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RESUME

Quatre protéines Cayp (CavB1 a CavB4) sont connues comme des sous-unités régulatrices des canaux
Calcium (Ca?*) dépendants du voltage (Voltage-gated Ca?* Channels, VGCC), chacune ayant des profils
d'expression spécifiques selon leur fonction. Bien qu'elles soient principalement reconnues pour leur
role dans la régulation des VGCC, les protéines Cayf3 peuvent également agir indépendamment de ces
canaux, en tant que régulateurs de I'expression génique. Parmi ces protéines, Cayp1 est exprimée dans
le muscle squelettique sous différentes isoformes. L'isoforme adulte constitutive, CayB1D, est localisée
au niveau du sarcolemme et plus précisément a la triade, ou elle joue un réle crucial dans la régulation
de Cayl et ainsi du mécanisme de Couplage Excitation-Contraction (CEC), essentiel a la contraction
musculaire.

Dans cette thése, nous nous sommes concentrés sur les isoformes embryonnaires/périnatales de
CayB1, moins étudiées, y compris la CayB1E précédemment décrite. Nous avons étudié leurs réles dans
le systeme neuromusculaire. En effet, la protéine Cayp1 s’est révélée essentielle au développement de
la jonction neuromusculaire (JNM), mais l'implication spécifique de ses isoformes y reste encore
inconnue. Notre étude a donc évalué le role des isoformes CayB1 a différents stades de la formation,
de la maturation et de maintenance de la JNM. Parallelement, étant donné la dérégulation de Cayf1
dans la dystrophie myotonique de type 1 (DM1), nous avons exploré son role fonctionnel dans ce
contexte pathologique.

Nous avons tout d'abord identifié CayB1A comme une isoforme exprimée pendant I'embryogenése et
les stades périnataux. Nos résultats ont révélé que I'expression des isoformes CayB1 est régulée par
|'activation différentielle des promoteurs au cours du développement : un promoteur dans I'exonl
(Prom1) contréle I'expression de CayB1A/E, tandis qu'un promoteur dans I'exon2B (Prom2) contrdle
I'expression de CayB1D. Il est intéressant de noter qu’un endommagement du nerf déclenche une
réactivation du Prom1, conduisant a la réexpression des transcrits de CayB1A/E.

De plus, nous avons découvert que les isoformes embryonnaires/périnatales de CayB1 sont impliquées
dans I'agrégation des RACh (Récepteur a I’Acéthylcholine) dans un systeme de myotubes in vitro et
que leur expression postnatale influence la maturation/stabilité de la JNM. Dans le contexte
pathologique de la DM1, nous avons observé une augmentation de I'expression de CayB1A/E, qui
semble atténuer la myotonie, un symptdme caractéristique de cette pathologie. De plus, nous avons
trouvé que la modulation de leur expression est liée aux protéines MuscleBlind Like (MBNL), centrales
dans la physiopathologie de la DM1.

En conclusion, ce travail de these a permis de clarifier les connaissances sur les différentes isoformes
de CayB1 dans le muscle squelettique et d'apporter de nouveaux éléments sur leur role dans deux
contextes indépendants: le développement de la JNM et de la physiopathologie de la DM1.
Comprendre la régulation des isoformes protéiques de CayB1 dans le muscle squelettique est essentiel
pour déchiffrer les mécanismes de I'noméostasie musculaire et potentiellement identifier de nouvelles
approches thérapeutiques pour faire face aux pathologies musculaires.

Mots clés : CayB1, isoformes, Jonction NeuroMusculaire (JNM), pré-empreinte, Dytrophie Myotonique
de type 1 (DM1), Muscleblind Like (MBNL)



ABSTRACT

Four CavP proteins (CayB1 to Cavp4) are described as regulatory subunit of Voltage-gated Ca?* channel
(VGCCQ), each exhibiting specific expression pattern in excitable cells based on their function. While
primarily recognized for their role in VGCC regulation, Cayp proteins also function independently of
channels, acting as regulators of gene expression. Among these, CayB1 is expressed in skeletal muscle
as different isoforms. The adult constitutive isoform, CayB1D, is located at the sarcolemma and more
specifically at the triad, where it plays a crucial role in regulating Cay1 to control Excitation-Contraction
Coupling (ECC) mechanism, essential for muscle contraction.

In this thesis, we further explored the less studied CayB1 isoforms, with a particular focus on
embryonic/perinatal variants, including the previously described CayB1E. We investigated their roles
in the neuromuscular system. Indeed, CayB1 proteins have been shown to be crucial for neuromuscular
junction (NMJ) development, though the involvement of specific isoform still remains unclear. Our
investigation assessed the role of Cayf1 isoforms at different stages of NMJ formation, maturation and
maintenance. Additionally, given the deregulation of CayB1 in Myotonic Dystrophy Type 1 (DM1), we
explored its functional role in this muscular pathological context.

First, we identified CayB1A as another isoform expressed during embryogenesis and perinatal stages.
Our findings revealed that CayB1 isoforms expressions are regulated by the differential activation of
promoters during development: a promoter in exonl (Prom1) drives CayB1A/E expressions, while a
promoter in exon2B (Prom2) controls CayB1D expression. Interestingly, nerve damage in adult muscle
triggers a shift toward the Prom1 activation and leading to the re-expression of CayB1A/E transcripts.

Furthermore, we found that CayB1 embryonic/perinatal isoforms are involved in the proper in vitro
Acetylcholine Receptor (AChR) aggregation and that their postnatal expressions influence NM)J
maturation/maintenance. In the pathological context of DM1, we observed the increased expression
of CayB1A/E, which appears to mitigate myotonia symptoms. In addition, we found that the
modulation of their expression is linked with MuscleBlind Like (MBNL) proteins, which are central in
the pathophysiology of DM1.

In conclusion, this thesis work has clarified knowledge of the various Cayf1 isoforms in skeletal muscle
and provides new insights into their role in two independent contexts of NMJ development and DM1
pathophysiology. Understanding CayP1 protein regulation in skeletal muscle is essential to decipher
muscle homeostasis mechanisms and potentially identify new therapeutic targets to face muscular
disorders.

Key words: CayB1, isoforms, NeuroMuscular Junction (NMJ), pre-patterning, Myotonic Dystrophy Type
1 (DM1), Muscleblind Like (MBNL)
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General introduction

CHAPTER 1: The neuromuscular system

Skeletal muscle is the most abundant tissue of the body with approximately 40-45% of the total body
mass. It is primarily composed of cells with the unique ability to contract and generate movement and
force. There are three types of muscle: cardiac, smooth and skeletal. Cardiac and smooth muscles
handle involuntary contractions while skeletal muscles control voluntary movements. The heart
pumps blood with regular beats to ensure proper oxygenation of the organs. Smooth muscles manage
the contractions of the gastrointestinal, reproductive, urinary, and vascular systems. Skeletal muscles,
besides enabling voluntary movements, are also responsible for energy expenditure, supporting

skeletal structure and maintaining posture.

The neuromuscular system connects motor nerves to muscles (peripheral nervous system), turning
signals from the central nervous system into muscle movement through electrical stimulation from the
spinal cord. This system is essential for initiating all body movements, whether voluntary or

involuntary.

As my research project focuses on skeletal muscle, we will focus on this tissue for this manuscript.

I- Skeletal muscle

Skeletal muscle is a highly organized tissue that encompasses muscle fibers, which are the contractile
units, vasculature for proper oxygenation, nerves triggering electrical activity and connective tissue
maintaining joined structures. It has a cable-like arrangement: parallel muscle fibers (or myofibers) are
bundled together into fascicules and these parallel fascicules are grouped to form the muscle. Each
compartment is enclosed by a supportive conjunctive tissue: the endomysium surrounds each
myofiber, the perimysium delimits the muscle fascicules, and the epimysium covers the entire muscle.
Blood vessels cross the epimysium and give rise to a fine network of capillaries that reach the
perimysium and the endomysium of each myofiber to ensure their vascularization. Similarly, nerves
cross the perimysium and arborize the myofibers, forming neuromuscular junctions (NMJ) that
innervate each myofiber. The epimysium, therefore containing capillaries and nerves, is located above

the plasma membrane of the muscle fiber called sarcolemma (Fig. 1).
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Figure 1. Skeletal muscle organization.

Skeletal muscle structure with muscle fibers, vasculature (for muscle oxygenation), nerves (for electrical activity),
and connective tissue layers: endomysium surrounding each myofibers, perimysium delimiting muscle fascicules,
and epimysium covering the entire muscle. From https://sciencediagrams.com/skeletal-muscle/.

a) Skeletal muscle development

Myogenesis:

Myogenesis is the process by which skeletal muscle tissue formation occurs during embryogenesis and
during regeneration after muscle damage. Skeletal muscle is a tissue originating from the mesoderm
and more specifically from the dermomyotome where are located the muscle precursor cells
(Buckingham et al., 2003). There are two successive waves of myogenesis: the embryonic myogenesis
which implements muscle architecture, begins around embryonic day 10.5 (codified with the E letter
followed by the number of days post-fecundation, here 10.5) in mice and ends approximately at E14.5
while the fetal myogenesis is responsible for muscle growth and further differentiation, from E14.5 to

birth. Postnatally, the muscle tissue continues to mature for 2-3 weeks.

During the embryonic myogenesis, progenitor cells (identified by the expression of paired box gene 3
-Pax3) undergoes delamination from the dermomyotome and migration toward the limb buds (Bober
et al., 1994). These undifferentiated mononucleated cells are known as embryonic myoblasts, which
proliferate and begin to differentiate: they irreversibly cease division and fuse to form multi-nucleated
myotubes. At this stage, the nuclei are centrally positioned, their migration toward the cell periphery
takes place during differentiation into myofibers. The fetal myogenesis begins around E14.5 in mice
with the second wave of differentiation of progenitor cells giving rise to the fetal myoblasts that fuse

either to the embryonic fi* * *

igurebers or to each other, in both cases giving rise to secondary fibers. By E16, the pool of Muscle
Satellite Cells (MuSC) is established on the surface of the muscle fibers (Fig. 2).
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Figure 2. Myogenesis.

The muscle precursor cells migrate from the dermomyotome to the limb buds, and follow different stages of
differentiation including a primary and secondary myogenesis during the embryonic and foetal stages,
continuing through neonatal and adult periods (created with BioRender.com).

The embryonic and fetal myoblasts are distinct populations that undergo differentiation successively,
both originate from Pax3+ progenitors but the fetal myoblasts differ by the higher expression of Pax7
and decreased expression of Pax3. Myogenesis is controlled by transcription factors of the Muscle
Regulatory Factors (MRFs) family, which includes 4 proteins: the determination factors MyoD, Myf5,
MRF4 and the differentiation factor myogenin, all characterized by a strict spatiotemporal pattern of
expression. Together, these proteins initiate the myogenic program, heading undifferentiated cells
toward skeletal muscle lineage and ending with a fully mature skeletal muscle tissue. Furthermore, all
four MRFs can induce lineage reprogramming of fibroblasts to myoblasts (Braun et al., 1992; Davis et
al., 1987).

These molecular events are crucial for the perinatal muscle growth and for adult muscle homeostasis.
Indeed, the same myogenic process is recapitulated in adult skeletal muscle after injury, leading to
tissue regeneration (Chargé and Rudnicki, 2004). After a phase characterized by necrosis of the injured
myofibers and immune response activation, adult muscle regeneration goes through the activation of
satellite cells, which are processed toward new fiber formation. Similarly to what happens during
muscle development, the myogenic cells proliferate and either fuse to each other’s or to pre-existing

fibers, to repair the injured muscle (Chargé and Rudnicki, 2004).
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Requlation of myogenesis by MRFs proteins:

MRFs proteins are transcription factors that evolved from a single ancestral gene (Atchley et al., 1994).
They are basic helix-loop-helix proteins (bHLH) that bind to E-box consensus sequences (CANNTG),
sequences characteristically present in the regulatory regions of muscle-specific genes (Berkes and
Tapscott, 2005). The bHLH region's structural similarities provide a high degree of functional overlap,
but MRFs have been able to acquire specialized roles thanks to the evolutionary divergence of their

other domains.

