H  p.GALIRFX34 pTa42!
piserF | puseze
p.S13F p.N342D pPA19S  pRASIW |
p.F20L
pY122C p.A3600 & p.N391I
p.K241E
P.H326R p-R4OGW i i
Dilated Right Ventricle ~ PY33IN Pp.E114del RI6C ~— Dilated Atria
’ PEAL3K P
ARVC / P.E401D (ALVC) pN116S RCM  Ventricular Stifiness
 Arrhythmias p.P433T pT4S3
PEASTV
p.54601
J
PRI73-E179del
Myopathy P.Q165-A175delinsAS
p.L38SP p.A120D c™m
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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.
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Figure 5 : Desmin interactome map (Su et al., 2022)
1.3.2. Pathophysiological mechanisms caused by a DES mutation

As already mentioned DES mutations are characterized by the appearance of
abnormal cytoplasmic aggregates of desmin in (cardio)myocytes, this phenomenon could
be considered as a histopathological hallmark for desminopathies (Bér et al., 2004).
Nevertheless, it is still not clear what the main cause of cardiomyocyte degeneration is
between the appearance of toxic aggregates and the loss of function of the desmin network

(Capetanaki et al., 2015).

Considering the multiple interactions of desmin with other cell constituents, it's not

surprising that a DES mutation induces a variety of pathophysiological mechanisms that
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can lead to cell death. First, the aggregation formation could not be composed only of
desmin misfolded protein but by its binding partners that could also co-aggregate (Quinlan
et al., 2013). These aggregates can lead to apoptosis, like it was observed in a study where
abnormal protein aggregates caused by the CRYAB P-R1206 mutation (a mutation in the gene
encoding for a-B-crystallin considered to induce desminopathy) lead to increased
apoptosis, mediated by caspase-3 activation, in transgenic mice (Maloyan et al., 2007). It
has also been shown that desmin filaments can be substrates for apoptosis-promoting
caspases (Chen et al., 2003). Furthermore, formation of these protein aggregates may be
accompanied by the generation of toxic oligomers with amylogenic potential (Sanbe et al.,
2004), similar with the ones observed in many neurodegenerative diseases. Many post
translational modification are responsible for initiating the nucleation process that leads to
the toxic formation of preamyloid oligomers (PAO). A study showed that specific
expression of an exogenous peptide capable of adopting a PAO conformation in
cardiomyocytes was sufficient to induce heart failure leading to mortality in a transgenic
mice model (Pattison & Robbins, 2008). Although the exact mechanism of cellular toxicity
induced by protein aggregates in the heart is a subject of debate, studies have shown that

PAO cause a disruption of Ca®* transients (S. R. Singh & Robbins, 2018).

A study showed that actin filaments can also be affected by a DES mutation (Conover
et al., 2008). This may be explained by the existence of cross-linked between IF system and
cytoskeletal components. Consequently, (cardio)myoblast force of contraction and full cell

elasticity can be impaired by DES mutations (Charrier & Janmey, 2016)(Even et al., 2017).

Interestingly, several studies have reported structural or functional alteration of
mitochondria by DES mutations (Henderson et al., 2013; McCormick et al., 2015; Smolina
et al., 2020; Lilli Winter et al., 2016). Desmin deficiency compromises interaction with a-
B-crystallin, which appears to be necessary for proper targeting of proteins to mitochondria
and SR. It disturbs the assembly and stabilization of mitochondrial and SR complexes. This
disruption affects the dialogue between these organelles as well as mitochondrial
biogenesis and function (S. Singh et al., 2020). The desmin network also ensures the proper
functioning of costamers and intercalated discs. Disruption of the network therefore leads
to dysfunction of these structures which can no longer support cell adhesion, cell-cell
communication and electrical conductivity. These various disturbances will induce a
proteostasis imbalance and lead to decreased contractile function observed in heart failure

(Figure 6).
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Figure 6 : New proposed mechanism for desmin pathophysiological function in cardiac disease.
SR, sarcoplasmic reticulum; preamyloid-oligomers (PAO) from (S. Singh et al., 2020)

1.3.3. Proteostasis and cardiac diseases

Cellular proteostasis refers to the dynamic balance between protein synthesis,

maintenance and degradation within the cell. This balance is essential for proper cell

function, particularly in post-mitotic cells such as cardiomyocytes. Proteostasis therefore

plays an essential role in maintaining a healthy heart (Maejima, 2020). There are a number
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of elements involved in maintaining proteostasis, including protein quality control (PQC)
systems mainly composed of heat shocks protein system, ubiquitin-proteasome process and
autophagic system. PQC ensure the degradation of misfolded proteins and protein

aggregates (Figure 7).

Firstly, chaperones, also known as heat shock proteins (hsp), help to induce the
correct conformation of proteins by assisting proper folding and repair damaged proteins.
Chaperone proteins also prevent the formation of protein aggregates. These specialized
proteins help to guide misfolded proteins to the appropriate degradation systems. There are
different types of hsp: HSPA (HSP70), HSPB (small HSPs), HSPC (HSP90), HSPD and
HSPE (chaperonin families HSP60 and HSP10, respectively), HSPH (HSP110), and DNAJ
(HSP40). These groups of chaperones have different roles and are specifically localized in
cellular compartments. These proteins can be expressed constitutively or in response to
stress. In cardiomyocytes, high levels of specific members like the small HSP families
(HSPBs), are observed. These are HSPB1 (HSP27), HSPB5 (a-B-crystallin), HSPB6
(HSP20), HSPB7 (cardiovascular HSP) and HSPB8 (HSP22), which are considered to
protect cardiomyocytes from proteotoxicity by stabilizing the contractile apparatus. o-B-
crystallin is the specific chaperone of the desmin protein. a-B-crystallin is essential for the
assembly and formation of the desmin network. a-B-crystallin also interacts with desmin
to inhibit its aggregation. In addition to promoting the assembly and stabilization of desmin
IFs, the interaction between desmin and o-B-crystallin is involved in mitochondrial
homeostasis and cell viability (Claeyssen et al., 2023). It should be noted that studies have
shown that a mutation in the CRYAB R®'2%¢ gene induces the same characteristics as
desminopathy and can therefore be considered as a desmin related myopathy (Bova et al.,
1999). An increased levels of a-B-crystallin and Hsp27 in skeletal muscle tissue derived
from homozygous DES?3#P desmin knock-in mice and in desminopathy myotubes models

has been observed (L. Winter et al., 2019).

The ubiquitin proteasome system (UPS) is a system that degrades misfolded proteins
down to a certain size. This system begins with a process of ubiquitination, whereby small
ubiquitin molecules are bound to the misfolded target protein. The ubiquitylation
machinery involves the ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzymes
(E2) and ubiquitin ligases (E3). The misfolded ubiquitinated proteins are then directed to
the proteasome, which degrades the target proteins into peptides that can be reused for the

synthesis of new proteins. Unfolded proteins in the endoplasmic reticulum (ER) are
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removed by the ER-associated degradation system (ERAD) (Henning & Brundel, 2017b).
ERAD induces translocation of unfolded proteins from the ER to the cytosol, where they
are eliminated by the UPS. In a model of muscular atrophy, a study showed that desmin
was subject to ubiquitylation by the ubiquitin ligase Trim2, favoring degradation by the
proteasome. This ubiquitylation was induced by GSK3b phosphorylation of desmin.
(Cohen et al., 2012). It appears that misfolded desmin prior to aggregate formation is
recognized and guided to proteasomal degradation by the MTM1-UBQLN2 complex.
(Gavriilidis et al., 2018). It has been shown in the immortalized myotube model carrying a
DES ®3%P mutation an increase of the overall activity of the UPS (L. Winter et al., 2019).
Besides, the overexpression of DES P-Arel73 Glul79del in cyltured neonatal rat ventricular
myocytes led to the formation of desmin-positive protein aggregates and inhibited the
function of the UPS in a dose-dependent manner (J. Liu et al., 2006). It should be noted
that this system also plays an important role in mitochondrial homeostasis. Two
predominant mechanisms by which the UPS protects mitochondria from the accumulation
and toxic effects of abnormal proteins could be mentioned: Ubiquitin-mediated activation
of mitochondria-specific autophagy (mitophagy) with ubiquitin ligase Parkin (Rakovic et
al., 2019), and a direct ubiquitination and proteasomal degradation mediated removal of
abnormal mitochondrial proteins involving the E3 ubiquitin ligase MITOL/MARCHS
(Karbowski et al., 2022).

If the misfolded proteins cannot be maintained, repaired or degraded by the first lines
of defense of chaperones and the UPS system, the misfolded proteins may form protein
aggregates which will be degraded by the autophagic system (Wiersma et al., 2016). The
autophagic system begins with an initiation phase, with the formation of a phagophore. The
phagophore then expands to form the autophagosome, a double-membrane vesicle that
expands to encompass the cellular components to be degraded, such as misfolded proteins
or defective organelles. Finally, the autophagosome fuses with a lysosome, a cellular
structure containing digestive enzymes, to form an autolysosome. The enclosed
components are then degraded, recycled for the synthesis of new proteins or used as a
source of energy (Sciarretta et al., 2018). An increase in the activity of autophagic systems
has been demonstrated in mouse hearts with transgenic overexpression of a desminopathy-
linked mutant desmin (Q. Zheng et al., 2011). Moreover, the DESP-Ar8173 Glul79del qegmin
mouse had been crossed with an autophagy reporter mouse model expressing a GFP-LC3

fusion protein and show an increase of autophagic activity. Interestingly, mitophagy, which
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mediates the selective elimination of dysfunctional mitochondria, is essential for cardiac
homeostasis, it is regulated mainly by PTEN-induced putative kinase protein-1

(PINK1)/parkin pathway (Turkieh et al., 2022).
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Figure 7 : Overview of the protein quality control system from (Henning & Brundel, 2017b)

It is also important to highlight the importance of cytoskeletal networks in
maintaining proteostasis, particularly in cardiomyocytes. The cytoskeleton, composed of
actin filaments, microtubule fibers and intermediate filaments, enables communication and
maintenance of equilibrium between the components of the proteostasis network (Sequeira
et al., 2014). This complex system plays an important role in signal transmission and the
transport of ubiquitinated proteins within PQC systems. In particular, microtubules are of
vital importance in this network and are in contact with the sarcoplasm/ER and
mitochondria; loss of contact leads to Ca?" overload in organelles, unfolded protein

response in the ER and mitochondrial dysfunction.

Activation of PQC under diverse conditions of cardiac stress can be seen as a positive
compensatory response to maintain proteostasis. This may be particularly true in the case
of DCM due to a desmin mutation, where protein aggregation may be the mechanism
responsible for the disease. In this case, the accumulation of protein aggregates may impair
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PQC function by overloading its components, including chaperone proteins, the UPS
system and autophagy. This could lead to increased levels of protein aggregates,
exacerbating disease progression. These observations have also been noted in other studies
of DCM due to mutations in genes encoding sarcomeric proteins (Dorsch et al., 2019). In
this context, three scenarios are currently being debated. Firstly, the mutation has a direct
effect on the PQC, which induces further cellular dysfunction. Secondly, the PQC initially
compensates for the mutation-induced disruption, until its derailment leads to further
cellular dysfunction. Finally, the mutation induces a compensation of the PQC systems
which, weakened, will not be able to respond to other environmental stress, promoting the

development of the disease (Figure 8).

Sarcomeric gene mutation

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

Figure 8 : Effects of sarcomeric gene mutations on the protein quality control (PQC) system from
(Dorsch et al., 2019)

In conclusion, desminopathies were characterized by the production of abnormal
desmin protein and its loss of function. This leads to structural defects in the cardiomyocyte,
but also to altered mitochondrial positioning and function. As a result, oxidative stress can
be generated (Lilli Winter et al., 2016). Secondly, aberrant proteins and organelles are
detected by the PQC. Thus, PQC systems, hsp, UPS and autophagic degradation systems,
will attempt to restore cellular proteostasis. Furthermore, the accumulation of protein

aggregates can promote the formation of amyloid oligomers, leading to the generation of
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beta-amyloid fibers, which are toxic to cells (Maejima, 2020). These events can ultimately

lead to apoptosis or necrosis (Dunlop et al., 2009).

1.3.4. Therapeutic approaches for desminopathies

Taking into account observations of pathophysiological mechanisms involving
desmin aggregates and mitochondrial disruption, stimulation of PQC systems has mainly

been explored as a therapeutic approach for desminopathies (Batonnet-Pichon et al., 2017).

Firstly, induction of the HSP system is a strategy notably used in neurodegenerative
pathologies also associated with proteinopathy due to protein aggregation (Hauser et al.,
2000). Thus, o-B-crystallin activity has been identified as cardioprotective against the
aggregation effects of mutant desmin. It has been shown that HSP27 (HSPB1) may also
have a beneficial effect against toxicity mediated by misfolded proteins (Arrigo et al.,
2007). Finally, a transgenic line expressing cardiac-specific HSP22 (HSPBS) also
demonstrates a slowing of cardiomyopathy progression compared with CRYAB PRI1206
mice. Indeed, a study showed that the non-toxic HSP inducer geranyl acetone, can inhibit
desmin-related cardiomyopathy progression (Sanbe et al., 2009). Moreover, the chemical
chaperone compound 4-phenyl-butyrate appeared to induce a reduction in protein
aggregation in primary myotubes and plectin-deficient mice models displaying abnormal

desmin aggregation (Lilli Winter et al., 2014).

Secondly, as previously mentioned, desminopathies are characterized by
mitochondrial dysfunction, which can lead to oxidative stress as well as apoptotic
processes. In this context, a mitochondrial ATP-sensitive potassium channel opener has
been shown to induce a reduction in mitochondrial disruption and apoptotic death in
CRYAB PRI20G tranggenic mice (Sanbe et al., 2011). Secondly, a precursor of NAD+
involved in the acetylation of mitochondrial proteins and subsequently regulates
mitochondrial function (R. Zhang et al., 2017) has been described as maintaining cardiac

mitochondrial homeostasis and prevents heart failure.

Finally a pharmacological studies in C2C12 myoblastic cells expressing mutant DES
found that a combination of inhibitor of the Racl pathway (a G protein signaling pathway
involved in diverse cellular processes), antioxidant treatment and stimulation of
macroautophagy reduced protein aggregation by up to 75% (Cabet et al., 2015). This

confirms that combining strategies such as oxidative stress reduction and stimulation of
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autophagy may be considered as an interesting therapeutic approach in the context of

desminopathy.

In parallel with curative treatments, studies on CRYAB PR12°C mouse models have
shown that strategies involving preventive treatment, inhibiting the formation of protein
aggregates, could be a solution. For example. Doxycycline administered to CRYAB PRI1206
transgenic mice reduces the formation of protein aggregates and prolongs the survival of
transgenic mice (H. Zheng et al., 2010). Long-term voluntary exercise in CRYAB PRI120G

mice was shown to induce a significant reduction in beta-amyloid oligomers, with a

concomitant increase in survival time (Maloyan et al., 2007).

Despite this, there are no clear and effective treatment methods or drugs for impaired
desmin-induced DCM. Nevertheless, concerning the consequences of cardiac arrhythmias,
conduction defects and heart failure, there is some treatments. Thus, angiotensin-converting
enzyme inhibitors (or angiotensin receptor blockers) and B-blockers are, for example, some

of the standard drugs to treat heart failure caused by DCM (Schultheiss et al., 2019).

In conclusion, several therapeutic approaches are currently being explored for the
treatment of patients suffering from desminopathies inducing notably DCM. An important
element of this type of research is the use of disease modeling (Batonnet-Pichon et al.,

2017). At the moment, there are a number of strategies with different advantages.

1.4. Disease Modeling

Disease modeling is a research approach focusing on reproducing and studying the
characteristics of a disease in an experimental model. These models can be used to better
understand pathophysiological mechanisms and to test potential therapies. There are
different types of model (Veldhuizen et al., 2019). Firstly, animal models allow the study
of complex diseases in a living organism (Figure 9). Secondly, in vitro models correspond
to less complex cellular or tissue systems. However, they can have the advantage of being
human models, with characteristics closer to those observed in patients (Figure 9). Lastly,
3D in vitro models, organoids resembling mini-organs, are often generated from stem cells

(Figure 9).

With regard to disease modeling of desminopathy and DCM, there are different types
of study models, ranging from animal models to organoid tissue or induced pluripotent stem

cells.
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Figure 9 : Schematic of healthy adult myocardium and examples of the different platforms
implemented for cardiac tissue modeling from (Veldhuizen et al., 2019)

1.4.1. Animal models

In the 1990s, Des”~ knockout mice were generated by homologous recombination
(Capetanaki et al., 1997; Z. Li et al., 1997). These mice were viable, fertile, and developed
disturbances in all three types of muscle. Homozygous DES - mice developed severe
cardiomyopathy including hemorrhages, extensible fibrosis and calcification of the
ventricular septum, whereas heterozygous DES - mice were unaffected by these
symptoms. Despite these interesting results, DES - mice have certain limitations, as only
a few DES 7~ mutations have been described in humans, indeed the majority of DES

mutations induce aggregation dominated by functional alterations.

Different transgenic and knock-in mouse models expressing mutated desmin have
been developed and characterized (Figure 10). One successful example is a DES-PR350P
knock-in mouse model, in which the development of DCM associated with cardiac

arrythmia and cardiac conduction disorder was observed (Clemen et al., 2015). Another
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successful model has been recently implemented, the DES ®*%WV_desmin knock-in mice

develop both a myopathy and a cardiomyopathy (Herman et al., 2023).

These symptoms were comparable to the clinical phenotypes of human patients with
this desmin mutation. A transgenic mouse model with specific cardiac overexpression of
mutant a-B-crystallin (CRYABPR!20G) was developed to study desminopathy. These mice
are characterized by high mortality in early adulthood, toxic aggregates, increased
cardiomyocyte apoptosis and oxidative stress (X. Wang et al., 2001). A study of transverse
aortic constriction in mice demonstrated that toxic PAO containing cleaved desmin species

accumulate in this model, inducing heart failure (Rainer et al., 2018).

Studies on a zebrafish model have also been performed (Figure 10). This model
contains two different desmin genes, desma and desmb, which are 81% and 83%
homologous to human DES respectively (Kayman Kiirekei et al., 2021). Using antisense
oligonucleotides, studies were able to reduce the expression of desma and desmb by 50%.
The embryos then developed cardiac edema and showed reduced swimming activity due to
disorganized muscles. Further studies in this model, with aggregates introduced, showed
the development of embryonic cardiac defects such as altered cardiac fractional shortening,
disturbed cardiac biomechanics and altered Ca?" signaling (Mei Li et al., 2013; Ramspacher

etal., 2015).
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Figure 10 : Overview of animal models used for modeling desminopathies. CM = cardiomyopathy,
DCM = dilated cardiomyopathy from (Brodehl et al., 2018)

1.4.2. Invitro 2D

2D in vitro culture refers to cell models. This approach involves cell culture methods
on different surfaces, often in culture dishes or plates. This modeling can be conducted on
animal or human cells. Culture conditions such as medium composition, temperature and
oxygen concentration can be controlled by the researcher. These models are ideal studying
cellular responses to perturbation or evaluating potential treatments (Veldhuizen et al.,
2019). Due to the difficulties inherent in isolating adult human cardiomyocytes (CM), their

use in in vitro modeling has been limited.

Since 2006, it has been possible to generate induced pluripotent stem cells (iPSCs)
from somatic cells using reprogramming factors that activate cell reprogramming: Oct-4,
Sox2, c-Myc and KlIf4 (Takahashi et al., 2007; Yamanaka & Takahashi, 2006) Oct-4 is a
homeodomain transcription factor controlling the maintenance and differentiation of
pluripotent stem cells. Sox2 plays a crucial role in controlling Oct-4 expression (Masui et
al., 2007). Together with Nanog, Oct-4 and Sox2 constitute the key transcriptional network
for pluripotency. c-Myc is a proto-oncogene associated with the cause of various cancers,
it recruits chromatin-modifying proteins, leading to widespread transcriptional activation

(Nakagawa et al., 2010). K1f4 acts as a context-dependent oncoprotein or tumor suppressor,
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is a downstream target of leukemia inhibitory factor and activates Sox2 (Niwa et al., 2009).
Although the precise mechanisms have not been fully elucidated, the coordination of these

reprogramming factors leads to the reprogramming of somatic cells into pluripotent cells.

The pluripotency of human iPSCs can be confirmed by the ability to differentiate
into three embryonic leaflets (Endoderm, Ectoderm and Mesoderm). iPSCs can be
generated from several cell types by different methods, which can lead to genetic
aberrations and diverse epigenetic profiles. This effect may explain why differentiation
from different human iPSCs lines or clones is not equally efficient. Several factors affecting
differentiation capacity have been reported. The residual DNA methylation signature
transmitted by parental cells, known as epigenetic memory; genetic differences between
individual donors; or the appearance of genetic aberration during the reprogramming
process. Comprehensive profiling of iPSCs lines is therefore essential to identify which are

suitable for biomedical application (Yoshida & Yamanaka, 2017).

Next, it was shown that iPSCs could be differentiated into cardiomyocytes (iPSC-
CM) by mimics the sequential stages of embryonic cardiac development (Mummery et al.,

2012).

Three families of protein growth factors have been described as responsible for the
early stages of mesoderm formation and cardiogenesis: bone morphogenetic proteins
(BMPs), which are members of the transforming growth factor B superfamily;
Wingless/INT proteins (WNTs); and fibroblast growth factors (FGFs). These factors and
their inhibitors are found in the endoderm. Wnt factors have a complex activity, and can
either inhibit or promote differentiation depending on the spatio-temporal context and
activation of the canonical (acting via B-catenin/GSK3 to repress cardiogenesis) or non-
canonical (acting via PKC/JNK to promote cardiogenesis) signaling pathway. Once
forward-migrating mesodermal cells have received the appropriate signals, they activate a
highly conserved combination of cardiac-specific transcription factors establishing the
cardiac transcriptional program. Initially, mesodermal precursor cells in the primitive streak
express transcription factors such as the T-box factor Brachyury (T) and the homeodomain
protein Mixl1. Then, before migrating out of the streak, these cells transiently activate the
basic helix-loop-helix transcription factor posterior mesoderm 1 (Mespl) to enter a
"precardiac" stage of mesoderm development (Bondue et al., 2011; Wu, 2008). A subset of
the Mespl+ cell population then begins to express the homeodomain transcription factor

Nkx2-5, the T-box protein Tbx5 and Isll, a LIM homeodomain transcription factor. These

26



proteins are early markers of the cardiac lineage. Nkx2-5 and Tbx5 then associate with
members of the GATA family of zinc-finger transcription factors (GATA4/5/6) and serum
response factor (SRF) to activate cardiac structural genes such as actin, myosin light chain,
myosin heavy chain (MHC), troponins and desmin. Tbx5 can also cooperate with Nkx2-5
to activate expression of ANF and the junctional protein connexin 40. GATA4, which plays
an early role in heart tube formation by regulating extra-embryonic endoderm and embryo
folding (Molkentin et al., 1997), is essential for proepicardial formation and muscle
development (Pu et al., 2004). Specific ablation of GATA4 in cardiomyocytes results in
myocardial hypoplasia (Zeisberg et al., 2005). GATAG6 also plays a key role in myogenesis.
Embryos lacking GATA4 and 6 do not develop cardiac tissue (Zhao et al., 2008). Members
of the myocyte enhancer factor 2 (MEF2) family of transcription factors also play a key
role in cardiomyocyte differentiation by regulating the structural genes of cardiac muscle.
Thus, multiple complex interactions between these highly conserved gene regulatory
networks control the initial differentiation, proliferation and maturation of cardiomyocytes.
In addition to their functional role, many of these factors can be used as markers of
emerging cardiomyocytes in iPSC differentiation cultures (Figure 11). The sequential
activation of transcription factors leading to the formation of the precardiac mesoderm,
determining the fate of cardiac cells, can be reproduced in iPSC cultures. Many protocols
successfully developed to induce cardiomyogenesis in pluripotent cells are based on the

activation or inhibition of these well-known signaling pathways (Talkhabi et al., 2016).
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Figure 11 : Model of Differentiation of Human PSC via Sequential Progenitors to Cardiomyocytes
from (Mummery et al., 2012)

iPSC-CM have characteristics similar to those of isolated fetal immature
cardiomyocytes. They are generally circular in shape, their electrophysiological mechanics
are immature, and their metabolic mechanism is glycolytic rather than oxidative as in adult
cardiomyocytes. This is why efforts have been made to generate cardiomyocyte maturation
protocols, providing a cellular model closer to the adult cardiomyocytes (Figure 12).

Different strategies are available, using physical, chemical, genetic or environmental
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Figure 12 : Schematic of in vitro maturation strategies for iPSC-CM from (Denning et al., 2016)
In vitro modeling derived from iPSCs increasingly involves the use of genetic
engineering techniques, notably CRISPR/Cas9, to introduce mutations into healthy cell
lines or to correct cell lines with mutations. The advantage of this approach is to provide «
isogenic pairs" cell lines with the same genetic background, the only difference being the
mutation being studied (Bassett, 2017a). This method facilitates the study of phenotypes

induced by a given mutation.

1.4.3. Invitro 3D

As mentioned previously, 2D models have certain limitations when compared with
the complexity of tissues in living organisms. As a result, in vitro disease modeling is
increasingly turning to 3D models. The latter attempt to reproduce more closely the
microarchitecture and three-dimensional cellular interactions found in the human body (J.
Cho et al., 2022). The adult heart is a complex organ, containing 30% contractile
cardiomyocytes, with the remaining content composed of cardiac endothelial cells, vascular
stromal cells and cardiac fibroblasts. /n vitro 3D cardiac structures include those known as
human engineered heart tissue (hEHT) or Enginereed human myocardium (EHM). This
type of structure involves different cell types and possibly different biomaterials. This is

the case for the following hEHTs: Ring , Patch, film, heart-on-a-chip, spheroid (Figure 13).
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Type Shape Generation Characteristics Applications
Strip Compaction of cells and hydrogel Drug testing; No vasculature; Limited diffusion Drug screening
around two parallel wires or posts[26,
D 51,35,46, 0952
Ring =3 Condensation of hydrogel with cells in  Applicable for electrical pacing studies; No vasculature; Arrhythmogenic Disease Modeling;
u circular casting mold and Drug screening

transfer onto silicon passive
stretcher[28, 32]

Patch Accumulation of cell layers on coated ~ Regenerative therapies; Higher number of cells required; Low throughput; Risk Cardiac Regeneration;
plates[53-55] of breaking; Unequal distribution of the cells Disease modeling
‘
Film ' Seeding of cells onto coated film [56, 57] Limited cell-cell and cell-matrix interactions; Embedded electrode Disease modeling
Microfluidic *  Seeding of cells onto chip (MPS)[58, 59] Easy manipulation of the microenvironment; Realtime on-chip analysis; Limited Drug screening
Chips ll cell-cell and cell-matrix interactions; Limited force measurement; Requiring
multi-step fabrication; Unintended drug absorption
Spheroid Assembly of cell mixture and No requirement for expensive instruments; High-throughput drug testing; Disease modeling;
hydrogel[60-65] Necrosis in the core (>250) (limitation of diffusion) Not feasible for Drug screening
{g electromechanical stimulation
Chamber Cell seeding in agarose mold around  Recapitulating 3D structure of the heart; Low throughput; No chamber Disease modeling;
‘ = balloon Foley catheter[66, 67] specification; Catheter related complications Drug screening
Tube [_'-‘ " Wrapping of cell sheets (CM, Emulating the multi-layered cardiac wall; Low throughput; Medium leakage Cell-based cardiac
S fibroblasts) around a hollow leading to the shrinkage of the tube; Requiring high percent of fibroblasts for pump
column[68] wall stiffness

Figure 13 : different type of human engineered heart tissue (hEHT) from (J. Cho et al., 2022)
From these different 3D constructions, it is possible to provide measurements of

isometric force, auxotonic force and shortening speed of the structures (J. Cho et al., 2022).

Engineered Human Myocardium (EHM) in ring form is usually suspended between
two flexible supports (Goldfracht et al., 2020). Then, it could be subjected to electrical
stimulation to induce synchronized heartbeats. The force of contraction of the EHM can be
measured using force transducers or similar techniques. Spontaneous EHM contraction can
also be studied by automated video-optical recording (Schaaf et al., 2011). These
measurements can be used to assess the contractility of cardiac tissue. Under conditions of
pharmacological treatment, this type of model can be used to assess beneficial or toxic

effects on cardiac function (Tiburcy et al., 2017).

A study on the role of Aridla, a subunit of the switching defective/sucrose non-
fermenting (SWI/SNF) chromatin remodeling complex in cardiomyocyte maturation,
showed that Aridla overexpression had induced an increase in the force of contraction of
the EHM. Thus, this study testifies of the relevance from the EHM model for functional
studies of cardiac contractility and the correlation between cardiomyocyte maturity and

cardiac contractility (Boogerd et al., 2023).

In conclusion, disease modeling is an ideal strategy for summarizing pathological
phenotypes and investigating the pathophysiological mechanisms behind disease. Tools for
measuring and investigating these phenotypes have been developed around these models,
with the aim of accurately characterizing even the most complex phenotypes. This is

particularly illustrated with the High Content Imaging approach.
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LS. High content imaging

I.5.1. Principle

Recent developments in optical microscopy, fluorescent cell staining and data mining
based on statistical analysis have provided the basis for the emergence of High Content
Imaging (HCI) (Brodin et al., 2015). This research method involves the automated
acquisition and analysis of cell images to identify morphological profiles. First, HCI
requires the use of cell models that may be primary cells, cells derived from induced
pluripotent stem cells, and/or cells that have been genetically edited to highlight a
pathological characteristic (Bickle, 2010). The interest of HCI lies in the identification of
morphological differences between cells in different states. These states may differ as a
result of a mutation in the cell genome inducing a morphological change, or in response to
a disruptive agent such as small molecules, RNAI, or clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9, applied with the goal of identifying and studying
factors that control the morphological phenotypes (Haggarty et al., 2001; Wade, 2015).
Fluorescent staining of cell morphological structures in different states is performed to
identify morphological phenotypes. For example, a labeling technique known as "cell
painting" involves six fluorescent dyes to label different components of the cell, including
the nucleus, endoplasmic reticulum, mitochondria, cytoskeleton, Golgi apparatus and RNA
(Bray et al., 2016). The culture and the staining of the cells could use an automated liquid
handling, it will enable these steps to be completed in a standardized and repeatable way.
Secondly, high-throughput microscopy technologies for automated acquisition of a large
number of images from previously cultured and stained cells is required in this type of
approach. Finally, an automated image analysis method for cellular features extraction, and
statistical data analysis is required. This enabling the identification of precise

morphological phenotypes (Figure 14).
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Figure 14 : Example of High content imaging workflow based on Cell painting assay from
(Chandrasekaran et al., 2020)

Thus, HCI offers the opportunity to test biological questions by playing on a large
number of experimental conditions, in large cell populations and in an unbiased way. It
enables deep investigation of cellular phenotypic variations by not just focusing on a single
selected cell characteristic, but offering great flexibility in the use of a wide range of
morphological features (Ljosa & Carpenter, 2009). Indeed, most cellular phenotypes
identified with a traditional microscope can be used in this kind of assay. These approaches
preserve cellular integrity, provides spatial and kinetic information on biological processes,
and can be multiplexed to study several phenotypes in a single experiment. Moreover, HCI
combines these advantages with the generation of large-scale quantitative measurements.
It is a highly versatile method in its applications. Depending on the objective, workflow

design can vary, and different strategies can be adapted based on:

- The choice of the disease model

- The disruptive agents that could be employed for the modulation of the cellular
phenotype

- The fluorescent markers that will be applied for the staining of the cells and the
highlight of cellular phenotypes

- The image analysis strategy that will be used for data interpretation

For all these reasons, HCI has emerged as one of the tools of choice for identifying
new cellular pathways involved in the establishment of human diseases, elucidating their
molecular mechanisms and identifying potential therapeutic approaches (Pegoraro &

Misteli, 2017).

HCI involves three more or less integrated approaches to setting up an assay:

screening, profiling and deep phenotyping.
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Most studies are based on high content screening (HCS) assays. This type of assay
involves to screen a large number of disruptive agents (chemical compounds, RNA, etc.)
in a high-throughput process, with the objective of identifying pharmacologically active
compounds. These assays could lead to understand the mechanisms of action of potential
drugs and/or studying complex cellular pathways. The first disruptive agents to be used for
screening were chemical compounds (Haggarty et al., 2001). Thus, large collections of
chemically diverse compounds have been developed for screening in order to identify and
validate active compounds. Libraries of characterized chemical compounds with known
biological targets were screened to identify genes or signaling pathways involved in
regulating cell phenotype. This kind of approach has been used for screening of granule
dissolution stress inhibitors and has revealed mechanisms of response to a cellular stress
(Wippich et al., 2013). These approaches were followed by the emergence of RNAi
screening. This type of HCS provides detailed information on the effects of gene silencing
at the level of morphological cellular phenotype. The results can be used to understand the
physiological mechanisms which implicated the targeted genes. Based on this strategy a
study perfomed a high-content image-based genome-wide small interfering RNA to detect
genes required for the colocalization of Sindbis virus capsid protein with
autophagolysosomes. Thus they identify the protein SMURF1 as a newly recognized
mediator of viral autophagy (Orvedahl et al., 2011). Recently, screens based on
CRISPR/Cas9-based on genome-editing reagents have been used (Shalem et al., 2014; T.
Wang et al., 2014). Genome-wide libraries that include multiple targeting reagents per gene
have been generated. The use of CRISPR/Cas9 as a screening tool is still in its earliest

stages, and further works are needed to improve this approach (Tan & Martin, 2016).

Initially, screening approaches were limited to the measurement of one or a few
parameters. Thanks to its ability to generate large datasets, the profiling based on HCI
enables a multi-parametric approach for cellular characterization. Image analysis is
automated, relying on the extraction of image features describing the morphological
phenotype acquired. These data can be used to generate cellular profiles providing a basis
for analysis of cellular phenotypes. statistical learning methods are performed to classify
and cluster treatments based on the similarities of the phenotypes they induce in the cellular
profile (Caicedo et al., 2016). Thus, profiling is an approach that can be used to annotate
compound libraries functionally on the basis of induced effects, known as phenotypic

fingerprints.
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HCI enables the generation of large amounts of data at the single cell level, allowing
the study of rare phenotypes, known as deep imaging (Roukos & Misteli, 2014). This type
of approach goes beyond traditional phenotypic characteristics and aims to identify rare or
hidden phenotypes that may not be detected by conventional methods. These phenotypes
will appear 10 to 100 times on a much larger cell population, up to 10°. The identification
of rare phenotypes can be crucial, especially in the context of complex diseases or subtle

cellular responses to specific stimuli.
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Figure 15 : Principle of High content imaging from (Pegoraro & Misteli, 2017)
1.5.2. Image-based profiling

When perturbed, cells show detectable changes in their morphological characteristics,
allowing quantitative and qualitative extraction of data from microscopy images with the
purpose of attributing a phenotypic fingerprint to a perturbation (Reisen et al., 2015). This
analysis process is known as "image-based profiling" and relies on profiling cells subjected

to different treatments in order to identify morphological changes (Scheeder et al., 2018).

Firstly, the cell model must represent the biological system under study. The
identification of a disease-associated phenotype in the images is crucial. The goal is to
ensure that we have a cellular model allowing identification of a cellular profile in a
pathological state from a cellular profile in a healthy state. Indeed, the image-based
profiling approach can be used to generate and compare profiles of these different cell states

in detail (R. E. Hughes et al., 2021). There are several strategies for achieving this:
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First of all, group cells derived from patients carrying the pathology compared with
group of cells derived from healthy patients. These models are a physiologically
relevant choice. However, a sufficient number of independent patients in each group
must be ensured (Chandrasekaran et al., 2020). This guarantees that phenotypic
differences are associated with the disease and not with the morphological
variability inherent in cell lines from one patient to another. As HCI can identify
subtle differences, it may be subject to confounding factors. Features that appear to
distinguish between healthy and diseased states could in fact reflect biases linked to

age, genetics etc.

A second strategy involves the genetic modification of cells. Genome editing is used
to introduce specific genetic modifications into a cell line, to create a modified
(mutant) version and an unmodified (wild-type or control) version (Bassett, 2017b).
The generation of an isogenic pair thus makes it possible to obtain two cell lines
that are genetically identical except for the specific modification introduced. This
allow to compare the effects of genetic modification while minimizing other genetic

variables.

A third approach is the induction of the pathological state in healthy cells using gene
inhibition with RNAi or CRISPR/Cas9. This strategy is particularly appropriate for
the study of disorders caused by loss-of-function mutations in single genes (Gibson

etal., 2015).

A fourth approach induces the pathological state in a healthy cell by overexpressing
a gene encoding a protein known to cause the disorder. the protein of interest can
be labeled to examine its localization in addition to the cell's overall morphology

(Rohban et al., 2017).

A fifth approach involves comparing untreated pathological cells with pathological
cells treated with existing drugs for the disease of interest. Once the profiles have

been identified, they are used as references to identify new drug candidates and their

mode of action (Rihel et al., 2010).
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Thus, these cells can be treated with a variety of disturbing agents, depending on

the study being conducted.