Further studies demonstrated both the overlapping and the specific functions of MRFs through the use
of genetically modified models. Individual Myf5 or MyoD genetic ablation does not lead to an obvious
muscle phenotype (Braun et al., 1992; Rudnicki et al., 1992) but the double MyoD/Myf5-null mice lack
essentially all skeletal muscle tissue at birth (Kassar-Duchossoy et al., 2004; Rudnicki et al., 1993)
suggesting their redundant role in muscle development during embryogenesis but the necessary
presence of at least one of these two factors. Mice harbouring single mutation of MRF4 show altered
morphologies but no catastrophic phenotypes (Yoon et al., 1997). The main highly deleterious MRF
gene-depleted model is the myogenin depleted mouse that dies at birth due to muscle insufficiency.
In this model myoblasts are present, indicating that myogenin is dispensable for establishing the
myogenic lineage but is critical for terminal differentiation (Hasty et al., 1993; Nabeshima et al., 1993;
Venuti et al., 1995).

While MRFs proteins are mainly expressed during developmental and regenerative myogenesis, Myf5,
MyoD and myogenin expression decreases at very low levels once differentiation is complete. Indeed,
muscle innervation state strongly regulates their expression (Eftimie et al., 1991; Weis, 1994). The
exception is MRF4 which is the more expressed MRFs in healthy adult skeletal muscle (Zammit, 2017),
where it plays an important role in regulating adult muscle homeostasis. When decreasing MRF4 levels
by RNAI tools in vivo, it promotes muscle growth and Moretti and colleagues showed in 2016 that this
regulation relies on the negative regulation of MRF4 on Myocyte Enhancer Factor 2 (MEF2) family of
proteins. Moretti’s work established MEF2 proteins as modulators of muscle homeostasis and
hypertrophy, responsible for the expression of numerous muscle-specific genes including those coding
for sarcomeric proteins, Excitation-Contraction Coupling (ECC) machinery and energy metabolism
(Moretti et al., 2016). More broadly, this study proposes a model in which in normal muscle

homeostasis, MRF4 functions to suppress the activation of hypertrophic-genes mediated by MEF2.

Requlation of myogenesis by muscle activity:

Spontaneous muscle contractions begins around E14.5 in mice (Kodama and Sekiguchi, 1984), a
phenomenon that has also been observed in vitro in myotubes that have differentiated sufficiently.
Spontaneous electrical activity, associated with Calcium (Ca®*) transients, can be measured in 3- to 5-

day-differentiated myotubes in vitro but with no link to noticeable contractions at these times. In
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contrast, after a few days, these same changes in membrane potential leads to twitch contractions,

demonstrating the maturation of the ECC machinery (Grouselle et al., 1991; Lorenzon et al., 2002).

Importantly, such release of Ca® plays a role in a variety of molecular pathways important for muscle
development like proliferation, migration and fusion of myoblasts, but it also participate in activating
transcription of myogenic factors among which myogenin and MEF2 (Benavides Damm and Egli, 2014).
Movement during development triggers mechanotransduction, a process by which mechanical stimuli
are sensed and converted into an appropriate biological response. Ca®* is known to be a major actor
of such mechanism and is therefore going to participate through this means to the aforementioned

processes of muscle development.

b) Histological, structural and functional features of skeletal muscle

Myosin isoforms & Fiber types:

The skeletal muscle is consisting of two types of muscle fibers: slow-twitch fibers and fast-twitch fibers.
The slow-twitch fibers, also known as type | fibers are responsible for endurance; they are small and
highly vascularized. They encompass many mitochondria and low glycogen stores. Conversely, the fast-
twitch fibers, or type Il fibers, allow some powerful bursts of energy but during shorter periods of time.
These fibers are wider and with lower vascularity than the slow-twitch ones, poor in their mitochondria
content but rich in glycogen. Glycogen is a complex form of carbohydrate stored in the muscle and the
liver. It consists of long glucose chains that, when broken down, offer a quick and effective source of
energy for movement. Extensor Digitorum Longus (EDL), Tibialis Anterior (TA) or Gastrocnemius (GAS)

are examples of hindlimb fast-twitch muscles while Soleus (SOL) is a slow-twitch muscle.

The slow and fast-twitch fibers difference relies on their myosin composition (Pette and Staron, 2000;
Reggiani et al., 2000). Myosin is a polypeptide made up of 6 subunits including two heavy chains and
four light chains, Myosin Heavy Chain (MHC) isoforms are used as the more suitable markers for
distinguishing across fiber types. We can delineate “pure” and “hybrid” fiber types based on whether
they include a single or multiples MHC isoforms respectively(Medler, 2019). Four pure fiber types are
described including one slow type | fiber (with MHC-IB isoform), and three fast types: IIA (with MHClla),
IID (with MHCIId) and 11B (with MHCIIb).

Fiber type identity is first established during embryonic development. However, fiber-type remodeling
(or fiber-type transition) can occur in adult skeletal muscle as an adaptation to exercise or during aging
(Blaauw et al., 2013; Larson et al., 2019). Many inherited myopathies are also described as affecting

fiber type composition of muscle (Talbot and Maves, 2016).
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Myofibrils & Sarcomeres:

The muscle fibers (or myofibers) are divided into multiple myofibrils (1-2um in diameter) known as the
contractile elements of the muscle cells. Each myofibril is divided into successive structural units called
sarcomeres, the smallest contractile unit of the myofiber. Each sarcomere can be divided into different
fragments: in the center, a dark band (A band) which is slightly lighter in the middle (H band). On each
side of the central dark band, light bands are called | bands. Each sarcomere is delimited by two Z lines
(or Z disks) (Au, 2004; Clark et al., 2002) (Fig. 3).

The sarcomere consists of different myofilaments: thick filaments and thin filaments. Their association
is responsible for the dark/light colours observed in light and electron microscopy (Fig. 3),
characteristic of the banding aspect of striated muscles: the lateral light bands (I bands) are the thin
filaments while the dark central band (A band) is a superposition of both thick and thin protein
filaments. The central H band is lighter because of the absence of thin filaments, only thick filaments

are present (Fig. 3).

Thick filaments are made up of a tail and a head of myosin and thin filaments that are composed of
actin (double helix structure) together with tropomyosin and troponin proteins. Actin presents a
myosin binding site that is hidden by tropomyosin when the muscle is resting. Tropomyosin is a protein
located in the grooves of actin double helix, forming a continuous strand along the whole thin filament.
When the muscle is resting, tropomyosin covers its actin binding sites. Troponin is a complex protein
including three chains known respectively as Troponin-T that associates with tropomyosin, Troponin-I
with an Adenosine TriPhosphatase (ATPase) activity and Troponin-C which possesses four Ca** binding
sites (Johnston et al., 2018).

As mentioned earlier, myofibrils are the contractile elements of the muscle: sarcomeres can be
shortened by approximately 70% of their original length during contraction, due to the sliding of thin
filaments, tethered at one end to the Z-line, into thick filaments. Under muscle contraction the light |
band disappears and the dark A bands gets closer (Fig. 3). The mechanism of contraction will be

described in the next part.

Triads:

Muscle fiber’s cytoplasm is called sarcoplasm, it contains the cytoskeleton, the glycogen stores, and
the organelles responsible for its functioning. Among these organelles, we can mention the
Endoplasmic Reticulum (ER) and more specifically the Sarcoplasmic Reticulum (SR), and mitochondria.
SR is a specialized compartment of the ER which can be divided into the terminal SR cisternae
responsible for Ca?* storage/release and the longitudinal SR which is the site of Ca?* uptake (Flucher et
al., 1994). Mitochondrion is another important organelle since it produces Adenosine TriPhosphate

(ATP) for cell energy. Both Ca®* and ATP are directly used by the myofiber to contract its myofibrils.
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Skeletal muscle

 SSNPR | E— | E— N
&S I Band A Band I Band N

z 74
line  Iband A band Iband line

1 i M line
Thin filament  Thick filament Elastic filament
Relaxed (actin) (myosin) Hband (titin)
| , |
Sarcomere

Upon contraction
+ ATP, Ca?*

Contracted e

sluquyoAw [enpiaipu|

Figure 3. Sarcomeres during contraction.

Skeletal muscle is structured as a cable-like arrangement with myofibers bundled together. Each myofiber is divided
into successive contractile units called sarcomeres divided into I, A and H bands as well and Z lines. | and H bands
contain only actin and only myosin filaments, respectively. A band regroups both actin and myosin filaments. Z-lines
constitute the boundaries of each sarcomere. During contraction, actin and myosin filaments slide past each others
leading to the shortening of the sarcomere: | bands disappears and H band shortens (created with BioRender.com).
Photo by Don W. Fawcett. Total figure from K.S. Saladin, Anatomy & Physiology—The Unity of Form and Function, 8th
ed., McGraw-Hill, 2018
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As described above, the muscle fiber is surrounded by a membrane called the sarcolemma. This
membrane presents tubular invaginations known as Transverse-tubules (T-tubules), evenly distributed
along the muscle fiber, penetrating deeply into it. T-tubules are a specificity of striated muscles, they
are central in the regulation of SR Ca?* store. Thanks to the presence of ion channels, transporters and
pumps, they play a fundamental role in the rapid transmission of the Action Potential (AP) into the cell.
One T-tubule surrounded by two terminal SR cisternae forms a triad (Fig. 4), a highly specialized
membrane structure essential for muscle contraction through ECC. ECC mechanism will be deeply
recapitulated in the next section of this manuscript but it is important to note the presence of ECC-
specialized proteins at the triad: the Ryanodine Receptor-1 (RyR1) located at the SR membrane, and
the Dihydropyridine Receptor (DHPR or Cavl) found predominantly at T-tubule membrane, the minor
remaining portion being found throughout the sarcolemma (Jorgensen et al., 1989; Piétri-Rouxel et al.,
2010).

Mitochondria

Sarcolemma

Nucleus S~ M
T-tubule
Terminal cisternae Myofibril
Triad
T-tubule
SR

Figure 4. Detailed muscle organization and ultrastructure of muscle fiber components.

This figure provides a comprehensive overview of the microscopic anatomy of a muscle fiber, emphasizing the role of the triad
in muscle contraction. Modified from Blausen.com staff (2014). "Medical gallery of Blausen Medical 2014". Wikilournal of
Medlicine, https.//vmicro.iusm.iu.edu/hs_vm/docs/lab4_3.htm and Molecular Biology of the Cell, 4t Edition.

Along embryogenesis in mice, the development of triads implies the concomitant SR and T-tubules
biogenesis. SR develops first from the tubular ER (Kilarski and Jakubowska, 1979) which progresses
into reticular structures surrounding the myofibrils as early as E14 (Luff and Atwood, 1971), time where
the first RyR1 clusters are observable, before becoming more and more abundant at E16 (Takekura et

al., 2001). The first T-tubules originates from the sarcolemma at E15 and extend deeper within the
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myofiber, in longitudinal position, as embryonic development continues. While both SR and T-tubule
amount increases progressively, the two structures begin to increase their contact sites over time,
forming the first triads at the junction of A and | bands of myofibrils. The Cay1.1 channels are initially
equally distributed along the sarcolemma before becoming mainly restricted to the T-tubules system
once triads formation occurs (Romey et al., 1989). Transversal positioning of the T-tubules (and
subsequently, the triads) is achieved during postnatal period and is completed three weeks after birth
(Franzini-Armstrong, 1991; Takekura et al., 2001).

The direct interaction between RyR1 at the SR membrane, and Cay1.1 at the T-tubule membrane as
early as the first SR docking junctions are observed, raised the question of the role of such assembly in
the formation of the triad (Yuan et al.,, 1991). However, studies in dysgenic and dyspedic mice,
genetically ablated for Cay1.1 and RyR1 respectively, did not reveal any abnormal SR-T-tubule junction
(Franzini-Armstrong et al., 1991; Powell and Fambrough, 1973; Takeshima et al., 1994). The same
observation was made later with RyR1-Cay1.1 double Knock Out (KO) mice (Felder et al., 2002) leading
to the conclusion that SR-T-tubule docking is independent of the presence of these two proteins.
Moreover, both calsequestrin and triadin, two broadly characterized proteins of the SR-membrane
junction, were described to remain properly targeted and their structural organization to be
unaffected as well. Both SR surface junction morphology and molecular composition were not affected
by the lack of RyR1 and Cay1.1 (Felder et al., 2002).

The molecular characterization of T-tubule biogenesis and triad formation still remains unclear up
today. Pioneer studies showed a clustering and accumulation of caveolae at the sarcoplasm (Franzini-
Armstrong, 1991; Parton et al., 1997). Later, Binl (Apmhiphysin-2) has been pointed out as a factor
required for normal T-tubule formation (Lo et al., 2021) and a recent study showed that Caveolin-3
(Cav3) and Bin1 form ring-like structures from which tubes with abundant Cay1.1 arise (Lemerle et al.,
2023). Additionally, Bin1 was depicted to be required for triad formation with N-WASP in myofibers
differentiated in vitro (Falcone et al. 2014). Several conditions with impairment of either Cav3 or Binl
have been reported to be associated with T-tubule and triad defects (Fugier et al., 2011; Nicot et al.,
2007). In short, Cav3 and Bin1 are the two main factors regulating T-tubule biogenesis by controlling

the Caveolae formation and the membrane tubulation respectively.

II- Excitation Contraction Coupling (ECC)

The nervous system controls muscle movements by regulating contraction or relaxation of myofibers.
The process that transduces fiber depolarization upon nerve stimulation into muscle contraction is
called Excitation Contraction-Coupling. This is accomplished through a special synapse: the NMJ, which
is acommunication zone between the nerve, that sends the contraction signal (nerve stimulation), and

the muscle that contracts in response.
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a) Chronological discoveries

Along the XVIII™ century, the question of the mechanisms at work to induce the muscular movement
was widely debated by the scientific world and more deeply by the naturalists. A first hypothesis was
that the nerves were hollow and conducted a fluid or a gas that filled the muscles, initiating their
increased size and their contraction. This theory was refuted by Jan Swammerdam and other lines of
research appeared, including chemistry and then electricity. In 1780, an anatomist named Luigi Galvani
hypothesized the existence of an “animal electricity” (Galvani et al., 1791) and together with
Alessandro Volta, a physician, they proved that the muscles are not properly producing the electrical

influx but are able to transduce it to contraction.

Edgar Douglas Adrian was awarded in 1932 by the Nobel prize in Physiology for the discovery of a

IM

“uniform-size electrical signal” produced by the neurons. Twenty years later, Sandow demonstrated
the existence of a bridge between electrical activity and contraction (Sandow, 1952), and a study
published in 1960 showed a change in the membrane potential as the initiating step leading to the ECC
(Hodgkin and Horowicz, 1960). Electronic microscopy helped later with the understanding of this
mechanism by allowing the visualization of the triads (Fig. 4) that were suggested to be of importance
for muscle contraction (Porter and Palade, 1957). T-tubule were soon characterized as the element

transmitting the electrical impulse to the muscle (Andersson-Cedergren, 1959).

The crucial role of Ca?* in muscle contraction (Weber, 1959) and the importance of its release and
reuptake from the SR (Podolsky and Costantin, 1964) as well as its mechanical way of action (Ebashi et
al., 1967; Ebashi and Ebashi, 1964) was studied extensively during the 1960s.

In the early 1980s, the two key molecular components of the ECC system were identified: Cay1l and

RyR.

b) Neuromuscular transmission

From nerve influx...

The nerve impulse takes its origin in the frontal lobe and motor cortical regions of the brain (Dum and
Strick, 2002), goes through the spinal cord and propagates by membrane depolarization along the
axons of the motor neurons to reach the terminal end of the motor axon for final transmission to the
muscle. Membrane depolarization is a shift in electrical charge distribution through the membrane,
depending on ions flow and therefore on the ability of voltage-gated channels to regulate the flow of

ions (sodium Na*, potassium K*, Chloride CI- and Calcium Ca?*) across the cell membrane.
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At rest, the electrical potential difference through the membrane (called “resting potential”) is
negative, meaning that the inside of the cell membrane is negatively charged compared to the outside.
The muscle resting potential is typically around -85mV, mainly carried by CLC1, allowing a “passive”
adjustment of membrane potential (Brenes et al., 2023). When reaching the motor nerve terminal, the
AP is transmitted to the muscle by the liberation of neurotransmitters that will be captured by the
post-synaptic muscle membrane and lead to the creation of a muscle membrane depolarization that
will itself propagate as an AP across the sarcolemma: voltage-gated Na* channel (Nay1.4) opens to
drive the influx of Na* ions causing an increase in membrane potential. When exceeding a specific
threshold (around -65mV), this local depolarization leads to the exacerbation of ions flux and
depolarization is propagated as an AP over the entire the myofiber surface. When the membrane
potential reaches about +35mV, repolarization occurs as K* channels open, and Nay4.1 channels close,
allowing K* ions to leave the cell, and stopping Na* ions to enter the cell, carrying positive charges out.
In addition, CI influx through CLC1 contributes to the repolarization, bringing the membrane potential
back toward its resting voltage (Brenes et al., 2023). A brief period of hyperpolarization occurs before
the membrane potential returns to its resting state (Fig. 5). Overall, the wave of depolarization,
followed by repolarization, allows the action potential to travel efficiently along the axon, ultimately

leading to the transmission of neural signals to the target muscles or tissues.
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Figure 5. Variation of membrane potential during depolarization.

Skeletal muscle cells exhibit a negative electrical membrane potential at rest (-85mV) meaning that inside of
the cell is negatively charged compared to the outside, due to a balance mainly adjusted by Cl - conductance.
Na* entry leads to membrane depolarization while K+ exit and Cl- entry from the cell trigger repolarization. A
brief hyperpolarization occurs before returning to membrane resting state (created with BioRender.com).
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While sarcolemma depolarization reaches the T-tubules, Cayl.1 conformation is modified through
charge movement. This conformational changing leads to the interaction of Cay1.1B1 subunit with
RyR1 at the surface of the RS terminal cisternae and RyR1 channel opens to release Ca®* into the

sarcoplasm (Fig. 6).
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Figure 6. Skeletal muscle ECC process: overview.

The triad is a structure composed of one t-tubule flanked by two terminal SR cisternae. Membrane depolarization, triggered
by the opening of Na* channels, allows the action potential to efficiently travel along the sarcolemma and reach the t-tubule.
At t-tubule membrane, this depolarization induces CaV1.1 Ca?* channel to interact with RyR1 on the SR surface, leading to the
release of calcium from the SR. Ca?*, along with ATP produced by mitochondria, is used by the sarcomere to induce muscle
contraction (created with BioRender.com).

...to muscle contraction:

The Ca?* release into the sarcoplasm is the first step of the contraction process. Indeed, to allow muscle
contraction, tropomyosin must change conformation and induce its removal from a portion of actin
which becomes exposed and accessible to myosin heads binding. This change of tropomyosin
conformation is regulated by Troponin-C when Ca?* is high. Simultaneously, ATP is hydrolysed into ADP
(Adenosine DiPhosphate) + Pi (inorganic phosphate). These two conditions are needed to have the
formation of a bridge between the actin filament and the myosin head. When Pi is released, myosin
changes conformation resulting in the power stroke that triggers myosin and actin filaments to slide
past each other. ADP is released, the myosin head is removed from actin and a new ATP molecule binds
and is hydrolyzed in his turn: the consecutive attachment and detachment of the myosin head to the
actin filament ensures the sliding of fine filaments along the thick ones ensuring a proper muscle
contraction. This repetitive process is known as the cross-bridge cycle (Fig. 7). The limiting factors are

the amount of ATP and Ca?* in the sarcoplasm. If Ca* release from the SR triggers muscle contraction,
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muscle relaxation occurs through Ca? reuptake in the SR through a Ca** pump known as SERCA for

SarcoEndoplasmic Reticulum Ca%* ATPase (Fig. 5).
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Figure 7. Myofilaments during muscle contraction process: the cross-bridge cycle.

Sliding filament model of muscle contraction. In step 1, the muscle is at rest with the myosin head bound to ADP and Pi, while
tropomyosin covers the actin's binding sites. In step 2, Ca2+ released from the SR binds to the troponin complex, causing
tropomyosin to move and expose the myosin-binding sites on actin. In step 3, the myosin head binds to actin, forming a cross-
bridge. This leads to step 4, in which the release of ADP and Pi triggers the power stroke that triggers myosin and actin
filaments to slide past each other, resulting in muscle contraction. In the final step, ATP binds to the myosin head, causing it
to detach from actin. The ATP is then hydrolyzed to reset the myosin head, ready it for another cycle of contraction (from
BioRender.com).

c) ECC molecular components

Interestingly, the content of ECC molecular components differs among muscles and more specifically
the different partners vary considering slow- or fast-fibers: Cay1.1 and RyR1 content is higher in fast-
twitch fibers compared to slow-twitch ones. These differences explain the inequivalent Ca?* handling
among fiber types, the more these Ca?* Release Complex (CRC) proteins are present, the greater is the

efficiency of Ca?* transients, the faster are the fibers (Calderén et al., 2014).

Ca vl N

The Cayl family is also known as DHPRs (DiHydroPyridine Receptor, the historical name) because of
their pharmacological sensitivity to dihydropyridine drugs (Tanabe et al.,, 1987). These are protein
complexes structured by an assembly of several subunits: the principal a;-subunit (holding the pore
channel property) and the yi-subunit are both transmembrane proteins, one extracellular az-subunit

and one intracellular B;-subunit (Buraei and Yang, 2010). Cay1 family is subdivided into Cay1.1 in the
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skeletal muscle, Cay1.2 in the heart and smooth muscle, Cay1.3 in the inner ear and Cay1.4 in the retina
(Dolphin, 2021), accordingly to the Caya; subunit: Cayaus, Cavaic, Cavaud and Cayouf respectively (Ertel
et al., 2000).

All Cayl channels respond to membrane depolarization. However, the way they respond to these
changes in membrane potential differs: in the heart and smooth muscle, Cay1.2 isoform allows Ca?*
entry (it functions through its L-Type Ca?* Channel (LTCC) role) leading to a Ca®" Induced Ca?* Release
(CICR) muscle contraction. In contrast, isolated frog skeletal muscle continues to contract for ten
minutes even when Ca?* influx is prevented (Armstrong et al., 1972). Indeed, the skeletal muscle Cay1.1
isoform primarily does not function as a Ca? channel but as a voltage sensor leading to a

Depolarization-Induced Ca?* Release (DICR) muscle contraction.

In skeletal muscle, the specific Cayl isoform is Cayl.1. This complex is composed of four subunits
among which ass, responsible for the voltage sensor activity, is the key component for ECC. This core
protein channel contains four homologous repeats (I-1V), connected through cytoplasmic loops (Buraei
and Yang, 2010) (Fig. 8). Among the three other subunits, only CayB1 is described to be essential for
ECC whereas 026 and Y only play a minor role in regulating Cay1.1 (Ahern et al., 2001; Obermair et al.,
2005).
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Figure 8. Structure and functional domains of Cay1.1 channel with a particular focus on als within the cell membrane,
highlighting its critical domains.

The top portion shows the arrangement of the five subunits composing CaV1.1: alS, a26, 81D, y1, and alS, embedded in the
plasma membrane. The bottom portion zooms in on the alS subunit, which is structured around four homologous repeat
domains (I to IV). Key domains are indicated with as the 81 subunit interaction domain (AID) in the I-Il intracellular loop and
the RyR1 interaction domain in the II-1ll intracellular loop. These regions are critical for the channel's function and interaction
with other proteins involved in excitation-contraction coupling. The position of exon29-encoded domain is indicated, this exon
being alternatively spliced in the embryonic Cacnals isoform and excluded in some pathologies, leading to the retention of
Cacnals embryonic isoform (created with BioRender.com).
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It is important to mention that the mature skeletal muscle Cay1.1 functions mainly through its role of
depolarization sensor to trigger ECC and therefore displays only small LTCC currents. However, during
embryogenesis the main ass subunit exon29 is alternatively spliced, giving rise to a Cayl.1le channel,
which presents an additional sizeable LTCC, required for muscle development (Benedetti et al., 2015;
Tuluc et al., 2009). Some pathologies are linked to the mis-splicing of Cay1l.1 exon29, resulting in the

retention of its embryonic form (Aexon29) in adult muscle. This will be explored further in Chapter 3.

RyR:

RyR is a Ca®* release channel purified and identified in the 1980s (Inui et al., 1987; Meissner, 1986) as
a protein with high affinity for the plant-derived alkaloid compound ryanodine. RyRs are found as
homotetramers of approximately 550kDa in intracellular membranes like the ER where they are
responsible for the Ca?* release. In mammalian, three genes encode three RyRs: RyR1 and RyR2 are
mainly expressed in skeletal muscle and in cardiac tissue, respectively, while RyR3, first identified in

the brain, is present in a wider variety of tissue (Dulhunty, 2006).

Mutations in RyR1 are coupled with a dysregulation of Ca?* in skeletal muscle which causes several
myopathies. Depending on the effect of the mutation, these pathologies can be associated with an
excessive activation of RyR1 after membrane depolarization, a leak in RyR1 channel leading to

depletion in SR Ca?* store or a deficit in ECC (Herndndez-Ochoa et al., 2016).