To enable high-throughput image acquisition with an automated microscope, cells
must be cultured in microwell plates, usually 96 or 384 wells. Moreover, depending on the
study, cells may need to be treated with biological compounds at different concentrations.
Thus, culture and treatment steps require an automated liquid handling. This represents a
set of experimental steps designed to simultaneously move a large number of liquid samples
from one or more source containers, into cell culture plates using programmable, multi-

channel robotic dispensing devices (Chan et al., 2005).

HCI requires the distinct cell structure or protein of interest in the cell to be
identified with a fluorescent marker. The value of fluorescent staining resides in its ability
to provide detailed information on the localization, distribution and intensity of targets of
interest, which is essential for quantitative and qualitative cell analysis. To achieve this,
there are several fluorescent marking methods. Firstly, immunostaining is a technique
based on the use of antibodies that stain specific structures in the cell. Primary antibodies
can be directly associated with a fluorophore that allows visualization of the structure of
interest. Or they may be accompanied by a secondary antibody associated with the
fluorophore and being specific to the primary antibody. Next, a fluorescent protein such as
GFP can be fused to a protein of interest, so that expression of the fused protein allows
visualization of the localization and dynamics of the target protein. Finally, dye-specific
fluorescent probes can be used to live-stain sub-cellular organelles such as nuclei,

mitochondria, endoplasmic reticulum, lysosomes etc (Karacosta, 2021).

One of the advantages of these methods is the ability to co-stain, allowing the
simultaneous staining of different cell targets. In this context, a co-staining method has
been developed and is attracting increasing interest in recent times. Cell painting is an
approach that consists in staining a set of cellular components: nucleus, endoplasmic
reticulum, mitochondria, cytoskeleton, Golgi apparatus, and RNA. This technique captures
an overall view of the cell, and is particularly useful for analyzing complex cellular
phenotypes, characterizing the effects of compounds and identifying potential therapeutic

targets (Bray et al., 2016).

High-throughput image acquisition using an automated microscope involves

capturing large-scale cell images in an automated way. First, the high-throughput
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microscope must be configured for the given experiment. This involves choosing the
objective, setting up filters and cameras to detect fluorescent channels, and focusing each
channel to obtain high-quality images. Next, the automated acquisition plan can be
programmed to determine which wells, which area of the wells and in which order the
acquisition should be performed. Some systems allow simultaneous acquisition of different

channels, thus reducing the total acquisition time for the whole plate.

Image analysis is a key step in the HCI process. Although fully integrated into the
HCI process, this step is sometimes specifically referred to as high content analysis (HCA)
(Caicedo et al., 2017). HCA involves using mathematical image processing functions to
extract information and generate new knowledge about the biological processes under
study. More recently, HCA has involved the use of artificial intelligence like machine
learning or deep learning, which are algorithms often used when a large number of
measurements per cell needs to be translated into something that is biologically
interpretable. It' a tool to analyze cellular images in depth, to obtain more precise
information on cellular phenotypes and responses to treatments (Malandraki-Miller &

Riley, 2021).
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Image quality assessment

In order to avoid mis-interpretation, images with excessive background noise or
artifacts are first corrected and/or eliminated. Indeed, uncorrected images can potentially
mislead to intensity-based measurements and severely impair the extraction of cellular
characteristics. Various existing filters have been implemented in image analysis software

to correct poorly illuminated or noisy images (Y. 1i Wang, 2007).
Segmentation

The detection and segmentation of cellular components corresponds to the
identification of objects of interest. Cell segmentation establishes a framework for
subsequent feature extraction. Fluorescent staining of the cell structures enables the
identification of cells and their cell structures. Detection and segmentation are then
established on the basis of fluorescent signals. Initially, areas such as nucleus and
cytoplasm are defined, before proceeding to the identification of more complex objects.
Identification of the nucleus regularly serves as an initial point for segmenting objects

located near the nucleus.
Feature extraction

Following segmentation, the desired single-cell features are extracted using
appropriate feature extraction algorithms. These features are mainly classified into four

categories:
- average, median or maximum fluorescence intensities
- morphological characteristics, such as cell surface, length or roundness

- microenvironment and context characteristics (major axis direction, distance from
neighbors), enabling extraction of the spatial relationship of the segmented object within

the cell or cell population
- texture features describing the appearance of characteristic intensity patterns

These extracted features could be used to create cellular profiles that
comprehensively describe cell behavior under each experimental condition. These cellular
profiles are multidimensional vectors describing the features of each cell (Caicedo et al.,

2017).
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Machine Learning in image-based profiling

Artificial intelligence (AI) is a field of computer science that focuses on the
development of systems capable of performing tasks that generally require human
intelligence. Al is about creating computer programs capable of learning, reasoning and
solving problems. The use of Al algorithms enables the implementation of automated
analysis methods that considerably reduce the experimenter's workload, while guaranteeing

the objectivity and consistency of the entire HCA (Danuser, 2011).

Machine learning (ML) is a sub-discipline of Al that focuses on the development of
techniques that enable computers to learn from data. ML allows the system to analyze data
examples and make conclusions, by automatically adjusting its mathematical models or
algorithms according to the information received. There are three types of ML model:
supervised, semi-supervised and unsupervised learning (Sommer & Gerlich, 2013).
Supervised ML algorithms rely on representative data sets (training sets) of sufficient size
and quality, in which features are collected. When a given feature is considered useful by
the ML algorithm during the learning process, it is associated with at least one
corresponding label (known output), provided by the experimenter, who has prior
knowledge of the possible outcomes. The goal is to learn the relationship between inputs
(data containing features) and outputs (labels) so that the model can generalize and make

accurate predictions on new, unlabeled data (Figure 17).
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Once trained on a sufficient quantity of training data (for example, a variety of cellular
profiles per category), the ML algorithm is able to generalize. Then, starting from an unseen
data set, it can attempt to predict the output on the basis of the prediction model established
during the training phase. The most common types of models used in supervised learning
are classification and regression models. Both require features and labels to generate a
predictive model for estimating the desired outcome. However, they differ in their
respective output variables: categorical (discrete) in classification and numerical
(continuous) in regression models. Thus, the classification model predicts the class an
observation belongs to, based on a variable taking values in discrete classes (e.g., healthy
and pathological cells). The regression model predicts a numerical value based on a

continuous variable that can take a value from a given range.

A crucial step in this process is the validation of an ML model to assess its performance
and its ability to generalize to new data. This step relies on a set of test data used to evaluate
the performance of the ML model on unseen data. The confusion matrix is an essential
component in the validation stage of a machine learning model. It allow the visualization
of the model's performance by comparing its predictions with the true values of the testing

set. The confusion matrix is a table with four entries:

- True Positives (TP): Cases where the model correctly predicted a positive class.

- True Negatives (TN): Cases where the model correctly predicted a negative class.

- False Positives (FP): Cases where the model has incorrectly predicted a positive
class.

- False Negatives (FN): Cases where the model incorrectly predicted a negative class.

The confusion matrix is used to calculate various performance metrics, such as

precision, negative predictive value, recall, specificity, accuracy and F1 score (Figure 18).
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Figure 18 : Confusion matrix and performance evaluation metrics of Supervised machine learning
model validation set from (Punn & Agarwal, 2021)

Within classification-based learning models, there are different methods such as
SVM (Support Vector Machine), Decision Trees, Random Forest, k-Nearest Neighbors,
Naive Bayes or Linear Discriminant Analysis (LDA). This thesis focused on LDA, a
statistical method that finds the linear combination of features that maximizes the

separation between several classes. It is often used when classes have normal distributions.

It is important to be aware of certain limitations of ML models. Firstly, ML models
are highly dependent on the quality and quantity of the data on which they are trained. Data
which are insufficient, biased or unrepresentative can result in unreliable models. Secondly,
there can be a risk of overfitting: models can sometimes fit too closely to the training data
and fail to generalize correctly on new data. This can happen if the model is too complex
for the amount of data available. Finally, MLs can often identify correlations, but
establishing causal relationships can be difficult. Understanding why a model makes a

particular decision can be complex (Bermudez-Chacoén et al., 2015).

There are more advanced machine learning models, inspired by the way the brain
works, based on neural networks with many hidden layers. These models are known as
deep learning, Convolutional Neural Networks (CNN) or Recurrent Neural Networks

(RNN) (Greener et al., 2022).
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I.5.3. Image-based profiling in drug discovery

Drug Discovery refers to the pre-clinical identification of molecules with the potential
to become pharmaceutical drugs. In recent years, the emergence of biotechnology,
bioinformatics and omics technologies has led to the development of more specific
approaches (J. P. Hughes et al., 2011). The initiation of a drug discovery project occurs
when a pathology does not present a suitable treatment in terms of efficacy and toxicity.
The classic drug discovery process begins with "basic research", where therapeutic targets
for potential drugs are identified. Next comes the "lead discovery" phase, where chemical
compounds or molecules are identified for their therapeutic potential. The third stage is
"preclinical development", involving extensive testing in animal models to assess the safety
and efficacy of drug candidates. The next phase is "clinical development", where drug
candidates are tested in humans. This stage is divided into successive phases (I, II, III), each
intended to provide data on the safety, dose and efficacy of the drug on increasingly large
groups of participants. The final stage, FDA filing, involves submitting an application for
regulatory approval to the U.S. Food and Drug Administration (FDA) or other regulatory
bodies such as the European Medicines Agency (EMA) (Figure 19).

Target ID & Candidate

Selection selection

Basic Lead Preclinical Clinical FDA
Research Discovery Development Development Filing
Years 3 1 6 1.5

Figure 19 : Different phase in Drug discovery from (J. P. Hughes et al., 2011)

Concerning the first step of drug discovery, before the preclinical development,
different strategy could be implement. A first approach, target-based drug discovery
(TBDD), is based on identification and validation of a biological target implicated in the
pathophysiological mechanism of the pathology of interest (Michael Hay et al., 2014). This
biological target may be a protein, a gene or a signaling pathway involved in the
establishment, development or maintenance of the pathology under study. Thus, the TBDD
often follows fundamental research studies on the disease, enabling the identification of the
therapeutic biological target. Then, a target validation assay based on biochemical assays

or structure based assay is performing. The goal is to ensure that modulation of the target
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is possible and will induce an effect on the disease. Finally a screening assay could be
implemented based on the target, with the goal of identifying compounds capable of
interacting with the target and induce a the therapeutic effects. The main advantage of the
TBDD approach is that the mechanism of action is known from the beginning, which can
speed up preclinical evaluation. Other advantages include the ability to facilitate lead
compound optimization, given that a clear structure-activity relationship exists, which can
lead to improved physicochemical properties. It is also possible to predict the safety risks

and toxicity associated with the target (Bunnage et al., 2013).

However, in this type of drug, problems of cell permeability, accessibility and stability
of small molecules may arise in later follow-up studies, after much investment has already
been made in the drug discovery process. Although many drugs are initially designed to
modulate the activity of individual targets, these often result in off-target effects that have
a critical impact on the desired efficacy, while adding undesirable toxicity. The ability of
one molecule to interact with several targets is called polypharmacology. The assumption
that a single target is responsible for a disease phenotype underestimates the complexity of

biological systems (Malandraki-Miller & Riley, 2021).

Thus a second approach has been developed, it is the phenotypic drug discovery
(PDD). This strategy starts with the investigation of phenotypic perturbations in typically
cell-based systems (Horvath et al., 2016). Indeed, like it was described image-based
profiling could be used for cell based assay HCS. The multiparametric nature of image-
based profiling enables the simultaneous identification of different cellular phenotypes and
the precise study of the polypharmacological aspect of compounds. Finally, disease-driving
phenotypes find in the PDD approach can be used to determine compounds that change the
outcome of multiple biological pathways without prior knowledge of the molecular
mechanisms of the disease. Such screens are unbiased and may identify compounds

targeting completely unexpected proteins or pathways (Kouroupi et al., 2020).
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Figure 20 : Target-based drug discovery (TBDD) versus phenotypic drug discovery (PDD) (Lin et
al., 2020).

In conclusion, HCI combined with Image-Based Profiling enables detailed multi-
parametric analysis of cellular phenotypes by extracting complex information from cellular
images. The use of technology and automated algorithms enables the identification and
characterization of specific cellular signatures associated with pathological conditions
and/or in response to treatments. In fact, this approach provides a better understanding of
the underlying mechanisms. In addition, these approaches can be combined with HCS,
facilitating the identification of promising compounds in terms of therapy, opening up new

perspectives in drug discovery.

More and more studies on cardiomyopathies are relying on these technologies. One
study highlighted that deep learning-based system could be useful for the evaluation of
cardiomyocyte hypertrophy and drug screening, leading to the development of new
treatments for heart failure (Komuro et al., 2022). Research has been conducted to develop
an automated tool for characterizing the state of organization of sarcomeres in iPSC-CM

based on an ML approach (Gerbin et al., 2021b). It may therefore be of interest to use these
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approaches to characterize the cellular phenotypes of DCM associated with a DES mutation

and identify new therapeutic approaches.
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II. OBJECTIVE

This PhD project was carried out at the interface of fundamental research and applied
research thanks to the tight collaboration between Sorbonne University and Ksilink, a
private company. The ultimate goal of this project is to identify potential treatments for
genetic-driven dilated cardiomyopathy, and more specifically to delineate therapeutic
options for patients affected by MFM. Moreover, this study benefited from results
accumulated previously by our team (Hovhannisyan et al., 2023). Thus, it was shown that

patients carrying DES E439K

mutation presented DCM associated with MFM but also atrial
fibrillation, right bundle branched block and respiratory insufficiency (Wahbi et al., 2012a).
To better understand the pathophysiological mechanisms induced by this mutation, iPSC-
CM using iPSCs from a patient carrying the heterozygous DES 4% mutation and from
healthy donors as a control were generated. An isogenic pair of these control iPSCs in
which the same DES E43°K mutation has also been derived. iPSC-CM were either cultured
on an anisotropic micropatterned surface (2D cultures) or as a cardiac spheroid (3D
cultures), to create a micro-tissue. These models have successfully recapitulated the crucial
structural changes (desmin network and sarcomeric organisation) as well as mitochondrial
alterations observed in heart biopsies from a patient DES £439K, These results highlight the
relevance of these cell models to study the pathology. The data reinforce also the hypothesis
that the primary disruption of the desmin network due to DES mutations induces
mitochondrial defects and contribute to a vicious circle leading to cardiomyocyte
dysfunction and subsequently to DCM. Then, the study showed the critical defects in
mitochondrial architecture, respiratory capacity and metabolic activity in the iPSC-CM
carrying DES®43%%, Normal mitochondria were transferred inside iPSC-CM carrying DES
E439K

, inducing restoration of mitochondrial and contractile functions (Hovhannisyan et al.,

2023).

To continue this work, we firstly validate the DES 54 phenotypes in various 2D and
3D in vitro models. Ensuring that our model disease recapitulates the hallmarks of DCM
associated with desminopathy is crucial for the identification of new therapeutic
approaches. In addition, study of the underlying mechanisms, notably those involving
restoration of cellular proteostasis via PQC, may provide a better characterization of the
cellular response to stress induced by the initial perturbations. Finally, the implementation

of HCI and image-based profiling approaches could serve to better characterize the
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different cellular phenotypes associated with desminopathy (DES 4% mutation) and this
approach could be exploited in the future for the identification of potential treatments for
this type of pathology. This approach could be exploited to identify chemical compounds
capable of modulating cellular phenotypes. The study of the mechanisms of action of these
compounds could shed light on the pathophysiological mechanisms involved in the
establishment and/or maintenance of DES E4°K phenotypes. Therefore, this project has
highlighted the complementarities of the two approaches with a goal of identifying relevant
therapeutic approaches: On one hand, our studies focused on the molecular identification
of targets involved in the establishment and maintenance of the cellular phenotype; on the
other, our research sought to characterize and modulate the cellular phenotypes. Thus, these
two strategies can be used to first identify and then validate new therapeutic targets. of

interest.

Indeed to address these aims, the PhD work was organized into the following
objectives: (i) perform a functional characterization of DCM associated with MFM due to
a desmin mutation (DES £#°K) in order to better understand the pathology and its
development; (ii) then, identify proteostasis deregulation and the role of the PQC in DCM
due to a desmin mutation (DES E4°K) and (iii) implement a cellular phenotyping strategy
based on HCI, to better address cellular pathophysiological mechanisms involved in the

establishment and maintenance of the disease, and to identify new therapeutic approaches.
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I11. MATERIALS AND METHODS

III.1. Cardiomyocytes derived from induced pluripotent stem cells

I11.1.1.Induced pluripotent stem cells and genomic editing

Reprogramming of patient blood cells into iPSCs (Figure 21) was carried out at
Phenocell by a non-integrative method using a commercial kit based on the use of episomes
(ThermoFischer Scientific #a15960). The various clones were then amplified in Matrigel®-
coated culture dishes (Corning Life Sciences) and cultured in mTeSR™1 medium (Stem

Cell Technologies), which is renewed daily.

When cell density reaches around 80%, cell passage is performed on iPSC colonies
using ReLeSR (Stem Cell Technologies) for 5 min at 37°C. The cell suspension is diluted
in culture medium at a ratio of 1:30, then transferred to Matrigel-coated plates. 20 passages
are performed before iPSCs are cryopreserved. IPSCs are detached using ReLeSR,
resuspended in freezing medium (PSC Cryomedium, Life Technologies) and transferred to

cryotubes for storage in liquid nitrogen after 24h at -80°C.

Each cryotube was thawed in rapid immersion at 37°C. Once thawed, the cell
suspension were diluted 1/10 in thawing medium composed of culture medium
supplemented with 5 puM ROCK inhibitor Y27632. After centrifugation (200 g, 5 minutes,
room temperature). The pellet is gently resuspended in thawing medium and cells are

seeded at the desired density.

Generation of an isogenic pair (Figure 21). Isogenic control iPSC cultured with mTesR 1
was detached using Accutase® (Stemcell Technologies) and electroporated using the
Neon® electroporation system (Thermo Fisher Scientific) with 3 different plasmids diluted
in resuspension RBuffer: (1) 1000 ng/uL of pCMV_AncBE4max P2A GFP (Koblan et
al., 2018), encoding a nucleus-targeted chimeric protein composed of a cytidine deaminase
and a Cas9 nickase, 2x500 ng/uL of pBlueScript-U6sgRNA (Nelles et al., 2016) encoding
single guide RNA specific for DES or encoding single guide RNA specific for ATPIAl
(used for a positive selection of transformed clones). The sequence of guide RNAs for DES
to generate E439K mutation was 5’-CTcAGAACCCCTTTGCTC-3’ and the sequence of
guide RNAs for ATP1A1 to generate point mutation to induce resistance to ouabain was 5’-

cATCCAAGCTGCTACAGAAGG-3’. Electroporation was performed at a voltage of 1300
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V with 2 pulses on 150 000 cells resuspended in resuspension buffer for a 10 pl neon tip.
After electroporation, the cells were transferred into pre-warmed mTeSR1 medium on
Matrigel-coated plates, cultured for 3 days at which 1 pg/ml ouabain (Enzo Life Sciences)
was added for clonal selection during 3 more days. The resistant cells were sequenced to
confirm or deny the success of genomic editing. Single cell cloning was then performed
using CloneR (Stem Cell Technologies) following the manufacturer’s instructions.
pCMV_AncBE4max P2A GFP was a gift from David Liu (Addgene plasmid #112100;
http://n2t.net/addgene:112100; RRID:Addgene 112100) and pBluescript-U6sgRNA
empty was a gift from Eugene Yeo (Addgene plasmid #74707;
http://n2t.net/addgene:74707; RRID:Addgene 74707).

Patient PBMC iPSC Cardiomyocytes

Blood Reprogram- Cardiac
Sampling -mation differentiation

- a

l Isogenic Cardiomyocytes
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(=8 (==
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Figure 21 : Generation of Cardiomyocytes derived from iPSC (iPSC-CM)
ITI.1.2.Cardiomyocyte derived induced pluripotent stem cells (iPSC-CM)

Cardiac differentiation protocols

Different sources and protocols of iPSC-CM differentiation were used (Figure 22).

Source 1. Cardiac differentiation was based on the GiWi protocol published in 2012
(Lian et al., 2012). At 80% confluence, iPSCs were detached with Accutase®, counted and
then seeded at optimal density. Two days later, cardiac differentiation was initiated by

replacing mTeSR1 with RPMI medium (Thermo Fisher Scientific) enriched with 2%
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insulin-free B27 supplement (Thermo Fisher Scientific) containing 9 pM CHIR99021
(Selleckchem). This medium was replaced with RPMI supplemented insulin-free B27 after
24 hours. Two days later, cells were treated with RPMI enriched with insulin-free B27 and
5 uM IWP2 (Tocris Bioscience) for 48 hours and then the medium was replaced with RPMI
enriched with insulin-free B27. Two days later, the culture medium was replaced by RPMI
enriched with B27 supplement and was changed every two days. At Day 12, an
amplification step started by adding 2uM CHIR in the culture medium RPMI enriched with
B27 (Buikema et al., 2020a). This procedure lead to the proliferation of the iPSC-CM.
During 15 days the cells where maintain in this amplification culture medium. Each time
the cells became confluent at 80%-90%, a cellular passaging was done using TrypLE Select
Enzyme 1X (Invitrogen) (Thermo Fisher Scientific) (incubation at 37°C for 10 min). 15
days after amplification, iPSC-CMs were detached with TrypLE Select 1X (Thermo Fisher
Scientific) (incubation at 37°C for 10 min), suspended in RPMI containing 20% fetal
bovine serum (Thermo Fisher Scientific), filtered on a 70 um cell strainer, then centrifuged

and resuspended in PSC Cryomedium (Life Technologies).

Source 2 (by Myriamed) (Cyganek et al., 2018). The iPSC-CM differentiation was
initiated at 80%-90% confluence in Geltrex-coated plates with cardio differentiation
medium composed of RPMI 1640 with Glutamax and HEPES (Thermo Fisher Scientific),
0.5 mg/ml human recombinant albumin, and 0.2 mg/ml L-ascorbic acid 2-phosphate and
sequential treatment with 4 puM CHIR99021 (Merck Millipore) for 48 hours and then 5 uM
IWP2 (Merck Millipore) for 48 hours. Medium was changed to cardio culture medium
composed of RPMI 1640 with Glutamax, HEPES, and 2% B27 (Thermo Fisher Scientific)
at day 8. For atrial subtype differentiation, 1 uM RA (Sigma-Aldrich) was supplemented at
days 3—6 during differentiation. Differentiated cultures around day 15 were digested with
collagenase B (Worthington Biochemical) and 0.25% Trypsin/EDTA (Thermo Fisher
Scientific) and replated at lower density (1:2 to 1:3) in Geltrex-coated plates. Metabolic
iPSC-CM selection was performed using cardio selection medium composed of RPMI 1640
without glucose (Thermo Fisher Scientific), 0.5 mg/ml human recombinant albumin, 0.2

mg/ml L-ascorbic acid 2-phosphate, and 4 mM of lactate/ HEPES (L4263 and 83264,
Sigma-Aldrich ).
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Figure 22 : Cardiac differentiation protocols (Buikema et al., 2020a; Cyganek et al., 2018)

iPSC-CM derived from different cell line with specific genotype

Different group of iPSC-CM were generated based on different iPSC cell lines with
specific genotype. There were control lines (Control 1 and Control 2) which carried no
mutation associated with DCM and myofibrillar myopathy. Then there were the DES E439%
patient lines derived from a patient carrying the DES ®#°% mutation and suffering from
DCM associated with myofibrillar myopathy. From this patient two clones were isolated
during reprogramming and iPSC generation, by differentiating these two clones from the
same patient two lines could be generated (Patient 1 DES E4°K and Patient 2 DES E439K),
Finally, an isogenic pair composed of a control line (Isogenic control) and a line derived
from the control line into which the DES 4°% mutation has been introduced by
CRISPR/CAS9 (Isogenic the DES E439K), These iPSC-CM were generated according to the
two protocols (described in “Cardiac differentiation protocols”, Table 1). As the goal of
this project was not to compare the two protocols, no experiments were performed in this
regard. However, it was interesting to use both methods to consider inter-batch variability,
particularly in control cells. Thus, the observations made during this project could be

impacted on the genotype only, and not on the differentiation method (Bassett, 2017b).
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Table 1 : Different Cell Lines used for the study of dilated cardiomyopathy caused by DES gene
mutation

Cell Lines Genotype (source) Cardiac differentiation Protocol
Wild Type Source 2
Control 1
(MYRIAMED) (Hudson et al., 2012; Tiburcy et al., 2017)
Wild Type Source 1
Control 2
(healthy patient) (Buikema et al., 2020b; Lian et al., 2013)
Isogenic Wild Type Source 1
Control (GIBCO) (Buikema et al., 2020b; Lian et al., 2013)
Isogenic DES E439K Source 1
DES E439K (Isogenic Control Genome edited) (Buikema et al., 2020b; Lian et al., 2013)
DES E439K
tient 1 Source 2
Patien (DCM/MEM
DES E439K (Hudson et al., 2012; Tiburcy et al., 2017)
Patient clone 1)
DES E439K
i Source 2
Patient 2 (DCM/MFM
DES E439K (Hudson et al., 2012; Tiburcy et al., 2017)

Patient clone 2)

I11.1.3. Thawing iPSC-CM

20 day in vitro old iPSC-CM were thawed in a 37°C water bath for approximately 3
min. The cell suspension was then diluted 10-fold in thawing medium composed by basal
medium supplemented with 10uM Y-27632 and 10% KnockOut™ Serum Replacement.
The cells were centrifuged (300 g, 5 min, RT) in basal medium supplemented with ROCK
inhibitor (Tocris #1254). Cell pellets were resuspended in differentiation medium
supplemented with ROCK inhibitor. 384-well plates (Perkin Elmer, #6007558) were coated
with 2,5 ug/mL Laminin 521 for 3 h at 37°C or overnight at 4°C followed by 1h Room
Temperature incubation. Using trypan blue (Sigma, #T8154-20ML) and a Countess
automated cell counter (Invitrogen), 6000 cells/well were seeded in 384-well plates. Edge
wells were avoided for seeding and filled with PBS. Cells were incubated at 37°C, 5% CO2
in basal medium (RPMI1640 +B27) with media changes every two days.

I11.1.4.IPSC-CM Culture Media

Different culture media have been used for iPSC-CM cultures Table 2. The first,

"normal medium", is a iPSC-CM maintenance medium classically used for iPSC-CM
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culture (Laco et al. 2020). The “normal medium” is composed of RPMI-1640 with
Glutamax, 1% 100x penicillin/streptomycin (Thermo Fisher Scientific), 1% 100x sodium
pyruvate (Thermo Fisher Scientific), 200 puM L-ascorbic acid 2 phosphate
sesquimagnesium salt hydrate (Sigma-Aldrich, USA), 2% B27 supplement (Thermo Fisher

Scientific).

Then, the aim was to generate iPSC-CMs with more identifiable mature structures
to distinguish the effects of Desmin mutation.Thus, two culture media were implemented.
firstly, the "T3+Dex" culture medium, Thyroid and glucocorticoid hormones are critical
for cardiac maturation ((Li et al. 2014),(Rog-Zielinska et al. 2015)). Many studies have
shown that the combination of the thyroid hormone triiodothyronine (T3) and the
glucocorticoid dexamethasone (Dex) enables the maturation of iPSC-CMs, and in
particular of structures that are important for the functional competence of these cells, such
as T-tubules (Parikh et al. 2017) or structures involved in electrophysiological function
(Wang et al. 2021). Therefore, the "T3+Dex" culture medium was composed of the basic
culture medium "Normal medium" to which was added the thyroid hormone
triitodothyronine (Thermo Fisher Scientific) at 100 nM and dexamethasone (Tocris) at 1 uM.
Finally, another method for strongly inducing iPSC-CM maturation consists to provide
oxidative substrates adapted to the metabolic needs of the iPSC-CMs (Yang et al. 2019).
During fetal development, iPSC-CM progenitors switch from glycolytic to oxidative
metabolism to support the energy demands of functional aspect (Gaspar et al. 2014). To
realize it, the culture medium "maturation medium" was implemented with DMEM no
Glucose (11966025, GIBCO); 1X B27 Supplement (17504-044, GIBCO); 1X NEAA
(11140050, GIBCO); 250U/ml penicillin-streptomycin (15070063, GIBCO); 0,5%
KnockOut Serum Replacement (10828028, GIBCO); 3mM Glucose (G7021, Sigma); 10
mM L-lactate sodium (71718, Sigma); 5mM Creatine monohydrate (C3630, Sigma); 0,5%
Albumax I (11020-021, GIBCO); Vitamin B12 (V6629, Sigma); 0,82 uM Biotin (B4639,
Sigma), 2mM Taurine (T0625, Sigma), 2 mM L-Carnitine (C0283, Sigma); 0,5M Ascorbic
Acid (A8960, Sigma) (Feyen et al. 2020).
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Table 2 : Key ressources table for iPSC-CM culture and immunocytostaining

Reagent Source Catalog number
RPMI 1640 Medium, GlutaMAX™ Gibco Life 11875119
Supplement, HEPES Technologies
B-27™ Supplement (50X), serum Gibco Llfe 17504044
free Technologies
L-Ascorbic Acid 2-Phosphate Merck A8960
Sodium Pyruvate GIBCO 11360039
ool s —————=y
Media Ue/ﬁilc)l ine-streptomyeine ( GIBCO 15070063

Y-%7§32 dihydrochloride, Rho kinase TOCRIS 1254
inhibitor
KnockOut™ Serum Replacement GIBCO 1082810
Biolaminin-521, human recombinant
protein, non-gmp, 0.1mg/ml BIOLAMINA LN521-05
Hoechst 33342 Invitrogen H7035
Image-iT™ TMRM Reagent Invitrogen 134361
Mitotracker™ Deep Red FM Thermofisher M22426
FM green MitoTracker™ Thermofisher M7514

Antg);’):sles / Anti-Cardiac Troponin T Abcam ab45932
Anti Desmin Novusbio AF3844
Anti a-Actinin Sigma-Aldrich A7811
Donkey anti Goat IgG (H+L) 488 Invitrogen A21042
Donkey anti rabbit [gG(H+L) 555 Invitrogen A31572

II.1.5. iPSC-CM staining and image acquisition

Mitotracker™ Deep Red FM (M22426, ThermoFisher) or FM green MitoTracker™
(M7514,ThermoFisher) and TMRM (134361, Invitrogen) dyes were prepared in cell culture
medium and the cells are incubated 45min at 37°C 5% CO2, followed by 3 washes with
cell culture medium. Then, the iPSC-CM were either acquired live imaging or fixed (only
worked for Mitotracker). Fixation was performed in 4% ParaFormaldehyde (EMS
Euromedex, #15710) for 20 min, followed by two PBS (Gibco, #14190) washes. The
permeabilization and blocking were performed with 10% BSA (Bovine Serum Albumin,
Merk Sigma, A9647) and 0.5% Triton X-100 (Sigma, #T9284) dissolved in PBS for 1 h.
Primary antibodies, Anti-Cardiac Troponin T (ab45932, Abcam) 1:1000, Anti Desmin
(AF3844, Novusbio) 1:500 are prepared in antibody dilution buffer (PBS supplemented
with 1% BSA) and incubated with the cells overnight at 4°C, followed by three PBS
washes. Secondary antibodies, Donkey anti Goat IgG (H+L) 488 (A21042, Invitrogen)
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1:1000, Donkey anti rabbit IgG(H+L) 555 (A31572, Invitrogen) 1:1000 and Hoechst
(H7035, Invitrogen) 1:1000 in antibody dilution buffer were added to the cells for 1h at
Room Temperature, followed by three PBS washes. Imaging was performed on a
Yokogawa CV7000 microscope in scanning confocal mode using a dual Nipkow disk. 384-
well plates (Phenoplate, Perkin Elmer) were mounted on a motorized stage and images
were acquired in a row-wise ‘‘zigzag’’ fashion at RT for fixed cells. The system’s software
(CellVoyager) and solid laser lines (405/488/561/640-nm) was used to acquire 3 Z-plane
(1pm shifting) 16-bit TIFF images through a dry 40x objective lens using a cooled sCMOS
camera with 2,560 x 2,160 pixels and a pixel size of 6.5 mm without pixel binning. The 3
Z-plane are fused with maximum projection. Nine images in a 3 x 3 matrix pattern were

acquired from the center of each well.

III.2. Engineering Human myocardium (Myrtissues)

The engineered human myocardium (EHM) generated by MYRIAMED (Figure 23).
These 3D microtissues are composed of iPSC-CM at day 60 of differentiation and human
foreskin fibroblasts (ATCC) at a ratio of 70/30. They also include collagen fibers and have
already been described as ideal for studying cardiac contraction (Tiburcy et al., 2017). The
EHM were cultured 28 days in 48 well plate, the detail protocol is describe here: (Tiburcy
et al., 2020).

Human foreskin fibroblasts (HFF)

- - \
== == T gp—

\\ o 'w)y‘
Cardiomyocytes from iPSC Engineered Human
(iPSC-CM) Myocardium
(EHM)

R N

SISy
—EESSESSSSR

Collagen Hydrogel

Figure 23 : Generation of in vitro cardiac 3D models. Generation of Engineered Human
Myocardium (EHM).
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I11.3. Seahorse

After culture iPSC-CM were dissociated using TrypLE Select 1X and seeded on
Matrigel coated test plates (Extracellular Flux Assay Kit, Agilent) at the density 25,000-
50,000 cells/well and cultured for 4 days. The assay was conducted in medium composed
of bicarbonate-free RPMI (pH=7.4) supplemented with glucose (4.5 g/L), sodium pyruvate
(100 uM) and glutamine (200 pM). iPSC-CM were washed twice and incubated at 37°C
without CO2 in 500 pL of medium for 1 h before measurement. Concerning the Mito Stress
condition, 50uL of stock solution of each drug were injected sequentially during the
experiment. Stock solutions of oligomycin (10 pM), FCCP (10 pM) and rotenone +
antimycin A (1 pM) were prepared in DMSO, stored at -20°C. For normalization, OCR
values have been divided by the number of iPSC-CMs per well as counted after
immunostaining for cardiac cTnT. Calibration to correct the plate effect has been done by
dividing all the OCR values by the lowest OCR value of the plate after addition of rotenone
and antimycin. Then, basal and ATP-linked respirations, maximal, reserve capacities and

OCR/ECAR were calculated.

III.4. Transcriptomic Analysis

111.4.1.RNA extraction

Following cell cultures, cells were detached using TRYPLE 10X 10min at 37°C.
The reaction is stopped with culture medium (1:10 dilution). The cell suspension is then
centrifuged for Smin at 200g. The supernatant is discarded and the cell pellet is resuspended
in Lysis Buffer RA1 (740961, MACHEREY-NAGEL) before being stored at -80°C. RNA
extraction is continued using and following the protocol of the NucleoSpin RNA XS, Micro
kit for RNA purification (740902, MACHEREY-NAGEL). Once the RNA samples have
been obtained, determination of RNA concentration and quality is carried out using the
NanoPhotometer (Implen). Samples with a 260/280 ratio of ~2 were accepted. RNA

concentration was given in ng/ul. Then, the RNA sample were stored at -80°C.

I11.4.2.Reverse transcription cDNA

Depending on the RNA concentration of a given sample, the volume required for a
1000ng quantity of RNA was taken. To obtain cDNA from the different samples the
SuperScript™ VILO™ c¢DNA Synthesis Kit (11754050, ThermoFisher) was used
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following the protocol. Depending on the number of samples, a pre-mix of 5X VILO™
Reaction Mix and 10X SuperScript™ Enzyme Mix was prepared and added to each sample.
Once the cDNA samples have been obtained, determination of cDNA concentration and
quality is carried out using the NanoPhotometer (Implen). Samples with a 260/280 ratio of
~1,8 were accepted. cDNA concentration was given in ng/pl. Then, the cDNA sample were

stored at -80°C.