Interaction between Cay1.1 and RyR1 in skeletal muscle:

Mouse models recapitulating a non-functional ECC complex, due to Cayl.1 and/or RyR1 highly
deleterious mutations, display a complete absence of muscle contractibility and death at birth
dependent on respiratory failure and asphyxia. This applies for the dysgenic model, carrying the
muscular dysgenesis (mdg)-associated mutation a;s-null (Beam et al., 1986; Knudson et al., 1989), and
the dyspedic mice (RyR1-null model) (Takekura et al., 1995).

Briefly, three prerequisites are needed to ensure a proper skeletal muscle ECC: 1) Cay1l.1 and RyR1
have to be correctly expressed and localized at the triad, 2) Cay1.1 needs to be able to ensure the
charge movement and 3) Cayl.1 must be organized in tetrads, cooperatively associated with RyR1
tetramers. The correct expression and localization of Cay1.1 and RyR1, includes the suitable synthesis
of these channels but also their precise positioning within the specialized triadic structure. To ensure
a correct localization, both Cay1.1 and RyR1 channels have targeting signals that direct their positioning
into T-tubule and SR membrane respectively. Noteworthy, CayB1 subunit is essential for Cay1.1 docking
(Brice et al., 1997).
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The second mentioned prerequisite for a proper ECC is the Cayl.1-dependent charge movement. The
charge movement is associated with the rearrangement of Cay1.1 conformation following electrical
stimulation. Indeed, depolarization is a change in voltage running across the sarcolemma and when
this change occurs at a Cayl position, specific charged amino acids of the Cayl.1 transmembrane
segment are repositioned, allowing Cay1.1 ll-lll loop to contact RyR1 (Fig. 8) and transduce the
depolarization signal triggering Ca?* release. A correct charge movement testifies of the proper Cay1.1

associated structure-function.

The importance of the structural conformation of ECC components for their appropriate physical
interaction was more deeply investigated through electron microscopy images which revealed that
RyR1 tetramers align with Cay1.1, itself arranged into groups of four called “tetrads”, in the T-tubule
membrane: each of the four alternating RyR1 subunit is occupied by a Cayl.1 protein (Block et al.,
1988) (Fig. 9). This tetrad arrangement is unique to skeletal muscle, and is not found in the heart. This
organization ensure a close proximity of these channels, allowing a direct mechanical coupling and
signal transduction. The specific individual role of charge movement and tetrad formation on ECC,
depending on Cayl.1 interaction with RyR1, has been investigated. It has been demonstrated that
when restored in relaxed zebrafish (no Ca%* transient), charge movement rescued the Ca? transient
only partially, while when both charge movement and Cay1.1 tetrad organization were restored it
resulted in a total rescue in Ca?* transient and zebrafish motility (Dayal et al., 2022). The direct impact

of tetrad organization on ECC has not been tested independently of the charge movement.
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Figure 9. Arrangement in tetrads and interaction of Cay1.1 and RyR1 within muscle cells.

Left: electron microscopy images (Dayal et al. 2022) showing CaV1.1 channels arranged in tetrads (indicated by red dots) in
normal condition while not organized in “relaxed” (Cay81-null mutant) muscle cells. Center: tetrad organizations composed
by RyR1 tetramers closely associated with Cay1.1, itself arranged into groups of four. Right: this organization is necessary for
their physical coupling (created with BioRender.com).
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Among the three mentioned and described prerequisites for a proper ECC in skeletal muscles, the role
of Cay1.1B1 subunit is crucial: this subunit accurately induces Cay1.1 targeting in the sarcolemma and
at the triad, is able to trigger its organization into tetrads and is also required for charge movement

facilitation. These roles in ECC mechanism will be further described in Chapter 2 of this manuscript.

Years after the characterization of Cay1.1 and RyR1, another protein has been demonstrated to be
crucial for ECC by allowing a proper Cay1.1-RyR1 interaction: STAC3 (for Src Homology 3 (SH3) and
cysteine-rich domain-containing protein 3) is a protein interacting with Cayl.1 at the triad that is
essential for regulating the voltage response of the Ca?* channel. Indeed, Horstick and colleagues
characterized in 2013 a zebrafish mutant model underlying the same defective ECC phenotype as
dysgenic and dyspedic mouse models and a genetic screening leads to the identification of the
causative mutation in the STAC3 gene (Horstick et al.,, 2013). The STAC3-null mice were also
characterized the same year with a disrupted ECC mechanism leading to a perinatal lethality (Nelson

et al., 2013). These studies were the first ones to point STAC3 as essential for ECC.

I1l- The neuromuscular junction (NMJ)

The NMJ is a neurochemical synapse with a highly specialized anatomical and molecular structure
enabling neuromuscular transmission. It is composed of a tripartite synapse formed by the presynaptic
nerve ending of motor axon, the postsynaptic skeletal muscle fiber and specialized glial cells named
terminal Schwann cells, which cap the nerve ending. These three elements interact to support the
proper NMJ function (Ko and Robitaille, 2015). The gap between the pre- and the post-synaptic

elements is called the synaptic cleft.

In mammal adult muscles, the area occupied by NMJ is less than 0.01-0.1% of the total surface of the
muscle and these post-synaptic sites are highly specialized to ensure the proper transmission of

electrical influx transmitted by the nerve.

a) AP transmission to the muscle

The nerve influx induces the increase of Ca?* inside axonal termination and presynaptic zone which is
rich in synaptic vesicles containing AcetylCholine (ACh), the key neurotransmitter for brain functions
and muscle contraction. It leads to the exocytosis of the ACh-containing synaptic vesicles and the
liberation of the neurotransmitter into the synaptic cleft, activating its specific nicotinic receptor, the

acetylcholine receptor (nAChR) on the post-synaptic membrane (Fig. 10).

The reversibly bound ACh is then released from its receptor, and the excess ACh is hydrolyzed into
acetate and choline by the AcetylCholineEsterase (AChE), an enzyme specific to the synaptic cleft. Free
choline is then re-uptake by the end of nerve terminal via the choline transporter, and recycled to

generate new ACh molecules locally in synaptic vesicles.
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Figure 10. Neuromuscular Junction in mammals.

Nerve depolarization via Ca?* entry promotes the fusion of AChR vesicles with the terminal nerve membrane and the release
of ACh in the synaptic cleft. ACh bound the AChR in the post-synaptic sarcolemma membrane, causing membrane
depolarization and, ultimately, muscle contraction (created with BioRender.com). Electron microscopy image is from
https://www.zoology.ubc.ca/~gardner/chemical_synapses%20-%20postsynaptic.htm.

When the nerve AP is transmitted to the muscle through the activation of AChR receptor channel,
triggering muscle membrane depolarization down to the bottom of the sub-synaptic folds, Na* channel
open when they exceed a specific threshold (around -65mV). This local depolarization then leads to

the propagation of depolarization across the entire surface of the myofiber (Fig. 10).

b) Molecular actors at the NMJ
Agrin:

Agrin is an heparan sulphate proteoglycan that exists as several isoforms, whose expression depends
on cell type. The neural secreted isoform is named Z* agrin or neural agrin and is specific to motor
neurons (Bezakova and Ruegg, 2003). Its role is crucial for NMJ formation: genetically depleted models
are lethal due to the deficient formation of NMJ (Gautam et al., 1999). Reversely, gain-of-function
studies demonstrated that agrin can function as a nerve substitute for the organization of a complex

post-synaptic apparatus in vivo (Sanes and Lichtman, 2001).

The role of neural agrin in NMJ formation goes through its ability to trigger the aggregation of AChR,

as well as other proteins of the postsynaptic apparatus, when released from the nerve terminal. During
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development, the mechanism by which neural agrin induces aggregation and clustering of aneural
AChR implies a signalling involving the Lrp4 protein (Low-density lipoprotein receptor-related protein

4) and its co-receptor MuSK (Muscle Specific Kinase), concentrated in the centre of the muscle fiber.

Lrp4-MuSK signalling:

Neural agrin released from the nerve terminals, binds several molecules at the myotube surface,
including the transmembrane protein Lrp4 via its f1 propeller domain and two Agrin-Lrp4 dimers are
assembled on the surface of muscle cells: this tetrameric complex then activates its co-receptor MuSK
through transphosphorylation of its tyrosine kinase domain in position Tyrosine Y553. The subsequent
recruitment of DOK7 (Docking protein 7), a muscle cytoplasmic kinase, enables full activation of MuSK
by binding to its extracellular juxta-membrane domain, which further enhances MuSK kinase activity
(Eguchi et al., 2016; Inoue et al., 2009). The decisive role of Dok7 in the formation of NMJs has been
demonstrated in mice lacking DOK7 that fail to cluster AChR and to form neuromuscular synapses
(Inoue et al., 2009; Okada et al., 2006). DOK7 is sufficient on its own to activate MuSK outside of
agrin/Lrp4/MuSK signalling (Bergamin et al., 2010; Okada et al., 2006). When active, MuSK initiates
several downstream signalling cascades, among which Rapsyn recruitment. Rapsyn plays a crucial role
in AChR aggregation by anchoring the complex to the cytoskeleton, therefore stabilizing AChR at the
NMJ (Moransard et al., 2003; Oury et al., 2019) (Fig. 11).

Presynaptic
motor axon

AChR

Rapsyn

%:ChR aggregation

3) Dok7 recruitement Postsynaptic skeletal muscle fiber

LRP4

2) MuSK dimerization
! & phosphorylation

MuSK
Dok7

Figure 11. Molecular mechanism of the Agrin-Lrp4-MuSK signalling.

Agrin, released from the presynaptic motor axon, binds to LRP4 on the postsynaptic skeletal muscle fiber. This induces MuSK
dimerization and phosphorylation, which triggers its activation. Dok7 is recruited to MuSK extracellular juxta-membrane
domain, which enable its full activation and enhances its kinase activity. Downstream signaling pathways, including rapsyn
recruitment, are triggered to induce AChR aggregation (created with BioRender.com).
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nAChR

The nicotinic AChR is a complex of proteins forming an heteropentamer with two a, one 3, one 6 and
one y subunits in fetal muscle tissue. After birth, the y-subunit is replaced by €-subunit, the importance

of this change will be described below in this chapter.

During mammalian development, the transcription of AChR subunit genes begins as early as myotubes
are formed. After AChR subunit translation and assembling into a,By6 heteropentamers, they insert
into the sarcolemma but at very early embryonic stages their density does not exceed =1 000 AChR
by um? of muscle membrane. The gathering of AChR into concentrated regions is called clustering. The
highly specialized portion of sarcolemma at the NMJ reaches more than 10 000 AChR by um? while in

the extra-synaptic membrane this density drops to less than 10um=.

Upon denervation, traumatic or pathologic nerve damage (nerve injury, motor neuron disorders, etc.)
the fetal AChR is re-expressed as an attempt by the muscle to increase its sensitivity to ACh and as a
try to maintain a functional nerve influx to the sarcolemma. This re-expression of the fetal y-subunit in
adult muscle after denervation has been observed in several mammalian species like in rat, mouse and
in humans, and also in chicken (Cetin et al., 2020) , specifically in type | muscle fibers (Gattenlohner et
al., 2002).

Whnt signalling:

While agrin is essential for AChR clustering in NMJ formation, Wnt signalling, in a modulatory manner,
is also involved in AChR aggregation. In vertebrates, the role of Wnt proteins in the NMJ’s overall
formation is complex due to the multiple Wnt genes included in the Wnt family, among which great
functional heterogeneity has been observed. Wnt4, Wnt9a, Wnt9b, Wnt10b, Wnt16 and Wnt11 have
been demonstrated to be involved in AChR aggregation in absence of neural agrin in vitro (Messéant
et al., 2017; Zhang et al., 2012). In addition, some Whnts also act on the agrin-induced AChR clustering
by promoting (Wnt3) or inhibiting it (Wnt3a, Wnt8a, Wnt7a and Wnt10b) (Li et al., 2018).

c¢) NMJ formation, maturation and maintenance

Before innervation:

At early embryonic stages, before innervation takes place (before E14,5 in mice), aneural AChR clusters
aggregate in a large central region of the myotubes defining the location of the future NMJ: this
phenomenon is known as muscle pre-patterning. This event is muscle-intrinsic and independent of
innervation (Arber et al., 2002; Yang et al., 2001). This recruitment is linked to the capacity of post-
synaptic proteins as Lrp4 and MuSK to synthesise and accumulate AChRs at the future synaptic zone
(Bloch and Pumplin, 1988; Yang et al., 2001; Lin et al., 2001). AChR clusters being a hallmark of a highly
differentiated postsynaptic apparatus, the common-sense hypothesis is that these aneural AChR

clusters represent the first initiating events of the complex mechanism of NMJ formation.
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Concurrently, the central nervous system develops, with the spinal cord in ventral position hosting the
specification of motor neurons. These motor neurons are directed toward their muscle target by
various molecular cues, which are received by the axonal growth cone, an actin-supported structure

that grows toward its synaptic destination.

Initiation of muscle innervation:

During NMJ development, when innervation begins around E14, the axonal growth cones head
sarcolemma and the first synaptic contacts are established. There is an apposition between the axonal
growth cone of the motor neuron and the predefined sites of AChR aggregates on the myotube (pre-
patterning) associated with Lrp4 and MuSK in the central zone of the muscle fiber. The motor axon
then plays an active role in the development, maturation and stabilisation of the post-synaptic sites
with, on one hand, the release of ACh which disperses the aneural AChRs and, on the other hand,
neural agrin which activates the synthesis of AChRs subunits in the sub-synaptic nuclei which are then

addressed at the top of the crests of the sub-neuronal folds when muscle is mature (Ngo et al., 2007).

Agrin, released by the motor axon, has been suggested to initiate the formation of synaptic
clusterization of AChR: this is the neurocentric model. However, as mentioned above, aneural AChR
clusters can already be observed along a central band in muscle fiber before innervation begins as well
as in primary myotubes cultured in presence of neural agrin (Lin et al., 2008). Besides, many in vitro
studies using either myogenic cell lines (Pezinski et al., 2020; Weston et al., 2000) or primary cells (Chu
et al., 1995; Pezinski et al., 2020) pointed out the existence of AChR clusters, termed “hot spots”,
forming spontaneously on myotubes. In particular, Kummer and colleagues showed in 2004 elaborated
branched AChR clusters formed on in vitro myotubes, surprisingly similar to a mature in vivo post-
synaptic apparatus (Kummer et al., 2004). These studies were made either in vivo before innervation
begins or in vitro without neural agrin addition therefore supporting the myocentric hypothesis
according to which muscle-derived cues spatially restrict the nerve to form synapses from aneural
AChR clusters.

Interestingly, nerve-muscle co-cultures showed that axons actually contact myotubes at random sites,
disregarding the pre-existing primitive AChR clusters and, instead, new AChR clusters are formed at
these nerve-muscle interaction spots (Anderson and Cohen, 1977; Frank and Fischbach, 1979). In vivo
data later supported these in vitro studies by showing that AChR in zebrafish failed to cluster in the
absence of motor neurons (Liu and Westerfield, 1992) therefore supporting the neurocentric

hypothesis of NMJ formation.

In this context, the question of the role of muscle pre-patterning was addressed. It was suggested that
muscle pre-patterning may contribute to guiding motor neuron growth broadly to the center of muscle
fibers, but aneural AChR clusters do not necessarily guide a specific nerve to interact with a muscle

fiber at a particular spot (Wu et al., 2010). Moreover, when the aneural AChR, constituting muscle pre-
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patterning, is genetically removed, it results in an excessive nerve branching and abnormal NMJ
formation (Liu et al., 2008). In regard to these affirmations giving a different role of the aneural versus
nerve-induced AChR clusters, the transition from one to the other is suggested to be essential for the

establishment of a functional synaptic connection between motor neurons and muscle fibers.

Role of ECC machinery in muscle pre-patterning:

The importance of muscle activity in AChR clustering at the muscle surface has been suggested as early
as in the 1970s when myofiber activity stimulation in vitro has been associated with an alteration of
AChR expression levels (Cohen and Fischbach, 1973). Dysgenic mice (Cayv1.1-null) display an abnormal
distribution of AChRs (Rieger et al., 1984) and since this model show a disrupted ECC, the challenge
was to separate muscle electric activity from its contractile activity to decipher if only one or both
mechanisms were involved in muscle patterning. Two teams investigated this aspect by taking
advantage of mouse models genetically altered for molecular components of the ECC machinery to
look into the relative effect of excitation versus contraction on AChR clustering (Chen et al., 2011;
Kaplan et al., 2018). Interestingly, they showed that muscle pre-patterning was preserved in both
dyspedic mice (RyR1-null) and in Cay1.1"" mice, a model with a non-conducting Cay1.1. However, in
the RyR17; Cav1.17- double KO, AChR patterning was severely affected, indicating that Ca?* influx and

release is crucial for a proper muscle pre-patterning during NMJ formation (Kaplan et al., 2018).

The regulation of muscle pre-patterning by the Ca?-related muscle activity goes through the
consecutive action of several molecular partners: when Ca?* signalling is disrupted, this abolishes the
inhibition of Myogenin transcription, known to act as a positive regulator on AChR and MuSK
transcription (Tang et al., 2004; Tang and Goldman, 2006). Consequently, the loss of Ca* normal
activity during development leads to aberrant MuSK and AChR expression resulting in abnormal AChR

aggregation and finally altered muscle innervation (Chen et al., 2011; Tang et al., 2006).

Later stages of muscle innervation:

After innervation, the nerve releases factors inducing the full differentiation of the postsynaptic
apparatus. This density of AChR is an important hallmark of a highly differentiated post synaptic NMJ
membrane. Several events occur to reach such concentration after the docking of nerve to muscle: 1)
the redistribution of AChRs from extra-synaptic to synaptic areas, participating to the clusters after
arrival of the motor axon growth cone 2) stabilization of AChR after clustering, 3) specialization of sub-
synaptic nuclei (Belotti and Schaeffer, 2020) in the transcription of AChR subunits (among other
postsynaptic components) and, 4) repression of AChR subunit transcription at the non-synaptic nuclei
(Sanes and Lichtman, 2001) (Fig. 12).
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Figure 12. Development and maturation of AChR at the NMJ.

This figure illustrates the changes operating in AChR during NMJ development from fetal to adult stages. AChR switches from
its embryonic a;8yé to its adult a,8€6 form at perinatal stages. Before innervation, AChRs are distributed along sarcolemma
at low density. Between E14 and E18, agrin triggers the high clustering of AChRs under the nerve ending. In adult muscles,
depolarization induces the release of ACh from the nerve ending, which activates postsynaptic AChRs located at the top of
subsynaptic folds. This activation leads various signalling cascades, including the transcription of AChR and other post-synaptic
components, coded by genes in subsynaptic nuclei (created with BioRender.com).

When the ECC machinery is mature, the release of ACh from the nerve causes muscle depolarization,
itself leading to the dispersion of AChR aggregates that are not involved in synaptogenesis.
Concurrently, neural agrin impedes the action of ACh in synaptic areas and stabilises neuronal AChR
clusters (Kummer et al., 2006; Misgeld et al., 2005). The double role of agrin to 1) activate the
Lrp4/MuSK complex and thus AChR aggregation, and 2) to counteract the “antisynaptogenic” effect of
ACh and therefore stabilize of AChR aggregation, is primordial for the formation of the large oval-
shaped plaques of uniformly distributed AChR. Such immature NMlJs are innervated by multiple axons

(E16-P14) and the size of the clusters increases as the muscle grows.

In adult muscle, the same mechanism of action of the nerve released ACh, through muscle
depolarization, and Agrin through Lrp4/MuSK signalling, allow the maintenance of the AChR clustering
pattern (Fig. 12).

Simultaneously, the nerve endings differentiate into synaptic boutons and progressively accumulate
more and more ACh-rich synaptic vesicles. Interestingly, studies using mice lacking electrical activity
are associated with defect in this nerve terminal differentiation, suggesting a role for synaptic
transmission in this process (Misgeld et al., 2002; Pacifici et al., 2011). This was more deeply
deciphered by a study published in 2019 by Kaplan and Flucher showing that Cay1.1 coordinates the
presynaptic differentiation through the regulation of Ca? signalling (Kaplan and Flucher, 2019).
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Another aspect of nerve differentiation during development is the axonal arborization, shown to be
aberrantly extensive in models lacking genes necessary for muscle AChR patterning such as agrin,
MusSK, Lrp4 and rapsyn (Li et al., 2018). Accordingly, in mice treated with blocking antibodies against
Lrp4 or MuSK, presynaptic defects are observed (Shen et al., 2013; Viegas et al., 2012). This suggests
that this axis regulates nerve end-plate differentiation. High differentiation of sarcolemma is mediated
by the nerve terminal releasing factors, and reversely, there is also a retrograde signalling from the
muscle to the nerve terminal, resulting in tightly coordinated differentiation of both pre-and post-

synaptic components (Li et al., 2018).

Maturation and maintenance of the NMJ:

At birth the neuromuscular synapses are functional but their efficacy is insufficient for a proper motor
activity. Their maturation, which is complete around 20 days after birth, enhances their efficacy. At
birth, muscle expresses only the fetal AChR form a,fyd, which will shift to the adult a,f€6 form
gradually as post-natal innervation increases (Mishina et al., 1986; Missias et al., 1996). This event is
transcriptionally regulated by MRF factors (Wang et al., 2003). Structural variations between the y-
and e-subunits have been connected to a number of functional differences between fetal and adult
AChRs: there is an higher affinity of ACh for the fetal AChR, associated with a longer opening time of
the channel (Kopta and Steinbach, 1994; Nayak et al., 2014), but AChR conductance is higher in adult
compared to fetal (Cetin et al., 2020). The switch from y- E-subunit also influences the stability of NMJ
with AChR clusters becoming more resistant to disassembly: plaques disassemble rapidly after
denervation in the first post-natal weeks while adult synaptic AChR remains clustered for many weeks
after denervation (Sanes and Lichtman, 2001). In short, the shift from fetal to adult receptors enable
functionally superior features and results in more stable and denser receptor aggregation, leading to

improved synaptic transmission and muscle function.

Morphologically, AChR clusters undergo progressive perforation of AChR plaques to end up as a
mammalian pretzel shape (Slater, 1982) innervated by a single axon (Li et al., 2018). The postsynaptic
apparatus also matures at macroscopic level: the sarcolemma forms an hemicylindrical synaptic trough
that embeds the nerve ending, increasing the contact surface between the axon and the muscle. It also
acquires invaginations called neuronal folds. These modifications enhance the efficiency of

neuromuscular transmission and ECC (P14).

The maintenance of NMJ in adult muscles involves a complex interplay of different factors.

1) Molecular interactions and signalling pathway: Agrin, Lrp4, MuSK and Dok7 integrity and their
proper signalling are crucial to ensure an appropriate, dense and functional AChR clustering. Indeed,
individual loss of the actors of this pathway post-natally after synapse maturation (i.e. by the mean of

doxycycline-inducible Lrp4 deletion (Barik et al., 2014), electroporation of MuSK-targeting siRNA or

26



General introduction

dsRNA (Kong et al., 2004) or MuSK conditional deletion (Hesser et al., 2006) leads to the destruction
of NMlJs.

2) Synaptic activity: when the nerve is damaged, the absence of neuronal stimulation causes AChRs to

disperse.

3) Structural components like the Dystrophin-Glycoprotein Complex (DGC): this complex links the
muscle cytoskeleton to the extracellular matrix and if several of its components are linked with NMJ

formation or maturation, it also seems to play a role in its maintenance (Grady et al., 2000).
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CHAPTER 2: Ca\B proteins

The Voltage Gated Ca?* Channels (VGCCs) are crucial transducers of membrane depolarization into
intracellular Ca?* transients, which trigger many physiological events. Three families of VGCCs have
been defined in mammals: Cayl, Cay2 and Cay3. Each of them is associated with tissue-specific
functions. In muscles, Cayl (described in the previous Chapter) is a L-Type Ca?" channel (LTCC)
mediating muscle contraction through ECC. Cay2 channels are expressed in the peripheral and central
nervous system where they drive synaptic transmission through N-, P/Q- and R-type channels. Finally,
Cay3 are T-type channels responsible for peace-making and repetitive firing, meaning that it induces

oscillatory transients in excitable cells and in particular in neurons (Dolphin, 2021).

Cavl and Cay2 are High-Voltage-Activated (HVA) channels meaning that they require a high membrane
potential to get activated, while Cay3 is a Low-Voltage-Activated channel family (LVA) (Catterall, 2011;
Tsien et al., 1988; Zamponi et al., 2015). HVA are constituted by two transmembrane proteins: the
main pore-forming subunit al (Cayal) and the y subunit (Cavy), one extracellular a26 subunit (Caya26),
and one intracellular Cayp subunit. In contrast, LVA channels are only constituted by Caval (Rima et
al., 2016). In total, several genes encode VGCC subunits: 10 Caval, 4 CayB, 4 Caya1ld and 8 Cavy genes
have been enumerated (Rima et al., 2016) (Fig. 13).