I11.4.3.RNA sequencing

RNA was purified using Qiagen RNeasy microkits Plus (Qiagen). RNA was quantified
using the Quant-iT RiboGreen RNA Assay Kit (Thermo Fisher Scientific) and quality
control performed on a Bioanalyzer (Agilent), prior to mRNA library preparation using the
Single Cell/Low Input RNA Library Prep Kit for Illumina® (New England Biolabs).
Libraries were sequenced on an Illumina HiSeq 2500 V4 system. Sequencing quality
control was performed using Sequence Analysis Viewer and FastQ files were generated on
the Illumina BaseSpace Sequence Hub. Transcript reads were aligned to the hgl18 human
reference genome using Salmon v1.9.0 (Patro et al, 2017). Import and summarize
transcript-level abundance to gene-level was performed with tximport package (Soneson et
al, 2015). Quality control of the alignment was performed via MultiQC v1.4 . Finally,
counts were normalized as counts per million. Differential gene expression analysis was
performed with the DESeq2 R package (Love et al, 2014). Principal Component Analysis
(PCA) was performed with factorMineR package(Lé et al, 2008) and facto extra
package(Kassambara & Mundt, 2020). The differentially expressed genes with adjusted p
values false discovery rate (FDR)<0.05 were subjected to GSEA with GO database using
the ClusterProfiler R package (Yu et al, 2012). The density plots were produced using the
ggplot2 R package (Wickham, 2009). Weighted correlation network analysis (WGCNA)
was applied on normalized data recovered from DESeq?2 analysis. Pathways associated with
each WGCNA modules were determined using METASCAPE web application (Zhou et al,
2019). WGCNA module genes were also submitted to protein-protein interactions using
STRING web software (https://string-db.org/), and to MCODE analysis (Bader & Hogue,
2003) using Cytoscape software(Shannon et al, 2003). The heatmap was, performed with
the R package pheatmap (version 1.0.12). All analysis was performed in R (v.4.2.0).
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111.4.4.RT-qPCR
TAQMAN Gene expression assay

Real-time PCR was based on TagMan Gene expression assay (Applied Biosystems)
using TagMan Fast Advanced Master Mix 1X (ThermoFisher) and TagMan Assay specific
probes (ThermoFisher) corresponding to primers customized for a given gene and
associated with a fluorophore probes. Primers for PPIA gene were associated with VIC-
MGB and used as reference. Whereas, gene of interest were associated with FAM-MGB.
Before the Real-time PCR reaction and depending of the number of reaction, pre-MIX were
prepare with Sul/per reaction of TagMan Fast Advanced Master Mix (2X), 0.5 pl/per
reaction TagMan Assay Primer probes (20X) and Nuclease-free Water 2.5 pl/per reaction.
8ul/per reaction of the pre-Mix were transfer to each well of a 384 well plate and 2ul/per
reaction cDNA samples (50ng/sample). Then the relative quantification was performed
using the QuantStudio 5 Real-Time PCR Instruments within 20s at 95°C for polymerase
activation and 40 cycles of 1s at 95°C for denaturation and 20s at 60°C for annealing and

extending.
SYBR Green Assay

Relative quantification of RNA expression was performed using a LightCycler® 480
(Roche PCR Instrument). Primer efficiency was assessed by preparing a cDNA mix diluted
using the 1:25, 1:50, 1:100, 1:200, 1:400, 1:800 cascade dilution method. qPCR was
performed in SYBR Green Master mix with 500 nM of sense and antisense primers, 1:25
cDNA sample. The qPCR conditions were as follows: 95 ‘C-5 min, then 40 cycles (95 C-15
s, 60C-30 s, 70°C-30s). Primer specificity was determined by the melting curve of the
amplified product, and reaction efficiency by analysis of the slope of the amplification
curve. To calculate relative gene expression, the AACt method with NUBP1 and SLC441AP

as reference gene was used.
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Primers used for RT-gPCR

Forward (5'-->3') Reverse (5'-->3') Annealing Temp (°C)
BAG3 CCCCGTTCAGGTCATCTGTC AGGTGCAGTTTCTCGATGGG 60°C
CRYAB GGTTCTCTGTCAACCTGGATGT TGAAACCATGTTCATCCTGGCG | 60°C
HSPD1 GTTACCCACAGTCTTTCGCC ATCACTGTTCTTCCCTTTGGC 60°C
UBE2I AGACCACCCATTTGGTTTCGT CTTTCCTGGAATGGCGCACT 60°C
MDM2 CCTACTGATGGTGCTGTAACCA GCTTTGGTCTAACCAGGGTCT 60°C
FBXO32 CTGACCTGCCTTTGTGCCTA AATCGTTTGCGGATCTGCCG 60°C
PINK1 GGGAGCCATCGCCTATGAAA CTCGGGCAGATGGTCTCTTG 60°C
SQSTM1 CACCCCAATGTGATCTGCGA TGTGCGAGAAGCCCTCAGA 60°C
CALCOCO2 GCCCAGCTGTCAACTCAAGA CTTCTGGTCCTTCCTCTGTTCA 60°C

III.S.  Protein expression analysis

II1.5.1.Protein extraction

After culturing the iPSC-CM in 6-well plates, protein extraction could be performed.
The culture medium was then removed and a PBS wash applied. After removal of the wash
solution, 50ul/well of protein extraction solution was added. The protein extraction solution
was composed of 1:100 Phosphatase Inhibitor Cocktail (100X) (78444, Thermo Scientific)
and Cell Lysis Buffer (FNNOO11, invitrogen). Cells were scraped from the well with a cell
scraper, then the plate was left on ice for 30 min at 4°C. The 50ul of protein suspension
was then collected and placed in a 1.5ml ependorf before being centrifuged for 10min at
13,000g. The supernatant containing the protein lysate was recovered for subsequent steps
(stored at -80°C). For protein concentration measurement, a BSA standard curve ranging
from 0; 0.6; 1.2; 1.8; 2.4; 3 ng/ul was made by diluting BSA in Distilled water. Mixes were
then made up of 1ul sample and 19ul BCA mix (1:8 Copper(Il) sulfate solution (C2284,
Sigma) in Bicinchoninic Acid solution (B9643, Sigma)). The solution was incubated for 30
min at 37°C. Protein concentration quantification was performed with the Nanophotometer

(Implen), starting with the BSA sample to make the standard curve.

II1.5.2.Western blot

40 ng soluble protein sample were diluted in sample 4X Bolt™ LDS Sample Buffer
(B0007, Thermo Fisher) and 1:100 B-Mercaptoethanol (M6250, Sigma). The sample were
reduce and denature by boiling at 95-100°C for 5 minutes. Proteins migrated into Blot 4-12
% Bis-Tris Plus gels (NW04120BOX, Invitrogen) in 1X SDS Running Buffer (B0002,
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Thermo Scientific) at 90V and transferred on iBlot Transfer Stack, PVDF, regular size
(IB401001, Invitrogen) with an iBlot 2 Gel Transfer Device (Invitrogen). After, membranes
were incubated in iBind Flex Western Device (Invitrogen) with blocking solution from
iBind Flex Solution Kit (SLF2020, Invitrogen), with primary antibodies 1:500 LC3A/B
(D3U4C) XP® Rabbit mAb (12741; Cell Signaling) or 1:500 Anti-p62/SQSTMI1 Rabbit
(P0067, Merck) or 1:500 Anti-GAPDH rabbit (IMG-5143A, Novus biological) and with
secondary antibodies 1:2000 Peroxidase AffiniPure F(ab'). Fragment Donkey Anti-Rabbit
IgG (H+L) (711036152, Jackson Immuno Research Labs ) or 1:2000 Peroxidase AffiniPure
F(ab'). Fragment Rabbit Anti-Mouse IgG (H+L) (315036045, Jackson Immuno Research
Labs) overnight at 4°C or for 2h30 at room temperature. Immunoreactivity was revealed
by using SuperSignal West Dura Extended Duration Substrate (34076, Thermo Fisher
Scientific) according to the manufacturer’s instruction. Images were acquired on a iBright

CL1500 System (Invitrogen).

III.6. Image analysis and Data mining
The goal of the image analysis was to generate, from a digital images, a
measurements that describe the state of single cell. All the following step were performed
with an in-house developed software for image and data processing (Phenolink -

https://github.com/Ksilink/PhenoLink). After the image acquisition by the microscope, the

images were segmented in order to identify each cell individually. A reference channel was
used to identify Nuclei positions (mainly the one stained with Hoechst). This image was
segmented and a nuclei label was set for each Nuclei. The Nuclei determination was based
on intensity levels and shape features combined in decision tree to generate labels. Using
this Nuclei labels, segmentation was occured further to the other channels in order to
generate Cell and Cytoplasm masks, from each of the mask the algorithm could then extract
a set of measures. This measures were usually referred to as features. The measures could
either be extracted on true cell masks when the cells/cytoplasm segmentation was
applicable, otherwise a more simple approach using region of interest around the nuclei
was used. This regions were usually referred to as Crops or ROI, and serves as masks. The
features extraction could be applied to any crop size, the size used was 256x216 pixel areas,

which was 10% of the initial image sizes in each axis.

Hand crafted features were mathematically defined measures extracting information

that could explain the underlying characteristics of the studied object. The hand crafted
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features extracted by the PhenoLink plugin can be found in the Table 3. Most of the analysis
and graphical presentation was achieved using python coding via the Jupyter Notebook
python interface. The panda and numpy libraries were used for their mathematical tools for
data processing, and the plotly.express library was used for data visualization and graphing.
Most of data were represented as boxplots, the notches of the box represent the 95%
confidence interval of the median obtained by bootstrapping with parameter value 1,000.
Each data point represents the mean of a single well of a 384-well plate comprised of nine

images.

Thanks to this tool, it was also possible to use the features extracted from the images to
create cell profiles. These cell profiles could then be used as input for the modeling of a
classification tool for different cell profiles based on the ML technique LDA. LDA enables
the generation of a classification model that maximizes the separation between classes
while minimizing the variance within each class. By using part of the data for a training
phase, the classification model can be tested. Performance is measured using the F1-score

metric.

Table 3 : Handcraft features

Hand craft Feature Feature Meaning

Computes the signal intensities average and standard deviation in
(Background|Foreground) (Mean|Std) {Channel Name} the background (below threshold) and foreground (above
threshold) in the overall image

Average and standard deviation of the Counts the number of
isolated area in the channel "Channel Name Computed" inside each
crops.Computation is performed depending on the "signal
positivity" with each subsequent channel {Channel Name 1}
{Channel Name 2} (for 3 channel images, more combinations are
created depending on the number of subsequent channels)

Blob_Count_(Accepted/Rejected) {Channel Name
Computed} (Neg|){Channel Name 1} (Neg|){Channel
Name 2} _(Mean|Std)

Average and standard deviation of the above thresholds surface for
{Computed Channel Name} as ratio of pixels occupancy per crops
window. Computation is performed depending on the "signal
positivity" with each subsequent channel {Channel Name 1}
{Channel Name 2} (for 3 channel images, more combinations are
created depending on the number of subsequent channels)

Blobs_Surfs (Accepted/Rejected) {Channel Name
Computed} (Neg|){Channel Name 1} (Neg|){Channel
Name 2} _(Mean|Std)

Confluency measures taking into accounts holes and nuclei
distances.

Signal measures of intensities (average and standard deviation)
within crops. Computation is performed depending on the "signal
positivity" with each subsequent channel {Channel Name 1}
{Channel Name 2} (for 3 channel images, more combinations are
created depending on the number of subsequent channels)
Computes the number of isolated areas of pixels above the
threshold for each {Channel Name}

Nuclei Overall Number of Nuclei in the image

Closeness_indicator

Intensities {Channel Name Computed} (Neg|){Channel
Namel) (Neg|){Channel Name 2} (Mean|Std)

IsolatedAreas_{Channel Name}

Circularity measure between 0 & 1 see the picture for visual
interpretation (left 0, right 1). Computation is performed depending

Nuclei_Circularity (Accepted|Rejected) (Neg|){Channel on the "signal positivity" with each subsequent channel {Channel
Namel}_ (Neg|){Channel Name 2) (Mean|Std) Name 1} {Channel Name 2} (for 3 channel images, more
combinations are created depending on the number of subsequent
channels)
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Nuclei Convexity (Accepted|Rejected) (Neg|){Channel
Namel}_ (Neg|){Channel Name 2) (Mean|Std)

Nuclei_Counts (Accepted|Rejected) (Neg|){Channel
Namel}_ (Neg|){Channel Name 2) (Mean|Std)

Nuclei_Intertia_(Accepted/Rejected) (Neg|){Channel
Namel}_ (Neg|){Channel Name 2) (Mean|Std)

Nuclei_dists_(mean|std)

Nucs_(Axis0|Axis]) (Mean|Std)

Overlapping_{Channel Name}_ {Channel
Names} (Mean|Std)
Peaks_Dists_(Accepted/Rejected) {Channel
Computed} (Neg|){Channel Name 1} (Neg|){Channel
Name 2} _(Mean|Std)

Peaks_Strength (Accepted|Rejected) {Channel
Computed} (Neg|){Channel Name 1} (Neg|){Channel
Name 2} _(Mean|Std)

PerObjectArea_{Channel Name} (Mean|Std)

SurfaceRatio_{Channel Name}

Surface (Accepted/Rejected) {Channel
Computed} (Neg|){Channel Name 1} (Neg|){Channel
Name2} (Mean|Std)

Convexity measure between 0 & 1 see the picture for visual
interpretation (left 0, right 1).Computation is performed depending
on the "signal positivity" with each subsequent channel {Channel
Name 1} {Channel Name 2} (for 3 channel images, more
combinations are created depending on the number of subsequent
channels)

Count of the nuclei wrt to the non "nuclei" channel responses.
Computation is performed depending on the "signal positivity"
with each subsequent channel {Channel Name 1} {Channel Name
2} (for 3 channel images, more combinations are created
depending on the number of subsequent channels)

Inertia measure between 0 & 1 see the picture for visual
interpretation (left 0, right 1).Computation is performed depending
on the "signal positivity" with each subsequent channel {Channel
Name 1} {Channel Name 2} (for 3 channel images, more
combinations are created depending on the number of subsequent
channels)

Distances between nucleis (Mean + std) in pm

Average and std deviation of each accepted nuclei main axis after
an ellipsoidal fitting.
Statistics of (above treshold) pixels that overlaps between the
mentionned channel names

Pattern recognition methods, extracting the peak distance at which

the pattern is the most frequently found in the channel (Channel
Computed) (in pm))

Pattern recognition methods, extracting the height of the histogram
at which the pattern is the most frequently found in the channel
(Channel Computed) (in pm)) (same histogram as for the Peaks

Distance)
Statitics on the Surface ( number of pixel "above threshold") for a
Channel in isolated areas
Surface of the above threhsold pixel of each channels divided by
the number of processed pixels
Statistics of crops size normalized surface of above threshold
intensities of {Channel Computed} with respect to each other
channel signal positivity/negativity response/

Texture Haralick Features Feature Meaning

Haralick Texture 0

Haralick Texture 1
Haralick Texture 2

Haralick Texture 3

Haralick Texture 4

Haralick Texture 5

Haralick Texture 6

Haralick Texture 7

Haralick Texture 8

Haralick Texture 9
Haralick Texture 10
Haralick Texture 11
Haralick Texture 12

Haralick Texture 13

Angular Second Moment, mean of angular second moment for all
angles shows homogenity in image, high values shows less
homogenity and few dominant gray-tone transitions
Angular Second Moment, max - min angular second moment
between all angels

Contrast, mean of contrast in all angels
Contrast, max - min Contrast between all angels

Correlation, mean, gray-tone linear-dependencies, the higher
correlation means
changes in gray value have linear dependencies

Correlation, max-min

Difference Variance , mean, the more difference variance, shows
more random changes
in gray-tone level in image

Difference Variance , max-min

Difference Entropy, mean the less difference entropy, shows more
random changes
in gray-tone level in image

Difference Entropy, max-min

Entropy, mean the less entropy, shows more random textures in
image

Entropy, max-min
Correlation, mean similar to correlation but non-linear relations

Correlation, max-min
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Haralick Texture 14

Haralick Texture 15
Haralick Texture 16
Haralick Texture 17
Haralick Texture 18
Haralick Texture 19
Haralick Texture 20

Haralick Texture 21

Haralick Texture 22

Haralick Texture 23

Haralick Texture 24

Haralick Texture 25

Haralick Texture 26

Inverse difference moment, mean high values shows that gray-tone
transitions are small

Inverse difference moment, max-min
Max correlation coeff, mean
Max correlation coeff, max-min
Correlation, mean similar to correlation but non-linear relations
Correlation, max-min
Sum average, mean

Sum average, max-min

(Sum Entropy, mean, the less Sum entropy, shows more random
changes
in gray-tone level in image

Sum Entropy, max-min

Sum Variance, mean, the more difference variance, shows more
random changes
in gray-tone level in image

Sum Variance, max-min

Variance the more variance, shows more random changes
in gray-tone level in image
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Otsu_feature 0

Otsu_feature 1
Otsu_feature 2
Otsu_feature 3
Otsu_feature 4
Otsu_feature_5
Otsu_feature 6
Otsu_feature 7
Otsu_feature 8
Otsu_feature 9

Otsu_feature 10

Otsu_feature 11

Otsu_feature 12

Otsu_feature 13
Otsu_feature 14
Otsu_feature 15
Otsu_feature 16

Otsu_feature 17

Otsu_feature 18

Otsu_feature 19
Otsu_feature 20
Otsu_feature 21
Otsu_feature 22
Otsu_feature 23
Otsu_feature 24
Otsu_feature 25
Otsu_feature 26

Otsu_feature 27
Otsu_feature 28
Otsu_feature 29

Otsu_feature 30
Otsu_feature 31

Otsu_feature 32

Otsu_feature 33

Texture Otsu Features Feature Meaning

area histogram bin 1, histogram of areas of components, first
10 shows the histogram values if we calculate the area of all
the componenst in image and make a histogram of areas
with 10 bins (more big components, more values in higher
bins)

area histogram bin 2, histogram of areas of components
area histogram bin 3, histogram of areas of components
area histogram bin 4, histogram of areas of components
area histogram bin 5, histogram of areas of components
area histogram bin 6, histogram of areas of components
area histogram bin 7, histogram of areas of components
area histogram bin 8, histogram of areas of components
area histogram bin 9, histogram of areas of components

area histogram bin 10, histogram of areas of components

max area, histogram of areas of components maximum area
from all the components exist in image (each crop)
mean area, histogram of areas of components mean area of
all the components exist in image (each crop)

median area, histogram of areas of components

min area, histogram of areas of components

Var area, histogram of areas of components variance of all
sizes of components
Centroid_x, histogram of areas of components x centroid of
all components
Centroid_Y, histogram of areas of components y centroid of
all components
feature count, histogram of areas of components number of
components
dist histogram bin 1, histogram distances from center. first
10 shows the histogram values if we calculate the distance
of each component from center make a histogram of
distances with 10 bins (more scatterd components have nore
values in higher bins)

dist histogram bin 2, histogram distances from center
dist histogram bin 3, histogram distances from center
dist histogram bin 4, histogram distances from center
dist histogram bin 5, histogram distances from center
dist histogram bin 6, histogram distances from center
dist histogram bin 7, histogram distances from center
dist histogram bin 8, histogram distances from center)

dist histogram bin 9, histogram distances from center)

dist histogram bin 10, histogram distances from center
maximum distance of one component from center
max dist, histogram distances from center maximum of same
thing
mean dist, histogram distances from center mean of same
thing
median dist, histogram distances from center median of
same thing

min dist, histogram distances from center min of same thing

var dist, histogram distances from center var of same thing

Euler dist, histogram distances from center total number of
components - total number of holes in components
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IIL.7.  Statistical analysis

Most of the data were presented as mean + standard error of the mean. Normality was
verified using the test of Shapiro-Wilk and, when necessary, non-parametric tests were used
for data not displaying a normal distribution. The Welch t-test was applied when the
normalization were validated. For some experiment ANOVA Test were performed.
Statistical significance is presented in the figures as *p < 0.05, **p < 0.01, ***p < 0.001,
*a*kEp < 0.0001, and not significant (ns = p > 0.05).* p-value<0.03 **p-value < 0.01. ***

p-value < 0.001. p-value < 0.0001. The Z score are also represented on some figures.

II1.8.  Tool compounds treatment

iPSC-CM were treated with various molecules previously diluted in Dimethyl sulfoxide
DMSO (D2650, Sigma). The cells were seeded manually in 384-well plates at D0, and at
D1 the culture medium was renewed with T3 Dex medium. At D4, cells are treated using
the V-Prep device (Agilent), it's a liquid handling system that automates liquid transfer for
screening. This device ensures that cells are treated identically. At D7, either the treatment
is renewed identically to continue the treatment over a longer period, or the culture medium
is renewed identically for a so-called "recovery" phase. At D10, the culture is stopped to
proceed with the immunocytostaining step. Here, the information on compounds

preparation:

DMSO 100% was a clean ampoule from D2650-5x5mL (Sigma-Aldrich/Merck).

Flecainide acetate: (MW = 474.39 g.mol-1, powder stored at -20°C) 1.8 mg were

resuspended in 379.5 uL of DMSO 100% to yield a 10mM solution. Ref : HY-

17429, MedChemExpress (via Clinisciences).

- Ranolazine dihydrochloride: (MW = 500.46 g.mol-1, powder stored at +4°C) 6 mg
were resuspended in 1200pL of DMSO 100% to yield a 10mM solution.Ref : HY-
17401, MedChemExpress (via Clinisciences).

- Verapamil hydrochloride: (MW = 491.06 g.mol-1, powder stored at +4°C) 4.1 mg
were resuspended in pL of 835uL DMSO 100% to yield a 10mM solution. Ref :
HY-A0064 MedChemExpress (via Clinisciences).

- MG-132: (MW = 475.62 g.mol-1, powder stored at -20°C) 0.5 mg were

resuspended in 105.0 uL of DMSO 100% to yield a 10mM solution. Ref : HY-

13259 MedChemExpress (via Clinisciences).
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Bafilomycin Al: (MW = 622.83 g.mol-1, powder stored at -20°C) 0.5 mg whole
tube resuspended in 80.3uL. of DMSO 100% to yield a 10mM solution. Ref : HY-
100558 MedChemExpress (via Clinisciences).

Rapamycin: (MW = 914.17 g.mol-1, powder stored at -20°C) 3.5 mg were
resuspended in 382.9 uL of DMSO 100% to yield a 10mM solution. Ref : HY-
10219 MedChemExpress (via Clinisciences).

Tubastatine A: (MW = 33540 g.mol-1, powder stored at -20°C) 4.8 mg were
resuspended in 1430 pL. of DMSO 100% to yield a 10mM solution. Ref : HY-
13271 A MedChemExpress (via Clinisciences).

SB203580: (MW = 41390 g.mol-1, powder stored at -20°C) 3 mg were
resuspended in 725 pL of DMSO 100% to yield a 10mM solution. Ref : HY-
10256A, MedChemExpress (via Clinisciences).

GS6976: (MW = 377.42 g.mol-1, powder stored at -20°C) 5 mg whole tube
resuspended in 1024l of DMSO 100% to yield a 10mM solution. Ref : S71119,
SelleckChem.

Danicamtiv: (MW = 435.42 g.mol-1, powder stored at -20°C), 5 mg were
resuspended in 1153.6 pL. of DMSO 100% to yield a 10 mM solution. Ref : HY-
109128 Lot #78715 Vendor : MedChemExpress (via Clinisciences)

Omecamtiv mecarbil: (MW =401.43 g.mol-1, powder stored at -20°C) 5.0 mg were
resuspended in 1245.5 uLL of DMSO 100% to yield a 10 mM solution. Ref : HY-
14233 Lot #05330 Vendor : MedChemExpress (via Clinisciences)

Bortezomib: (MW = 384.24 g.mol-1, powder stored at +4°C) 1.4 mg were
resuspended in 364.3 uL of DMSO 100% to yield a 10mM solution. Ref : HY-
10227 Lot #45613 Vendor : MedChemExpress (via Clinisciences)

Istaroxime hydrochloride: (MW = 396.95 g.mol-1, powder stored at -20°C) 5.0 mg
were resuspended in 1259.6 uL of DMSO 100% to yield a 10mM solution. Ref :
HY-15718A Vendor : MedChemExpress (via Clinisciences)
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IV. RESULTS

IV.1.  Functional impairment associated with dilated

cardiomyopathy due to a Desmin mutation (DES*#K)

The study of dilated cardiomyopathy (DCM) associated with myofibrillar myopathy
(MFM) due to a mutation in DES gene encoding desmin protein can be driven using either
in vivo or in vitro models (Brodehl et al., 2018). In this study, a special focused on human
in vitro models was done. These models have the advantage of being patient-specific and
reproducing the disease phenotypes present in patients (Tse et al., 2013). The observations
made in such models enable physiopathological mechanisms to be correlated more closely
to the development of the disease in the patient. Recent developments in the field of
cardiomyocytes derived from human induced pluripotent stem cells (iPSC-CM) two
dimensional models (2D) and the development of three dimensional models (3D complex
structures combining, for examples, different cell types) open up exciting research
possibilities (Veldhuizen et al.,, 2019). In a first approach, the engineered human
myocardium (EHM), a 3D cardiac microtissue, was used. This model is crucial for studying
the morphological and functional disturbances at the origin of cardiac damage in patients

with DCM associated with MFM due to a DESE* mutation.

1V.1.1.Functional contraction in EHM 3D model

To assess the function of cardiac tissue, we have generated contracting rings of cardiac
tissue (myTissue, Myriamed®) and examine the contractile function of these EHM. These
tissues were described as being able to contract spontaneously and uniformly after 3 days
of culture (Tiburcy et al., 2020). To develop these EHM, cardiomyocytes derived from
induced pluripotent stem cells (iIPSC-CM) were placed together with collagen matrix in
special plates with two pillars in each well to ensure the generation of a ring-shaped
microtissue. During contraction of these EHM, the deflection pole induced by EHM
contraction in isometric conditions was measured. Thus, the contraction force generated by
the EHM could be deduced (Figure 24A). Different EHM were generated from the
following iPSC-CM:

- Control 1
- Patient 1 DES E43%K
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- Patient 2 DES E43%K

Video analysis of EHM contractions revealed various metrics describing different
aspects of EHM contraction, such as the spontaneous beating frequency, beating rhythm,
force of contraction (FOC), resting tension, contraction time T1 and relaxation time T2
(Tiburcy et al., 2017) (Figure 24B). Several of these metrics showed a difference between
the control 1 EHM and the DESE4°K patient EHM (Patient 1 DES £43°K and Patient 2 DES
E439K) In particular, the FOC was lower in the DES®#3°X patient EHM than in the control
EHM (Figure 24B). Resting tension (RT) is a parameter that refers to the initial muscle
tension of the EHM at rest. Thus, the RT of DES E4°K patient EHM is significantly lower
than the RT of control EHM. This may be due to myofibril disorganization caused by the
DES E43%% mutation. Indeed, it has already been shown that resting tension can be associated
with the degree of organization of myofibril (Thornell et al., 1976). Concerning the FOC,
it was also measured by varying the calcium concentration in the medium ((Figure 24C). It
was found that the contraction force of control EHM was consistently higher than in
DESE4%K patient EHM, particularly in the Patient 2 DES E4¥°K (Figure 24C). On this last
analysis, the two DES £43%K patient clones did not respond in the same way. Patient 2 DES
E439K FOC at different calcium concentrations was lower than FOC of Patient 1 DES F4¥K,
This discordance between the different DES E4°KX EHM patient clones can be explained by
various hypotheses, such as heterogeneity between iPSC cardiomyocyte differentiation
batches or during EHM generation. These results highlight one of the limitations of the
model, and underline the importance of quality control. Interestingly, despite this slight
heterogeneity between DES E4°K patient EHM, the differences with control EHM are
broadly the same for both DES E4°K patient EHM clones.

To conclude, these results show that the contractile function of the various EHM is
deficient in DES 4K patient EHM compared with control EHM. This confirms that the
EHM do indeed reproduce the phenotype observed in DCM patients carrying a DES 439K
mutation (Brodehl et al., 2013).
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Figure 24 : Functional activities of EHM control (Control 1) and Patients DES ***** (Patient 1 DES
ES9K - patient 2 DES *%°%). A. Functional analysis of EHM workflow. B. different parameters for
measuring EHM contraction using video analysis C. Force of contraction (FOC) recorded under
increasing calcium concentrations. n= 8-10 EHM per group

Following the demonstration of impaired contractile function in a context of dilated

cardiomyopathy associated with desmin mutation (DES E4°X), it is crucial to explore the

mechanisms explaining these perturbations.
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cardiomyopathies can be associated to the disturbances of mitochondrial respiration, a key
aspect of cellular physiology that influences energy production and metabolic regulation.
Moreover, many studies have shown that disruption of mitochondrial function is a key
phenotype of dilated cardiomyopathy associated with desminopathy (Alam et al., 2018;
Milner et al., 2000; Tsikitis et al., 2018; Wiersma et al., 2019).

IV.1.2.Functional mitochondrial respiration in iPSC-CM

In order to measure the impact of the DES £ mutation on mitochondrial function,
analyses of the mitochondrial respiratory activity of iPSC-CM were investigated. Analyses
were performed using a mitochondrial stress assay using a seahorse on different iPSC-CM
: Control, patient DES E#°K and isogenic DES 4K, Real-time assessment of oxygen
consumption rate (OCR) at baseline and after addition of inhibitors targeting specific
respiratory complexes was performed (Figure 25A). From curves it is possible to calculate
basal respiration, ATP-linked respiration, maximal respiration and reserve capacity (Figure

25B-F).

First, basal respiration is calculated from the difference in OCR in the initial state and
following complete blockade of the respiratory chain by addition of rotenone and antimycin
A. A decrease in basal respiration was detected in iPSC-CM carrying the DES E4%K
mutation compared with control iPSC-CM (Figure 25B).

Then, the addition of oligomycin, an ATP synthase inhibitor, enables measurement
of ATP-related respiration, meaning oxygen consumption specifically used for ATP
biosynthesis. This parameter is lower in iPSC-CM carrying the DES £43°X mutation (Figure
25C), suggesting a weaker involvement of mitochondria in ATP generation in the presence

of the mutation.

Carbonyl-4 (trifluoromethoxy) phenylhydrazone cyanide (FCCP) is an uncoupling
agent that induces proton gradient collapse and disrupts mitochondrial membrane potential.
The addition of FCCP results in an uninhibited flow of electrons through the electron
transport chain, making it possible to measure the maximum rate of oxygen consumption.
Maximum respiration is lower in iPSC-CM carrying the DES ¥#X mutation, indicating
lower total mitochondrial activity (Figure 25D). Reserve capacity, defined as the difference
in OCR between basal and maximal respiration, is also lower in iPSC-CM carrying the DES

E439K mutation (Figure 25E).
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Finally, to assess the role of glycolysis in iPSC-CM energy/metabolite production,
the initial OCR was normalized to the initial extracellular acidification rate (ECAR). The
ratio between OCR and ECAR, which indicates the cellular preference for oxidative
phosphorylation over glycolysis, was calculated for the different groups. This ratio is lower
in iPSC-CM carrying the DES 2% mutation (Figure 25F). Overall, compared with control
iPSC-CM, both types of DES E¥% mutant CMs show a decrease in mitochondrial
respiration compensated by higher glycolytic activity. In addition, electron microscopy
analysis also revealed a strong cytoplasmic accumulation of lipid droplets in DES E43°K
iPSC-CM and Isogenic DES F4°X iPSC-CM compared with control iPSC-CM (Figure 25G-
H). This observation was confirmed by cytometric quantification of intracellular lipids
using BODIPY, a fluorescent hydrophobic dye for lipids (Figure 25H). Taken together,
these results indicate that the metabolic activity of iPSC-CM is modified in the context of

DESE4K mutation.
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Figure 25: Decreased mitochondrial respiration and altered metabolic activity in iPSC-CM with
DES E439K mutation. (4) Representative mitochondrial oxygen consumption rate (OCR) profiles
in Control-CMs, E439K-CMs and Iso-E439K-CMs. OCR profiles are expressed as pmol O2/min
normalized to the number of cardiomyocytes and calibrated to the lowest value of the plate after
addition of rotenone and antimycin A. (B) Quantification of basal respiration, (C) ATP-linked
respiration, (D) maximal respiration and (E) reserve capacity of cardiomyocytes. (F) Ratio of OCR
to ECAR in iPSC-derived cardiomyocytes. Values are expressed as mean = SEM. * p < 0.05, **,
p <0.01, *** p <0.001. from (Hovhannisyan et al., 2023)
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In addition to mitochondrial perturbations, DES E43°% mutation has been described to
induce a conformational defect in the desmin protein (Brodehl et al., 2018; Hovhannisyan
et al., 2023). Thus, it may be relevant to investigate the state of cellular proteostasis and

quality control systems in the context of DES ®43°X mutation.

IV.1.3.Desmin aggregation and autophagic flux in iPSC-CM

Desmin aggregation

Many studies have shown that in a context of DCM associated with a DES mutation,
a double event may occur (Clemen et al., 2013; Tsikitis et al., 2018). Firstly, loss of the
three-dimensional network provided by desmin, and secondly, aggregation of the desmin
protein. Regarding the specific localization of the mutation in the DES gene, it has been
observed that different mutations can have different consequences on the formation of
protein aggregates (Brodehl et al., 2022). Some mutations may further promote the
formation of inclusions, while others may lead to specific structural alterations in desmin
(Brodehl et al., 2018). Very few studies have been conducted on the DES F43°K mutation,
however, it has already been shown that this mutation induces accumulation and patchy
aggregation of desmin within the cytoplasm of iPSC-CM (Hovhannisyan et al., 2023). In
order to visualize this phenomenon a study on iPSC-CM (Control, Isogenic DES £4°X and
Patient DES E4°K) was performed. iPSC-CM were cultured 14 days after thawing before
immunostaining with a desmin marker (Figure 26). Immunostaining showed that control
iPSC-CM displayed a striated organization of desmin. While iPSC-CM carrying the DES
E439K mutation (Isogenic DES 4K or Patient DES ¥43°K) did not show this organization,

desmin was more likely to be aggregated in the form of dots or threads.
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We can suppose that the appearance of protein aggregates in the cell certainly induces
a modification of the proteostasis. In desminopathy, protein aggregates can accumulate and
be toxic to the cell (S. Singh et al., 2020). To maintain proteostasis in cell and ensure
degradation of these aggregates, protein quality control (PQC) systems are activated
(Henning & Brundel, 2017b). the role of these PQC systems is to ensure cell proteostasis,
in particular by eliminating malformed or aggregated proteins present in the cell. These
systems include chaperone proteins, which help to form the correct protein conformation,
the ubiquitin proteasome system (UPS), which initially degrades malformed proteins, and
the autophagic system, which degrades aggregated proteins and dysfunctional organelles
(Henning & Brundel, 2017a). The presence of desmin aggregates and defective
mitochondria suggests that the autophagic system could be strongly challenged (Hofmann
et al., 2019). Moreover, some studies showed that desmin mutation can have an impact on

autophagic flux (Sukhareva et al., 2023).

Autophagic flux in the iPSC-CM

Studies have shown that autophagy plays a major role in the response to cardiac stress
(Maejima, 2020). Given the presence of protein aggregates and mitochondrial defects, it
was of interest to study autophagic activity. Under basal conditions, autophagic function
remains at a low level, helping to maintain cellular homeostasis. Autophagy can be rapidly
activated under conditions of cellular stress, such as limited nutrient supply, deregulation
of intracellular organelle homeostasis (e.g. accumulation of defective mitochondria) or

accumulation of protein aggregates (Bhuiyan et al., 2013)

LC3b is a protein involved in the formation of the autophagosome around
compounds to be degraded. LC3b exists in a cytosolic form (LC3b-I), where it is inactive,
and in a phagophore-associated form, where it has undergone lipidation with a
phosphatidylethanolamine residue (LC3b-II) (Yoshii & Mizushima, 2017). The study of
autophagic flux in the different iPSC-CM was conducted using chloroquine (chlq), a
molecule that blocks the activity of lysosomal hydrolases. This blockade leads to an
accumulation of autophagic vacuoles, as well as of LC3b-II. Analysis of relative LC3b-II
expression in not treated (NT) and chlg-treated conditions enables autophagic flux to be
estimated. Thus, autophagic fluxes has been assessed in the Isogenic DES 54K and Patient
DES B4 iPSC-CM carrying the DESE*X mutation encoding desmin, compared with the
Isogenic control iPSC-CM (Mizushima & Murphy, 2020) (Figure 27A).
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It was observed that relative LC3b-II expression showed a significant increase,
between NT and chlg-treated conditions, in iPSC-CM carrying the DES 4% mutation
compared with the isogenic control (Figure 27B). These results may indicate that
autophagic flux is higher in iPSC-CM carrying the mutation than in the isogenic control
iPSC-CM.

A. Isogenic Isogenic Patient
Control DES E439K DES E439K

Chloroquine = +

—— e bl - — oo

LC31I

=
S 15 )
o -] —
< * = NT
(o] —
= = Chlq
e 1.0
@)
-
Z ns
@ —
§ 0.5
i
)
z |}|
——
-% O'O-jl é| |
\
8 & il &5&
¢S < $ —
R © @% nmr%‘tm W
s &S =
\G‘ae QQ\ '-\\Q? Cardiomyocyf:es from iPSC
@e% QQ. (CM-iPSC)

Figure 27 : Western blot of iPSC-CM (Isogenic control; Isogenic DES **°%; Patient DES **°%) in
different condition +/- Chloroquine and staining of LC3 I and LC3 Il (Autophagic flux marker) A.

74



Following the exploration of functional perturbations associated with DCM in the
context of DES 4K mutation, the integration of transcriptomic data may provide a deeper
understanding of the underlying mechanisms of gene regulation, and reveal important

signaling pathways involved in disease progression.

IV.2. Transcriptomic study on EHM models
The following work was conducted on the in vitro 3D EHM model. Transcriptomic
analyses on iPSC-CM were also performed by the laboratory but are presented in a

published study (Hovhannisyan et al., 2023), to be found in the appendix chapter VIII.

IV.2.1. Transcriptomic exploration using RNAseq

Transcriptome studies of EHM were implemented with the goal of identifying a
transcriptomic phenotype that could explain the contractility defects previously observed.
Analysis was performed on 3 groups of 6 EHM/group (replicates) : Control 1(Tiss) Patient
1 DES E49K (C2) and Patient 2 DES ¥43%K (C15). First, we determine the gene expression
levels. This included an analysis of differentially expressed genes (DEGs), the purpose of
it being to identify genes whose expression varied significantly between the EHM control
group and the EHM Patient DES E4°K groups. This analysis allowed the visualization of
the different transcriptomic profiles of our groups and the identification of molecular
signatures for EHM Patient DES P43°K, The transcriptomes of the different groups are
presented in HeatMap form (Figure 28A). It was interesting to note that the transcriptomic
signatures of the Patient DES 43X EHM were different from the transcriptomic signature

of the control EHM (Figure 28A).

Then, genes identified as differentially expressed were interpreted from a biological
perspective. This analysis was based on Gene Ontology (GO) (Supek et al., 2011). GO is a
standardized hierarchical classification of biological terms, which can be used to categorize
genes according to their biological functions. In this way, it is possible to determine whether
biological pathways are enriched in a given sample, in this case the DES E4°K patient EHM,
compared with a reference sample, the control EHM (Figure 28B). Indeed, GO analysis

demonstrated that genes of gene sets of multiple pathways involved in cardiac contraction
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and cardiac conduction were selectively downregulated in Patient DES E4°% EHM. This
may explain the deficiencies in force of contraction. Moreover, the GO analysis showed
that a pathway involved in cellular response to oxidative stress were upregulated which can
be associated with mitochondrial defect (Ramaccini et al., 2021). It was the same for several
pathways involved in response to unfolded protein were upregulated. This may be
associated with proteostasis disruption (Henning & Brundel, 2017a). Finally, there were
also an upregulation in muscle developmental pathways which can be associated to a defect
in the maturation of cardiac structures: it has already been shown that desmin plays a role
in the development of cardiac muscle, and mutations can disrupt this process (Capetanaki

etal., 2015).
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Based on GO biological process enrichment analyses and gene expression data
collected during RNA-seq, the biological processes are represented by heatmaps of the gene
expression of their component genes. In this way, it is possible to visualize the
transcriptomic profile of the different EHM groups for each biological process (Cardiac
contractility, Oxidative stress response, Chaperon heat shock protein, UPS and autophagy)
(Figure 29). Firstly, this analysis confirms the observations previously made: a molecular
signature of the genome is indeed present in the DES E43°K patient EHM compared with
control EHM for genes involved in regulating cardiac contractility and oxidative stress
response (Figure 29A-B). Secondly, with regard to proteostasis disruption, this study
allowed a more detailed analysis of the different quality control systems (Figure 29C-E).
Indeed, a transcriptomic signature was found, with up-regulation in DES 4K EHM
patients of genes involved in quality control systems involving firstly chaperone proteins,
then the UPS and finally the autophagic system. Taken together, these results suggest that
DES E#°K EHM display a transcriptomic signature of disruption of PQC systems.
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While RNA-Seq analysis provides a global, high-throughput view of gene
expression, RT-qPCR offers a more targeted and precise approach to specifically confirm
and quantify the expression of genes of interest. Contractile disruption and oxidative stress
linked to a mitochondrial defect are often reported in the literature concerning desmin
mutation-associated dilated (Goldfarb & Dalakas, 2011; Milner et al., 2000; Ramaccini et
al., 2021; Ramspacher et al., 2015), however proteostasis and cardiac immaturity aspect
were less explored. Thus to further characterize these processes, and to confirm the
observations on PQC processes and cardiac immaturity, RT-qPCR-based transcriptomic

studies were conducted on specific genes.

IV.2.2. Transcriptomic validation RT-qPCR

Thus, the transcriptomes of EHM control 1, Patient 1 DES 49K, Patient 2 DES F43%K
were studied at the genetic level of the different quality control systems by RT-qPCR
(Figure 30).

Chaperone protein system

The genes encoding chaperone proteins are the first to be affected when misfolded
proteins appear (Figure 30A). CRYAB is a gene encoding a-B-Crystallin, a chaperone
protein interacting with desmin (Sharma et al., 2017). No significant differences in CRYAB
expression were observed between the different EHM. BAG3 encodes a co-chaperone
protein of HSP70 and HSC70 which is prominently expressed in cardiac and skeletal
muscle tissues (Sarparanta et al., 2020). Again, no significant differences were measured
in BAG3 expression in the different EHM. HSPD1 encodes a chaperone protein involved
in mitochondrial protein import and macromolecular assembly (Sarparanta et al., 2020).
HSPD1 is significantly more expressed in DES 43K patient EHM than in the control EHM.
This last results strengthen the previous observations demonstrating mitochondrial defects.
Thus, slight differences were noted in the gene expression of various chaperone proteins,
but this PQC mechanism does not appear to be strongly solicited in the DES***X mutated
EHM model.

Ubiquitin proteasome system

Then, genes encoding proteins involved in the UPS were investigated (Figure 30B).
UBE2I encodes a protein member of the E2 ubiquitin conjugating enzyme family
(Baumgarten et al., 2013). MDM2 is the main E3 ubiquitin ligase protein of p53 in mitotic

cells, regulating cell growth, DNA repair, oxidative stress and apoptosis (Hauck et al.,
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2017). FBX032 is a muscle-specific ubiquitin-E3 ligase protein, this protein are localizes
at the sarcomere and plays a role in muscle atrophy, cardiac hypertrophy, and atrophy
development (Ghasemi et al., 2022). UBE2I expression in Control 1 EHM is either slightly
higher than that in Patient 2 DES £43°% EHM or identical to the expression of this gene in
the Patient 1 DES F43°K EHM. Gene expression of MDM2 and FBXO32 was up-regulated
in EHM Patient DES 43K compared with Control 1 EHM. These results suggest that the
DES %K mutation induces a particular solicitation of the E3 ubiquitin ligase system which
is specifically responsible for transferring ubiquitin to the target protein. Indeed, Mdm?2
play arole in cardiac growth control, oxidative stress and mitochondrial disruption response
through the regulation of p53, the Pgc-1 family of transcriptional coactivators and the
pivotal antioxidant Pink1(Hauck et al., 2017).

Autophagic system

Finally, the study of genes marking the autophagic system focused on the following
markers (Figure 30C) : CALCOCO?2 (calcium-binding and coiled-coil domain-containing
2) a gene encoding a protein involved in most stages of autophagy, regulating the
maturation process of autophagosomes and described as down-regulated in the context of
cardiac dysfunction (Gil-Cayuela et al., 2019). PINK1 encodes a protein that coordinates
autophagic quality control mechanisms in dysfunctional mitochondria, as part of the
mitophagy process (Ding & Yin, 2012), PINK1 has been described as playing an important
role in the regulation of mitochondrial quality and the development of cardiomyocyte
maturity (H. Liu et al., 2023). SQSTM1/p62 codes for an autophagy receptor protein
required for selective macroautophagy (aggrephagy) (van der Klooster et al., 2021). Thus,
down-regulation of CALCOCO?2 expression, up-regulation of PINK1 and SQSTM1/p62
were indeed observed in EHM Patient DES 549X compared to EHM Control 1. These results
indicate that various autophagy agents are significantly solicited in a context of DCM due

to a Desmin mutation.
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These results clearly show that all three PQC appear to be involved in this context of
DCM associated with the DES B4 mutation. Interestingly, several of the genes involved
in these different systems are implicated in signaling involving mitochondrial defects,
HSPD1 for chaperones system, MDM2 for UPS and PINK1 for autophagy. These data
suggest that these quality control systems are not only solicited by the presence of protein

aggregates, but also by the presence of mitochondrial dysfunction (Ghosh et al., 2020).

Cardiac maturation

Studies have shown that disruption of desmin and mitochondria can induce heart
maturity defects (Capetanaki et al., 2015; H. Liu et al., 2023). Thus, three genes associated
with cardiac maturation were also studied (Figure 31). MYH6, a gene encoding a myosin
isoform, is mainly expressed in immature native cardiomyocytes (Machiraju & Greenway,
2019). In contrast, MYH?7 is a gene that codes for an isoform of myosin protein and is
expressed in mature, adult cardiomyocytes (Machiraju & Greenway, 2019). Interestingly,
MYHS6 expression is significantly higher in the EHM of DES £43%K patients than in control
EHM. MYH?7 expression was significantly higher in control EHM than in patient 1 DES
E439K EHM. Next, the expression of PLN encoding the phospholamban protein that is
expressed in mature cardiomyocytes was also interrogated. PLN expression was
significantly higher in control 1 EHM than in patient 1 DES 54 and patient 2 DES E43%K
EHM (Figure 31). These results suggest that cardiomyocytes in DES ¥4 EHM were less
mature than those in control EHM. Given that the production of the different
cardiomyocytes was strictly identical, it can be assumed that the DES 43K mutation is
responsible for this defect in cardiac maturity. In fact, it can be a pathological phenotype.
Indeed, it has been shown that a DCM context there is a re-expression of the feetal gene

program (Mehdiabadi et al., 2022).
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In conclusion, it has been shown based on in vitro DCM models that the DESF4%
mutation encoding the desmin protein is responsible for a defect in cardiac contraction,
mitochondrial respiration alteration associated with oxidative stress, desmin aggregation
linked with PQC response and cardiac immaturity. Firstly, these disturbances are already
reported in the literature related to desminopathy associated with DCM, indicating that
these models seem relevant for modelling this disease (Brodehl et al., 2018; Capetanaki et
al., 2015; Clemen et al., 2013; S. Singh et al., 2020). Secondly, it seems also relevant to use
this knowledge of pathophysiological mechanisms to further investigate and better describe
the establishment of the pathology, as well as to identify therapeutic approaches. More and
more studies are in the field of drug discovery for the research of new therapeutic leads, are
turning, in particular, to the high content imaging phenotypic screening assay (Pegoraro &
Misteli, 2017). These methods can be used to describe disease phenotypes based on cell
profiling using immunostaining and confocal microscope image acquisition. In addition,
the use of annotated compounds for screening enables the identification of therapeutic

pathways (Brodin et al., 2015). Knowledge of the compounds mechanisms of action can be
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used to deduce the specific signaling pathways involved in phenotype establishment

(Reisen et al., 2015).

IvV.3. Optimization of iPSC-CM modeling dilated cardiomyopathy

caused by DES®4*K mutations for High content imaging

IV.3.1. Developing cell imaging tools on 384 well plate

Development of a quality control process

Prior to setting up a high content imaging assay, as previously shown, iPSC were
differentiated into iPSC-CM using different protocols. Although perfectly handled by the
laboratory, iPSC-CM production is not exempt from inter-batch variability which can be
attributed, non-exhaustively, to differences in terms of purity, state of maturation or
proportion of iPSC-CM sub-types. It is important to limit this variability as much as
possible to ensure the quality of future research. Thus, a quality control process for iPSC-
CM batches has been set up. After the differentiation process described previously (I11.1.2),
iPSC-CMwere thawed in 384-well plates and cultured for 3 to 6 days. It is generally the
time necessary to allow sufficient time for the cells to recover from the thawing phase, as
this is determined by the reappearance of cell contraction. It is also important to ensure that
cardiomyocyte purity in culture, is not affected by the 384-well plate culture, which is
essential for high content imaging. This is why quality control must be carried out in this
type of culture plate. Following culture, the cells were fixed and immunocytostained
(Figure 32). Staining for cardiac troponin T (cTnT), a sarcomeric protein specifically
expressed in cardiomyocytes, was used to identify cardiomyocyte purity in a batch (Figure
32). Subsequently, markers to identify the proportions of different subtypes were selected.
MYL2 is a contractile protein specifically express in ventricular cardiomyocyte and was
selected to detect this subtype of cardiomyocytes. NR2F2, also known as COUP-TFII, is a
transcription factor whose expression induces differentiation into atrial cardiomyocytes

during development (Jiuru Li et al., 2022).
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Firstly, the identification of nuclei is based on the intensity and shape characteristics
of the hoechst (DNA staining) signal (Figure 33). The signal thresholding parameters for
distinguishing the signal of interest from the background have been determined manually.
An example of three iPSC-CM batches in which plating efficiency has been determined is
given on (Figure 33A). The images are binarized according to previously determined
thresholds. To simplify analysis of the various images, segmentation of the single cells was
carried out using the cropping method, where the region of interest (ROI) representing a
cell is assumed to lie within a 256x216 pixel rectangle centered on its nucleus. In this way,
each pink square represents a ROI that will enable us to perform single-cell analyses later

in the procedure. The plating efficiency was determined by the ratio between the number
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of nuclei counted in a well and the number of cells initially seeded during thawing (Figure
33B). Plating efficiency varied from batch to batch, with batches showing plating efficiency
above 30% being accepted. Plating efficiency is not an eliminatory criteria for batch

validation; this information enables better control of culture densities during experiments.
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In order to identify the iPSC-CM purity of a given batch, an analysis based on cTnT
staining was conducted (Figure 34). The percentage of ROI surface area showing ¢TnT
signal was calculated and a threshold was set. Cells above the threshold were considered to
be iPSC-CM (visualized with the pink squares) (Figure 34A). Here, Batch 2 presented an
acceptable purity of around 80%, while batches 1 and 3 presented iPSC-CM purities of less
than 20% and were therefore invalidated (Figure 34B).
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Quality control was pursued with a study of iPSC-CM subpopulations. Indeed, there
are different types of cardiac muscle cells, notably ventricular and atrial iPSC-CM. Because
DCM affects primarily the ventricles, the study was designed to study mainly ventricular
iPSC-CM. Thus, the markers MYL2 for ventricular and NR2F2 for atrial iPSC-CM were
used to characterize the subpopulations (Figure 35;Figure 36). Here, 3 different iPSC-CM
batches were investigated on the basis of microscope images. Using the same analysis
procedure as before, the nuclei were first identified in order to determine the ROIs and
perform an analysis at single cell level. Thus, after defining the thresholds of the signals of
interest above which a cell was considered positive for a given marker (MYL2 or NR2F2),

it was possible to identify positive (pink square) or negative (blue circle) cells for a given
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marker (Figure 35A;Figure 36A). By normalizing the number of cells positive for a marker
(MYL2 or NR2F2) by the total number of cells identified in a batch, the percentages of
ventricular cells (positive staining MYL2) per batch (Figure 35B) and the percentage of
atrial cells (positive staining NR2F2) per batch (Figure 36B) were determined. The
percentage of MYL2-positive iPSC-CM was less than 20% for batches 1 and 3, and only
30% for batch 2 (Figure 35A). The low rate of ventricular marker-positive iPSC-CM may
also be due to the immaturity of the iPSC-CM, which express progressively the MYL2
marker during the differentiation of iPSC-CM (Bizy et al., 2013).
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Secondly, the rate of iPSC-CM positive for atrial staining was 80% in batch 1 and
40% in batch 3 (Figure 36B). As these batches have a fairly low iPSC-CM purity (Figure
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34), it is surprising to find such high rates for atrial staining. Indeed, it was expected that
the NR2F2 marker would be specific to atrial-iPSC-CM, but these results seem to indicate
that other non-iPSC-CM cells, which are not positive for cTnT staining, may express
NR2F2. Thus, NR2F2 staining does not appear to be specific to atrial cells alone. Moreover,
some cells were negative for the two markers MYL2 and NRF2F2 but positive for cTnT.
These cells were probably cardiac progenitors too immature to express the specific marker

of a ventricular or atrial iPSC-CM.
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1V.3.2.Optimization Cell culture condition on 384 well plate format

Despite the fidelity of the iPSC-CM cell model to the in vivo cardiomyocytes

present in the organism, it has been shown that these iPSC-CM present neonatal
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cardiomyocyte characteristics (Vuckovi¢ et al., 2022). Particularly in terms of desmin
expression, which is expressed very early in development, and increases progressively over
time (Tsikitis et al., 2018). Thus, to optimize the pathology modeling, iPSC-CM need to be
as close as possible to adult cardiomyocytes. Two strategies for optimizing iPSC-CM cell
culture were considered to induce cell maturation and, in particular, increased desmin
expression. The two parameters tested were the composition of the culture medium and the

duration of culture.

Phenotypic differences depending on culture medium

The aim was therefore to induce cardiac maturation in order to optimize the
structural phenotype of iPSC-CM, notably at the level of desmin expression. The use of
biochemical factor treatments is a strategy that has been highlighted in a number of studies
(Machiraju & Greenway, 2019). Two treatments have been selected for this study based on
literature (Birket et al., 2015) and previous work from the laboratory (Hovhannisyan et al.,
2023). The "T3+Dex" culture medium, containing Thyroid and glucocorticoid hormones in
RPMI+B27 was shown to be critical for cardiac maturation (Ming Li et al., 2014),(Rog-
Zielinska et al., 2015). Indeed, many studies have shown that the combination of the thyroid
hormone triiodothyronine (T3) and the glucocorticoid dexamethasone (Dex) enables the
maturation of iPSC-CM, and in particular of structures that are important for the function
of these cells and the development of T-tubules (Parikh et al., 2017) or structures involved
in electrophysiological function (L. Wang et al., 2021). Finally, another method to strongly
induce iPSC-CM maturation consists to provide oxidative substrates adapted to the
metabolic needs of the iPSC-CM (X. Yang et al., 2019). During the first moment after birth,
cardiomyocyte progenitors switch from glycolytic to oxidative metabolism to support the
energy demands of functional aspect (Gaspar et al., 2014). This last medium was named
“Maturation medium” and was composed with AlbuMAX that retained the rich
composition of RPMI/B27 and was adapted to physiological needs of iPSC-CM. This
medium was also formulated with a higher Ca?" concentration for iPSC-CM contractility,
a lower glucose concentration to promote fatty acid oxidation and supplementation with
creatine, L-carnitine, and taurine to support iPSC-CM energetics in comparison with the
classical medium for iPSC-CM (Feyen et al., 2020). As control condition, the classical cell
culture medium composed of RPMI+B27 used for iPSC-CM (Laco et al., 2020) was used
and named "Classic medium”.This study was performed on 3 iPSC-CM (Isogenic Control,

Isogenic DES 49K Patient DES 439K, After thawing, the different culture media were
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applied to the cells for 20 days, with renewal every two days. Then, the cells were fixed for

immunocytostaining with desmin staining (Figure 37).

Nuclei Scale bar : 10um

The desmin phenotype was chosen because the mutation studied is located on the
gene coding (DES) for this protein. It was therefore important to have acceptable desmin
expression for the subsequent studies. The efficacy of the treatment was assessed by the
proportion of desmin-positive iPSC-CM in the different iPSC-CM (Figure 38). In all the
different cell culture groups, desmin appeared to be increased more in the "T3 Dex"

condition (Figure 38 A; B; C). As a result, this condition was selected for subsequent work.
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Figure 38 : Identification of the percentage of Desmin staining-positive in different iPSC-CM (4-
Isogenic Control; B-Isogenic DES **°%:C-Patient DES ***°%) depending on the culture medium
(Normal Media; T3Dex; Maturation Media). Values are expressed as mean + standard deviation
of n= 8 technical replicates. A two-tailed t-test was performed. ns not significant. * p-value<0.05
** p-value<0.005. *** p-value<0.0005. **** p-value<0.0005
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Phenotypic differences depending on cell culture time

Culture time is also an important factor in ensuring iPSC-CM maturity. Indeed, iPSC-
CM derived from iPSCs after 20 days of differentiation display characteristics of progenitor
iPSC-CM (Denning et al., 2016). The expression of desmin protein is relatively low in these
cells, and vimentin protein is found instead, which mainly plays the role of cytoskeletal
proteins in the early stages (Tsikitis et al., 2018). It is only after some time that desmin
expression increases and this protein progressively assumes its role as an intermediate
filament. Because the patient develop DCM due to a mutation in DES. It was interesting to
study desmin expression at different times in our iPSC-CM culture (Figure 39). Two
conditions were implemented: 10 days (D10) or 20 days (D20) of culture after thawing.
Again three iPSC-CM were used (Figure 39A; B; C): Isogenic Control, Isogenic DES F43%K,
and Patient 2 DES F43°%, These iPSC-CM were cultured in T3+DEX culture medium, which
was renewed every two days. After the culture, the cells were fixed for immunocytostaining

with desmin staining (Figure 39).
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The percentage of desmin-positive iPSC-CM was significantly higher at D20 than
at D10 in all cell lines. Yet, the difference in desmin staining between D10 and D20 varied
from line to line, with a more pronounced difference in patient 2 DES 4% (Figure 40).
Interestingly, the isogenic DES £43%K line shows a proportion of desmin-positive iPSC-CM

of already 50% at D10.
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Figure 40 : Identification of the percentage of Desmin staining-positive iPSC-CM depending on the
culture duration by days (D10, D20) in different cell lines (A-Isogenic Control; B-Isogenic DES
EBS9K. C-Patient DES *°%). Values are expressed as mean + standard deviation of n= 6 technical
replicates from two experiments. A two-tailed t-test was performed. ns not significant. * p-

value<0.05 ** p-value<0.005.*** p-value<0.0005.**** p-value<0.0005
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IV4. Implementation of a high-content imaging assay for

screening

I1V.4.1.Read out identification

As previously described, DCM associated with a desmin mutation (DES ®43°K mutation)
is characterized at the cellular level by a loss of the three-dimensional desmin network
associated with protein aggregation. This disruption leads to sarcomeric disorganization
and mitochondrial alteration (Hovhannisyan et al., 2023). Following the optimization of the
iPSC-CM model, it was interesting to identify and study the disruptions associated with
DCM in this model. Using immunocytostaining and confocal microscope image
acquisition, it was possible to perform quantitative and qualitative analyses of the cellular
structures of interest (Desmin, Sarcomere, Mitochondria). This allowed the morphological
phenotype of iPSC-CM to be identified. The following study compared the morphological
phenotypes of different groups of iPSC-CM:

- The "Control" group derived from healthy patients with no DCM

- The "Isogenic DES 4K " group derived from control iPSC lines gene-edited
(CRISPR-CASY) for integration of the DES ¥43°X mutation into the cell genome

- The "Patient DES 4K " group derived from patients with DCM due to the DES

E439K mutation

The goal of this work was to ensure that the iPSC-CM model was able to reproduce the
morphological phenotypes associated with DCM due to a desmin mutation. In addition, the
results of this study were also a first step in setting up a high-content imaging assay. This
first step is known as "read-out identification", and consists in identifying the phenotypes
that will subsequently be used to perform the assay. In fact, a high content imaging assay
will enable to characterize, quantify the phenotypic properties, and to identify compounds

capable of correcting pathological phenotypes.

Desmin Annotated score

Firstly, a large number of desmin mutations are described as inducing a change in
protein conformation that can lead to the rupture of the desmin network and/or to aggregates
formation. To study this phenotype, three iPSC-CM groups (Control 2, Isogenic DES 543K,
Patient 1 DES E#K) were cultured for 14 days in T3 Dex culture medium. After
immunocytostaining and confocal image acquisition, the analysis strategy was based on
manual annotation of each cell of a iPSC-CM group, indicating a score based on the
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appearance and organization of the desmin staining (Figure 41A). Thus, when, in a single
cell image, the desmin signal was predominantly in areas where the intensity appeared to
be higher due to dense accumulation of desmin, probably indicating desmin aggregation,
the single cell image was annotated as belonging to class 1. Class 1 was associated with
single cells containing desmin aggregates. In some single cell images, the desmin signal
appears diffused inside the cell, without forming clear patterns or organized structures.
Fluorescence is homogeneously distributed in the image, with no indication of the
formation of striated structures or distinct aggregates. This type of single cell was annotated
class 2, these cells probably corresponded to cells in which desmin organization was less
mature, in their early stages of three-dimensional network formation. Finally, some images
of single cells showing a desmin signal were characterized by the presence of striated areas
where a periodically higher signal intensity was observed, highlighting the concentration
of desmin in specific regions. These cells were annotated class 3, the presence of striation
testifying to the presence of organized structure which may be associated with the integrity
of the desmin network and may be an indicator of cell maturity. Some single cell image
were annotated score 0 and corresponded to cells with image artifact or a too weak signal,

these iPSC-CM were not considered for the final analysis.

These different annotations were performed on immunocytostaining images of the
following iPSC-CM: Control 2 (n=30); Isogenic DES 43K (n=53); Patient 1 DES 439K
(n=35) (Figure 41B). Finally, the distribution of the different classes in each of the iPSC-
CM was identified by indicating the frequency of annotation of each class in % within a
given iPSC-CM (Figure 41D). Thus, it was observable that the control iPSC-CM has a class
distribution tending towards classes 2 and 3 testifying to diffuse or striated desmin
organization. On the contrary, for the iPSC-CM Isogenic DES ¥4*% and Patient 1 DES 543K,
their class distribution tended towards scores 1 and 2, reflecting aggregated or diffuse
desmin organization. These data allow to deduce that iPSC-CM carrying a DES E43%%
mutation (Isogenic or Patient) have desmin organization that tends towards aggregation. In
contrast, the desmin organization of control iPSC-CM tends towards striation. It is also
interesting to note the high proportion of iPSC-CM from the three iPSC-CM types in the
class 2. Thus result may be explained by the intermediate level of maturity of this cell model
where some iPSC-CM were in the early stages of three-dimensional network formation or

before desmin aggregate accumulation.
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Cardiac troponin T annotated score

Secondly, it is interesting to study the sarcomeric phenotype that is described to be
strongly impacted in a context of DCM (McNally EM, 2017). To this aim, the manual
annotation strategy of iPSC-CM from different cell lines cultured for 14 days in T3 Dex
medium was also used, relying on immunocytostaining of sarcomeric-type protein cTnT
cardiac isoform. The annotation consisted in indicating a class 1 score when cTnT presented
a disorganized, poorly striated appearance (Figure 42A). A class 2 score corresponded to
iPSC-CM with striated sarcomeric fibers but not necessarily well aligned with each other.
Score 3 reflected cells with striated and aligned sacromeric fibers. Finally, score 0
corresponded to images showing an artifact or with a cTnT signal too low to be interpreted.
The annotations were performed on immunocytostaining images of the following iPSC-
CM: Control 2; Isogenic DES E439K; Patient 1 DES £43°K) (Figure 42B). Finally, by looking
at the frequency of annotation of each class in % within a given iPSC-CM, it is possible to
deduce the distribution trends of the different classes in each iPSC-CM (Figure 42C). The
iPSC-CM Control 2 showed a distribution with a frequency spike in class 2, while the iPSC-
CM carrying the DES ¥#°X mutation showed distributions with a frequency spike in class
1 (Figure 42D). This indicates that iPSC-CM Control will be more likely to develop striated
sarcomeres than iPSC-CM carrying DES 54K which will develop less striated sarcomeres.
It is interesting to note the low frequencies of distribution of class 3 (iPSC-CM displaying
both striated and well-aligned sarcomeric fiber organization) in the different iPSC-CM
groups. This phenomenon reflects the limitations of the cell model in terms of iPSC-CM

maturity.
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Mitochondria Assay (Ratio TMRM/Mitotracker)

Finally, it has been demonstrated that the function of mitochondria is strongly
affected in the context of DCM due to a mutation in the DES gene encoding desmin
(Hovhannisyan et al., 2023). We could infer that the activity of mitochondria may also be
affected and can be used as a marker of the disease in iPSC-CM. To verify this hypothesis,
different iPSC-CM (Isogenic Control; Control 2; Isogenic DES 54¥K; Patient 1 DES F43°K)
were cultured for 14 days in T3 Dex culture medium (Figure 43). Cells were stained with
TMRM, a mitochondrial marker that stains mitochondrial membrane potential when fairly
high (Figure 43A). Thus, it is described that only active mitochondria are stained with this
marker. iPSC-CM are also stained with Mitotracker, a mitochondrial marker that is less
sensitive to mitochondrial membrane potential and will stain all the mitochondria present
in the culture (Figure 43A). Analysis of the TMRM staining surface normalized by the
Mitotracker staining surface enables us to deduce the percentage of active mitochondria in
given iPSC-CM group (Figure 43B). The percentage of active mitochondria was found to
be higher in control iPSC-CM (Isogenic Control and Control 2) than in iPSC-CM carrying
the DES £43°% mutation (Isogenic DES 54K and Patient DES £4¥°%), These data confirm that
the DES 4% mutation induced disruption of mitochondrial activity. Interestingly, the
Isogenic DES E439% iPSC-CM appears to have a higher percentage of active mitochondria

than the Patient 1 DES E43°K {PSC-CM.
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Figure 43 :Mitochondria assay A. live staining of iPSC-CM (Isogenic Control; Control 2; Isogenic
DES %K. Patient 1 DES **°) with TMRM and Mitotracker. Scale bar=10um. B. Ratio Surface
TMRM signal normalize by Mitotracker signal in different iPSC-CM groups. Values are expressed
as mean * standard deviation of n= 4 technical replicates. A two-tailed t-test was performed. ns
not significant. * p-value<0.05 ** p-value<0.005.*** p-value<0.0005

103



To better characterize this initial observation on the mitochondrial phenotype, an
experiment based on the culture of 6 iPSC-CM (Control 1; Control 2; Isogenic Control;
Isogenic DES DES E4%K; Patient 1 DES E439K; Patient 2 DES £4¥°K) cultured for 20 days in
T3 Dex medium was conducted. Live staining of the different iPSC-CM was performed
using Mitotracker (Figure 44A). After cell segmentation and based on variations in
Mitotracker signal intensity, it was possible to count the number of mitochondria per cell
in a given iPSC-CM (Figure 44B). The results showed that the number of mitochondria per
iPSC-CM was significantly higher in control iPSC-CM (Control 1; Control 2; Isogenic
Control ) than in iPSC-CM carrying the DES E43°% mutation (Isogenic DES E439K; Patient 1
DES 49K, Patient 2 DES 43°K), These data suggest that the mitochondria content is
affected due to the DES F43°% mutation that may be correlated to a possible disruption of
the mitochondrial network. Once again, the Isogenic DES 4K iPSC-CM appears to present

an intermediate phenotype.
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In conclusion, several phenotypes were highlighted in the in vitro 2D iPSC-CM
model of DCM associated with the DES 4% mutation. Firstly, disorganization of the
desmin network and the propensity to form desmin aggregates. Secondly, the sarcomeric

disorganization visualized with the staining of the cardiac isoform of the sarcomeric protein
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cTnT. Finally, the mitochondrial dysfunction on both the activity and the number of

mitochondria was demonstrated.

These observations suggest that it would be possible to perform a phenotypic
screening based on the subcellular organization of iPSC-CM carrying the DES E43%K
mutation in comparison with control iPSC-CM. Previous results had been generated
manually or using single-parameter image analysis. As a first step, therefore, it was
necessary to develop an automated image analysis model compatible with high-content

imaging.

1V.4.2.Cell profiling classification model

Setting up a high content imaging requires the prior development of an automated
image analysis model (Brodin et al., 2015). High content imaging relies on the acquisition
of a large number of images using automated confocal microscopy. As phenotypic
signatures can be very slight, the use of machine learning can be an interesting tool for
measuring significant differences according to cell state in an automated way (Scheeder et
al., 2018). Thus, based on the immunocytostaining of iPSC-CM with the staining of desmin,
cTnT and Mitotracker a machine learning automated single-cell image analysis workflow
was setting up. The objective was to develop a model capable of finely distinguishing

control iPSC-CM and iPSC-CM carrying the DES 543K mutation.

Workflow

The first step is to segment the images to identify ROI corresponding to a single
cell. The software uses the intensity levels and shape of the Hoechst nuclear staining to
identify and label the nuclei present in the image. Then, the others staining, will be analyzed
in the area surrounding the nucleus (ROI of 256x216 pixels that is subsequently called a
crop). Within each crop it is possible to extract image characteristics associated with a value
for each marker. These characteristics are called features, and allow us to quantify different
aspects of the staining signal, such as intensity, shape or texture. This step is called feature
extraction (Caicedo et al., 2017),(McQuin et al., 2018) and is performed using the
phenolink software (developed by Ksilink) that can extract around 50 features per staining.
By calculating the average of each feature for a given cell population and combining the
different feature averages, the cellular profile of a iPSC-CM can be generated. In this way,

the cellular profiles of control and mutant iPSC-CM groups were generated.
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In order to generate a classification model with two classes: Control iPSC-CM
cellular profile and DES 4% iPSC-CM cellular profile, machine learning technology, and
more specifically the Linear Discriminant Analysis (LDA) method, was implemented.
LDA is a supervised machine learning technique used in classification and dimensionality
reduction. The main objective of LDA is to determine a linear combination of features that
maximizes the separation between different classes (inter-class variability) of data while
minimizing the intra-class variability (Choubey et al., 2020). The advantage of a linear
approach is the explicability of the feature combinations. This method is particularly useful
for classifying data into pre-established groups (labels). The first phase, known as training
set, involves the presentation to the algorithm of different cellular profiles labelled "control
cellular profile" or " DES E4%K cellular profile", enabling the conceptualization of a two-
class prediction model (control versus DES E439K), This is followed by a "testing set" phase,
in which known but unlabeled cellular profiles are presented to the models, with the aim of
assessing their predictive power by looking at the results of its classification predictions,
i.e. the percentages of true positives and false negatives (Gerbin et al., 2021a). The
development of this classification tool was carried out on different iPSC-CM (Figure 45).
Control iPSC-CM carrying no genetic mutation known to induce DCM (Control 1; Control
2; Isogenic control) and DES E43%% iPSC-CM carrying the DES 4% mutation known to
induce DCM (Isogenic DES E43°K; Patient 1 DES E4°K; Patient 2 DES F4¥%) (Wahbi et al.,
2012b) were used. Cells were grown for 20 days in T3 Dex culture medium (Figure 45).
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Figure 45 : Workflow and implementation of a two classes LDA machine learning-based
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classification model for iPSC-CM cellular profiles Control and DES **°*

Feature extraction and selection

After immunocytostaining of iPSC-CM with the three staining (Desmin, ¢cTnT and
Mitotracker) and image acquisition using an automated microscope, the feature extraction
and selection process was performed (Figure 46A). Imaging features such as intensity,
surface area, signal texture, etc. were associated with a given staining, allowing features to
be extracted from individual staining or from all staining combined. This enabled the
generation of specific staining cellular profiles or cellular profiles from the combination of
staining. Thus, for each staining, 56 features were extracted at single cell level. For each of
these features, an ANOVA test was performed between the control group and the mutated
line group. When the P-value obtained was less than 0.03, the feature was selected and
considered statistically significant (Figure 46B). Next, to remove the features that are
correlated and give no additional information a statistical test of Pearson's correlation
coefficient was applied to refine the selection of features to those that were not correlated
(Figure 46C). In fact, some features may give exactly the same information and therefore

prove uninformative for cellular profile description.

108



B.

Selected Features

I

-Log(p_value;

features

C. .
Features selection

Pearson's correlation for all descriptors

Features extraction

0.9
0.8
0.7
] 0.6
0.5
0.4
0.3
] 0.2
0.1

Figure 46 : Features extraction and selection. A Features extraction from stained single cell
images. Scale bar=10um. B. Selection of the relevant features based on ANOVA Test F-value (P-
value < 0.03). C. Exclusion of the correlated descriptors feature based onPearsons correlation

Desmin cellular profile

First, the cellular profile associated only with the desmin organization was studied
(Figure 47;Figure 48). From images acquired after immunocytostaining of the different
iPSC-CM with desmin staining (Figure 47A), the feature extraction and selection was done.
23 features were selected for describing the desmin-like cellular profile, it represented 41%
of all initial features extracted. On the basis of this selection, the desmin-like cellular profile

for each cell line was determined and represented by a heat map (Figure 47B).
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Figure 47 : Cellular profiling of different cell lines based on Desmin phenotype A.
Immunocytostaining of iPSC-CM (Control 1; Control 2; Isogenic Control; Isogenic DES **%;
Patient 1 DES *"°; Patient 2 DES **°%) with Desmin staining. Scale bar=10um. B. HeatMap of
all the selected desmin features used for the cellular profiling of each iPSC-CM.

From the desmin cellular profiles of the different iPSC-CM, an automated
classification models has been implemented to discriminate control and DES 43X cellular
profiles. The training set was based on 70% of the data, while the test set was based on the
remaining 30% (Gerbin et al. 2021b). From the testing set result, prediction scores of the
algorithm were determined and presented in a confusion matrix (Figure 48A). The rows
correspond to the iPSC-CM cellular profiles and the columns to the two classes (Control
profile and DES 4K profile) in which the model indicates the prediction score for the
classification of a cellular profile in a given class. Indeed, this confusion matrix of

prediction scores showed that the classification model presents an excellent F1 score of
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100% (which is a machine learning evaluation metric that measures the model's accuracy).
This result testifying the strong desmin phenotype signature between Control and DES E43%K
iPSC-CM as the model is able to correctly classify (discriminate) both type of cellular
profile based on desmin signal. This testing set result of the automated classification model
based on desmin signal is also shown with a 2D space LDA projection of the different
iPSC-CM cellular profiles (Figure 48B). The green area corresponded to the control class,
and the red area corresponded to the DES E4°K class. Each point represented the a cellular

profile from one well of iPSC-CM.
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p-value<0.0001. **** p-value<0.00001.