HVA channels (Cay1 & Cay2)

Channel Current :
o family.  type a; subunit Gene

Ca,1 L-type Ca,1.1 or Ca,als CACNA1S
Ca,1.2 or Ca,alc CACNATC
Ca,1.3 or Ca,ald CACNATD
Ca,1.4 or Ca,alf CACNATF

Ca,2 P/Q-type Ca,2.10r Ca,ala CACNATA
N-type Ca,2.2 or Ca,alb CACNATB
R-type Ca,2.3 or Ca,ale CACNATE

Ca,3 T-type Ca,3.1 or Ca,alg CACNA1G
Ca,3.2 or Ca,alh CACNATH

v3. vati NATI
LVA channels (Cay3) Gais:2iorGaall GAC

Auxiliary subunits:

B1, B2, Ba, Ba

0261, 0262, 0263, 0264
Y. Y2, Y3 Ya Y5 Yo Y7. Vs

Figure 13. LVA and HVA Ca?* channels and their current types, subunit composition and associated genes.

HVA channels (CaV1 and CaV2 channels) are composed of the pore channel al, and regulatory subunits a2, 81 and y1. In
contrast LVA (CaV3 channels) are constituted of the pore channel a1 only. In total, 10 genes code for 10 different a1 subunits,
with specific biophysical properties that results in distinct current types, classifying the channel family type. Table from Buraei
et al. 2010 (created with BioRender.com).
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A specificity of HVA channels compared with most voltage-gated ion channels is the primordial role
played by the auxiliary Cayf subunit. Indeed, if the Cayal subunit confers the biophysical and
pharmacological properties of Cay, Cayf is required for its correct membrane-targeting and for
functional properties such as the fine-tuning channel gating (Lacerda et al., 1991). This Chapter 2 will

focus on CayPB proteins and the understanding of their biological functions, related or not to Cays.

I- CayB proteins

a) CayBisoforms

Expression and tissue distribution:

The first discovered and cloned CayB protein is the skeletal muscle CayB1D isoform (Pragnell et al.,
1991; Ruth et al., 1989), formerly known and referred as CayB1A (Traoré et al., 2019). Further studies
revealed the existence of four CayB proteins in mammalian: Cayp1, CavB2, CavB3, and Cavp4 encoded
by four genes: CACNB1, CACNB2, CACNB3, and CACNB4 respectively. Each CayB mRNA can undergo
alternative splicing, therefore generating an extensive number of variants (Buraei and Yang, 2010).
Splice variants originating from alternative exon splicing harbour different amino acidic compositions
of their variable regions, leading to specificities in protein interaction (Obermair et al.,, 2010;
Subramanyam et al., 2009), subcellular targeting properties, and cellular localization, all influencing
the stability and activity of channel complexes (Campiglio et al., 2013). We can also mention the
diversity of tissue distribution of Cayp proteins, although particularly abundantly expressed in brain,

heart and muscles, in other words, mostly in excitable tissues.

Gene name | Cayf variants | Tissue distribution in mouse
Bla Skeletal muscle (during development, after nerve
damage, data showed in this manuscript)
B1b Heart, cerebellum, cerebral cortex, nerve, pancreas
CACNB1 Blc Brain, spleen
B1d Skeletal muscle (Traoré et al., 2019)
Ble Skeletal muscle (during development, after nerve
damage (Traoré et al., 2019))
B2a Heart, aorta, brain
B2b Heart, aorta, brain
CACBN2 B2c Heart, brain
B2d Heart (during development)
B2e Heart (during development
B3 Brain, heart, aorta, kidney, lung, muscle, spleen,
CACNB3 thalamus, T-cells, trachea
B3_truncated | Brain, heart and aorta
B4a Spinal cord, cerebellum
CACNBA B4b Spinal cord, forebrain

Table 1. Tissue distribution of Ca\8 isoforms (modified from Buraei et Yang, 2010).
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Ca\8-Caval interaction:

A study analysing the amino acidic composition of CayB, identified a protein sequence consistent with
a cytoplasmic localization of this subunit (Ruth et al., 1989). Indeed, the majority of CayBs show a
cytoplasmic distribution in the absence of Cayal. However, when co-expressed with Cayal, CavBs

localize to the plasma membrane due to their interaction (Buraei and Yang, 2010).

b) Structural features of Cayp proteins

The core protein structure of Cayf is defined by the presence of a Src homology 3 (SH3) and a guanylate
kinase (GK) domains. These two highly conserved domains are connected by a variable HOOK region
(Fig. 14). This SH3-HOOK-GK module constitutes the core of Cayf protein making it as a member of the
big membrane-associated guanylate kinase (MAGUK) family. In contrast, N-terminal and C-terminal
domains of Cayf are variable regions, considering their length and their amino acid sequence (Buraei
and Yang, 2013, 2010).

Protein-protein interaction unit
A

4 N\
NT — HOOK I GK cT
— — —
NLS sequence PxxP sequence BID ABP Interaction
Essential for ECC Maintain SH3-GK Interaction with RyR‘|
interaction with AID
\ .
N '

Essential for the CaVp1-Cayal interaction

Figure 14. Functional domains and key sites of Cay81 proteins.

Schematic representation of CaV81 protein domains: N-Terminal (NT) domain with an NLS sequence, SH3 domain with PxxP
sequence, essential for ECC mechanism, HOOK domain, GK domain, a protein-protein interaction unit containing the AID-
Binding Pocket (ABP) site, essential for CaVB1 interaction with CaVals, and the C-teminal (CT) domain, with the RyR1
interaction site (created with BioRender.com).

The SH3 domain is an interaction region found in a wide range of proteins. It contains a hydrophobic
sequence that binds to its target proteins through a PxxP sequence. This SH3 domain presents a well-
conserved fold of five consecutive B-strands. However, the PxxP sequence in CayB-SH3 domain is
partially hidden due to a different folding of the protein: the five successive B-strands are interrupted
by the HOOK region between the fourth and the fifth B-strand. Consequently, it might require a
conformational change to expose this PxxP protein-protein interaction sequence (Buraei and Yang,
2013). Nevertheless, another study proved that this CayB-PxxP domain is actually active in skeletal

muscle and is needed to ensure a proper ECC (Dayal et al., 2013) (Fig. 14).

GK stands for Guanylate kinase, a name reflecting the typical catalytic activity of the GK-domain:
facilitating the transfer of a phosphate group from ATP to GMP, generating ADP and GDP. However,
evolutionary modifications have rendered the GK domain in the MAGUK family inactive due to
structural differences and the absence of essential catalytic residues. Instead, the MAGUK-GK domain
has evolved into a protein-protein interaction unit. Specifically, in CayB, it contains a highly conserved

group of residues known as Beta Interaction Domain (BID), which is determinant for Cayp interaction
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with the Cay-Alpha Interaction Domain (AID) (Buraei and Yang, 2013, 2010; Pragnell et al., 1991).
Surprisingly, crystallography studies demonstrated that the AID does not directly binds the BID, but
rather interact with an AID-binding pocket (ABP). Indeed, if mutations in either AID domain of Cayal
or BID domain of CayB weaken their interaction and reduce the resulting Ca?* channel current,
mutations in the ABP can lead to a complete abolishment of AID-Cay link (He et al., 2007).

The SH3 and GK domains of Cayf interact, with the last B-sheet of the SH3 domain playing a crucial
role in strengthening this interaction. Interestingly, BID domain is crucial for maintaining this
interaction which is demonstrated to be needed for the function of CayB protein. Indeed, if BID
mutations have only a mild impact on Cayal-Cayp interaction, they do alter Cayp folding which impacts
the function of Cays (Buraei and Yang, 2010) (Fig. 14).

Il- CavP regulation of HVA Ca?* channels

a) Plasma membrane expression of Cayal

An invitro study performed in COS cells showed that when Cay is absent, Cayal pore channel is unable
to localize to the plasma membrane and that the transient expression of either CayB1b, Cayp2a, Cav3
or CayB4 isoforms is able to rescue this phenotype. This study indicates that Cayps act as chaperone
proteins for Cayal (Brice et al., 1997). One hypothesis for such a mechanism is suggested to be linked
to an ER-retention signal which has been identified in Cay1.2 and Cay2 on the cytoplasmic I-ll loop of
Cayal. The inhibition imposed by the retention signal was observed to be reversed upon Cayp transient
expression in COS cells. Besides, the genetic deletion of the retention signal was shown to facilitate
Caval targeting to the membrane in the absence of Cayf (Bichet et al., 2000). However, some data are
inconsistent with this hypothesis including Cay1.1 not being retained to the ER while sharing the same
I-1l loop with Cay1l.2 and Cav2. Another hypothesis for the mechanism of the CayB-related Caval
trafficking to the plasma membrane would be indirect, through helping Cayal to escape the
degradation pathway by preventing its ubiquitination. Indeed, a treatment with an inhibitor of the
proteasome was shown to induce the correct trafficking of Cayal channel in absence of CayB. This
suggests that CayB might interfere with the proteasome pathway, leading to the stabilization of Cays
(Altier et al., 2011).

b) HVA Ca? channel gating properties

Channel gating refers to the opening and closing of protein channels, and in this case of ion channels,
regulating the passage of ions through the plasma membrane. Channel gating can be modulated by 1)
electrophysiological features, due to the responsiveness of channels to the changes in electrical
potential of the membrane; 2) ligand binding, this is the case for neurotransmitter receptors, 3)

changes in pH, lipid molecules etc. (Jiang, 2019).
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Channel gating is crucial for various cellular processes like the maintenance of resting membrane
potential, the generation of AP in neurons or muscle cells, the regulation of muscle contraction, the
control of hormone and neurotransmitter secretion (Excitation-Secretion Coupling). The modulation
of channel gating features through the enhancement of Voltage-Dependent Activation (VDA) and/or
Voltage-Dependent Inactivation (VDI). CayB proteins are able to modulate these channel gating

properties.

Ca\8 in Ca’** channel activation:

The ion-channels display a voltage sensor function to open in response to membrane depolarization.
All channels are not sensitive to the same changes in voltage: they display a threshold sensitivity,
meaning that beyond a certain point, each channel undergoes a conformational change, causing it to
open. All CayB have been demonstrated to shift this threshold to more hyperpolarized voltages,
therefore facilitating Caval opening (Gregg et al.,, 1996; Weissgerber et al., 2006). Indeed, when
expressed in heterologous model, Cayal is able to induce Ca? influx into the cell but its co-expression
with CayB subunit triggers major changes in its gating properties with increasing Ca?* currents and an
acceleration of channel activation and inactivation (Varadi et al., 1991). Similarly, Cayp2 gene

disruption in cardiomyocytes results in a reduced Ca% current (Weissgerber et al., 2006).

Ca\8 in Ca** channel inactivation:

As VDA, Cavp proteins trigger to VDI by contributing to a hyperpolarizing shift in the voltage
dependence for inactivation. This means that at a specific voltage, Cayal will be more inactivated when
CayB is present than when it is not: Cayp lowers the threshold for inactivation. One exception is Cayp2a,
which actually shifts the voltage dependence for inactivation in a depolarizing direction. Besides, Cayf
accelerates the speed of how Caval is inactivated after activation, therefore reducing the time during

which Ca?* can enter the cell (Buraei and Yang, 2013).

c) RGK inhibition of HVA Ca?* channels

The RGK refers to a family of proteins named after its founding members: Rad, Rem, Rem2, and
Gem/Kir. RGK proteins are small Ras-related GTP-binding proteins that belongs to the Ras superfamily.
They are potent inhibitors of Voltage-Dependent Ca?* Channels (VDCC), a group of channels including
VGCC.

When co-expressed with Cayal and Cayp VGCC subunits in heterologous systems, each RGK member
ends up inhibiting Ca* currents while Ca%* currents produced only by Cayal expression, in the absence
of CayPB, are unaffected. This strongly indicates that RGKs impede VGCC through Cavf (Rima et al.,

2016). Several mechanisms have been proposed to explain RGK inhibition on VGCC function: 1)
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competition between RGK proteins and Cayf to interact with Cayal and therefore impeding the correct
trafficking of Caval to the plasma membrane and/or 2) inhibition of the CayB-related VGCC gating
properties. Either ways, Cayp are critical for the regulation of VGCC by RGK (Rima et al., 2016).