Figure 48 : Performance of a 2 class (Control profile vs DES *** profile) classification model
based on desmin phenotype. A. Confusion matrix of predicted label specifying the performance of
the classification model. B. 2D space LDA projection of the different iPSC-CM desmin cellular
profiles. Red area represent mutated DES **** profile and green area represent control profile. A
two-tailed t-test was performed. ns not significant. * p-value<0.05 ** p-value<0.005.*** p-
value<0.0005.**** p-value<0.0005. and Z score

Indeed the cellular profiles from iPSC-CM controls were correctly projected in the
control profile class and the cellular profiles from iPSC-CM DES E4°K were projected in
the DES E4°K profile class area. Moreover, based on this classification model the two

groups of iPSC-CM cellular profiles were significantly separated.
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Cardiac troponin T cellular profile
Next, the cellular profile associated only with the cTnT phenotype was investigated
(Figure 49; Figure 50). From the images acquired after cTnT immunocytostaining of the
different iPSC-CM (Figure 49A), and based on the procedure of features extraction and
selection, 16 features (32% from all the initial features) were used for the cTnT iPSC-CM
cellular profile generation. Thus, the cTnT cellular profile of each iPSC-CM was
determined and represented by a heat map (Figure 49B).

A.

Nuclei Scale bar : 10um
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Figure 49 : Cellular profiling of different cell lines based on cTnT phenotype. A.
Immunocytostaining of iPSC-CM (Control 1; Control 2; Isogenic Control; Isogenic DES **°%;
Patient 1 DES ***%; Patient 2 DES **°%) with cTnT staining. Scale bar=10um. B. HeatMap of all
the selected cTnT features used for the cellular profiling of each iPSC-CM
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As previously for desmin, the cTnT cellular profiles of the different iPSC-CM were
partially used to generated an automated classification model specific with two classes
Control profile and DES %% profile. Again, the training set was based on 70% of the data,
while the testing set was based on the remaining 30%. The result of the testing set of this
automated classification model cTnT specific is presented with a confusion matrix of the
predicted scores for this classification model (Figure 50A). It showed that for some iPSC-
CM, the prediction score wasn’t the score expected. In fact, the F1 score of the classification
model ¢TnT specific was only 81%. These results could also be visualized with an LDA
projection in 2D space, where the green area corresponded to the control profile class and
the red area represented the DES 4°K profile class (Figure 50B). These results may suggest
that the cTnT phenotype alone is not yet strong enough to clearly differentiate between
control and DES 49K cellular profiles. This may be due to the maturity of the iPSC-CM

model not yet being sufficient to clearly visualize the sarcomeric pathological phenotype.
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Figure 50 : Performance of a 2 class (Control profile vs DES **** profile) classification model
based on cTnT phenotype. A. Confusion matrix of predicted label specifying the performance of the
classification model. B. 2D space LDA projection of the different iPSC-CM cTnT cellular profiles.
Red area represent mutated DES *’% profile and green area represent control profile. A two-tailed
t-test was performed. ns not significant. * p-value<0.05 ** p-value<0.005.*** p-
value<0.0005.**** p-value<0.0005. and Z score

Mitochondria cellular profile

To continue, the cellular profile associated uniquely with the mitochondria
phenotype was studied (Figure 51; Figure 52). From images acquired after live staining of
the different iPSC-CM with Mitotracker, features were extracted and selected (Figure 51A).

Here, 10 features were selected, 19% from all the initial features. Based on the selection of
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the mitochondria features, cellular profiles for each iPSC-CM was determined and

represented with a HeatMap (Figure 51B).
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Figure 51 : Cellular profiling of different cell lines based on mitochondria phenotype A. live
staining of iPSC-CM (Control 1; Control 2, Isogenic Control; Isogenic DES **°%; Patient 1 DES

EI9K . patient 2 DES *%°%) with mitotracker staining. Scale bar=10um. B. HeatMap of all the
selected mitochondria features used for the cellular profiling of each iPSC-CM.

From a part of the mitochondrial cellular profiles of the different iPSC-CM, again, an
automated classification models specific to mitochondria phenotype with two classes
control profile and DES ¥4¥*K profile was implemented. The training set was based on 70%
of the data, while the testing set was based on the remaining 30%. The results of the testing
set were showed with a confusion matrix of predicted score of each iPSC-CM cellular

profile in each classes (Figure 52A). These results showed that some predicted score wasn’t
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expected, for example, the control 2 cellular profile should not have been 38% predicted as
a profile belonging to the DES E4°K class. Indeed, the F1 score of the classification model
mitochondria specific was only 85%. These results could also be visualized with an LDA
projection in 2D space, where the green area corresponded to the control profile class and
the red area represented the DES 43K profile class (Figure 52B). It highlighted that the

classification model mitochondria specific is able to separate the two classes into two

distinct zones.
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Figure 52 : Performance of a 2 class (Control profile vs DES **** profile) classification model
based on mitochondria phenotype. A. Confusion matrix of predicted label specifying the
performance of the classification model. B. 2D space LDA projection of the different iPSC-CM
mitochondria cellular profiles. Red area represent mutated DES *"°* profile and green area
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These data suggest that the mitochondria phenotype may be sufficient to distinguish
control iPSC-CM from mutant DES 4K {PSC-CM. However, the classification model is
not robust enough to confidently separate control cellular profiles from mutant DES E43°%

cellular profiles.

From all the observations made previously, it can be deduced that the desmin
phenotype is the most marked in distinguishing a control cellular profile from a DES E4°%
cellular profile which is not surprising considering that the mutation affects desmin. The
respective F1 scores of the classification models specific to the desmin, cTnT and
mitochondria phenotypes were 100%, 81% and 85%. These results support the hypothesis
that in the iPSC-CM model and culture conditions used for this experiment, the desmin
phenotype was most affected by the DES ¥43°K mutation, followed by the mitochondrial
phenotype and finally the sarcomeric phenotype (cTnT). These two last phenotypes, despite
an non-sufficient robustness to be considered alone to discriminate Control versus mutant
iPSC-CM, were demonstrated to be affected in these mutant iPSC-CM confirming our
previous observation. In the setting of DCM due to DES mutation, it has been shown that
desmin mutation initially induces loss of the desmin network and protein aggregation,
followed rapidly by mitochondrial dysfunction, before being accompanied by sarcomeric
disorganization (Capetanaki et al., 2015). The maturity of iPSC-CM was probably at a point
where the desmin phenotype was already well established, the mitochondrial phenotype

was in progress and the sarcomeric phenotype in its early stages.

Although the classification model specific to the desmin phenotype could be
sufficient for further study and the implementation of a high content imaging screening
assay. It is worth considering the establishment of a classification model based on all
phenotypes (desmin , ¢TnT , mitochondria), as the aim of the assay is to identify
pathophysiological mechanisms and compounds influencing the overall pathological

phenotype.

Combined cellular profile
Thus, as before, the same exercise was performed based on combination of the three
phenotypes: Desmin, cTnT and Mitochondria (Figure 53; Figure 54). Confocal microscope
images were acquired following immunocytostaining of the three structures in each iPSC-

CM (Control 1; Control 2; Isogenic Control; Isogenic DES E4°K; Patient 1 DES E4°K;
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Patient 2 DES E4°K) (Figure 53A). 49 features (31% from all features extracted) were

selected for the following step.
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Figure 53 : Cellular profiling of different cell lines based on combined phenotype A.
Immunocytostaining of iPSC-CM (Control 1; Control 2; Isogenic Control; Isogenic DES **%;
Patient 1 DES **°%; Patient 2 DES **°%) with Desmin, cTnT staining and Mitotracker live staining.
B. HeatMap of all the selected combined features used for the cellular profiling of each iPSC-CM.
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From these features, the cellular profiles of each iPSC-CM were determined and
plotted in a heat map (Figure 53B). These cellular profiles were then used to set up an
automated classification model based on the three phenotypes and with two classes :
Control profile and DES 43K profile. Once again, 70% of the data were used for the
training set and 30% for the testing set. The results of this testing set phase was visualized
with a confusion matrix of the different iPSC-CM cellular profile and their prediction score
in each classes: control profile class or DES 54K profile class (Figure 54A). The F1 score
of the classification model based on all phenotype were at 100%, meaning that this model
is accurate. This result were confirmed with the 2D space LDA projection visualization of
this classification model where the two area represented each classes (green area for control
profile class and red area for DES 4K profile class) were clearly separated (Figure 53B).
The different iPSC-CM cellular profile of each groups were projected as expected. These
data validate the classification model based on the three phenotypes Desmin, ¢cTnT and

mitochondria.
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Figure 54 : Performance of a 2 class (Control profile vs DES *** profile) classification model
based on combined phenotype. A. Confusion matrix of predicted label specifying the performance
of the classification model. B. 2D space LDA projection of the different iPSC-CM combined cellular
profile. Red area represent mutated DES **°% profile and green area represent control profile. A
two-tailed t-test was performed. ns not significant. * p-value<0.05 ** p-value<0.005.*** p-
value<0.0005.**** p-value<0.0005. and Z score

In conclusion, this work has enabled the development and implement of an automated
classification model based on machine learning, allowing the discrimination finely and
automatically of control and DES 4% iPSC-CM. The automated nature of this tool will
enable a large number of analyses to be perfomed in a short period of time. Moreover, the

sensitivity of this classification model will enable the identification of significant variations
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in phenotypes as function of different compounds treatment. This model is therefore

perfectly suited to the implementation and execution of high content imaging screening.

1V.4.3.Tool compounds identification

Before considering high content imaging screening, it is necessary to ensure that the
phenotype of iPSC-CM is likely to be affected after treatment with compounds, and that
the analytical image analysis model chosen for read-out identification is capable of
measuring these phenotypic variations (Blanchet et al., 2015). In addition, based on their
mechanism of action (MOA) the identification of compounds that can be used as positive
controls in the screening assay can already provide information on the establishment of the
disease phenotype. All the compounds tested have a well-known MOA. Compounds that
induce a phenotypic variation and interact with a particular physiological mechanism will
provide interesting leads to better characterize the development of the pathology. The
following work consisted in treating isogenic DES E43°K iPSC-CM with compounds. Then,
to evaluate the cellular profile of these iPSC-CM treated with each compound and to use a
classification model control profile class versus DES 4K profile class. Finally, the
compounds that induced the cellular profile of the treated iPSC-CM to be projected not in
the DES B43%K profile class but in the control profile class were selected. These compounds
are referred to as Hit (Figure 55). The purpose of this chapter is to highlight the

methodology used to address the various challenges.
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Figure 55 : Tool compounds workflow
Firstly, the treatment conditions for iPSC-CM were assessed. iPSC-CM were
cultured for 10 days in T3DEX culture medium after thawing. Compound treatments were
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started on day 4 of culture for 6 days. Four well per treatment and concentration were
implemented. However, two of these wells were only one-time compound addition on day
4 of culture, while for the other two wells, there was a two-time repletion of compound
treatment on days 4 of culture and 6 of culture. Although it would be more relevant to
compare the results of each approach and because the different effects induced on the cells
seemed identical, it was decided to consider only the overall treatment period. Indeed, the
four wells were considered as replicates for the following results, it enabled analyses to be

based on a larger sample size per condition.

A panel of molecules has been selected and tested for the identification of positive
or negative controls, confirming that iPSC-CM can respond to treatment and that the image
analysis tools can quantify these variations. A first group of molecules are described in the
literature as promoting cardiac contraction function by various mechanisms,
electrophysiological or regulating the activity of the actomyosin complex Table 4:
Danicamtiv, Omecamtiv mecarbil, Istaroxime hydrochloride, Flecainide acetate,
Ranolazine dihydrochloride, Verapamil hydrochloride, GO6976 and (Echt & Ruskin, 2020;
Lehman et al., 2022; Rahate et al., 2020; Sossalla et al., 2010; Van Den Hoogenhof et al.,
2018) combinationl (GO6976+SB203580). This group of compound is mostly expected to
have an effect on sarcomeric phenotype. The second group of molecules involved those
described as playing a role in unfolded protein response mechanisms Table 5: Tubastatin
A, SB203580, Rapamycin. This group of compound is mostly expected to have an effect
on desmin and mitochondrial phenotype The third and final group of molecules
corresponded to those described as capable of inducing deleterious effects on iPSC-CM
and often used as negative controls Table 6: MG-132, Bortezomib, Bafilomycin,
Doxorubicin, combination2 (MG-132+Bafilomycin). This group of compound is expected
to have no rescue effect, these compounds are expected to aggravate the phenotype.
Isogenic DES E439% iPSC-CM were treated with these compounds at different concentration:

0,0111uM; 0,0308 uM; 0,1 pM; 0,308 puM; 1 uM; 3,08 uM; 10 pM.
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Table 4 : Promote cardiac contraction function

Compounds Mechanism of action Reference

Cardiac myosin activator, which
Danicamtiv acts by increasing the affinity of (Lehman et al., 2022)
myosin for ATP

Cardiac myosin activator by

Omecamiv mecarbil binding to the head of myosin

(Lehman et al., 2022)

Activator of the sarcoplasmic

Istaroxime reticulum Ca** ATPase isoform
hydrochloride 2a (SERCA2a) and Na"K+ (Rahate et al., 2020)
ATPase inhibitor

Class Ic antiarrhythmic that

Flecainide acetate inhibits sodium channels

(Echt & Ruskin, 2020)

Antianginal agent Sodium channel

Ranolazine g CREe
dihydrochloride inhibitor, |nh|bits late over peak (Sossalla et al., 2010)
Na
Verapamil Calcium channel inhibitor,
hydrochloride specifically L-type calcium (Lai et al., 2021)
channels
GO 6976 Selective inhibitor of PKC kinase (Perea-Gil et al., 2022)

o and 3 isoforms
Combination 1

Small molecule kinase inhibitors | (Perea-Gil et al., 2022)
(GO 6976+SB 203580)

Table 5 : Play a role in unfolded protein response

Compounds Mechanism of action Reference

Small molecule kinase inhibitors,

SB 203580 . (Cuenda et al., 1995)
autophagy activator
Tubastatin A HDAC6 histone deacetylase i1 v ot a1 2022)
inhibitor
Rapamycin Rapamycin target inhibitor (Jiang et al., 2020)

(mTOR)
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Table 6 : Induce Deleterious effects on iPSC-CM

Compounds Mechanism of action Reference

Anti-cancer agent of the
anthracycline class interacts with

Doxorubicin DNA, causing DNA breaks and = (Hasinoff et al., 2017)
inhibiting RNA synthesis, leading
to cell death
Bortezomib Proteasome inhibitor, specifically (Di Lernia et al.,
blocking the 26S protein 2020)

Inhibitor of vacuole proton
ATPase (V-ATPase), interfering

Batiomyci with the acidification process in {Slozildi 6 ik, 2013
lysosomes
MG-132 Proteasome inhibitor, specifically = (Yuedong Ma et al.,
blocking the 26S 2011)
Combination 2 Autophagy and proteasome (Korolchuk et al.,
(MG-132+Bafilomycin) inhibition 2009)

After culture and treatment with compounds, Isogenic DES E4°% iPSC-CM were
immunocytostained for desmin, cTnT and mitochondrial staining (live staining
Mitotracker). Images were acquired using an automated confocal microscope, and analysis
was based on the Cellular profiling supervised LDA machine learning classification model

previously described (Cell profiling classification model).

2 classes (Isogenic Control vs Isogenic DES 43°K)

First, a classification model presenting two classes: Isogenic Control and Isogenic
DES 49K was used. The cellular profiles used to generate the two classes were generated
from images of untreated iPSC-CM isogenic control or isogenic DES 54K culture 10 days
in T3DEX (Figure 56A). The cellular profiles associated with the treatment of a given
compound were projected onto this classification model, presented in the form of a 2D
space LDA projection (Figure 56B). The red area corresponded to the space of cellular
profiles classified as Isogenic DES ¥43°K and the green area corresponded to the space of
cellular profiles classified as Isogenic Control. Each point represented a cellular profile
generated from images of iPSC-CM isogenic DES E43%K treated with a compound at a given
concentration (Figure 56B). The arrows show cellular profiles that were projected in the

Isogenic control type cellular profile area. The images associated with the cellular profiles
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indicated by the arrows showed that the iPSC-CM treated presented a damaged iPSC-CM
appearance characteristic of toxicity (Figure 56B). Therefore, a two-class classification
model (Isogenic Control and Isogenic DES £43°K) did not seem to be ideal for interpreting
the treatment effects of compounds. Indeed, some compounds cellular profiles are
mistakenly judged by the model to be Isogenic control cellular profiles, whereas they do
not have the appearance of Isogenic control iPSC-CM. To avoid this type of error, it may
be useful to add a third class of cellular profile into the classification model: Toxic cellular

profile.
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3 classes (Isogenic Control, Isogenic DES £43°% and Toxic cellular profile)

A 3-class classification model was then implemented. This model consisted of typical
cellular profile classes: Isogenic Control, Isogenic DES E#°K and Toxic cellular profile
(Figure 57). Once again, the Isogenic Control and Isogenic DES 4K classes were set up
on the basis of cellular profiles generated from images of untreated Isogenic Control and
Isogenic DES E43%% iPSC-CM. Concerning the toxic profile class, different strategies could
be considered. Firstly, the class of toxic profiles could be based on the cell profile obtained
from iPSC-CM treated with doxorubicin (Figure 57A). Secondly, the class of toxic profiles
could also be based on cell profiles from iPSC-CM treated with doxorubicin or bortezomib
(Figure 57B). Finally, the class of toxic profiles could be based on cell profiles from iPSC-
CM treated with doxorubicin, bortezomib or bafilomycin (Figure 57C). These compounds
already been described as inducing a cardiotoxic profile (Grafton et al., 2021). Three
different classification models were generated respectively based on the three type of toxic
profile class. For each Classification model a training phase on 70% of these different
cellular profile groups followed by a testing phase with the remaining 30% was conducted.
The 2D space LDA projection of the different cellular profile types onto the testing phase
shows that the three classification model were capable of separating the three cellular

profile types: Isogenic Control, Isogenic DES £43%K, Toxic profile (Figure 57).
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Figure 57 : 2D space projection of a three classes supervised LDA machine learning classification
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based Doxorubicin treated isogenic DES ***% cellular profile B. Doxorubicin or Bortezomib
treated isogenic DES *°% cellular profiles. C. Doxorubicin, Bortezomib or Bafilomycin treated
isogenic DES "% cellular profiles.

In order to identify which of the previously described processes will be used to
characterize the toxic profile class, an experiment based on the cellular profile classification

of iPSC-CM isogenic DES 4K treated with MG-132 at different concentrations was
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realized (Figure 58). It was shown that MG-132, a proteasome inhibiting compound, could
have beneficial effects at low concentrations but proved toxic when the concentration was
too high (Surova et al., 2009). Imnmunocytostaining of iPSC-CM Isogenic DES 54K treated
with different concentrations of MG-132 showed that, at the highest concentrations, there
appeared to be a toxicity phenomenon with significant cell death (Figure 58). It was
therefore interesting to study the predictive scores of MG-132 cell profiles in the three
classification models, which differed only in the toxic profile class. In the first classification
model, where the toxic profile class training set was based only on Doxorubicin cell
profiles, the MG-132 0.1uM cellular profile was not at all predicted as belonging to the
toxic profile class. Whereas in the other two classification models, where the toxic profile
class was based on the cell profiles Doxorubicin and Bortezomib or Doxorubicin,
Bortezomib and Bafilomycin, the cell profile MG-132 0.1uM was 25% predicted as a toxic
profile (Figure 58B). These results showed that the last two classification models were more
sensitive than the first. The addition of the Bafilomycin cellular profile to generate the toxic
profile class did not appear to increase the sensitivity of the model. Thus, the classification
model where the toxic profile class is based on the Doxorubicin and Bortezomib cellular
profiles was selected. Indeed, it is preferable to save the Bafilomycin cellular profiles for
later and consider it as a test where it will be expected that these cellular profiles will be

predicted as toxic. This will enhance confidence in the classification model.
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according of the cellular profile of doxorubicin alone or Doxorubicin and Bortezomib or
Doxorubicin, Bortezomib and Bafilomycin

Next, the cellular profiles of compounds at different concentrations were presented
to the classification model, which indicated the percentage of prediction to a given class
(Isogenic Control, Isogenic DES E4°% Toxic profile). Cellular profiles predicted as the
Isogenic DES 4% class could thus be interpreted as compounds not inducing any effect
on iPSC-CM (Figure 59). The cellular profiles predicted as the toxic class could be
interpreted as compounds inducing a toxic effect on the cells (Figure 60). Finally, the
cellular profiles predicted as the control isogenic class could be interpreted as compounds

inducing a rescue of the pathological phenotype towards the control phenotype (Figure 61).

Compounds cellular profile predicted as Isogenic DES £43°K class (No effect)

Firstly, 8 compounds were predicted as Isogenic DES E4%K by the classification
model (Figure 59). These compounds did not appear to induce any significant effect on the
overall phenotype of Isogenic DES E4°X iPSC-CM based on Desmin, ¢TnT and
mitochondria staining. Despite the increased concentration of these compounds, no
significant variation was identified in the cellular profile of iPSC-CM treated with these

compounds.
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Figure 59 : Confusion matrix of predicted classification of different compounds treated Isogenic
\ E439K o : . 7439K .

DES "% cellular profile in the three classes (Isogenic Control, DES **** and Toxic cellular

profile). Here the compounds that don't seem to have any effect.

Compounds cellular profile predicted as Toxic profile class (Toxic effect)
Then, 2 compounds induced cellular profiles that were mostly predicted as toxic
profiles (Figure 60). These include bafilomycin and combination 2 (a combination of

bafilomycin and MG-132). It was interesting to note that for the both compounds, the first
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concentration 0,0111 pM cellular profiles were not 100% predicted as toxic. This suggests
that the effect was not yet strong enough to clearly distinguish the toxic phenotype on iPSC-
CM. A percentage of cellular profiles are even predicted as Isogenic control. This reflects
one of the limitations of the classification model, which showed the difficulties of
differentiating the control phenotype from a phenotype tending towards the toxic phenotype

at low concentration.
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Compounds cellular profile predicted as Isogenic control class (Rescue effect)

Finally, two compounds induced cell profiles partly predicted in the class Isogenic
control profile (Figure 61). First, Istaroxime hydrochloride is an inhibitor of Na+/K+-
ATPase and an activator of sarcoplasmic/endoplasmic reticulum calcium ATPase 2
(SERCA 2) (Rahate et al., 2020). In the first concentrations (from 0.0111uM to 0.1uM) the
induced cellular profiles were predicted as Isogenic DES E439K, no rescue was observed. At
the 0.278uM concentration, 25% of induced cellular profiles were predicted as Isogenic
Control, suggesting phenotypic rescue. At higher concentrations (from 1.11uM to 10uM),
cellular profiles were predicted as toxic profiles, showing that istaroxime hydrochloride
could be toxic at higher concentrations (Figure 61). It would be interesting to confirm these
results with a complementary experiment, testing concentrations around 0.278uM and
highlighting a dose-response effect. Then, Combination 1 referred to concomitant treatment
with compounds GO 6976 and SB 203580, which are kinase inhibitors described to rescue
DCM phenotype by the activation of the transcription factor ATF4 (Perea-Gil et al., 2022).
In the first concentration from 0,0111uM to 3,06uM the induced cellular profiles were
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predicted as Isogenic DES £43°% no rescue was observed. At 10uM the induce cellular
profile were predicted at 39% as Isogenic control, suggesting a rescue (Figure 61). Thus, It
would be also interesting to further testing concentrations around 10uM in order to

highlight a dose-response effect.
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DES %% cellular profile in the three classes (Isogenic Control, DES ****% and Toxic cellular

profile). Here the compounds that seem to have a rescue effect.

Following this initial analysis, it was decided to study the specific effects of the
compounds by focusing on a single phenotype each time (Desmin, cTnT or mitochondria).
In fact, certain compounds previously classified as having no effect when all three
phenotypes are studied at the same time, may induce effects on one phenotype in particular.
This strategy enables better characterization of the compounds effects on iPSC-CM

Isogenic DES 49K,

3 classes from DESMIN Cellular profile

The desmin phenotype was the first to be studied. As a reminder, this phenotype had
been shown to be the most evident in DES £43%% iPSC-CM compared to Control iPSC-CM
(IV.4). A 3-class classification model was generated from different types of cellular profiles
induced from Desmin immunocytostaining of iPSC-CM Isogenic control, Isogenic DES
E439K untreated and treated with toxic compounds (Doxorubicin and Bortezomib). (Figure
62A). The classification model enabled the separation of three groups of cellular profiles:

Isogenic control, isogenic DES ¥43°K and Toxic cellular profile (Figure 62B).
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Then, the different cellular profiles associated with Isogenic DES 4K treated with
the compounds were projected in this Desmin classification model. By focusing only on
compounds that appear to have a rescue effect on iPSC-CM Isogenic DES E49K, 4
compounds were identified as inducing an effect on the Desmin phenotype (Figure 62C).
Firstly, istaroxime hydrochloride at 0.278uM induced a desmin cellular profile 43%
predicted as Isogenic Control and combination 1 at 10uM induced a desmin cellular profile
78% predicted as Isogenic Control. Then, the protein kinase C inhibitor GO 6976 at 10uM
induced a desmin cellular profile 12% predicted as Isogenic Control. The Rapamycin
(0.278uM) an inhibitor of mMTOR/p70S6K pathway and autophagic flux stimulator (X. Ma

et al., 2019), induced a desmin cellular profile 19% predicted as Isogenic Control.

3 classes from cTnT Cellular profile

The same strategy as previously was implemented for the cTnT phenotype. First,
cellular profiles were generated from images of Isogenic control, Isogenic DES 4% and
Isogenic DES E43%K toxic cellular profile (Doxorubicin or Bortezomib treated) iPSC-CM
were ¢TnT stained (Figure 63A). Setting up the classification model based on these three
cellular profiles showed that the ¢TnT Isogenic control and Isogenic DES 43K cellular
profiles were very close. (Figure 63B). This observation implies that the ¢TnT cellular

E439K

profiles Isogenic control and Isogenic DES were kind of similar and that the

distinction between the two can be quite delicate.
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The different cTnT cellular profiles associated with Isogenic DES 4% iPSC-CM
treated with the compounds were projected in this cTnT classification model. Only cellular
profiles associated with compounds appearing to induce a rescue effect on iPSC-CM were
selected. Thus, 5 compounds were identified as inducing a rescue effect on the ¢TnT
(Figure 63C). Istaroxime hydrochloride and combination 1 induce cellular profiles partially
predicted as isogenic control at distinct concentrations. Omecamtiv mecarbil, a myosin
activator known to induce contractility by promoting and stabilizing a state of actin-bound
force (Lehman et al., 2022), also seems to induce rescue at different concentrations to the
point of omecamtiv mecarbil 10uM inducing a percentage prediction of the cTnT cellular
profile to 47% as Isogenic (Figure 63C). Verapamil hydrochloride is an L-type calcium
channel blocker, which can reduce intracellular calcium overload, particularly in the
sarcoplasmic reticulum (Van Den Hoogenhof et al., 2018). This compound is also seems to
induce a rescue effect at different concentration, to induce a percentage prediction of the
cTnT cellular profile verapamil hydrochloride 10uM at 50% as Isogenic control (Figure
63C). Finally, Rapamycin seems to also induce a ¢TnT cellular profile predicted at 24% as

Isogenic control for 10uM concentration (Figure 63C).

3 classes from MITOCHONDRIA Cellular profile

Finally, the effects on mitochondrial phenotype were investigated. As before, cellular
profiles were generated from images of Isogenic control, Isogenic DES £43°X and Isogenic
DES 4K toxic cellular profile (Doxorubicin or Bortezomib treated) iPSC-CM in which
mitochondria were stained (Figure 64A). The projection of the different groups of typical
cellular profiles after the generation of the mitochondria classification model showed that

the three types of cellular profiles were distinguishable in three different projection spaces

(Figure 64B).
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Concerning the effects observed on mitochondrial cellular profiles due to compound
treatment, 2 compounds were identified as inducing a rescue effect on mitochondrial
phenotype (Figure 64C). Istaroxime hydrochloride induce mitochondrial cellular profiles
partially predicted as isogenic control for the concentration 0,278uM, for the higher
concentration the mitochondrial cellular profiles were predicted as toxic profile.
Omecamtiv mecarbil is then found and also seems to induce a slight rescue at 0.0111uM
(Figure 64C). Interestingly, combination 1 treatment had no measurable effect on

mitochondrial phenotype alone.

In addition, this work has shown that effects on different phenotypes can be
quantified both by relying on all three phenotypes at the same time, or on a single one at a
time. This opens up a wide range of possibilities for interpreting and characterizing iPSC-
CM treatments. It would be interesting to increase the number of replicates and images
acquired for this type of experiment, in order to improve the precision and robustness of
the test. From a biological point of view, It may be interesting to study the mechanisms of
action of compounds that have been selected as rescue-inducing. This information could
then be used to deduce the pathophysiological mechanisms involved in establishing

phenotypes.

Mitochondria assay, identification of Positive and Negative Control
In parallel with previous work demonstrating that it is possible to induce effects on
iPSC-CM by treatment with compounds and to measure them using the image analysis
tool for classifying cellular profiles, a study was conducted to demonstrate that it is
possible to quantify the effects of compound treatments on mitochondrial activity. This

study follows on from the assay previously described (Figure 43).

Negative Control (FCCP)

First, Isogenic DES 439K iPSC-CM were cultured for 6 days in T3DEX culture
medium before being treated 15min with FCCP mitochondrial membrane uncoupling agent
(Mostafavi et al., 2021) and to be live-stained with TMRM (Active mitochondria marker)
and Mitotracker (Total mitochondria marker) (Figure 65A). The ratio of the TMRM
staining area to the Mitotracker staining area was calculated as function of the treatment

conditions (Figure 65B). Different treatment conditions were tested. The “not treated” (NT)
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condition corresponds to the first negative control, where iPSC-CM were not treated. The
DMSO condition refers to the second negative control, where iPSC-CM were treated with
the same concentration of DMSO as in the FCCP 10uM condition. Indeed, the last three
conditions correspond to conditions where iPSC-CM were treated with 3 concentrations of
FCCP (0.1uM; 1pM and 10uM) (Figure 65B). No significant differences was observed
between NT and DMSO conditions, indicating that DMSO had no effect on iPSC-CM.
Then, under the conditions of treatment of iPSC-CM with the different concentrations of
FCCP, a significant decrease in the TMRM/Mitotracker surface ratio can be observed under

FCCP 1uM and 10uM conditions. This decrease seems to follow a dose-response dynamic.
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Positive Control (Tubacin)

Isogenic DES E43%% iPSC-CM were cultured for 7 days in T3DEX culture medium
before treatment for 3 days with Tubacin an HDAC6 inhibitor (D. Zhang et al., 2016).
HDACG6 has been described to have a regulator role in mitochondrial dynamics (English &
Barton, 2021). On the last day of treatment, iPSC-CM were live-stained with TMRM
(Active mitochondria) and Mitotracker (Total mitochondria) (Figure 66A). The ratio of the
TMRM staining area to the Mitotracker staining area as function of the treatment conditions
was calculated (Figure 66B). Once again, different treatment conditions were tested. The
NT condition corresponded to the first negative control, where iPSC-CM were not treated.
The DMSO condition referred to the second negative control, where iPSC-CM were treated
with the same concentration of DMSO found in the 1pM Tubacin condition. Indeed, the
last four conditions corresponded to conditions where iPSC-CM were treated with 4
concentrations of Tubacin (0.03; 0.1uM; 0.3uM and 1uM) (Figure 66B). As previously, no
significant difference was measured between NT and DMSO conditions. Treatment of
iPSC-CM with different concentrations of Tubacin induced a significant increase in the
TMRM/Mitotracker surface ratio in the 0.1uM, 0.3uM and 1uM Tubacin conditions. This

increase seems to follow a dose-response dynamic.
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These results showed that it was possible to induce effects on mitochondrial activity
in iPSC-CM. These effects can be quantified by analysis of the TMRM/Mitotracker surface
ratio. Because of its live staining approach, this mitochondrial assay is difficult to perform
on a large scale in a high-content assay testing thousands of molecules. However, it can be
considered as a secondary assay after an initial identification of compounds inducing an

effect on iPSC-CM (Hit), the mitochondrial assay can be used to refine the Hit selection.
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V. DISCUSSION

V.1. Disease modeling: a perspective on opportunities and
limitations

Throughout my thesis, I utilized various human-induced pluripotent stem cell (iPSC)
lines. These encompassed healthy iPSC lines, iPSC lines derived from patients (obtained

by isolating peripheral mononuclear blood cells from one DES E43%%

patient and
subsequently reprogramming them into iPSC lines), and genetically modified iPSC lines
where a DES B mutation was introduced. The advantage of patient-derived in vitro
models lies, firstly, in their direct derivation from the patient. This implies that the whole
genetic “environment” that could be relevant to the severity of the symptoms is still under
investigation. Furthermore, this lets researchers reproduce pathological cellular or tissue
phenotypes based on the same perturbations as in the patient. On the other hand, we
employed isogenic iPSC lines with and without DES E#°% mutation, which enabled us to
precisely examine the impact of DES 5#*°X mutation on the development of relevant in vitro
disease phenotypes. Both approaches are ideal for studying pathophysiological
mechanisms, understanding cellular responses to perturbation or evaluating potential
treatments (Nicholson et al., 2022). In cardiac pathology studies, these models are
particularly interesting due to the difficulties inherent in isolating adult human
cardiomyocytes from patients. The in vitro human models used here are based on induced
pluripotent stem cells that were differentiated into cardiomyocytes (iPSC-CM). The
production of these cells was possible due to an efficient cardiac differentiation protocol
that was optimized in our labs. Several types of protocol exist, and will vary according to
the research objectives, depending on the precision of the targeted cardiac subtypes, for
example ventricular vs atrial cardiomyocytes. In all cases, one of the limitation in this field

is the lack of generating fully mature iPSC-CM (Denning et al., 2016).

V.1.1. Immaturity of iPSC-CM

Most cardiac differentiation protocols yield iPSC-CM that share characteristics with
isolated fetal immature cardiomyocytes (Feyen et al., 2020). In this project, it was shown
that iPSC-CM had low levels of lineage-specific labeling in the ventricular (MYL2) and
atrial (NR2F2) cardiac (Jiuru Li et al., 2022). This may be associated with the immaturity

of iPSC-CM still at a progenitor stage not expressing lineage-specific markers (Bizy et al.,

147



2013). Regarding atrial cell staining, it would be interesting to find a more specific stain
than NR2F2 (COUP-TFII). Indeed, some cells were negative to cardiac ¢TnT isoform
staining and positive to NR2F2 staining. It has been shown that NR2F2 play a
multifunctional role in the development and regulation of various physiological processes
in tissues such as cardiovascular, reproductive system, endocrine organs and adipose tissue
(Polvani et al., 2020). Thus, it would be interesting to find another marker more specific to
atrial cardiac lineages. A study highlighted the involvement of Human Atrial Natriuretic
Peptide (hANP) in the relationship between stretch and arrhythmogenesis in the human
atrium. In fact, hANP is synthesized and stored as a pro-hormone in granules localized in
human atrial cardiomyocytes (Lonardo et al., 2004). In the future, the identification of atrial

cardiac lineages could be based on hANP staining.

Immunocytochemistry for desmin revealed that a certain proportion of iPSC-CM
lacked desmin expression. Indeed, expression of desmin has been shown to be
progressively increase during the development and maturation of iPSC-CM in prenatal rat
heart (Ya et al., 1997). Given the pivotal role of desmin in cardiomyocyte function and its
close association with structural and functional maturity (Tsikitis et al., 2018), inducing
iPSC-CM maturation was a crucial aspect of this project to more accurately generate adult
iPSC-CM. Two strategies for promoting iPSC-CM maturation were explored. The first
strategy, based on extended culture time, demonstrated a positive correlation between
duration and desmin expression, indicating that longer culture periods led to greater desmin
expression. Additionally, a chemical approach involving treatment with glucocorticoid
hormones, dexamethasone, and triiodothyronine, also exhibited an increase in desmin
expression. These findings underscored the feasibility of inducing iPSC-CM maturation to
enhance the model. Another study on iPSC-CM maturation also shown that glucocorticoid
hormones dexamethasone and triiodothyronine treatment could be an effective approach to

rapidly enhance electrophysiological maturation of iPSC-CM (L. Wang et al., 2021).

Interestingly, desmin levels varied among different iPSC-CM groups (Control; Isogenic
DES B43%K; Patient DES 4¥K), despite identical differentiation and culture conditions. This
discrepancy suggests that factors specific to the genetic background of each cell line may
influence desmin expression during development. Studies on desmin expression in muscle
tissue have shown that the desmin gene is controlled by a combination of different
transcriptional regulatory regions in muscle tissues (Paulin & Li, 2004). Moreover, this

team show that the transcriptional regulator MyoD, MEF2, and Mt site, function
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synergistically to produce maximum expression of the desmin gene in myotubes (Gao et
al., 1998). It would therefore be interesting to explore the mechanisms of transcriptomic
regulation of the DES gene in the different lines. Metabolic stimulation was also tested by
inducing a shift from glycolytic to fatty acid-based oxidative metabolism. Although
described by other studies as a successful strategy (Feyen et al., 2020; X. Yang et al., 2019),
this maturation method did not improve desmin expression levels. This result should be
relativized or confirmed with a complementary quantitative experiment such as a western
blot quantifying desmin expression according to iPSC-CM metabolic conditions. Future
exploration of additional characteristics, such as sarcomeric organization at the
morphological level or calcium flux measurement at the functional level, could provide

further insights into cardiac maturity.

The maturity of iPSC-CM holds significant relevance in pathological modeling.
Notably, the expression of specific pathological phenotypes has been observed to correlate
with the maturation level of iPSC-CM (Vuckovi¢ et al., 2022). The results of annotation
analyses of iPSC-CM at single-cell level in the different groups (Control, Isogenic DES
E439K and Patient DES F43°K) showed for the desmin phenotype, a high proportion of iPSC-
CM displaying a diffuse desmin signal, testifying to an organization that is neither striated,
as found in healthy adult iPSC-CM, or aggregated, as can be found in iPSC-CM carrying
DESE*X Indeed, iPSC-CM are probably at an early stage of cardiac development where
desmin are not yet fully organised. This early stage of maturity can explain the annotation
analysis based on cTnT phenotype, where in all three groups a low frequency of iPSC-CM
displaying striated sarcomeric fiber was observed. Thus, the cTnT phenotype made it
difficult to robustly discriminate control iPSC-CM from those carrying the DES E43°K
mutation. Indeed, the results of the automated classification model based on ¢TnT
phenotype confirmed that sarcomeric organization was the least prominent pathological
phenotype in comparison with desmin and mitochondrial phenotypes. An increase in iPSC-

CM maturity would probably lead to better visibility of pathological phenotypes.

Work not presented in this thesis exploring other iPSC-CM maturation strategies has
been realized. Indeed, the cultured of iPSC-CM on an innovative soft well plate containing
micropatterned vitronectin-coated hydrogels was investigated (Figure 72). The use of a soft
stiffness (11kPa) and micropatterned (Width 28um) plate seems interesting to improve the
distribution of iPSC-CM sarcomeric organization state towards a majority of well-

organized iPSC-CM (Figure 73;Figure 74). Thus, Optimization of the culture medium,
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rigidity and anisotropy were then investigated as important parameters for in vitro iPSC-

CM development (Rodriguez et al., 2019).

V.1.2. Isogenic pairs CRISPR/Cas9 and Monogenic disease

In vitro modeling usually focuses on a specific genetic mutation, assuming that this
mutation is the main cause of the pathology. However, in some cases, diseases may result
from a complex interaction between several genetic and environmental factors. Even if a
genetic mutation is identified as responsible for a disease, other genetic variations in the
individual's genetic background may influence the clinical presentation and severity of the
disease and may then play a significant role (Panda et al., 2023). To assess the specific
severity of the DESE*% mutation, the in vifro modeling was based on CRISPR/Cas9
genetic engineering. This genome-editing method enabled the introduction of the DES E43%
mutation into a control line, thus producing an isogenic pair with the same genetic
background and distinct only at the level of the DES mutation. The phenotypic differences
identified between iPSC-CM isogenic DES 4% and isogenic control could be directly

attributed to the presence of the DES 43K mutation.

Since dilated cardiomyopathy associated with the DES E43°% mutation is a monogenic
disease (Wahbi et al., 2012b), it was expected that isogenic DES E4°% iPSC-CM would
display similar phenotypes as patient DES 4% iPSC-CM. Our results presented in the
thesis showed the phenotypic isogenic DES F43°K iPSC-CM appeared to be affected a bit
less severely, than the patient DES E43%K iPSC-CM. For example, the analyses of desmin
and ¢cTnT morphological phenotypes reveal that isogenic iPSC-CM appeared to have an
intermediate profile between control iPSC-CM and patient DES E4°K  Finally,
mitochondrial monoparametric analyses also showed more severe decreases in
mitochondrial activity and mitochondrial number in patient DES 4 iPSC-CM than in
isogenic DES E4K iPSC-CM. These results clearly demonstrate that DES E#°% mutation
induce specifically several perturbations in iPSC-CM. But it also highlights that genetic
background may contribute to the phenotype observed. In general, the severity of the
perturbations seems to be higher in iPSC-CM derived from patient cells. To take into
account this limitation and ensure that the phenotypes observed are mainly due to the DES
E439K mutation, it would be interesting to edit the genome of the patient DES E4°K line to
correct the mutation. In this way, a new isogenic pair would be generated comprising the

patient DES E4°K line and a corrected DES line which could then be combined with a
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control line (Figure 68). Moreover, the generation of iPSCs from other patients affected by
dilated cardiomyopathy associated with myofibrillar myopathy due to DES 43K would also
be a considerable contribution. The specificity of CRISPR/Cas9 still needs improvement.
A major concern with the application of this system is off-target mutagenesis (Yuanwu Ma,
Zhang, et al., 2014). Many studies have reported off-target events and an increasing
attention has been given to improving the specificity of this approach (S. W. Cho et al.,
2013; Yuanwu Ma, Shen, et al., 2014).
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Figure 68 : Strategies for genome editing in iPSC disease modelling from (Bassett, 2017a)
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V.1.3. Engineered human myocardium limited for high-throughput phenotypic

studies

To overcome the limitations of the in vitro 2D model, more complex structures were
considered for the studies led during the PhD. Thus, the engineered human myocardium
(EHM) has been used. Composed of iPSC-CM, primary fibroblast and collagen fiber, the
EHM allows more faithful reproduction of the structure and function of human cardiac
muscle. Control EHM and EHM derived from DES E#K patients were generated for this
work and revealed a defect in the contractile functionality of DES £43°K patient EHM. This
functional phenotype is a key phenotype of the pathology and is obviously found in patients
carrying the DES E4°% mutation.

V.2. Characterization of phenotypes associated with DES E4%K

mutation

The purpose of this research was to set up a model allowing the high throughput
evaluation of cellular phenotype of dilated cardiomyopathy associated with myofibrillar

myopathy due to a DES F4%K

mutation. It was already known that most of the
desminopathies induce a loss of the desmin network, which may be associated with desmin
aggregation, mitochondrial network alteration and myofibril disorganization associated

with a contractility defect (Tsikitis et al., 2018).

V.2.1. DES 'K jnduced Desmin aggregation, Mitochondria alteration and

Sarcomere defect

Firstly, this project shows the emergence of a desmin phenotype characterized by the
loss of desmin network and by what seem to be aggregation structures. This information is
interesting because DES mutations affecting the C-terminal tail of the protein are associated
with loss of the desmin network, but not necessarily with aggregation (Brodehl et al., 2018).
This phenomenon of desmin aggregation due to the DES 4K mutation has also been

highlighted in work conducted in the laboratory and published (Hovhannisyan et al., 2023).

Secondly, the mitochondrial phenotype was also highlighted. Staining of active
mitochondria with high mitochondrial membrane potential showed that the DES E4°%
mutation appeared to induce a decrease in the proportion of active mitochondria. Moreover,
the total number of mitochondria also appeared to be lower in iPSC-CM carrying the DES

E439K mutation. These results point to a disruption of the mitochondrial network, which may
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be associated with an imbalance in mitochondrial homeostasis. The idea that a
desminopathy environment could be associated with disruption of mitochondrial
fission/fusion equilibrium has been indicated in several studies (Alam et al., 2018). These
disturbances in the mitochondrial network are likely to induce the functional disruption of
mitochondrial respiration highlighted in this project. This is probably at the origin of the
oxidative stress present in this DES 43K mutation context, as shown by the RNAseq result

indicating up-regulation of the oxidative stress response pathway.

Finally, this work also clearly confirms the appearance of a sarcomeric phenotype
associated with the DES E#°X mutation, as shown by the result of annotation of iPSC-CM
based on the cardiac ¢TnT signal. iPSC-CM carrying the DES 4% mutation appear to
display disorganized sarcomeric structure. Indeed, desmin confer mechanical stability to
the sarcomere by forming transverse connections between adjacent myofibrils and provided
the three dimensional organization of the sarcomere (Marzuca-Nassr et al., 2018). As
suggested by studies on a DES”-mice model (Z. Li et al., 1997) and DES"- zebrafish model
(Mei Li et al, 2013), loss of desmin can leads to disorganization and eventually
disintegration of the Z-discs. Thus, the DES £43°X mutation could induce a loss of desmin
function leading to sarcomere disorganization. Then, it is possible to associate the
sarcomeric phenotype with the appearance of a contractile function defect in DES E43%K
EHM. However, this contractile defect may also be due to other causes, such as a reduction
in the energy resources available to the cell as a result of other disturbances associated with

the DES ®43°K mutation (S. Singh et al., 2020).

V.2.2. Proteostasis response to aggregate protein and dysfunctional mitochondrial

stress

RNAseq analysis of EHM revealed up-regulation of unfolded protein and oxidative
stress response mechanisms. We can drive the hypothesis that the formation of desmin
aggregates together with mitochondrial dysfunction may be correlated to these
mechanisms. Indeed, studies have shown that in a context of proteostasis and mitochondrial
stress, protein and organelle quality control mechanisms can be requested to ensure cellular
homeostasis (Brundel, 2020; Ghosh et al., 2020; Henning & Brundel, 2017a). Further
analysis of the transcriptome from DES ¥4 EHM showed up-regulation of genes involved
in the chaperone, UPS and autophagic protein systems. This strongly suggests that the PQC

machinery is activated in the context of DES 4K mutation. There is an up-regulation
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expression of the following proteins: The mitochondrial protein-specific chaperone protein
HSPDI1(Melber & Haynes, 2018), which plays a role in oxidative stress response and
mitochondrial protein quality regulation; the protein Mdm2, which also plays a role in
oxidative stress and mitochondrial disruption response through the regulation of p53
(Hauck et al., 2017); the mitochondrial Pinkl kinase involved in mitophagy regulation
(Ramaccini et al., 2021). These events suggest that mitochondrial stress plays an important
role in the activation of PQC systems (Figure 69), which is not only due to the presence of
desmin aggregates. Indeed, there is different mitochondrial stress response pathway. First,
the degradation of damaged mitochondria is mediated by mitophagy. The kinase PINK1 is
stabilized specifically on damaged mitochondria, where it recruits the ubiquitin ligase
Parkin, which ubiquitinates multiple mitochondrial outer membrane proteins.
Ubiquitinated mitochondria are then engulfed by autophagosomes and trafficked to
lysosomes where they are degraded (Ashrafi & Schwarz, 2013). Then, the kinase GCN2,
which is activated during mitochondrial dysfunction, mediates translation attenuation by
phosphorylating the translation initiation factor elF2a, which serves to reduce the influx of
proteins into mitochondria (Harding et al., 2003). Accumulation of mislocalized
mitochondrial proteins in the cytosol stimulates proteasome activity to limit the
accumulation of the toxic proteins in a pathway dubbed unfolded protein response activated
by mistargeted proteins (Wrobel et al., 2015). Finally, the mitochondrial unfolded protein
response (UPRmt) is regulated by the competing organelle targeting sequences in the
transcription factor ATFS-1. If ATFS-1 is imported into the mitochondrial matrix via the
UPRmt, the transcription factor is degraded. However, if ATFS-1 cannot be imported due
to mitochondrial dysfunction, it is trafficked to the nucleus, via the NLS, to activate

transcription of protein involves in UPRmt (Pellegrino et al., 2014).
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Figure 69 : Mitochondrial stress response pathway from (Melber & Haynes, 2018)

Secondly, analysis of autophagic flux clearly showed an increase of the process in
iPSC-CM DES 439K compared with iPSC-CM controls. This is an interesting finding, as
the autophagic system is a process for degrading aggregated proteins and defective
organelles, it is essential for ensuring both protein and mitochondrial homeostasis
(Sciarretta et al., 2018). Moreover, an analysis on the protein expression of p62/SQSTM1,
a cargo protein involved in the autophagic process (Yoshii & Mizushima, 2017) seemed to
indicate, in patient DES F43°K iPSC-CM, a form of autophagic flux blockade (data not
shown in the thesis due to the lack of statistical test, Figure 75). It is possible that over-
activation of this system induces saturation of the process (Ghosh et al., 2020). It would be
interesting to carry out further studies to identify the state of the different phases of
autophagy. Moreover, it might be useful to study in detail the potential saturation of
autophagic systems. In particular, investigation of macroautophagy (degradation of
aggregates) and mitophagy (degradation of mitochondria) would allow us to estimate their
respective states and provide information on the mechanisms involved in this disruption.
Although closely related and interconnected, it has been shown that these two systems can
be regulated differently in post-myocardial infarction (Sciarretta et al., 2018). In the context
of post-myocardial infarction, macroautophagy has been described as inhibited via
activation of the pro-apoptotic kinase Mstl (Maejima et al., 2013). Whereas mitophagy was

activated via overexpression of the ubiquitin ligase Parkin (Kubli et al., 2013).
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The study of proteostasis-related mechanisms involved in the establishment or
maintenance of pathological cell phenotypes was conducted with the aim of identifying
therapeutic targets for DCM associated with desminopathy. Indeed, this work could be used
to implement a tool compound assay targeting compounds with mechanisms of action
interacting with PQC systems. The objective would be to restoring morphological and
functional defects involving desmin, mitochondria and sarcomeres. Thus, a study showed
that treatment of C2C12 myoblastic cells expressing mutant DES with PPP242, an inducer
of autophagy, resulted in a decrease of desmin aggregation (Cabet et al., 2015). Another
study reported that treatment of Cry4BR!12°C mice with Oxypurinol, a xanthine oxidase
inhibitor that reduces ROS production and oxidative stress, induced an improvement in

mitochondrial function (Maloyan et al., 2009).

We highlight that some annotated compounds look to induce rescue of the
pathological phenotype in DES £43%K isogenic iPSC-CM. First, Istaroxime hydrochloride is
a steroidal drug unrelated to cardiac glycosides that improves cellular calcium cycling by
dual action. Firstly, SERCA 2a stimulation which cause rapid Ca*" sequestration in
sarcoplasmic reticulum during diastole (lusitropism) without enhancing spontaneous Ca?*
efflux from the sarcoplasmic reticulum. Secondly, Na"-K* ATPase inhibition which induce
cytosolic calcium accumulation during systole (inotropism) (Micheletti et al., 2007). A
study indicated that preventing serine 663 phosphorylation of SERCA2, significantly
increases SERCA2 activity, contributing to the protection and recovery of ischemic heart
(Gonnot et al., 2023). Then, the combination of GO 6976 an inhibitor of protein kinase C
(Martiny-Baron et al., 1993) and SB 203580 an inhibitor of a Map kinase (Cuenda et al.,
1995) were described to rescue dilated cardiomyopathy phenotype (Perea-Gil et al., 2022).
The rescue occurs by the activating of transcription factor 4 (ATF4) and its downstream
effector genes (Perea-Gil et al., 2022). During endoplasmic reticulum (ER) stress response,
the PERK-elF20-ATF4 signaling pathway is activated (Doyle et al., 2011). ATF4 is
activated by the phosphorylation of the eukaryotic initiation factor 2a (e[F2a). ATF4 up-
regulates the pro-apoptotic factor C/EBPa-homologous CHOP which subsequently
regulates the balance between proapoptotic and antiapoptotic B-cell lymphoma (BCL)-2
family proteins (Ghemrawi et al., 2018). ATF4 and CHOP will also initiate the UPRmt
which active the mitophagy (Jin Li et al., 2019).
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Indeed, these results encouraged further investigation of the ER stress process. By re-
analysing the transcriptomic signatures of EHM DES 54K it was possible to identify an

up-regulation of genes involved in ER stress response mechanisms (Figure 70).
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The ER stress response is a complex cellular mechanism which is activated in
response to disturbances in the homeostatic equilibrium of the ER (Figure 71). The ER
stress response aims to restore protein homeostasis by regulating protein synthesis,
promoting correct protein folding, or inducing degradation of misfolded proteins. The ER
stress response could be a key element to explore, particularly if protein aggregates or
mitochondrial dysfunction can influence this response. Indeed modulation of the ER stress
response could potentially offer therapeutic strategies to mitigate the effects of the DES
E439K mutation. It would be interesting to study this pathway in greater depth in the future,
in order to better characterize the mechanisms underlying the establishment and

maintenance of pathology. Modulation of the ER stress response could potentially offer
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therapeutic strategies to mitigate the effects of the DES E4°K mutation (Pietrafesa et al.,

2023).
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Furthermore, treatment of DES E#°X isogenic iPSC-CM with the HDACS6 inhibitor
tubucin induced an increase in the ratio of active mitochondria. Targeting the restoration of
mitochondrial activity and function is a very interesting therapeutic approach. It has been
shown that the transfer of exogenous functional mitochondria restores the metabolism and
contractile function in DES ¥43°K iPSC-CM (Hovhannisyan et al., 2023). Moreover, SAHA
an HDACs inhibitor has been described as an inducer of autophagy and mitochondrial
biogenesis to maintain mitochondrial homeostasis during cardiac ischemia/reperfusion
injury (Jing Yang et al., 2019). Moreover, it was determined that HDAC®6 is a key regulator
in multiple mechanisms of mitochondrial dynamics and may contribute to mitochondrial
dysregulation in peripheral neuropathy (English & Barton, 2021). Indeed, HDAC6 is a
cytoplasmic Class II histone deacetylase, known to target and enzymatically remove acetyl
groups from post-translationally modified non-histone proteins, such as microtubules, and
significantly alter target protein function (Hubbert et al., 2002). HDACs have recently been
recognized as key modulators in controlling cardiac proteostasis by changing acetylation
status of various proteins (McLendon et al., 2014). Inhibition of HDAC6 had already been

shown to be cardioprotective at the sarcomere level in a BAG3 mouse model of dilated
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cardiomyopathy (Jin Yang et al., 2022). Nevertheless, Tubastatin A, another HDAC6
inhibitor, was tested in our compound assays on isogenic DES B4 iPSC-CM and cell
profile classification analyses showed no effect on desmin, ¢cTnT and mitochondrial
phenotypes. In fact, a large number of HDAC6 inhibitors differ in selectivity and activity,
based on their different zinc binding groups (X. X. Wang et al., 2018). In conclusion,
HDACS6 inhibition seems to be a really interesting way of restoring mitochondrial function,

and an interesting therapeutic approach for dilated cardiomyopathy.

V.2.3. DES ¥ impairs cardiac development

Transcriptomic analysis of the patient DES 54X EHM showed a signature of cardiac
immaturity not found in the control EHM. Since the generation of EHM from the different
groups was executed under the same conditions, it can be deduced that the DES E43%K
mutation is responsible for the cardiac immaturity. Indeed, a variety of cardiac
pathophysiologic conditions induce the postnatal heart returns to the “fetal” gene program.
These adaptive mechanisms are also a feature of the failing heart muscle, where at a certain
point this fetal-like reprogramming no longer suffices to support cardiac structure and
function (Taegtmeyer et al., 2010). Moreover, the desmin protein is known to play a role

in cardiac development (Hollrigl et al., 2007).

V.3. High-content imaging and screening strategies
The final challenge of this project was to set up a high-content imaging assay based
on image-based profiling. These approaches are a real challenge, enabling more in-depth
studies to characterize pathophysiological mechanisms and identify new therapeutic

approaches.

V.3.1. Phenotypic characterization using HCI and image-based profiling

Firstly, high content imaging and image-based profiling provide a standardized and
automated approach for studying the morphological phenotypes of iPSC-CM. Once the
parameters have been established, a large quantity of images can be acquired and analyzed
automatically, saving significant time compared with traditional methods. The automation
of these approaches reduces operator bias, thus improving the reproducibility of
experiments. Image-based profiling focuses on the phenotypic characterization of cells
using quantitative descriptors extracted from images. It enables the identification of unique

cellular signatures associated with specific conditions, facilitating the classification and
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understanding of cellular phenotypes (Chandrasekaran et al., 2020). In this project, the goal
was to identify phenotypic signatures allowing to discriminate the cellular profiles of iPSC-

CM carrying a DES ®#°X mutation from the cellular profiles of iPSC-CM controls.

The acquisition of high-resolution images from single cells offered the possibility of
performing detailed analysis of cellular characteristics, allowing rare events to be identified
or to quantify the severity of different phenotypes. In order to perform a single-cell analysis,
the cells were segmented using the cropping method, which consisted after segmentation
of the nuclei, in cropping around a nucleus and considering a crop to be equivalent to one
cell (Heo et al., 2017). This technique allows simple segmentation of cells and avoids the
need for membrane staining to identify cell borders. However, this segmentation does not
allow access to information such as cell shape and size. In addition, cell overlap at high

densities means that cropping may not provide correct separation between adjacent cells.

In this project, the performance results (F1 score) for different classification models
(Control cellular profile versus DES 439K cellular profile) specific to a given phenotype
(Desmin, ¢TnT or Mitochondria) enabled the hierarchization of phenotypes according to
their severity to be presumed. Thus, the classification model specific to the desmin
phenotype presented an F1 score of 100%. The mitochondrial phenotype classification
model had an F1 score of 85%. Finally, the cTnT phenotype classification model had an F1
score of 81%. These results indicate that the phenotypic signature permitting the distinction
between control and DES E#%% cellular profiles is most pronounced in the desmin
phenotype, then mitochondrial and finally cTnT. According to studies on the establishment
of these pathology, desminopathy is characterized by the appearance of the desmin
phenotype followed by the mitochondrial phenotype before the sarcomeric phenotype
(Alam et al., 2020). Multiparametric analysis enables the simultaneous measurement of
several parameters, in this case several phenotypes (desmin, cTnT or mitochondria). It was
thus possible to generate a classification model based on all three phenotypes
simultaneously, with an F1 score of 100%. Indeed, this was expected after the F1 score of
100% obtained only with the desmin phenotype. Moreover, the Z scores of the two models
(Desmin and combined) are kind of identical. Thus, the combination of the three
phenotypes does not seem to improve the separability of the two iPSC-CM groups,
reflecting the strong phenotypic signature of desmin in this model. It would be interesting
to study other types of combination, such as mitochondria and cTnT, and then evaluate

classification performance.
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A machine learning algorithm (LDA) is used to implement classification models that
aim to separate control and DES E43°% cell profiles based on morphological phenotypes.
This type of algorithm maximizes dataset separation, so in this study the objective was to
separate the set of control cell profiles with the set of DES E4°% cell profiles, while
minimizing the variance within each dataset. Moreover, it would be possible to improve
the performance of classification models by relying on another, more powerful type of
algorithm: deep learning (Angermueller et al., 2016). Deep learning excels at handling
complex data, so if the control and pathological phenotypes are too close and difficult to
distinguish, this method may be more appropriate. Indeed, deep learning models can learn
complex, non-linear representations of data, making them suitable for more challenging
tasks. However, they can be less interpretable due to their complexity. This is why the LDA
method has been prioritized in this project, as the interpretability of the features used for

profiling remains important for a better understanding of the phenotypes studied.

V.3.2. Screening and tool compounds

High-content imaging can be used to screen compounds. Depending on the compounds
involved, these assays can have different objectives. Firstly, they can be used to identify
new drug candidates by evaluating the effects of a variety of compounds on cells. Secondly,
certain assays can lead to the clustering of compounds according to the phenotypic effect
that the treatment will induce, thus it is possible to deduce the mode of action of unknown
compounds from the fact that they are clustered based on the effect they induce with
compounds whose mechanism of action is known. Finally, compounds can be used as
experimental tools to explore biological mechanisms. These are often specifically designed
to target a particular pathway or protein. The use of such compounds makes it possible to
specifically investigate a biological process (Pegoraro & Misteli, 2017). This last aspect
was particularly interesting for this thesis project. Indeed, this type of assay was selected to
better characterize the establishment or maintenance of DES 4% cellular phenotype based

on desmin, cTnT and mitochondria.

The assay used in this project was therefore based on a classification model
distinguishing isogenic control cellular profiles from isogenic DES £43°K cellular profiles.
Initial results from the compound assay showed that some cellular profiles were incorrectly
classified by the model as control, whereas the iPSC-CM images associated with these

cellular profiles showed cellular toxicity characteristics. Thus, the classification models
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were optimized to add a third class: the toxic cell profiles. Indeed, in most screening assays,
a negative control inducing a cell toxicity phenotype is often used (Grafton et al., 2021;

Perea-Gil et al., 2022).

The treatment modalities during screening must be established. First of all, the
concentration of the compounds may be important: a too high a concentration may induce
non-specific or toxic effects, while a too low concentration may have no detectable effect.
With these constraints in mind, it was decided to use a range of concentrations from nM to
uM in this study. This allowed us to identify dose-response effects to determine the
effective concentration range without causing toxicity. The results showed very little dose
response for a rescue effect, but were more clearly identified for a toxic effect. It would be
interesting to refine the panel of concentrations tested around those that seemed interesting

for inducing a rescue effect.

Next, treatment duration and time were selected according to the modalities
commonly used in this type of screening assay based on iPSC-CM (Grafton et al., 2021;
Perea-Gil et al., 2022). Here, cell culture lasted ten days after thawing, with treatments
starting on day 4 of culture. Two approaches were performed: first only one-time compound
addition on day 4 of culture. Secondly, two-time repletion of compound treatment, first one
on days 4 of culture and second one on day 6 of culture. Initially, the effects induced on
cells by these two approaches were to be compared. Unfortunately, the sample sizes were
too small for statistical tests. However, the effects induced on the cells by the treatments
seemed similar in both approaches. Thus, they were considered as replicates for subsequent
analyses. This appears to be a limitation of this experiment, which should be repeated to
validate the results. In future, it would be preferable to use a single treatment duration. This
duration could be selected by identifying the temporal dynamics of cellular responses to
treatment, or the half-life of the proteins studied in the phenotypes of interest, such as
desmin, cTnT or mitochondria. For example, in a study of C2C12 murine myoblasts
transiently transfected with an expression vector encoding a GFP-tagged D399Y mutant
desmin, the kinetics of mutant desmin aggregation were assessed, showing that aggregates
were produced during the early latent period, 20 hours after transfection. In addition, a late
stationary phase was identified 48 hours after transfection (Cabet et al., 2015). The same
study showed that compound treatment for 16h, immediately after transfection, could lead

to a decrease in aggregation.
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Finally, the identification of compounds inducing a rescue effect was not the same
according to the phenotype on which the classification model was based. Thus, Omecamtiv
Mercabil seemed to have a small positive effect on cTnT and mitochondria phenotypes but
no effect on desmin. Indeed, Omecamtiv Mercabil is a myosin activator, it could be
interesting to investigate the interaction of myosin with ¢cTnT and mitochondria. A study
show that Omecamtiv Mercabil increase the Ca" sensitivity in myofilaments by favorising
the connection between myosin and actin filament (Utter et al., 2015). This type of
interpretation can help to determine new concepts to describe the pathophysiological

mechanisms involved in the development of a specific phenotype.

To conclude, a more pragmatic approach could involve sequential screening, initially
focusing on a simple phenotype, such as desmin. Then, with the selected compounds,
another screening could be conducted based on the mitochondrial phenotype, and so forth.
Each screening assay would be optimized in terms of culture time and treatment conditions
according to the phenotype under investigation. After the selection of compounds (hits)
inducing a rescue effect, a validation step could be undertaken using more complex
functional assays, on the same model or on a 3D model such as EHM (Lampart et al., 2023).
Hit could even be tested on another model of desminopathy associated with a distinct DES
mutation. High-throughput screening assays open up a vast array of possibilities, often

constrained by financial and time limitations.
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V1. CONCLUSION AND PERSPECTIVE

Mpyofibrillar 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 characterize the functional and morphological
phenotypes of the pathology. Then to better shed light on pathophysiological mechanisms
involved in the establishment and maintenance of the disease 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) in this pathological context.

First, functional defects were observed such as decrease in cardiac contractility in EHM
and mitochondrial respiration in iPSC-CM carrying the mutation. Associated to these
perturbations, we then highlighted strong morphological phenotypes characterized by
desmin aggregation and disorganization of sarcomeric structures. In this context, we
demonstrated that protein quality control systems were activated, probably in response to
functional and morphological perturbations. The autophagic system, responsible for
degrading abnormal protein aggregates but also dysfunctional organelles such as
mitochondria, seemed particularly involved. Secondly, a multiparametric approach using
high content imaging (HCI) was developed. HCI consists in simultaneously detecting and
correlating a broad range of features extracted from immunocytostained cell images, based
on machine learning (algorithms artificial intelligence). This method allows us to
characterize pathological phenotypes more finely and to set up treatment assays with
annotated compounds. The identification of compounds inducing phenotype rescue enabled
the deduction of mechanisms involved in the establishment or maintenance of pathological

phenotypes, based on the mechanisms of action of compounds already known.
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In conclusion, we have demonstrated that protein quality control, mitochondrial and
endoplasmic reticulum stress response mechanisms seem to play a role in the establishment
or maintenance of the disease. Thus, they represent an interesting therapeutic target for
patients with dilated cardiomyopathy associated with myofibrillar myopathy due to a DES
mutation. Moreover, this thesis project highlights the complementarity of different
strategies for identifying new therapeutic targets. Indeed, the identification and
characterization of pathophysiological mechanisms responsible for the emergence and
maintenance of functional and morphological phenotypes can be achieved in different
ways. Firstly, through transcriptomic, biochemical and proteomic studies, where the
objective is to target, at the molecular level, the perturbations responsible for the
establishment of phenotypes. Secondly, by pathological phenotypic studies, where the
objective is to identify disruptive agents (biological compounds, RNAi, etc.) which may
rescue cells into a wild-type phenotype. Knowing the mechanisms of action of these
disruptive agents, and comparing them with the molecular disruptions previously
identified, these approaches could lead to the deduction of the pathophysiological

mechanism cascade involved in the disease.

Finally, it would be interesting to study more precisely the mechanisms of protein
and mitochondrial stress responses in relation with endoplasmic reticulum stress response
systems in the context of DES ¥#°K mutation. Moreover, it would be relevant to extend
these studies to other DES mutations and other gene mutations known to induce dilated
cardiomyopathy. The implementation of the HCI model could lead to a high-content
screening assay of a large number of pharmacological molecules, which could open the
way to the discovery of new therapeutic molecules for the treatment of dilated

cardiomyopathy.
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VIII. ANNEXES

Annexe 1 : Cardiac modelling of desmin related myofibrillar myopathy in vitro on

micropatterned soft hydrogels (Cell&Softs)
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Figure 72 : Conception of innovative micropatterned and soft plate. Innovative soft (kPa Rigidity)
well plate containing micropatterned vitronectin-coated hydrogels

188



A.

Strongly disorganized Partially organized Well organized

Nuclei

Scale bar 10um

C.
40-
{_ B Glass
. B B3 25kPa
30 u % {- =3 11kPa

)
i
;20—
)
)
i
)

Scored cardiomyocytes
distribution (%)

i 10
0O—T—T—71 T T 1 T T 1
1 2 3 1 2 3 1 2 3
Glass 25kPa 11kPa

Figure 73 : Immunocytostaining of control cardiomyocyte cultured in different stiffness plates
showing differences in the distribution of scored cardiomyocytes. These preliminary data suggest
that cardiomyocyte cultures on 11 or 25kPa stiffness plates had a lower proportion of strongly
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Annexe 2: Analysis of the autophagic flux based on SQTM1/p62

A. Isogenic Isogenic Patient
Control DES E439K DES E439K
Chloroquine = 4 i -- = -

——— v |

e e bl S —— oo \\mr?:j
S

6 2 Cardiomyocytes from iPSC
P (CM-iPSC)

= NT
= Chlg

1.0 l

Relative intensity p62 /GAPDH

0.5
0.0 T T T
o & &
& @% @%
o 9 o
o S N
¥ & R
qu >
& R

Figure 75: Western blot of Cardiomyocytes derived from iPSC (Isogenic control; Isogenic DES
E439K; Patient DES E439K) in different condition +/- Chloroquine and staining of p62
(Autophagic flux marker) A. p62 protein levels were analyzed by performing Western blotting
analysis, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control.
B. Quantitative analysis of the results of Western blotting analysis, p62 levels normalized using the
GAPDH levels.
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Abstract

Beyond the observed alterations in cellular structure and mitochondria, the cellular
mechanisms linking genetic mutations to the development of heart failure in patients
affected by desmin defects remain unclear due, in part, to the lack of relevant human
cardiomyocyte models. We investigated the role of mitochondria using cardiomyocytes
derived from human induced pluripotent stem cells carrying the heterozygous DESE4K
desmin mutation, that were either isolated from a patient or generated by gene editing. To
increase physiological relevance, cells were either cultured on an anisotropic surface to
obtain elongated and aligned cardiomyocytes, or as spheroids to create a micro-tissue.
When applicable, results were confirmed with heart biopsies from the family harboring
DESE4%% mutation. We show that mutant cardiomyocytes reproduce critical defects in
mitochondrial architecture, respiratory capacity and metabolic activity as observed in
patient’s heart tissue. To challenge the pathological mechanism, normal mitochondria were
transferred inside the mutant cardiomyocytes. This treatment restored mitochondrial and
contractile functions. This work demonstrates the crucial role of mitochondrial
abnormalities in the pathophysiology of desmin-related cardiomyopathy, and opens-up new

potential therapeutic perspectives.

Key words: Desmin, Cardiomyocytes, Stem cells, Mitochondria, iPSC, Heart
Failure, Dilated cardiomyopathy, Myofibrillar myopathy.
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Abbreviations

ATP5A, ATP synthase subunit alpha

COX, cytochrome c oxidase

CMs, Cardiomyocytes

Control-CMs, Control cardiomyocytes

Cx43, connexin-43

DCM, dilated cardiomyopathy

DEGs, differentially expressed genes

E439K-CMs, mutated cardiomyocytes

ECAR, extracellular acidification rate

EVs, extracellular vesicles

FCCP, Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone
FDR, false discovery rate

FE-SEM, Field emission scanning electron microscopy
GSEA, gene set enrichment analysis

IF, intermediate filament

IFNo/pB, Interferon alpha/beta

iPSC, induced pluripotent stem cells

iPSC-CM, cardiomyocytes derived from induced pluripotent stem cells
Is0-E439K-CMs, isogenic mutated cardiomyocytes
MFM, myofibrillar myopathy

MFM1, desmin-related myofibrillar myopathy
MT-COI, mitochondrial cytochrome ¢ oxidase subunit I
mtDNA, mitochondrial DNA

NDUFBS, complex | NADH dehydrogenase (ubiquinone) 1 beta subcomplex subunit

OCR, oxygen consumption rate
PBMC, peripheral blood mononucleated cells
PCA, principal component analysis

PFA, paraformaldehyde
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SEM, scanning electron microscopy

SDHB, complex II iron-sulfur protein subunit of succinate dehydrogenase
Td, denaturation temperature

TEM, transmission electron microscopy

VDAC, voltage-dependent anion channel

WGCNA, Weighted Gene Correlation Network Analysis
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Introduction

Desmin-related myofibrillar myopathy (MFM1, OMIM:601419) represents a group
of skeletal and cardiac muscle disorders caused by mutations in the desmin-encoding DES
gene. Desmin is the major component of intermediate filaments (IFs) in striated and smooth
muscle cells and tissues and plays an essential role in the tensile strength and integrity of
muscle fibers!™. In humans, about a hundred mutations of the DES gene have been
identified which usually disrupt the ability of desmin to form filamentous networks and/or
to interact with partner proteins®>. Consequently, desmin mutations alter the mechanical
properties of the desmin network, resulting in multiple functional and structural
abnormalities in muscle cells, leading to progressive skeletal myopathy and
cardiomyopathy, the most common clinical manifestations of MFM1°. Impairment of
desmin network is also closely associated to the etiology of many striated muscle
pathologies. It is worth to note that desmin IFs remodeling also occurs when proteostasis
is disturbed, during inflammatory process, or during aging’’.

Beyond its role in muscle cell integrity and organization, several studies conducted
with genetically modified cell lines carrying human desmin mutations or in desmin
knockout mice indicated that desmin critically modulates mitochondria functions!'®!>.
Importantly, it has been noticed that mutated desmin leads to severe mitochondria
abnormalities that directly contribute to MFM1 development. Consistent with this finding,
abnormalities in the distribution and morphology of mitochondria as well as in their
respiratory function have been reported with DES mutations using transiently transfected
human or animal cells carrying human DES mutations!>!6, transgenic mouse hearts with
DES mutations!” as well as human heart and skeletal biopsy samples of MFM1 patients!®
20, Moreover, several publications describe that DES mutations are associated with
Cytochrome c oxidase (COX)-negative fibers and decreased activity of mitochondrial
respiratory chain enzymes'®?°. Whether and how desmin regulates mitochondria network
and function is far from being understood. Several reports indicated that desmin could
mediate this effect through its physical interaction with mitochondria. Indeed, desmin can
interact with mitochondria through either cytolinker proteins such as plectin isoform 1b%!-

23 or voltage-dependent anion channel (VDAC)**23

, or directly through its N-terminal
domain®®. Despite these previous studies pointing out that mitochondria are key players in
the development of MFM1, none of them have used patient-derived cardiomyocytes or
human cardiac organoids, at the best patient muscle biopsies or transgenic mice or
transitory transfected cells carrying DES mutations have been used up to now. Therefore,
knowledge in this field has been hampered by the lack of a suitable human cardiomyocyte

experimental model to investigate the heart disease of MFM1.