- CavB1 & ECC

CavB, and more specifically the skeletal muscle isoform Cayf1, plays a critical role in ECC by assisting
Cayl.1 channel. When the CayB1 encoded gene (Cacnb1) is genetically inactivated, ECC is abolished
(Gregg et al., 1996; Zhou et al., 2006), similarly to dysgenic mice (Cacnals”’). As part of the HVA family,
Cayl.1 is regulated by CayB1, in the context of skeletal muscle ECC, accordingly to its properties
described in the previous section: targeting Caval to the sarcolemma, modulation of channel gating
properties and inhibition by RGK proteins. This section reviews the additional mechanisms by which

CavPB1 regulates Cay1.1 function to ensure proper skeletal muscle ECC mechanism.

a) Tetrad formation

As mentioned in Chapter 1, the skeletal muscle Cavl.1 is specifically localized at the T-tubules
(sarcolemma invagination) and organized in tetrads where they connect sarcolemma to the RS by
interaction with RyR1 (Fig. 9). This structural conformation is required for ECC function. In a zebrafish
relaxed homozygous mutant (red*?*, which is a CayBl-null mutant), the organization of Cayl.1
opposing to RyR1 is disrupted. This defect is directly linked with a defective ECC, pointing CayB1 as the
driver of tetrad formation, and tetrad formation as a prerequisite for ECC (Schredelseker et al., 2005).
Re-expression of the cardiac/neural CayB2a isoform (the phylogenetically closest to CayB1) in
myotubes isolated form the red®?* mutant shows a very limited recovery of tetrad formation. Indeed
among all Cayf isoforms, CayB1 and Cayp3 are the only ones holding this specific function of allosteric
modifier of Cay1.1 conformation, allowing a complete restoration of Ca?* current and zebrafish motility
(Schredelseker et al., 2009).

Later, other studies expressed Caypf1/CavB4 chimeras in the zebrafish relaxed strain to map the specific
CavB1 domain responsible for tetrad formation. They observed that Cayp1/CavB4(dist.C) (with Cavp4
distal C-terminal domain) expression in relaxed zebrafish did not restore tetrad formation while the
reverse chimera CayB4/CavB1(dist.C) did, therefore pointing this Cayp1-distal C-terminal domain as
sufficient for driving tetrad formation, together with the restoration of Ca?* current and zebrafish
motility (Dayal et al., 2022).
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b) Voltage sensing and charge movement

As mentioned before, the correct function of VGCC channels implies the sensing of membrane
potential in order to adjust channel gating. Such sensing is translated in Cayl.1 (or Cavals) charge
movement. In the CayB1-null zebrafish model relaxed, not only Cay1.1 is not targeted to the triad and
is unable to form tetrads, but it also lacks of its voltage-sensing function and therefore lacks charge
movement, essential for the ECC mechanism. Cay1.1 alone cannot ensure voltage sensing and charge
movement but needs CayB1 subunit to support that role. Indeed, if Block and colleagues showed in
1988 structural evidences for a direct interaction between Cay1.1 and RyR1 (Block et al., 1988), B1-null
models showed that 1 subunit is a critical link between membrane depolarization sensed by the main
a;s subunit and Ca? release from the RS by RyR1. If Cay1.1 charge movement allows its interaction (l1-
Il loop) with RyR1 and Ca?* release from SR, this coupling is allowed by the docking of Cayv1 to RyR1
through CayB1 subunit: without this docking, it might be difficult for Cay1.1 to transduce the signal to
RyR1 (Hu et al., 2015).

All CayB isoforms can trigger charge movement with the exception of CayB3. Dayal and colleagues
published in 2013 a study in which they used artificially-generated CayB1/CavB3 chimeras to map the
molecular domain important for such function. By measuring the resulting charge movement in
relaxed myotubes, they identified a cooperation between Cayf1-SH3 and C-terminus domains in
promoting Cayl voltage sensing. Interestingly, this study highlighted that specific residues of the SH3
domain, known as the PxxP motif is key for eliciting Cay1.1 voltage sensing function, CavB3 being the

only CaypB isoform without this motif (Dayal et al., 2013).

c) Interaction with RyR1

Cayl.1 expression at the triads, tetrad formation and voltage sensing associated with charge
movement are the three Cayl.1-related prerequisites for a proper ECC Ca% transient. However, a
missing component in this ECC has not been mentioned yet in this section: Ca®* release goes through
the opening of RyR1 channel at the SR membrane and this is primarily triggered by Cayl.1 charge
movement which physically interacts with RyR1. However, Caypf1 displays an important role in the

process.

The binding of CayB1 subunit to RyR1 was evaluated and validated through affinity chromatography
experiments. A group of positively charged amino acids K3**°KKRR_ _R3**? in RyR1 controls this
interaction: when a RyR1 gene mutated on these residues is expressed in dyspedic myotubes, it results
in the severe decrease of RyR1-Ca®* current from the SR (Cheng et al., 2005). On CayB side, three
different laboratories demonstrated the importance of a region of the CayfB-distal C-terminal domain
in the activation of RyR1 and its activity (Eltit et al., 2014; Hernandez-Ochoa et al., 2014; Rebbeck et
al., 2011). More specifically, three hydrophobic residues (L496, L500, W503) gather to bind RyR1 and,
when mutated, it results in the disruption of RyR1 activation (Karunasekara et al., 2012). These results

were however reconsidered by Dayal and colleagues in 2022 when they tested the effect of the three
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hydrophobic residues mutated in vivo in relaxed zebrafishes and showed a correct Ca?* transient

restoration (Dayal et al., 2022).

Therefore, the physical interaction of not only Cayals but also CayB1 with RyR1 is necessary for ECC.

IV- Cav-independent CavB function: Regulation of gene expression

Through their action in targeting VGCCs to the plasma membrane and in modulating their function,
CayB proteins significantly regulate Ca** homeostasis. By consequence, they have role in humerous
Ca?*-mediated biological processes such as cell growth, division, differentiation, migration and death,
but also muscle contraction through ECC, hormones secretion, etc. By controlling Ca?* influx into the
cell, VGCCs mediate such biological responses to stimuli through Excitation-Transcription Coupling.
Indeed, Cays-dependent Ca?* signalling is required for the activation of CREB (Cyclic AMP Response
Element Binding) which is involved in synaptic plasticity, memory and cell growth/survival, as well as
the activation of Nuclear Factor of Activated T-cells (NFAT) which is involved in immune response

regulation but also cardiac, skeletal muscle and nervous system development (Barbado et al., 2009).

However, it has become more and more evident that VGCCs also encompass additional functions,

unrelated to their association with Cays.

This section of the manuscript is entirely derived from a mini-review | wrote and published in 2022

(Vergnol et al., 2022), present in the additional documents of this manuscript.

a) Nuclear localization

After the initial cloning of CayB1 in skeletal muscle (CayB1D formerly known as CayB1A (Traoré et al.,
2019)) (Ruth et al., 1989), several studies in various tissues have described Cayp variants lacking the
specific GK domain required for their interaction with Cayal subunit at the AID (Cohen et al., 2005;
Harry et al., 2004). Other works have shown that CayBs can translocate to the nucleus, suggesting a
role beyond its well-known function as a modulator of Cay channels. Under appropriate conditions,

some isoforms of CayB1, CavB2, Cavp3, and Cayp4 exhibit nuclear localization (Buraei and Yang, 2010).

Role of electrical activity on Ca\8 nuclear localization:

The nuclear localization of CayB1 in skeletal muscle (Traoré et al., 2019) and CayB4 in neurons (Etemad
et al., 2014; Subramanyam et al., 2009) correlates with electrical activity. A study published by our
team has demonstrated that after nerve damage, the embryonic CayB1E isoform expression increased
at the nuclei and near the Z-lines, while the constitutive adult muscle variant, Cayf1D, remained
associated with Cay1.1 at the sarcolemma (Traoré et al., 2019). In neurons, Cayp4A and Cay34B were

found to translocate to the nuclei when electrical activity was stopped, while CayB4E did not (Etemad
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et al., 2014). Reduced expression and localization of CayB1E and Cayp4 (isoforms A and B) at the
nucleus correlates with increased electrical activity in muscle fibers and neurons during development
(Etemad et al., 2014; Traoré et al., 2019). The proportion of CayB4 isoforms targeting nuclei correlates
with their ability to regulate genes (Cavp4B > CavB4A > CayB4E). Although the exact mechanism for
nuclear localization of CayB2 and CayB3 is unknown, it is possible that they share a similar

depolarization-sensitive mechanism.

Nuclear targeting related-Cay8 domains:

As previously mentioned, some Caypf1, Cayp2, CayB3, and Cayp4 splicing variants lack the ability to
reach the nucleus. Small proteins can passively diffuse through the nuclear membrane, whereas larger
proteins require a Nuclear Localization Sequence (NLS) to bind to Importins or associate with nuclear
shuttle for targeting to the nucleus. The molecular mechanisms behind Cayf translocation to the
nucleus is not fully understood. Subramanyam and colleagues showed that a specific double-arginine
motif at the N-terminal is sufficient to recruit the Cayf4B variant to nuclei in mouse brain, but this
domain was subsequently demonstrated to be only partially involved in Cayf4B nuclear docking. In
skeletal muscle, CayB1E exhibits a putative NLS signal in its N-terminal domain, suggesting a potential

nuclear targeting via Importin proteins (Taylor et al., 2014; Traoré et al., 2019).

Another proposed region implicated in the nuclear targeting of CayBs is the SH3 domain for which
CavB1 and CayP4 proteins have been showed to exhibit the functional features required the shuttling
(Tadmouri et al., 2012; Taylor et al., 2014). The nuclear docking of CayBs may also depend on their
binding via the SH3-PxxP motif to proteins that themselves shuttle to the nucleus (Buraei and Yang,
2010). CavPB4C nuclear localization, which relies on its interaction with HP1y, is prevented when a large
part of its GK domain is truncated, suggesting the importance of SH3/GK interaction for this property
(Hibino et al., 2003).

The molecular aspects of nuclear targeting for Cayp2 and CayB3 are less studied. However, some

studies suggest that their binding with chaperone proteins may support their targeting to the nucleus.

Such evidences of the nuclear localization/translocation of Cayp variants reveal an undeniable Cay.

independent function.

b) Ca? mediated modulation of gene expression

CavBs were also reported to regulate intracellular Ca?* levels independently of Cays by directly acting
on Ca? stores. CayB3 has been shown to interfere with Inositol 3-Phosphate (IP3)-induced Ca?* release
from the ER in both pancreatic cells (Becker et al.,, 2021; Berggren et al., 2004) and fibroblasts
(Belkacemi et al., 2018) by binding to the IP3 Receptor (IP3R), making cells less sensitive to low IP3
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concentrations. CayB3 acts as a “brake” on Ca?* release, influencing glucose-induced insulin exocytosis

2021; Berggren et al., 2004) and cellular mobility in fibroblasts

in B-pancreatic cells (Becker et al.,

(Belkacemi et al., 2018) (Fig. 15A). These studies showed that CayB subunits regulate free cytosolic Ca%*

concentration, which affects gene expression.
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c) Interaction with transcription factors

Ca\83 prevents Pax6(S) transcriptional activity:

Zhang et al. found that CayB3 co-localize with Pax6(S) in the nucleus, resulting in a =50% decrease in
Pax6(S) transcriptional activity (as demonstrated in Xenopus oocytes by an in vitro reporter system)
while maintaining Cayv channel properties (Zhang et al., 2010). In general, Pax6 proteins are made up
of two DNA-binding domains: a Paired Domain (PD) and a HomeoDomain (HD) and a
Proline/Serine/Threonine (PST)-rich C-terminal domain. PD and HD domains allow the binding to the
cis-elements of target genes and regulate their transcription rate while PST-rich C-terminal domain has
a trans-activation function. Zhang and colleagues found that Pax6(S) has intact PD and HD domains but
a truncated C-terminal domain, resulting in a weaker Pax6(S) trans-activity. This isoform also differs
from canonical Pax6 by having a distinct S-tail that facilitates the interaction with CayB3 (Fig. 15B). This
work suggests a novel function of CaypB3 in negatively regulating Pax6(S) protein activity, although the
precise mechanism, supposed to occur either by CayB3 allosteric hindrance or by Pax6(S) removal from
DNA binding sites, remains undefined. More importantly, this report showed for the first time a full-

length CayPB protein modulating gene transcription independently of VGCC channel (Zhang et al., 2010).