To circumvent this limitation and address whether mitochondria is a critical target of
desmin mutation in cardiomyocytes from MFMI1 patients, we generated cardiomyocytes
from induced pluripotent stem cells (iPSC) of a patient carrying heterozygous DESE43%K
mutation. Using 2D and 3D models, we examined the structural and functional impairments
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of cardiomyocytes generated from DESE4X patient iPSC (E439K-CMs) and compared to
cardiomyocytes generated from healthy donors (Control-CMs) as well as from an isogenic
pair carrying the same mutation introduced in healthy iPSC by CRISPR/Cas9 (Iso-E439K-
CMs). We then focused on investigation of mitochondrial abnormalities by oxygraphy
measurement as well as immunolocalization, western-blot and electron microscopy
analyses. Finally, we challenged the impact of mitochondrial abnormalities as a main

mechanism in the emergence of desmin-related cardiomyopathy in DESF43%K

patients by
implementing a treatment with extracellular vesicles (EVs) containing healthy
mitochondria. Here we show that this treatment was able to significantly restore
mitochondrial respiration and increase contractility of E439K-CMs. In summary, our study
highlights the deleterious effect of DESE#°X and the crucial role of mitochondrial

abnormalities in pathophysiology of MFMI.

Methods

The study was conducted with samples from 2 patients (CII and CIII), from a French
family with several members suffering myofibrillar myopathy (MFM1) (see Figure-1).
Affected patients present a skeletal myopathy associated with arrhythmogenic DCM with
complete atrioventricular block and atrial fibrillation. They have been diagnosed with a
heterozygous pathogenic variant in the DES gene, namely a G-to-A transition at ¢.1315
(codon 439) in exon 8, which resulted in a substitution of glutamic acid by lysine in position
439 (DESE*#K) at the C-terminal end of desmin. Such replacement of a negatively charged
amino acid by a positively charged one is considered as a pathological modification that

can affect desmin structure and its interactome?’-28,
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Figure 1. Familial myofibrillar myopathy with heterozygous DES® variant. (A) Pedigree of
the affected family. Circles and squares represent female and male subjects, respectively. Solid symbols show
patients with myopathy and cardiomyopathy. Crossed-out symbols stand for deceased subjects. The + symbol
represents patient with presence of the pathogenic heterozygous DES variant. Solid arrow indicates the family
member whose cardiac biopsies were used for the histological and biochemical analysis. Empty arrow
indicates the family member whose peripheral blood mononuclear cells were used to generate iPSC clones.
(B) Biventricular transversal heart slice of cardiac samples of the Index case CII (solid arrow in A) showing
dilation of both ventricles. (C) Hematoxylin-eosin safran staining of formalin fixed left ventricle section
showing extensive fibrosis.

439K

Human tissue samples. In addition to post-mortem heart samples of the index case
CII (see Figure-1A) carrying a heterozygous ¢.1315G>A (E439K) desmin mutation®,

198



post-mortem heart samples from five control healthy patients were obtained after
anonymization by the Platform Center of Biological Resources of the Department of
Pathology (Academic Hospital of Reims, France). For each patient, authorizations to
perform autopsy and sampling were obtained from the French Biomedicine Agency. Blood
samples from patient CIII were collected by Phenocell SAS (Grasse, France) and peripheral
blood mononuclear cells (PBMC) were freshly collected using the SepMate (Stemcell
Technologies) protocol. The generation of human iPSCs were performed with approval
from the French Research Ministry in Phenocell SAS (agreement number: #AC-2013-
1973). Formal informed consent was obtained from the different patients included in this
study.

Generation and culture of iPSCs. PBMC of the patient CIII were reprogrammed
into iPSCs using a non-integrative method (Epi5™ Episomal iPSC Reprogramming Kit,
Thermo Fisher Scientific). Two clones (c2 and c15) were isolated and used in this study.
Gibco Human Episomal iPSC clone (Control 1, Thermo Fisher Scientific) and CW30318
(Control 2, Fuji Cellular Dynamics) derived from healthy individuals without any cardiac
pathology, were used as controls. All iPSC clones were cultured and amplified on Matrigel-
coated (Corning Life Sciences) culture dishes with daily replacement of mTeSR1 (Stemcell
Technologies) and passaged (1:30 ratio) when approximately 80% confluence using
ReLeSR (Stemcell Technologies).

Generation of an isogenic pair. Control 1 iPSC cultured with mTesR1 was detached
using Accutase® (Stemcell Technologies) and electroporated using the Neon®
electroporation system (Thermo Fisher Scientific) with 3 different plasmids diluted in
resuspension RB_buffer: (1) 1000 ng/uL of pPCMV_AncBE4max P2A_GFP*°, encoding a
nucleus-targeted chimeric protein composed of a cytidine deaminase and a Cas9 nickase,
2x500 ng/uL of pBlueScript-U6sgRNA?! encoding single guide RNA specific for DES or
encoding single guide RNA specific for ATPIAI (used for a positive selection of
transformed clones)*2. The sequence of guide RNAs for DES to generate E439K mutation
was 5°-CTcAGAACCCCTTTGCTC-3’ and the sequence of guide RNAs for ATPIAI to
generate  point mutation to induce resistance to ouabain was 5’-
cATCCAAGCTGCTACAGAAGG-3"%3, Electroporation was performed at a voltage of
1300 V with 2 pulses on 150 000 cells resuspended in resuspension RBuffer for a 10 ul
neon tip. After electroporation, the cells were transferred into pre-warmed mTeSR1
medium on Matrigel-coated plates, cultured for 3 days at which 1 pg/ml ouabain (Enzo
Life Sciences) was added for clonal selection during 3 more days. The resistant cells were
sequenced to confirm or deny the success of genomic editing. Single cell cloning was then
performed using CloneR (Stem Cell Technologies) following the manufacturer’s
instructions. pCMV_AncBE4max P2A GFP was a gift from David Liu (Addgene plasmid
#112100; http://n2t.net/addgene:112100; RRID:Addgene 112100) and pBluescript-
U6sgRNA empty was a gift from Eugene Yeo (Addgene plasmid #74707;
http://n2t.net/addgene:74707; RRID:Addgene 74707).
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Generation of iPSC-derived human cardiomyocytes (iPSC-CM). Cardiac
differentiation (Figure-2A) is based on the GiWi protocol published in 20123*. At 80%
confluence, iPSCs were detached with Accutase®, counted and then seeded at optimal
density. Two days later, cardiac differentiation was initiated by replacing mTeSR1 with
RPMI medium (Thermo Fisher Scientific) enriched with 2% insulin-free B27 supplement
(Thermo Fisher Scientific) containing 9 uM CHIR99021 (Selleckchem). This medium was
replaced with RPMI supplemented insulin-free B27 after 24 hours. Two days later, cells
were treated with RPMI enriched with insulin-free B27 and 5 pM IWP2 (Tocris
Bioscience) for 48 hours and then the medium was replaced with RPMI enriched with
insulin-free B27. Two days later, the culture medium was replaced by RPMI enriched with
2% B27 supplement and was changed every two days. From day 12, 1uM dexamethasone
(Merck) and 100nM triiodothyronine hormone (Merck) were added to the medium
(maturation medium). At days 19-20 after initial detachment, cardiomyocytes were
detached with TrypLE Select 1X (Thermo Fisher Scientific) (incubation at 37°C for 10
min), suspended in RPMI containing 20% fetal bovine serum (Thermo Fisher Scientific),
filtered on a 70 um cell strainer and then used for subsequent analysis or frozen in PSC
Cryomedium (Life Technologies).

Generation of cardiac spheroids. 3D cardiac spheroid was generated using primary
human cardiac fibroblasts (NHCFV, Lonza) cultured in FGM3 (Lonza) and iPSC-CM
detached 19 days after the initiation of differentiation. Appropriate amounts of fibroblasts
(1500/Spheroid) and iPSC-CM (8500/Spheroid) are mixed and seeded in 96-well spindle-
shaped plate (S-BIO) in RPMI (Thermo Fisher Scientific) containing 20% of fetal bovine
serum (Thermo Fisher Scientific). Medium was changed the day after, and every two days
thereafter, with maturation medium. Spontaneously contractile spheroids were manually
counted at day 7.

Immunostaining and morphological analysis. Frozen iPSC-CM were thawed,
centrifuged at 200xg to remove freezing medium and directly seeded on the coverslips
micropatterned with gelatin lines (see Supplemental methods). They were then cultured 20
days in maturation medium, washed with PBS, fixed with 4% PFA for 5 min and
permeabilized in cold methanol (-20°C) or 0.1% Triton prior to immunostaining. Paraffin-
embedded human tissue sections were deparaffinized in successive bathes of xylene and
ethanol. Antigenic epitopes were unmasked in citrate buffer pH 6.0 at 95°C for 30 min.
Sections were incubated with 1xTrueBlack Lipofuscin Autofluorescence Quencher
(Biotium) in 70% ethanol for 30 s at room temperature. Primary antibodies were incubated
overnight at 4°C and secondary for 1 hour at room temperature diluted in PBS containing
2% of bovine serum albumin (see Supplemental Table 1 and 2). Slides were mounted with
mounting medium containing Mowiol (Merck). Experiments were performed 3 times for
Control-CMs (Control 1 and 2), patient E439K-CMs (clones c2 and c15) and isoE439K-
CMs. At least 15 desmin-positive cardiomyocytes were imaged from each experiment with
an inverted confocal microscope (Leica TCS SP5 AOBS, IBPS imaging platform). All
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images were acquired with a Z-step of 0.5 pm (image size 512x512, magnification 63x).
The morphological analysis was performed using ImageJ and the 3D Manager plugin to
measure length-to-width ratio and volumes of cells and nuclei.

Western Blot. Human frozen cardiac tissue samples or iPSC-CMs pellets were
solubilized in RIPA buffer (10 mM Tris HCl pH 7.4, 0.5% sodium deoxycholate, 1% NP40,
0.1% sodium dodecyl sulfate, 150 mM NacCl) in the presence of Protease Inhibitor Cocktail
(Thermo Fisher Scientific 78425), Phosphatase Inhibitor Cocktail 2 (Sigma P5726) and
Phosphatase Inhibitor Cocktail 3 (Sigma P0044). Each sample was incubated on ice for 30
min and centrifuged at 13,000g for 30 min at 4°C. Soluble proteins were then dosed using
the Bicinchoninic Acid Kit (Merck) and diluted in Laemmli protein sample buffer. Proteins
migrated into 4% to 20% mini-PROTEAN TGX stain-free gels (Bio-Rad) and transferred
on polyvinylidene fluoride membrane (0.45 pum pore size) (Bio-Rad). After blocking in
0.1% PBS-Tween containing 5% non-fat milk, membranes were incubated overnight at 4°C
with mouse monoclonal Total OXPHOS rodent WB cocktail (1:500, Abcam) or Rabbit
monoclonal COXIV (1:1000, Cell Signaling). After 3 washes, membranes were then
incubated with goat anti-rabbit IgG-HRP (1:20000, Sigma) or Goat anti-mouse IgG-HRP
(1:10000, Sigma) for 1 hour at room temperature. Immunoreactivity was revealed by using
Chemiluminescent Western Blot Reagents (Thermo Fisher Scientific) according to the
manufacturer’s instruction. Images were acquired on a Bio-Rad Chemidoc system.
Densitometry was normalized to the total protein loaded (stain free signal) for each lane
using Imagel.

Sample preparation for ultrastructural analysis. Spheroids were fixed 1h with
1.5% glutaraldehyde, 1% paraformaldehyde and 0.04% Ruthenium Red in 0.1M sodium
cacodylate buffer (pH 7.4), washed with the same buffer, incubated 1h with 0.2% Oolong
Tea Extract (OTE) in 0.1M cacodylate buffer, and washed again. Samples were postfixed
1h with 1% osmium tetroxide, 1.5% potassium ferrocyanide in 0.1M cacodylate buffer,
washed with deionized water, and embedded with 4% low melting point agarose. Samples
were dehydrated with increasing concentrations of ethanol then acetone, infiltrated with
resin (Agar 100 kit), and polymerized in standing gelatin capsules for 48 h at 60°C. Blocks
were cut with an ultramicrotome (Ultracut UCT, Leica microsystems) according to planes
of maximum diameter for the spheroids. 500nm semithin sections were deposited on glass
slide, stained with Toluidine blue and observed with a Leica DM 1000 microscope equiped
with a XCAM 1080PHA (Touptek). Following 70-80nm ultrathin sections were deposited
on 5 mm square silicon wafers or 150 mesh copper grids and were contrasted 15 min with
2.5% uranyl acetate. Wafers were stuck on aluminum stubs and observed with a Field
Emission Scanning Electron Microscope (GeminiSEM 500, Zeiss), operating in high
vacuum, at 1.5kV with the high current mode and a 30um aperture diameter, and around a
2mm working distance. Two in-column detectors were used to separately collect secondary
and backscattered electrons (filtering grid at 600V). To obtain transmission electron
microscope-like images, those 2 channels were mixed and LookUp Table was inverted.
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Automated acquisitions were performed using Atlas 5 (Fibics), with a pixel dwell time of
6.4us, a line average of 5, a pixel size of 8nm, an image definition of Skx5k pixels, and on
overlap of 15% between images forming a mosaic after stitching. Grids were observed at
80kV with a LaBs JEM 2100 HC transmission electron microscope (Jeol) equiped with a
side mounted Veleta CCD camera driven by iTEM software (Olympus). Images were
recorded with an exposure time of 750ms and an image definition of a 2kx2k pixels.

RNA sequencing. Frozen iPSC-CM from Control 1 and Clone c15 were thawed,
centrifuged at 200xg to remove freezing medium and directly seeded on Matrigel-coated
12 well plates. They were then cultured 21 days in maturation medium, detached using
TrypLE Select 1X, pelleted and flash frozen in liquid nitrogen. RNA was purified using
Qiagen RNeasy microkits Plus (Qiagen). RNA was quantified using the Quant-iT
RiboGreen RNA Assay Kit (Thermo Fisher Scientific) and quality control performed on a
Bioanalyzer (Agilent), prior to mRNA library preparation using the Single Cell/Low Input
RNA Library Prep Kit for [llumina® (New England Biolabs). Libraries were sequenced on
an Illumina HiSeq 2500 V4 system. Sequencing quality control was performed using
Sequence Analysis Viewer and FastQ files were generated on the Illumina BaseSpace
Sequence Hub. Transcript reads were aligned to the hg18 human reference genome using
Salmon v1.9.0%. Import and summarize transcript-level abundance to gene-level was
performed with tximport package’®. Quality control of the alignment was performed via
MultiQC v1.4 . Finally, counts were normalized as counts per million. Differential gene
expression analysis was performed with the DESeq2 R package?’. Principal Component
Analysis (PCA) was performed with factorMineR package®® and factoextra package®. The
differentially expressed genes with adjusted p values false discovery rate (FDR)<0.05 were
subjected to GSEA with GO database using the ClusterProfiler R package*’. The density
plots were produced using the ggplot2 R package*'. Weighted correlation network analysis
(WGCNA) was applied on normalized data recovered from DESeq2 analysis. Pathways
associated with each WGCNA modules were determined using METASCAPE web
application®?. WGCNA module genes were also submitted to protein-protein interactions
using STRING web software (https://string-db.org/), and to MCODE analysis* using
Cytoscape software**. The heatmap was, performed with the R package pheatmap (version
1.0.12). All analysis was performed in R (v.4.2.0).

PCR, 3D-PCR, cloning and sequencing. For these experiments, iPSC-CMs
monolayer was dissociated using TrypLE Select 1X. A fragment of MT-COI (mitochondrial
cytochrome ¢ oxidase subunit I) gene was amplified by PCR and by differential DNA
denaturation polymerase chain reaction (3D-PCR). This technique relies on the fact that
heat denaturation of AT-rich DNA occurs at a lower temperature compared to GC-rich
DNA*#6_ Initial PCR conditions were a first cycle: 95 °C for 5 min, followed by 40 cycles
(95 °C for 30s, 60 °C for 30s, and 72 °C for 2 min), and finally 10 min at 72 °C with the
following primers, MT-COI-ext5-5'-GCGGTTGACTATTCTCTACAAACCACAAA-3’
and MT-COI-ext3-5GGGGGTTTTATATTGATAATTGTTGTGATGAAA-3’. 3D-PCR

202



was performed with 1:50 of the first round PCR products. 3D-PCR was performed on an
Eppendorf gradient Master S programmed to generate a 77-85°C gradient of denaturation
temperature. The reaction parameters were a first cycle: 77 to 85 °C for 5 min, followed by
40 cycles: 77-85 °C for 30 s, 60 °C for 30 s, and 72 °C for 2 min, and finally 10 min at 72 °C.
Primers used were MT-COI-int5-5’-CGTTATCGTCACAGCCCATGCATTTGTAA-3’
and  MT-COI-int3-5-GAGGAGACACCTGCTAGGTGTAAGGTGAA-3’. 3D-PCR
products were purified from agarose gels (NucleoSpin Gel and PCR Clean-up, Macherey-
Nagel) and ligated into the TOPO TA cloning vector (Invitrogen). About 100 colonies were
sequenced.

Real-time PCR. All RNA was extracted from the cells using the RNeasy Plus minikit
(Qiagen) and cDNA synthesis was performed using QuantiTect reverse transcription kit
(Qiagen) from ~1 pg of RNA. Expression of APOBEC3 genes was assayed by real-time
PCR based on TagMan (Applied Biosystems) along with RPLI3A4 as a reference gene.
Primers used for the amplification of APOBEC3G were previously described®’.

Seahorse. 20 days after the initiation of differentiation, iPSC-CM were dissociated
using TrypLE Select 1X, seeded (25,000-50,000 cells/well) on Matrigel coated test plates
(Extracellular Flux Assay Kit, Agilent) and cultured 4 days in maturation medium prior to
measurement. The assay was performed in test medium composed of bicarbonate-free
RPMI (pH=7.4) supplemented with glucose (4.5 g/L), sodium pyruvate (100 uM) and
glutamine (200 pM). Cells were washed twice and pre-incubated at 37°C without CO; in
500 pL of test medium for 1 h before measurement. For the Mito Stress test, 50uL of stock
solution of each drug were injected sequentially during the experiment. Stock solutions of
oligomycin (10 uM), FCCP (10 uM) and rotenone + antimycin A (1 uM) were prepared in
DMSO, stored at -20°C and new aliquots were thawed extemporaneously for each
experiment. For normalization, OCR values have been divided by the number of
cardiomyocytes per well as counted after immunostaining for cardiac troponin T.
Calibration to correct for the plate effect*® has been done by dividing all the OCR values
by the lowest OCR value of the plate after addition of Rotenone and Antimycin. Basal and
ATP-linked respirations, Maximal and Reserve capacities and OCR/ECAR were calculated
as described in*. The experiment was performed 5 times with Control-CMs (Control 1 and
Control 2), E439K-CMs (clones c2 and c15) and 2 times with [so-E439K-CMs.

Isolation and transfer of extracellular vesicles containing mitochondria. The
extracellular vesicles were obtained from Control-CMs-conditioned medium based on
differential centrifugations. Floating cells, cell debris and apoptotic bodies were removed
by centrifugation at 1,000xg for 10 min. Pelleted vesicles were obtained by centrifugation
of the supernatant at 10,000xg for 30 min at 4 °C. The quantity of extracellular vesicles
was evaluated by measuring the protein concentrations that were measured using
Bicinchoninic Acid Kit (Sigma). Cardiomyocytes or spheroids were treated with pelleted
vesicles corresponding to 0.1 mg of proteins per 25 000 cells every two days from day 10
until day 24 after the initiation of differentiation.
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Statistical analysis. All experimental data are presented as mean + standard error of
the mean. Normality was verified using the test of Shapiro-Wilk and, when necessary, non-
parametric tests were used. Statistical significance between two groups was determined
using the Mann Whitney test. When multiple comparison was necessary, One-Way
ANOVA combined with Dunnett’s multiple comparison tests or Kruskal-Wallis test
combined with Dunn’s multiple comparison tests were used. A p-value of less than 0.05
was considered statistically significant. Data were analyzed and presented using GraphPad
Prism 8. RNA-sequencing data that support the findings of this study have been deposited
in Gene Expression Omnibus (GEO) repository with the accession codes XX.

Results

Morphological and mitochondrial alterations in iPSC-derived cardiomyocytes
from the DES®4°K patient successfully recapitulate cellular defects of MFM1 hearts

To investigate the pathophysiological mechanisms of this heterozygous familial
DESE*%  mutation, we generated two iPSC clones from the peripheral blood
mononucleated cells (PBMC) of the patient CIII using a non-integrating episomal plasmid-
based reprogramming strategy. Then, cardiomyocytes from DESE#X iPSC (E439K-CMs)
and two healthy control iPSC (Control-CMs) were generated using the biphasic
activation/inhibition of the Wnt pathway differentiation protocol and detached or frozen at
day 19 from first induction of cardiac differentiation (Figure-2A). Cardiomyocytes
obtained from these iPSC clones were compared with cardiomyocytes from an isogenic
pair carrying the same mutation which has been introduced by CRISPR/Cas9 (Iso-E439K-
CMs) in one healthy iPSC clone (Figure-S1). In addition, when applicable, results from
cardiomyocytes derived from iPSC (IPSC-CMs) were confirmed with heart biopsies of
suddenly died Index case CII of the same family harboring DESE4°% mutation, and post-
mortem heart samples from five control healthy patients. Since the diagnosis of MFM1 is
most often made by the observation of structural perturbations, we first conducted a series
of immunostaining on iPSC-CMs cultured on gelatin micro-patterns (20 pm-wide lines)
(Figure-2B). After thawing, cardiomyocytes were cultured for 21 days in a medium
containing T3 hormone and dexamethasone which are known to improve cardiac
maturation of iPSC-CMs*°. In Control-CMs, sarcomeres, as visualized by troponin T
staining, display an almost well-organized structure and are surrounded by a filamentous
desmin network throughout the cytoplasm. In contrast, E439K-CMs as well as Iso-E439K-
CMs are characterized by a strong disorganization of sarcomeres as well as accumulation
and patchy aggregation of desmin within the cytoplasm (Figure-2B). These observations
faithfully reproduce the structural defects of cardiomyocytes as detected in human cardiac
biopsies of the DESF4¥X patient after immunostaining for troponin T and desmin (Figure-
S2A). To examine closely the morphological alterations of E439K-CMs and Iso-E439K-
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CMs compared to Control-CMs, we measured cardiomyocyte length-to-width ratio, as well
as nuclei and cardiomyocyte volumes. The length-to-width ratio is significantly lower in
Control-CMs as compared to E439K-CMs and Iso-E439K-CMs (4.13+0.14, n=128 for
Control-CMs vs 6.22 + 0.32, n=118 for E439K-CMs or 6.81 + 0.70, n=23 for Iso-E439K-
CMs, p-value<0.001) (Figure-2C). Of note, high variability of length-to-width ratio was
observed in mutant cardiomyocytes, which is consistent with the phenotype observed in
DCM patients!. We validated the relevance of this parameter by showing that the length-
to-width ratio of cardiomyocytes in biopsies was significantly higher in the heart of
DESE4%K patient compared to healthy hearts (5.21+0.14 for Control vs 7.00+0.59 for
DESE*X h=0.003) (Figure-S2B). No differences were found in the volumes of cells and
nuclei between healthy and mutated cardiomyocytes, as calculated on the basis of the
Troponin T and Hoechst staining respectively (Figure-2D-E), indicating that the change of
cell shape is not due to a hypertrophic mechanism.

We pursued the investigation of cellular morphological alterations in mutant
cardiomyocytes by ultrastructural analysis using electron microscopy. To increase the
physiological relevance of our results, cardiac spheroids, providing a tissue-like 3D
model®?, were generated wusing primary cardiac fibroblasts and iPSC-issued
cardiomyocytes. Seven days after detachment (see schematic protocol in Figure-2A),
fibroblasts and cardiomyocytes were mixed in a ratio 1.5:8.5 and cultured 7 more days in
PrimeSurface 96M plate to favor their self-aggregation to spheroids (Figure-2F). For a
global analysis of the cardiomyocyte ultrastructure under the 3 experimental conditions, a
full mapping of each spheroid (sectioned at its maximum diameter) was carried out using
field emission scanning electron microscopy (FE-SEM) and automated image acquisition.
Electron microscopy studies disclosed a particularly well-organized ultrastructure of
Control-CMs in terms of sarcomere organization and Z-line alignment (Figure-2G). In
contrast, DESE*°% mutation resulted in a strong disorganization of sarcomeres which are
less abundant and often misaligned between each other (Figure-2H-I), as revealed by
shifted Z-lines (white arrows).
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Figure 2. Morphological characterization of iPSC-derived cardiomyocytes carrying the
DES™¥X mutation. (A) Schematic overview of the cardiac differentiation protocol from iPSC. After
detachment or freezing at day 19, the cardiomyocytes are cultured for 4, 7 or 21 more days and analyzed. (B)
Cardiac troponin T (Green) and Desmin (Red) immunostaining of cardiomyocytes cultured on gelatin micro-
patterns (20 um-wide lines) for 21 days after thawing. Nuclei were counterstained with Hoechst (blue). Note
the marked disorganization of the sarcomeres and the accumulation of desmin in the cytoplasm of mutant
cardiomyocytes. (C-E) Cardiomyocyte length-to-width ratio (C), cardiomyocyte volume (D, troponin T
staining) and nuclei volume (E, Hoechst staining) were measured on cardiomyocytes after 21 days of culture
on gelatin micro-patterns using ImagelJ software. Values are given as means = SEM. *** p < (0.001. (F)
Schematic representation of the production of a cardiac spheroid model used for electron microscopy analysis.
(G-I) Bright-Field microscopy images of Toluidine blue-stained semithin sections and representative field
emission scanning electron microscopy (FE-SEM) images from the full mapping of ultrathin sections of
cardiac spheroids. White arrows indicate Z-lines; L, lipid droplets.
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As shown in Figure-2H-I, we also noticed a strong cytoplasmic accumulation of lipid
droplets in E439K-CMs and Iso-E439K-CMs as compared to Control-CMs, strongly
suggesting that cellular metabolism may be affected in mutant cardiomyocytes. Following
this observation, we investigated whether desmin mutated cardiomyocytes recapitulate
mitochondrial abnormalities known to occur in hearts of MFM1 patients. For this, COXIV
immunostaining was firstly assessed in E439K-CMs and Iso-E439K-CMs and compared to
Control-CMs cultured on gelatin micro-patterns for 21 days after thawing. While COXIV-
positive mitochondria were detected in Control-CMs, in particular at the extremities of
cardiomyocytes and in the perinuclear area, this marker was not detectable in E439K-CMs
and Iso-E439K-CMs (Figure-3A). Consistent with this observation, the expression of
mitochondrial respiratory chain proteins, including respiratory complex I marker NDUFB8
an complex IV marker COXIV, was found decreased in mutated cardiomyocytes as
compared to Control-CMs by Western blot analysis (Figure-3B). Once again, the
mitochondrial defects detected in iPSC-derived mutated cardiomyocytes were confirmed
in the heart of the desmin mutated patient since COXIV labeling (Figure-S2A) and
Western blot analysis of NDUFB8 and COXIV markers (Figure-S2C-E) reveal similar
decreased expression of these proteins in the diseased heart as compared to healthy ones.
We then looked for an explanation for the decreased expression of respiratory
mitochondrial proteins in desmin mutated cardiomyocytes. We first demonstrated that
decreased expression was not due to a lower number of mitochondria in E439K-CMs.
Microscopy and flow cytometry analysis of fluorescent MitoTracker-labeled mitochondria
revealed no significant difference in their cytoplasmic distribution and quantity between
mutated and control cardiomyocytes (Figure-3C-D). To determine whether this decrease
was reflecting abnormal mitochondrial structure associated with the DESE4X mutation,
transmission electron microscopy (TEM) analysis was performed according to a
classification of mitochondria into three types, i.e. normal, vesicular and swollen® (Figure-
3E). Normal mitochondria are identified based on an appropriate architecture of cristae
while vesicular mitochondria present enclosures of the internal membrane which creates
several compartments within mitochondria. Finally, swollen mitochondria are identified by
less dense staining of their matrix, expanded matrix space and fewer cristae. The
quantification of mitochondria using this classification revealed a drastic increase of
vesicular and swollen mitochondria in E439K-CMs compared to Control-CMs (Figure-
3F), indicating important structural deficiencies in mitochondria of mutated
cardiomyocytes that could explain the decrease in respiratory mitochondrial protein levels.
Taken together, our results provide evidence that cardiomyocytes derived from iPSC of the
DESE#X patient successfully recapitulate crucial structural changes and mitochondrial
alterations that are observed in biopsies of patients with the MFMIl-related DCM,
supporting the relevance of this cell model to study the pathology.
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Figure 3. Structural and mitochondrial abnormalities in cardiomyocytes with the DES®4K
mutation. (A) Cardiac troponin T (Green), Desmin (Red) and COXIV (purple) immunostaining of
cardiomyocytes cultured on gelatin micro-patterns (20 pm-width lines) for 21 days after thawing (see Figure
2A). Nuclei were counterstained with Hoechst (blue). Note the absence of COXIV labelling in E439K-CMs
and [so-E439K-CMs. (B) Quantitative analysis of Western Blot of NDUFB8 and COXIV showing the marked
decrease of mitochondrial proteins in E439K-CMs and Iso-E439K-CMs compared to Control-CMs. Results
are presented after normalizing to Stain-Free total protein profile. Results are expressed as mean values +
SEM. * p < 0.05, ** p <0.01. (C) Quantification of mitochondria in cardiomyocytes by cytometry using
MitoTracker, indicating close levels of mitochondria between mutant and control cardiomyocytes. Values are
given as means + SEM. (D) Visualization of mitochondria using the mitochondria-specific fluorescent probe
MitoTracker in iPSC-derived cardiomyocytes, indicating no significant differences in the cytoplasmic
distribution of mitochondria in mutant cardiomyocytes. (E) Representative transmission electron microscopy
(TEM) images of three types of mitochondria, i.e. normal (green asterisks), vesicular (purple asterisks) and
swollen (brown asterisks), observed in iPSC-derived cardiomyocytes. (F) Ring chart showing the proportions
of the 3 different types of mitochondria in E439K-CMs (n=1881: 3.6% normal, 85.8% vesicular and 10.6%
swollen mitochondria) and Control-CMs (n=3688: 91% normal, 5.4% vesicular and 3.6% swollen
mitochondria) revealing a switch of mitochondria from the normal to the vesicular type in E439K-CMs.

208

Normal
Vesicular
= Swollen



iPSC-derived cardiomyocytes from the DESE$X patient suffer severe
mitochondrial dysfunction

To investigate whether metabolism is altered in DES*#°K cardiomyocytes derived
from iPSC, we first performed RNA sequencing to compare the transcriptional expression
profiles of iPSC-derived E439K-CMs and Control-CMs cultured during 21 days after
thawing. According to the principal component analysis (PCA), the samples of both groups
are well segregated after the dimensionality reduction of gene expression (Figure-4A),
indicating that desmin mutation induces strong changes in the transcriptome of the
cardiomyocytes. To obtain a deeper insight into the impacted biological processes in
cardiomyocytes carrying the DESE4°K mutation, a gene set enrichment analysis (GSEA)
was performed to determine the sets of genes differently expressed between E439K-CMs
and Control-CMs (Figure-4B). This analysis reveals that E439K-CMs are highly enriched
in sets of up-regulated genes related to cell division, DNA repair and acute inflammation,
consistent with an adaptive response of cardiac cells to DNA damage, inflammation and
oxidative stress. In addition, E439K-CMs were found to exhibit less enrichment for a set
of down-regulated genes related to the sarcomere organization, heart contraction,
mitochondrial electron transport and respiratory chain complex I confirming the impact of
the DESE*X mutation on the sarcomeric structure and mitochondrial functionality in
cardiomyocytes. To further analyze the RNAseq data, we performed a non-supervised
Weighted Gene Correlation Network Analysis (WGCNA) to highlight clusters of highly
correlated genes. Two clusters (Blue and Red) were determined as highly statistically
significant (Figures-4D and S3A for blue, and Figure-S3B-D for red cluster). We decided
to focus on the blue cluster because the enrichment analysis of the genes that are co-
expressed in this cluster revealed several sets of genes related to mitochondria (i.e.
oxidative phosphorylation, mitochondrial organization, mitochondrial gene expression,
respiratory electron transport, proton transmembrane transport). The expression of the
majority of genes within these sets (Figure-4E-G) are strongly downregulated in E439K-
CMs, supporting that mitochondrial disruption is an important hallmark of the patient
harboring the DESE#X mutation.

We then investigated the impact of mitochondrial gene and protein alterations on the
respiratory activity measured with the Seahorse metabolic analyzer in desmin mutated
cardiomyocytes 4 days after thawing (Figure-5A-F). Using the mito stress test, we found
strong, statistically significant differences between Control-CMs and cardiomyocytes
carrying the DESE#% mutation (E439K-CMs and Iso-E439K-CMs) in all examined
parameters. The mito stress test allows to assess in real-time the oxygen consumption rate
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(OCR) at the initial level as well as after the addition of inhibitors that target specific
respiratory complexes (Figure-5A) to evaluate different parameters such as basal
respiration, ATP-linked respiration, maximal respiration and reserve capacity (Figure-5B-
F). Basal respiration is calculated from the OCR difference between the initial state and
after complete blockage of the respiratory chain by addition of rotenone and antimycin A.
As shown in Figure 5B, a decrease of basal respiration was detected in DESE4K
cardiomyocytes compared to Control-CMs. Addition of oligomycin, an ATP synthase
inhibitor, allows to measure ATP-linked respiration, the consumption of oxygen
specifically used for the biosynthesis of ATP. This parameter is lower in DESE4%K
cardiomyocytes (Figure-5C), suggesting a lower involvement of mitochondria in ATP
generation in the presence of the mutation.
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Figure 4. Transcriptomic analysis of E439K-CMs compared to Control-CMs reveals a strong
signature of mitochondrial impairment. (A) Principal component analysis (PCA) of gene expression of the
different samples from E439K-CMs (n=6) and Control-CMs (n=6). (B) Gene Set Enrichment Analysis
(GSEA) of E439K-CMs compared to Control-CMs. (C-G) Non-supervised Weighted Gene Correlation
Network Analysis (WGCNA) have detected two significant clusters of genes (C). The molecular complex
determination and enrichment analysis of the Blue cluster (D) reveals different sets of genes related to
mitochondria (E-G).
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Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) is an uncoupling
agent that collapses the proton gradient and disrupts the mitochondrial membrane potential.
Addition of FCCP results in uninhibited electron flow through the electron transport chain,
allowing to measure the maximal oxygen consumption rate. As shown in Figure-5D, the
maximal respiration is lower in DES®°% cardiomyocytes, indicating a lower total
mitochondrial activity. The reserve capacity, defined as the OCR difference between basal
respiration and maximal respiration, is also lower in DESE4K
5E). Finally, to evaluate the role of glycolysis in producing energy/metabolites in
cardiomyocytes, initial OCR was normalized to the initial extracellular acidification rate
(ECAR). The ratio of OCR to ECAR, which indicates cellular preference for oxidative
phosphorylation versus glycolysis*’, was calculated for the different groups. As shown on
Figure-5F, this ratio is lower in DESF*X cardiomyocytes. Taken together, compared to
Control-CMs, both types of mutant E439K-CMs have decreased mitochondrial respiration
compensated by a higher glycolytic activity. In addition, electron microscopy analysis also
revealed a strong cytoplasmic accumulation of lipid droplets in E439K-CMs and Iso-
E439K-CMs as compared to Control-CMs (L, Figure-5G), that was confirmed by
cytometry quantification of intracellular lipid using BODIPY, a fluorescent hydrophobic
dye for lipids (Figure-5H). Taken in concert, these findings indicate that the metabolic
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Figure 5. Decreased mitochondrial respiration and altered metabolic activity in cardiomyocytes
with DES®4°% mutation. (A) Representative mitochondrial oxygen consumption rate (OCR) profiles in
Control-CMs, E439K-CMs and Iso-E439K-CMs. OCR profiles are expressed as pmol O2/min normalized to
the number of cardiomyocytes and calibrated to the lowest value of the plate after addition of rotenone and
antimycin A. (B) Quantification of basal respiration, (C) ATP-linked respiration, (D) maximal respiration
and (E) reserve capacity of cardiomyocytes. (F) Ratio of OCR to ECAR in iPSC-derived cardiomyocytes.
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APOBEC3G is up-regulated and involved in the editing of released
mitochondrial DNA (mtDNA) in iPSC-derived cardiomyocytes from the DESE43K
patient

To further improve our understanding of the mitochondrial perturbation in
cardiomyocytes with the DES®°% mutation, the mitochondrial DNA (mtDNA) was
analyzed. It is known that different stimuli and/or cellular stresses may induce the release
into the cytoplasm of mtDNA which in turn triggers DNA sensor molecules to induce an

inflammatory response>#-°

, contributing to disease progression. We hypothesized a
correlation between cell stress due to mitochondrial dysfunction and/or alteration of the
cardiomyocyte structure, and the release of the mtDNA into the cytoplasm, where it gets
edited. Using a differential DNA denaturation polymerase chain reaction (3D-PCR) we
analyzed mtDNA editing on a fragment of mitochondria-specific MT-COI (mitochondrial
cytochrome c oxidase subunit I) gene, in control (Control-CMs, n=5) and mutant
cardiomyocytes (E439K-CMs, n=6 and I[so-E439K-CMs, n=2) (Figure-6A). A plasmid
containing M7-COI DNA fragment and two cell lines (HeLa and 293T) were used as
experimental controls (Figure-6B). 3D-PCR amplifies preferentially AT-rich DNA
fragments that denature at a lower temperature than GC-rich DNA*%, 3D-PCR was
performed with a 77-85°C gradient in the denaturation temperature (Td). Interestingly, 3D-
PCR products were recovered at a Td as low as 79.7°C for E439K-CMs and [so-E439K-
CMs while MT-COI plasmid set the threshold Td at 85°C (Figure-6A-B). We also noted
that MT-COI DNA isolated from HeLa and 293T cells lines were detected with a Td of
82.7°C, which far exceeded the Td of the plasmid containing MT-COI DNA fragment
(Figure-6B). These cell lines are perpetually in balance between fission and fusion of
mitochondria which results in the release of mtDNA in the cytoplasm followed by its
editing®’. To explore editing at the molecular level, 3D-PCR products recovered at 79.7°C
(E439K-CMs and Is0-E439K-CMs) and 80.7°C (Control-CMs) were cloned and
sequenced. Extensive and monotonous G>A hyperediting was observed in M7-COI DNA
from all three cardiomyocyte types (Figure-6C). Interestingly, the mutation frequency
observed in E439K-CMs and in Iso-E439K-CMs (40-44 mutations in 248 bp; ~17%) was
higher than Control-CMs (35-39 mutations in 248 bp; ~14%), demonstrating that the high
mutation burden detected in mutant cardiomyocytes could be used as a marker for the
detection of the mitochondrial network damage (Figure-6D).

The 5’ dinucleotide context associated with editing was strongly in favor of 5'GpA
and 5'GpG (Figure-6E), which is typical for polynucleotide cytidine A3 deaminases
(APOBEC3), responsible for G>A (or C>U in the opposite DNA strand) editing. A3
enzymes (isoforms APOBEC3A to APOBEC3H) leave a telltale editing signature in DNA,
namely they preferentially edit a cytidine residue in the context of 5'GpA (5’TpC in the
opposite DNA strand) with the exception of APOBEC3G, which prefers 5'GpG
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dinucleotides (5°CpC in the opposite DNA strand)*-*3-%°, Therefore, at least APOBEC3G
appears to be involved in mtDNA editing in iPSC-derived cardiomyocytes. Interestingly,
our RNAseq data also showed an upregulation of the transcriptional expression of
APOBEC3G in E439K-CMs compared to Control-CMs (Fold change is 3.95, adjusted p
value=1.31x10"13).
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Figure 6. Editing of mtDNA in cardiomyocytes with the DES™**X mutation using the MT-COI
gene fragment. (A) mtDNA editing was analyzed using a denaturation temperature (Td) gradient across the
heating block on first round PCR products. 3D-PCR recovered edited M7T-COI DNA down to 79.7°C for
E439K-CMs and Iso-E439K-CMs. The vertical white line indicates the threshold between Control-CMs,
E439K-CMs and [s0-E439K-CMs 3D-PCR products in terms of the Td. M: molecular weight markers.
Asterisks refer to the samples cloned and sequenced. (B) Schematic representation of the Td for the last
positive 3D-PCR amplifications for 6 E439K-CMs samples (orange circles), 2 Iso-E439K-CMs samples (red
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circles), 5 Control-CMs samples (blue circles), non-transfected HeLa (dark green circle) and 293T (light
green circle) cells and cells transfected with a plasmid containing M7-COI DNA fragment (purple circle).
The arrow indicates the threshold Td (85°C) at which the samples are hypermutated. (C) A selection of
hypermutated G>A edited E439K-CMs and Iso-E439K-CMs samples (Td=79.7°C). The sequences are given
with respect to the plus or coding strands. Only differences are shown. All sequences were unique, indicating
that they corresponded to distinct molecular events. (D) Frequency analysis of edited MT-COI fragment gene
as a function of the number of edits per sequence at 79,7°C and 80.7°C for the E439K-CMs and Iso-E439K-
CMs-derived and for the control-CMs derived 3D-PCR products respectively. The size of the columns
indicates the combined numbers of sequences analyzed across the three samples. (E) Bulk dinucleotide
context of MT-COI gene fragment and compared to the expected values. The horizontal line represents the
expected frequencies assuming that G->A transitions were independent of the dinucleotide context and
correspond to the weighted mean dinucleotide composition of the reference sequence. The blue (Control-
CMs), orange (E439K-CMs) and red (Iso-E439K-CMs) bars represent the percentage of G>A transitions
occurring within 5’GpN dinucleotides for the hypermutated sequences. Preferential mutations in 5’GpA and
5’GpG contexts correspond to an APOBEC3G signature. (F) Gene expression quantification of APOBEC3G
in Control-CMs evaluated by RT-qPCR after treatment with [FNa (1000U/ml). (G) Molecular complex
detection of weighted gene correlation network analysis (WGCNA) from RNAseq data of E439K-CMs and
Control-CMs have detected sets of genes related to IFN IFNo/3 and rRNA processing.

Since some of these enzymes (APOBEC3A, APOBEC3G) could be up-regulated
during inflammation®' we then verified by a supervised analysis of our RNAseq data,
whether sets of genes related to inflammation are up or downregulated between Control-
CMs and E439K-CMs. Interestingly, the red cluster of genes differently expressed in
E439K-CMs (Figure-6C) is in particular characterized by the enrichment of the Interferon
alpha/beta (IFNa/P) signaling set of genes (Figure-6G), suggesting that inflammation may
be triggered in mutant cardiomyocytes. These data indirectly support that dysfunctional
mitochondria of desmin-mutated cardiomyocytes could exacerbate deleterious
inflammation processes by releasing their mtDNA in the cytosol. Finally, to confirm the
RNA sequencing-based transcriptome analysis concerning the relation between
inflammation signaling pathways and APOBEC3G, Control-CMs were incubated during
24 hours with IFNa. As a result, APOBEC3G transcripts were increased more than 34-fold
in [FNa-treated iPSC-derived cardiomyocytes (Figure-6F). These data demonstrated that
upregulation of APOBEC3G cytidine deaminase is possible in iPSC-derived
cardiomyocytes under chronic inflammatory conditions. In addition, given that APOBEC3
enzymes are strictly cytoplasmic and do not localize within mitochondria®®, MT-COI DNA
editing process could occur exclusively in the cytoplasm. Taken together, these results
strongly suggest that the release of mtDNA into the cytoplasm possibly occurs, is more
important in DES®43°K cardiomyocytes (E439K-CMs and Iso-E439K-CMs) compared to
Control-CMs, and may induce stress responses that aggravate cellular defects.

Transfer of exogenous functional mitochondria restores the metabolism and
contractile function in desmin-mutated cardiomyocytes

Given that mutant cardiomyocytes suffer from severe mitochondrial defects, we were
prompted to test whether the transfer of exogenous healthy mitochondria could restore
proper metabolism and contractile function in cardiomyocytes carrying the DESF4%K
mutation. We expected that isolated mitochondria enter into targeted cells, integrate the
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recipient’s endogenous mitochondrial networks and restore functional defects in iPSC-
derived mutant cardiomyocytes.

As a first attempt, mitochondria were isolated from Control-CMs and immediately
transferred to E439K-CMs or Iso-E439K-CMs. To explore the efficacy of transfer,
exogenous mitochondria were labeled with MitoTracker before isolation, and transferred
mitochondria were measured by flow cytometry 24h after their addition to cardiomyocytes.
These experiments confirmed that mitochondria were efficiently transferred to E439K-
CMs as well as Is0-439K-CMs as shown by the detected MitoTracker-positive cell
population (Figure-S4A). We then investigated the consequences of this treatment in the
metabolic activity of desmin-mutated cardiomyocytes. We found that uptake of exogenous
mitochondria is accompanied by a general increase of the OCR profiles indicating the re-
establishment of mitochondrial respiration in mutant cells (Figures-S4B-C). This
phenomenon did not occur when the cells were treated with mitochondria previously
inactivated with paraformaldehyde (PFA), supporting the metabolic role of exogenous
mitochondria in recipient cells. Nevertheless, we found that 24h of treatment did not result
in a significant improvement of mitochondrial respiration parameters (Figures-S4B-C),
indicating that a short-term treatment may not be sufficient to restore cardiomyocyte
bioenergetics. We therefore decided to evaluate the long-term effects of this treatment on
mitochondrial respiration capacity as well as contractility of mutant cardiomyocytes
(Figure-7A). In view of the high number of cells required for the isolation of mitochondria,
we decided to simplify the protocol by switching from isolated mitochondria to the
preparation of mitochondria-containing extracellular vesicles (EV) from the conditioned
cell culture media, based on a recent publication by Ikeda et al.®2. Flow cytometry analysis
confirmed that mitochondria-containing EVs pre-treated with MitoTracker can effectively
mediate the transfer of mitochondria into iPSC-CMs (Figure-7D). Cardiomyocytes
carrying the DES**°X mutation were treated with EVs every two days beginning day 10 up
to day 20 of cardiac differentiation, and then their function in terms of respiration and
contractility was evaluated. The beginning time of treatment (10 days of differentiation, see
schematic protocol in Figure-2A) was chosen to test the hypothesis that the treatment may
counteract the progressive accumulation of abnormalities in mutant cardiomyocytes.
Indeed, mutant cardiomyocytes do not display any defects at the early time of
differentiation neither in the expression profile of the different surrogate cardiomyocyte
markers nor in mitochondrial respiration capacity (Figure-S5A-C). As shown in Figure-
7B-C, this chronic treatment over 10 days results in an increase of OCR profiles of E439K-
CMs and Is0-E439K-CMs compared to non-treated mutant cardiomyocytes. More
interestingly, basal respiration, ATP-linked respiration and maximal respiratory capacity
were all improved in both mutated iPSC-CMs compared to non-treated mutant
cardiomyocytes. This functional improvement is also correlated to an increase in the
percentage of spontaneously contractile spheroids (Figure-7E) monitored using
MUSCLEMOTION 9. Essentially, spheroids derived from mutant cardiomyocytes did not
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demonstrate any spontaneous beating if not treated with mitochondria. Taken in concert,
these experiments, reveal that supply of mutant cardiomyocytes with functional
mitochondria is sufficient to correct the functional defects of these cells and support the
hypothesis that mitochondria abnormalities are the main responsible factor for the cellular
defects behind the pathological symptoms found in the heart of desmin-mutated patients.
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Figure 7. Long-term effects of the transfer of mitochondria on the function and respiration of
cardiomyocytes with the DES®™° mutation. (A) Experimental set-up. (B-C) Mitochondrial oxygen
consumption rate (OCR) profiles and respiration parameters of the mito stress test of E439K-CMs (C) or Iso-
E439K-CMs (D) untreated of treated with EVs-containing mitochondria (+EV). OCR profiles are expressed
as pmol O2/min normalized to the number of cardiomyocytes and calibrated to the lowest value of the plate
after addition of R/A. (D) Flow cytometry analysis of Control-CMs untreated (Control) or treated (Transfer)
with extracellular vesicles (EV) from Control-CMs previously incubated with MitoTracker. (E) Percentage
of contractile spheroids assessed by video microscopy.
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Discussion

Emergence of cardiac dysfunction in desmin-related myofibrillar myopathies has
been associated with sarcomeric disorganization and mitochondrial abnormalities in
cardiomyocytes. However, the pathophysiological mechanisms triggered by desmin
mutations are far from being understood. Data are coming mostly either from transgenic
animals, which in many pathological cases respond differently as compared to humans, or
from transiently transfected cells carrying human DES mutations which provide useful
information, but often artificial due to the expression levels of transfected DNA. Otherwise,
human biopsies from patients provide valuable information but are difficult to obtain and
allow only descriptive evidence. We believe that further progress in this field necessitates
relevant human cellular or tissue models that faithfully reproduce cardiac disease.

Recent advances in iPSCs seem to be a very promising response to overcome the
limitations of previously studied models. Thus, we generated cardiomyocytes using iPSCs
from a patient carrying the heterozygous DESE#°X mutation and from healthy donors as a
control. To complete our analysis, we also created an isogenic pair of these control iPSCs
in which the same mutation has been introduced. In an effort to increase physiological
relevance, cardiomyocytes were either cultured on an anisotropic micropatterned surface
(2D cultures), to obtain elongated and aligned cardiomyocytes, or as a cardiac spheroid (3D
cultures), to create a micro-tissue. Using these cardiomyocyte preparations, we were able
to show that (i) cardiomyocytes derived from iPSC of a DESE*°X patient successfully
recapitulate the crucial structural changes and mitochondrial alterations observed in heart
biopsies from this MFM1 patient, highlighting the relevance of these cell models to study
the pathology; (ii) the observed severe structural and functional mitochondrial
abnormalities represent a primary mechanism in the emergence of desmin-related
cardiomyopathy in DES®4K patients, since transfer of exogenous healthy mitochondria
restores the metabolism and contractile function in mutant cardiomyocytes. Based on these
findings, we propose that in cardiomyocytes, the primary disruption of the desmin network
due to desmin mutations induces mitochondrial defects which, in turn, contribute to a
vicious circle leading to cardiomyocyte dysfunction and subsequently to DCM.

To the best of our knowledge, our study is the first that combines efficient protocols
to generate cardiomyocytes from hiPSC and maturation techniques to study the
pathological phenotypes and mechanisms of desmin-related MFM. To date only one
publication has reported the characterization of cardiomyocytes derived from iPSC from
patients with desmin mutations. In this work, Tse HF et al.%* used for the first time iPSC-
CMs derived from a DESA?%Y patient affected by DCM. They showed that mutant iPSC-
CMs displayed structural and functional abnormalities, namely a disorganized
ultrastructure (alteration of intercalated discs, streaming of Z-disks, absence of I bands,
accumulation of granulofilamentous material reminiscent of desmin aggregation) and an
altered response to isoproterenol (lower rate of calcium re-uptake and a slower spontaneous
beating rate). In this study the cardiomyocytes were obtained by a protocol based on the
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co-culture of embryoid bodies with endoderm-like cells, dissected and dissociated 6 weeks
after the initiation of differentiation and analyzed as single cells or cell clusters. This
approach clearly limited the quantity and purity of obtained cardiomyocytes. These
limitations did not affect the study since, according to authors, the model was mainly used
to assess genetic basis of clinically observed DCM by providing histological and functional
confirmation. However, this model would not be optimal for further analysis of
pathological cell mechanisms. In parallel, Brodelh and collaborators published a series of
studies where healthy hiPSC-CMs were transiently transfected with different mutants of

desmin?20:65-68

. Unfortunately, the mitochondrial function and/or phenotype was not
characterized in these cardiomyocytes, probably because the efficiency of transient

transfection was not sufficient to allow such analyses.

In our approach, after differentiation based on the monolayer GiWi protocol,
hiPSC-CMs were 2D-seeded on a gelatin micropattern and treated with T3 and
Dexamethasone, to improve maturation and analyze their morphology. Moreover, we
generated a 3D spheroid model that is expected to better mimic the organization of the
native cardiac tissue>?. Our results were further validated through the generation of an
isogenic pair by introducing the DES®*°% mutation into a control hiPSC clone, which
rigorously establishes that this heterozygous desmin point mutation is at the origin of the
observed pathogenic phenotype. Finally, by comparing with samples from a patient
carrying the same mutation, we were able to show that our cellular models successfully
mimic several features of the MFM cardiac phenotype, as discussed below. All these
specificities of our study carry out an important step forward into the comprehension of the
pathophysiological mechanisms that underlie desmin-related genetic-driven DCM.

This work highlights the structural and functional alteration of mitochondria as the
hallmark and primary defect of DESE#X cardiomyocytes. Even if the link between desmin
and mitochondria is not perfectly understood, it is well established that one common trait
in patients affected by MFM resides in defective mitochondria®. At least 8 different
mutations of desmin (i.e., DESR6C, DESE!4dl DESA213V | DEGK239/242 ) D GA3STP | DESE245D]
DES®3%® and DES®##T) have been directly linked to mitochondrial dysfunctions in human
tissue samples!®-181970.71 "Tn these studies, detrimental effects of desmin mutations on the
mitochondrial content and biogenesis, morphology and maximal rate of respiration, have
been observed. Moreover, alterations in mitochondrial organization and architecture also
described with other genes related with MFM such as a-B-crystallin’?, myotilin’! and
ZASP7, Our study has strengthened the idea that mitochondrial disruption plays an
important role in pathophysiology of desmin-related MFM. Indeed, our results show that
the DES®43%% mutation is detrimental for proper mitochondria structure, respiratory capacity
as well as mtDNA integrity. As shown in Figure-3C-D, the number of mitochondria was
found similar between control and mutant cardiomyocytes in culture, suggesting that their
biogenesis is not affected by desmin mutation. However, a remarkably high percentage
(>90%) of abnormal vesicular and swollen mitochondria was observed in the DESF4K
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iPSC-derived cardiomyocytes compared to control cardiomyocytes which, in the contrary,
displayed a normal mitochondrial morphology in their majority (>90%) (Figure-3E-F).
This result is consistent with the idea that the desmin network playing an important role in
the structural integrity of mitochondria!!. Recently, a direct interaction between desmin and
mitochondrial proteins including VDAC, Mic60 (a component of the MICOS complex) and
ATP synthase was demonstrated by Dayal and colleagues®®. The authors suggest that these
interactions should participate in mito-protection at different levels. Desmin was also found
tightly associated with plectin?! and appeared to regulate, at least indirectly, the function of
VDAC?, In desmin knockout mice, Kay et al.”® described two populations of mitochondria
with the emergence of often enlarged subsarcolemmal mitochondria disconnected from
myofibrils. This is reminiscent of our observation regarding the change in proportions of
different types of mitochondria between E439K-CMs and Control-CMs, suggesting that
both loss and mutations of desmin lead to similar mitochondrial alterations. However, the
question remains as to how the interaction between desmin and mitochondria regulates their
structure and function, such as size or positioning, membrane potential, respiration and
ATP production.

As we demonstrated in Figure 3, morphological alteration is accompanied by
decreased expression of mitochondrial respiratory complex I marker NDUFB8 and
complex IV marker COXIV, as evidenced by Western blot analysis. This phenotype is also
described in skeletal muscles of hetero- and homozygous knock-in mice carrying the R349P
desmin mutation!®. Moreover, the presence of histochemically COX-negative (COX
deficient) muscle fibers within muscle biopsies is considered to be a diagnostic hallmark of
mitochondrial disease”. Interestingly, at variance with Western blots, immunolocalization
experiments showed the presence of completely COX-negative fibers in mutant
cardiomyocytes. One explanation for this discrepancy could be a possible defect in the
assembly of the complex IV in mutant cardiomyocytes; another possibility would be the
masking of antibody’s epitopes due to potential post-translational modification induced by
pathological condition. RNA-seq data also confirmed in E439K-CMs the decreased
expression of NDUFB8 and COXIV, as well as of many other genes related to
mitochondria, i.e. involved in oxidative phosphorylation, mitochondrial organization,
respiratory electron transport, proton transmembrane transport, and mitochondrial gene
expression. Consistent with this observation, we demonstrated that DES**°X induces a
strong decrease of the mitochondrial respiratory function (see Figure-5). Basal and ATP-
linked respirations, as well as maximal and reserve capacities are decreased in mutant
cardiomyocytes. The overall decrease of these parameters, especially the maximal capacity,
seems not to be related to a decrease in mitochondrial content, which was also observed
previously in desmin knockout mice!!. It was stated that a change in basal respiration
coupled to a change in ATP-linked respiration and maximal capacities can be due to an
adaptation of mitochondria to altered ATP demand of the cardiomyocyte’® rather than to
an intrinsic dysfunction of mitochondria. Commonly, mitochondrial dysfunctions should
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be determined if the decrease of basal and ATP-linked respiration is not coupled to a change
in maximal capacity’®. Thus we cannot exclude that the observed changes in mitochondrial
respiratory parameters may underlie changes in the global energetic characteristics of the
cardiomyocyte®. A change in the metabolic status could also explain the observed changes
in the OCR/ECAR ratio that can be related to an increase in anaerobic glycolysis versus
oxidative phosphorylation®. In agreement with this hypothesis, we also observed increased
expression of genes involved in lipid beta-oxidation and a strong increase in the presence
of lipid droplets within the cytoplasm of cardiomyocytes (see Figure-5G). Indeed, neutral
lipids can be accumulated in cardiomyocytes because of an alteration in B-oxidation’®. A
recent publication highlighted a reconfiguration of the mitochondria-related metabolic
pathways including fatty acid transport, activation, and catabolism’’ that is attributed,
secondary, to defects in mitochondria. To test this hypothesis, the mito stress test could also
be performed on isolated mitochondria instead on intact cells. Similar experiments have
been performed on mitochondria isolated from the heart of control and desmin-null
animals'! and did not reveal any differences in respiration rates, while a significant
difference in Vmax of oxygen consumption was noted in desmin-null intact

cardiomyocytes.

Another interesting result was that the majority of the sets of genes displaying an
increased expression in E439K-CMs are related to cell division, DNA repair and acute
inflammation, indicating that an adaptive response to DNA damage and inflammation is
possibly induced by desmin mutation. We further investigated this possibility. It is known
that, while most damaged mitochondria following a cellular stress are removed by
autophagy, some mtDNA fragments clearly find their way to the cytoplasm where they act
as a danger signal and can trigger cytoplasmic DNA sensor molecules to induce
inflammatory responses’. In fact, it was recently reported that mtDNA induces Toll-like
receptor 9-mediated inflammatory responses in cardiomyocytes leading to myocarditis’.
Similar mechanisms might play a role in other chronic inflammatory diseases or after
severe bodily injury. On the other hand, APOBEC3 enzymes hypermutate (edit) and initiate
catabolism of cytoplasmic mtDNA, acting as a mechanism for lowering the danger signal
and preserving cells from chronic inflammation. By the way, expression of APOBEC3G

was previously shown to be increased by IFNa8%8!

. As shown in Figure-6F, we
demonstrated that this regulatory mechanism exists also in cardiomyocytes. Interestingly,
our 3D-PCR analysis of mtDNA editing revealed a higher rate of mtDNA mutations
potentially related to APOBEC3G in E439K-CMs, which is an indirect indication for a
more important release of mtDNA into the cytoplasm of mutant cardiomyocytes and/or a
higher APOBEC3G activity. Moreover, the expression of the set of genes involved in

IFNo/p signaling is increased in E439K-CMs.

Even though the causality between desmin network alterations, sarcomere
abnormalities, mitochondrial dysfunctions and/or metabolic perturbations are not well
established, it is clear that damages in both desmin and mitochondrial networks precede
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left ventricular dysfunctions®. Our results clearly indicate that a primary effect of desmin
E439K mutation in human cardiomyocytes is the mitochondrial abnormalities, which may
contribute to the vicious circle leading to progressive dysfunction of cardiomyocytes. This
hypothesis is further strengthened by several studies in cell and/or animal models. A
comparative study of six pathogenic desmin mutations (S12F, A213V, L345P, A357P,
L370P and D399Y) highlighted the role of mitochondrial dysfunction in the pathogenesis
of desmin myopathies, independently from the position of the mutation on desmin'®.
Moreover, mitochondrial alterations seem to arise prior to any other observable defect such
as loss of contractile material or myofibrillar alignment, according to a study of cardiac
tissue from desmin knockout mice!!. Therefore, these data and our results strongly suggest
that mitochondrial dysfunction could be a general mechanism to explain the pathogenesis
of desmin-related cardiomyopathies.

It should be noted that mitochondrial dysfunction has been found in several cardiac
diseases, i.e. dilated cardiomyopathy®, hypertrophic cardiomyopathy®*, arrhythmogenic
cardiomyopathy®, viral myocarditis®®, ischemic heart disease®” or rare cases of restrictive
cardiomyopathy®®. This clearly suggests that defects in mitochondrial functions and/or
structure may be a general trait of cardiac diseases. In that sense, treatments targeting
mitochondria appear to be a potential novel approach to strengthen the treatment of this
group of conditions as reviewed in®. Despite the development of pharmacological
molecules targeting key component of mitochondria (reviewed in®*°!), such as
Elamipretide®?, KLL1333%® and Idebenone®, none of these drugs has yet been approved so
far for the treatment of cardiac diseases. Novel research strategies which could lead to the
development of innovative treatments are therefore strongly needed. One of the most
exciting findings comes from our studies on the transfer of exogenous mitochondria into
mutated cardiomyocytes. These experiments reveal that the delivery of functional healthy
cardiac mitochondria alleviates the diseased phenotype of desmin-mutated cardiomyocytes.
Similar therapeutic approaches have been envisioned to mitigate tissue injury in several
cardiac diseases exhibiting dramatic mitochondrial dysfunctions, including ischemic heart
diseases in mouse, rat, rabbit and pig models as well as in clinical trials with patients®> 10!,
In these settings, exogenous mitochondria have been shown to be internalized by stressed
cardiomyocytes and to improve energy metabolism, viability and function of
cardiomyocytes’®. However, despite these positive findings, numerous drawbacks pave the
way for the application of mitochondrial transplantation as a regular treatment. In
particular, it is difficult to control the integrity and functions of mitochondria in the extra-
cellular space or the rate of delivery into cardiomyocytes. Consistent with these concerns,
we found that the supply of exogenous functional mitochondria needs to be repeated along
the differentiation process of cardiomyocytes to reverse the pathological phenotype
indicating that the beneficial effects of these mitochondria are transient. These observations
strongly suggest that the transferred mitochondria fail to integrate in the endogenous
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mitochondrial network of mutant cardiomyocytes but rather they become rapidly defective
and probably degraded in the mutant cardiomyocytes.

More recently, beneficial therapeutic effects have been observed in mouse infarcted
myocardium following the delivery of mitochondria embedded in microvesicles released
by cardiomyocytes derived from iPSCs®2. The advantage of this approach is to allow a
greater functional preservation of the mitochondria that have to be transferred to suffering
cardiomyocytes. We applied this method in our study and demonstrated that such an
approach is effective in alleviating the genetic defects of desmin-mutated cardiomyocytes
as well. Our study raises the question of whether therapeutic efficacy can be influenced by
the cellular origin of mitochondria to be transplanted. Consistent with this, only
mitochondria isolated from cardiomyocytes have been found to restore contractile functions

in a Duchenne muscular dystrophy-driven iPSC-CMs model'??

. This approach appears to
be very challenging even if it could be an outstanding opportunity for patients with rare
disease where mitochondria is affected. Whatever the fate of the exogenous mitochondria
following their internalization in mutated cardiomyocytes, their metabolic effects and their
consequences on cardiac function support the conclusion that mitochondrial defects
observed in the heart of MFMI1 patients critically contribute to the severe symptoms
affecting cardiomyocytes. Moreover, our study emphasizes that mitochondria can be
considered as a promising therapeutic tool to treat MFM1 myopathy not solely in cardiac

muscle but also in all the organs affected by desmin mutations.
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Supplemental Material and methods

Karyotyping. The absence of chromosomal aberration was verified by analyzing the
karyotype of iPSC cells. Thus, standard chromosomal analyses were performed on cultured
derived iPSC clones, by standard procedures [ G-banding with trypsin using Giemsa (GTG);
R-banding after heat denaturation and Giemsa (RHG)].

Cytometry. Cells cultured on Matrigel-coated plates were washed with PBS and detached
using Accutase® (for pluripotent stem cells) or TrypLE Select 1X (for cardiomyocytes
cultured 4 days after detachment). Immunostaining were performed after incubation in
fixation (1% formaldehyde, 20 minutes at RT) and permeabilization (0.5% BSA + 0.1%
TritonX-100, 10 minutes) buffers. Then they are stained 15 minutes with anti-Nanog-PE,
anti-Sox2-APC and anti-Oct3/4-PerCP-Cy5.5 antibodies (1/100, Human Pluripotent Stem
Cell Transcription Factor Analysis Kit, BD). Living cardiomyocytes were stained with
MitoTracker Deep Red FM diluted in culture medium (500 nM, 20 min at 37 °C, 5% CO»)
or with BODIPY staining solution (2 uM in PBS, 15 min at 37 °C, 5% CO). Cells are then
washed with PBS + 0.5% BSA, resuspended in the same buffer and immediately analyzed
on a MACSQuant 10 cytometer. After acquisition, data analysis and figures were
performed using FlowJo v 10.8.1.

Sequencing. To confirm the presence of the mutation (or its absence in control iPSC lines)
the DNA was extracted using the Genelute Mammalian Genomic DNA kit (Sigma). For
PCR, 500 ng of cDNA obtained after extraction of genomic DNA was amplified with 1.5
puM  of forward (5'-GAACTAGGAGGGATGGGGAATGT-3") and reverse (5'-
TAAAGACAGAGACCCTCTGCCA-3") primers, 1 uM of deoxinucleotide triphosphates,
0.2 uM of MgCI2 and 2.5 units of Taq polymerase (One tas DNA polymerase, NEB).
Amplification was performed in a thermal cycler according to the following protocol: 95C
-30s, then 35 cycles (95°C -30s, 60 C -30s, 72°C -1 min) and 72 C -10 min. Once amplified,
electrophoresis of the DNA fragments was performed in a 1.5% agarose gel with TAE
buffer and an electric field intensity of 100 V. To stain the DNA in the gel, 1:1000 of
GelRED was added during agarose gel preparation. The size of the PCR products was
determined by comparison with the size marker (GeneRuler 1 Kb, Thermo Scientific). After
migration the DNA bands were purified using the NucleoSpin Gel and PCR clean-up kit
(Macherey Nagel) following the manufacturer's instructions. Sequencing was performed
by Eurofins Genomics using 5-GCTGAAGGAAAGGTGTTAAAGTC-3' as forward
primer and 5'-CAGCAGCAGCATGAAGTGC-3' as reverse primer.

Microcontact printing. A silicon master of the lines was obtained by photolithography
techniques and PDMS stamps were fabricated by casting 1:10 PDMS onto the silicon
master and baking at 60 °C during 2 hours. Gelatin was activated at room temperature for
30 minutes by incubation with 3.6 mg/mL sodium periodate diluted in in PBS-sodium
acetate (50 mM) buffer. For inking, the PDMS stamps were incubated with 0.1% activated
gelatin at room temperature for one hour. Then, the solution was aspirated, the stamps were
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dried and carefully placed in close contact to the surface of a glass coverslip overnight to
allow the transfer of protein patterns. The next day, the PDMS stamps were gently removed
and the coverslip with the patterns was sterilized for one hour under UV. The coverslips
are then immediately used for seeding iPSC-CM.

Mitochondria Isolation and transfer. Mitochondria were isolated from Control CMs cells
using the Mitochondria Isolation Kit (Thermo Scientific, Waltham, MA, USA, Cat#89874)
according to the manufacturer’s instructions. The quantity of mitochondria was evaluated
by measuring the protein concentration of pelleted mitochondria d using Bicinchoninic
Acid Kit (Sigma 1003152319). To evaluate the acute effect of mitondria transfer, pelleted
mitochondria corresponding to 0.2 mg per 25 000 cells of proteins were added into the
culture medium of CMs for 24 h.
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Supplemental Tables

Table S1. List of primary antibodies

Target Antibody Dfi;lcltt(i:;n References
Nawg | Mowepenota G | gp | S Cruisinion
TRA1-81 Mouse monoclonal (IgM) 1:100 rof #1\1\//1&%123 81
Desmin Mouse Hcl;(l)cr)lr?g 11())221 (D1 1200 ref #?4%1;32529_2
e
Desmin Goat Polyclonal (IgG) 1:200 Iif;[; Eg;%eﬂs
Alpha-Actinin | VoUse ﬁgﬁ:gﬁgagm)’ 1:200 . flﬁfglg‘l |
Troponin T Mouse gllgrr;gczlgggégg(}za)’ 1:1000 r%ﬁ?/[SAygtle 8“;2
voac | Mowcnonconl QG | g |
Connexin 43 Rabbit rréi):r?;:ll?_r;al (IgG), 1:500 Santar gr;zs?j;;icgh?)n;)logy
Table S2. List of secondary antibodies
Conjugate Antibody Dfi;lcltt(i:;n References
Alexa 488 Goat-anti-Mouse [gG2a 1:1000 Lii fT ; ilg ;) igﬁies
Alexa 488 goat anti-Mouse IgG (H+L) | 1:1000 Lii g ; ilﬁ) é(;%ies
Alexa 555 goat anti mouse IgG1 1:1000 Lii g ; ilg ;) i(;%ies
Alexa 555 Donkey(e;;iii()}oat IgG 1:1000 Lii E;il;?}é%ies
Alexa 647 goat anti rabbit [gG (H+L) | 1:1000 Life Technologies
ref # A21245
Alexa 568 goat anti rabbit IgG (H+L) | 1:10000 Lii g ; ilﬁ) é%%ies
Alexa 488 goat anti rabbit [gG (H+L) | 1:1000 Lii g ; ilﬁ) (l)%iies
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Supplemental Figures with Figure Legends
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Figure-S1. Validation of induced pluripotent stem cell lines. (A) Karyotyping
of a control (Control-1), a patient-derived (E439K, clone c15) and the
isogenic mutant (Iso-E439K) induced pluripotent stem cell lines. The isogenic
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mutant was obtained by introducing the point mutation G-to-A at c.1315 by
gene editing using CRISPR-Cas9 (see Material and methods). No genomic
abnormalities have been observed in the lines used in this study. (B) TRA-1-
81 (red) and Nanog (green) immunostaining on growing colonies of a control
(Control-1), a patient-derived (E439K, clone c15) and the isogenic mutant
(Iso-E439K) induced pluripotent stem cell lines demonstrating correct
expression and localization of these pluripotency markers. (C) Cytometry
analysis of a control (Control-1), a patient-derived (E439K, clone c15) and
the isogenic mutant (I1so-E439K) induced pluripotent stem cell lines
demonstrating that more than 90% of cells are positive for the pluripotency
markers Nanog, Oct3/4 and Sox2.
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Figure-S2. Pathological patterns and biochemical analysis of cardiac samples of the
Index case CII (see solid arrow in Figure-1A) carrying the DES*#K mutation. (A)
Cardiac troponin T (Green), desmin (Red), Connexin 43 (Cx43) (Gray), COXIV (Gray)
and VDAC (Gray) immunostaining of formalin-fixed left ventricle sections demonstrating
the strong disruption of the desmin network and intercalated discs, and a strong decrease of
COXIV and Cx43 labelling in the patient's heart. (B) Cardiomyocyte length-to-width ratio
was measured using Imagel software. Values are given as means + SEM. ** p <0.01. (C-
E) Western blot analysis (C, D) and densitometry analysis (E) of mitochondrial proteins in
control and patient cardiac tissue extracts using a cocktail of antibodies against OXPHOS
proteins and COXIV. Note the marked decrease of mitochondrial proteins in the DESE4K
patient. Results are presented as percent of control density of detected protein bands after
normalization to total protein band profile (stain free signal) per lane and are expressed as
mean values = SEM. *, p <0.05, **, p <0.01, *** p <0.001.
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Figure-S3. Transcriptomic analysis of E439K-CMs compared to Control-CMs.
(A) Set of gene related to oxidative phosphorylation analyzed after gene set
enrichment analysis of the genes of the Blue cluster determine by
unsupervised WGCNA. Moreover, the enrichment analysis of the Red cluster
(B) reveals different sets of genes related to heart development (C) and Cell
Cycle (D).
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Figure-S4. Effect of acute treatment of cardiomyocytes with mitochondria
purified from Control-CMs. (A) 24h after the treatment of Control-CMs
derived mitochondria stained with MitoTracker®, cytometry analysis reveals
that the mitochondria are effectively transferred into cardiomyocytes. (B-C)
Representative mitochondrial oxygen consumption rate (OCR) profiles in
E439K-CMs (B) or I1so-E439K-CMs (C) 24 hours after the transfer of
mitochondria reveal that this treatment can modulate the respiration of
mutant cardiomyocytes. OCR profiles are expressed as pmol 02/min
normalized to the number of cardiomyocytes and calibrated to the lowest
value of the plate after addition of rotenone and antimycine. For each
mutant line, quantification of basal respiration, ATP-linked respiration,
maximal respiration and reserve capacity were calculated. Values are
expressed as mean + SEM. *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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Figure-S5. Absence of strong differences at the beginning of differentiation
in terms of genes and proteins expression as well as respiratory function.
(A) Heatmap op the gene expression 5 days after the initiation of cardiac
differentiation of Control 1 and E439K iPSC lines revealing few differences in
the expression of cardiomyocytes-related genes. (B) Quantitative analysis of
Western Blot of NDUFB8 and COXIV showing a decrease of NDUFB8
mitochondrial protein but not COXIV in E439K-CMs compared to Control-CMs
7 days after the initiation of differentiation. Results are presented as fold
change to control after normalizing to Stain-Free profile. (C) Representative
mitochondrial oxygen consumption rate (OCR) profiles in Control-CMs,
E439K-CMs and Iso-E439K-CMs 8 days after the initiation of differentiation.
OCR profiles are expressed as pmol O2/min normalized to the number of
cardiomyocytes and calibrated to the lowest value of the plate after addition
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of rotenone and antimycin A. (D) Quantification of basal respiration, ATP-
linked respiration, maximal respiration and reserve capacity of
cardiomyocytes. All values are expressed as mean = SEM. *, p < 0.05, **, p <
0.01, ***, p < 0.001.
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