CavB4C prevents HP1y gene silencing activity:

Hibino and colleagues discovered in 2003 the CayB4C variant in chicken cochlea. This truncated CavB4
isoform has been also found in the brain, eye, heart and lung, alongside full-length isoforms CayB4A
and CayP4B. CayB4C, unlike the two other isoforms, lacks a large part of the GK domain required for
association with Cayal (Chen et al., 2004). As a result, it has little effect on Ca?* channel activity (Hibino
et al., 2003). This -by then- newly identified variant interacts directly with the Chromo Shadow Domain
(CSD) of the CHromo Box protein 2/Heterochromatin Protein 1y (CHCB2/HP1y), a nuclear protein that
regulates heterochromatin conformation and therefore gene silencing. HP1y binding to euchromatin
DNA regions correlates with gene repression. Hibino’s study reported that when co-expressed with
HP1y, CavpB4C was recruited to the nucleus, significantly reduced CHCB2/HP1y gene-silencing activity
in vitro (Hibino et al., 2003).

A few years later, Xu and colleagues discovered CayB4C in the human brain and found it to interact
with the CSD of HP1y (Xu et al., 2011). This interaction was also showed to occur via a CSD binding
motif, the PXVXL consensus sequence. Consistently with Hibino and colleagues’ work, they found that
binding of human CayB4C to HP1y caused nuclear translocation and markedly reduced the gene-
silencing activity of HP1y in vitro (Xu et al., 2011). These studies illustrated a first manner for Cayp
subunits to indirectly modulate gene expression by affecting the activity DNA compaction proteins,
like HP1y (Fig. 15C).
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Ca\848B as an organizing platform for transcription-modulating factors:

The CayB4B full length isoform was found in neuron and muscle cell nuclei, with a negative correlation
with electrical activity (Subramanyam et al., 2009). This protein’s localization-related role was later
discovered, with the demonstration that it acted as an organizing platform for a group of proteins that
controlled transcription (Tadmouri et al., 2012). Among the complex-forming proteins, B566, a
regulatory subunit of the PP2A phosphatase, induces histone dephosphorylation while HP1ly
restructures heterochromatin. The last defined component of this complex is a transcription factor
that binds to DNA at promoter regions, enabling B566 and HP1y activity (Tadmouri et al., 2012).
Tyrosine hydroxylase (TH) is modulated by this mechanism, with thyroid hormone receptor a (TRa)
serving as the corresponding transcription factor (Tadmouri et al., 2012). Unlike the previously
described CayB4C effect on HP1y activity, CayB4B enables the complex B566/HP1y/TRa to access the
activity site rather than modulating its function. Subramanyam and colleagues found a negative
correlation between neuronal excitability and V5-tagged Caypf4B positioning at the nucleus, while this
report showed that endogenous Cay4B association with B566, originating their nucleus translocation,
was consecutive to electrical activity (Fig. 15D). This suggests that the V5 tag may have hindered the

pathways leading to Cay4B nuclear localization (Tadmouri et al., 2012).

Role of Cay84 as transcription factor: common function for other Ca\8?

Two studies found that while the nuclear CayB4 full-length inhibited cell proliferation, its epileptogenic
mutant, lacking C-terminal domain, had no effect on cell-cycle related gene expression. Cayp4 affects
the cell cycle by interacting with B566 or T-cell factor 4 (TCF4) transcription factors: in the first case,
the recruitment of B566 to nuclei by CayB4 is thought to repress genes involved in cell proliferation
(Rima et al., 2017a). On the other hand, Cayp4 binding to TCF4 prevents interaction with B-catenin,
inhibiting Wnt-dependent gene expression and cell cycle (Rima et al., 2017b).

These studies established that a Cayp isoform can regulate gene expression independently of Cays,

either with or without electrical activity.

d) Interaction with regulatory DNA sequence

In muscle precursor cells (MPCs), CayB1 can translocate to the nuclei and bind at the promoter region
of 952 genes (Taylor et al., 2014). Crucially, this demonstrates how the absence of CayB1 alters the
expression of multiple genes, either misregulated positively or negatively, defining this subunit as
having a transcription factor role (Taylor et al., 2014). The investigation of this role was particularly
intriguing because it has been shown as affecting myogenin, which was up-regulated in a Cacnb1-null
mouse model (Taylor et al., 2014), obstructing a proper myogenic development (Schuster-Gossler et
al., 2007). The isoform identified as a transcription factor in this study was Cayf1A. However, a study

published by our team in 2019 revised this isoform identification by demonstrating that CayB1E, the
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main CayB1 isoform in C2C12 myoblast cell line, actually carried the capacity to localize to the nucleus
and to exert its function as a transcription factor (Traoré et al., 2019). Indeed, our research
demonstrated that CayB1E directly or indirectly regulated the transcriptional activity of the promoter
triggering Growth Differentiation Factor 5 (GDF5) expression (Traoré et al., 2019), which in turn plays
a critical role in maintaining adult muscle mass homeostasis, when electrical activity is impaired
(Sartori et al., 2013) (Fig. 15E).

Based on all these studies, CayBs proteins have been identified as essential for controlling the
expression of genes via Ca?* signalling, DNA remodelling, modifying of transcription factors, or even
functioning themselves as transcription factors. Multiple cellular functions are disrupted upon loss of
these functions, involving CayB proteins in pathological conditions, separate and apart from Cay-

related aspects.

V- CavB associated disorders

Mutations in Cacnbl, Cacnb2, Cacnb3, or Cacnb4 genes can alter the expression of Cayp proteins,
which play a crucial role in biological processes that rely or not on HVA Ca?* channel regulation. CavBs

are both associated to disease-causing mutations and to disease-associated mutations.

a) CavP as Cay regulatory subunit

Brugada Syndrome is an inherited cardiac pathology, a channelopathy that manifests ST-segment
elevation on an electrocardiogram. In humans, a mutation in the CACNB2 gene, coding for Cayp2
protein, has been associated with an abnormal HVA gating properties and more precisely an
accelerated inactivation of Ca?* current in the heart (Antzelevitch et al., 2007; Cordeiro et al., 2009).
This mutation seems to be the causative variant for Brugada pathogenesis. Beside its role in Brugada
Syndrome, CayB2 is also associated with Autism Spectrum Disorder (ASD). The role of VGCCs in the
etiology of ASD has been reviewed by Liao and Li in 2020 (Liao and Li, 2020): they showed that
mutations in Caval, CavB and even Cayo28 subunits of HVA Ca?* channels affected ASD pathogenesis,
possibly by disturbing the function of Ca?* signalling cascades (Liao and Li, 2020). Several mutations in

the human CACNB2 gene, related to a modulation of Cay1.2 gating properties, have been highlighted.

CayB4 is primarily expressed in the nervous system and is referred in humans as carrying causative
mutations to neuronal disorders such as Episodic Ataxia and Idiopathic Generalized Epilepsy (Escayg
et al., 2000) as well as with Juvenile Myoclonic Epilepsy (Delgado-Escueta et al., 2013; Escayg et al.,
2000). Inactivation of CayB4 in the mouse neurological mutant lethargic causes a complex neurological
disorder characterized by absence epilepsy and ataxia. This is explained by a translational frameshift

due to a mutation in a splice donor site, resulting in a truncated CayB4 protein lacking the Cay
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interaction-domain AID (Burgess et al., 1997) and therefore an impairment in HVA function which has

a central role in ataxia and epilepsy pathogenesis.

Considering CayB3, some neuronal diseases such as Developmental and Epileptic Encephalopathy or
Lambert-Eaton Myastenic Syndrome are associated with this protein (Rosenfeld et al., 1993). Lambert-
Eaton Myostenic Syndrome is an autoimmune disease caused by autoantibodies targeting Caval
extracellular loops. This disrupts VGCC modules at the NMJ regions, impairing neuromuscular
transmission. Interestingly, antibodies against CayB3 are commonly found in patients sera, which may

hinder the correct interaction between Cayal and CayB (Buraei and Yang, 2010).

Malignant Hyperthermia (MH) is a genetic disorder, associated with mutations in RyR1 gene
characterized by uncontrolled muscle metabolism. In 2018, Perez and colleagues have shown that the
V156A variant in Cacnbl gene caused a reduction in the stability of SH3/GK CayB1 domains and
therefore a dysregulation of Ca?* handling. This study indicates that CayB1-V156A can be a pathological
variant for MH (Perez et al., 2018). CayB1 is also associated with Bailey-Bloch congenital myopathy,
also known as STAC3 disorder. This neuromuscular condition is linked with mutations in various genes
involved in ECC such as STAC3 (causative mutation), RYR1, CACNA1S.

KO models exist for all CayB: CayB1-null mice is lethal at birth due to the absence of skeletal muscle
CayB1 isoform, leading to a disrupted ECC and asphyxia. CayB2-null mice die prenatally because of the
lack of cardiac contractions. However, a KO of Cayf2 gene in adult mouse cardiomyocytes is only
associated with a ~30% reduction of Ca?* currents, suggesting that CayB2 may be more important in
developing that adult hearts. CayB3-null mice are viable but show reduced inflammatory pain
perception, high insulin secretion, elevated blood pressure on high salt diet, altered behaviour,
impaired working memory, and immune system effect. CayB4-null mice, also known as the previously
mentioned lethargic mice, exhibit nervous system disorders like ataxia, epilepsy or seizures (Buraei
and Yang, 2013).

b) Cay-independent disorders

Similarly to the IV- section of this Chapter, this sub-section is derived from the mini-review | wrote and

published in 2022 (Vergnol et al., 2022), present in the additional documents of this manuscript.

When Cayf proteins have been associated with pathological conditions, it was primarily linked with its
Cay-associated role only. However, since the onset of Cayf HVA-independent functions, additional

molecular mechanisms have been identified.

The here-before mentioned role of Cayf4 on epilepsy and ataxia was explained by an impairment in
HVA function. However, it should be noted that in this context, Cayf4 mutations were found to disrupt

the interaction between the SH3 and GK domains, preventing the protein from reaching the nucleus
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where mis-regulated CayB4-dependent gene transcription may play a significant role in the

pathogenesis of neurological disorders (Tadmouri et al., 2012).

In 2017, it was discovered that CACNB2 gene was a genetic modifier of Hypertrophic Cardiomyopathy
(HCM) which is caused by a MYBPC3 (Myosin-Binding Protein C) variant (Zhang et al., 2017). The
authors hypothesized that the attenuation of Cay1.2-Ca?* currents caused by CACNB2 mutations was
a possible mechanism for modifying disease phenotype. A subsequent study found that reduced
cardiomyocyte hypertrophy was linked to a Cay1.2-independent CayB2 function (Pickel et al., 2021).
Accordingly, CayB2 localization and activity in cardiomyocyte nuclei significantly regulate Calpain
activity and Calpastatin expression, which are pro-hypertrophic proteases and inhibitors, respectively
(Pickel et al., 2021). Even though these events have not been explicitly linked to a reduction in
cardiomyocyte hypertrophy, a relationship between the two could be hypothesized and would require

further investigation.

A study published by our team in 2019 found that CayB1E plays a major role in age-related muscle
wasting. This research indicated that the CayB1E-GDF5 pathway mitigated muscle mass loss after
denervation. Noteworthy, this pathway was shown impaired in aged muscle fibers. Overexpressing
CayB1E in aged mouse muscle increased GDF5 expression and signalling, preventing muscle mass loss
and force decline during aging (Traoré et al., 2019). The expression of an analogous of CayB1E has been
discovered in human muscle, decreasing in an age-related manner, suggesting that the defective
hCaVB1E-GDF5 axis has a therapeutic potential in muscle aging and linked pathologies (Traoré et al.,
2019).

To summarize, mutations in Cay encoding genes have been associated with disorders and although
the pathological mechanisms have not always been fully characterized, both Cayp roles linked or
unlinked to HVA can be argued. Mutations in genes coding for Cayf proteins and other HVA subunits
(such as CACNA2D1 and CACNA1A) contribute to Brugada Syndrome type 4 and Episodic ataxia type 5,
indicating an HVA-linked involvement in pathological mechanisms. However, CayB can also cause
and/or modify pathological features even independently of HVA, which is supposedly an

underestimated situation.
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CHAPTER 3: MuscleBlind Like (MBNL) proteins & Myotonic Dystrophy Type 1

MBNL proteins are key splicing factors contributing to the regulation of developmental transition from
fetal to adult splice isoforms. They play a crucial role in muscle and brain development and function,
and other cellular process by ensuring the correct splicing of pre-mRNA. MBNL proteins are extensively
studied for their implication in Myotonic Dystrophy type 1 (DM1) and type 2 (DM2) where their
sequestration by toxic nuclear aggregates leads to their functional inactivation. This results in

widespread splicing defects that contribute to the clinical manifestations of DM1 and DM2.

I- Dystrophy Myotonic Type 1

Muscular dystrophy is a group of genetic disorders that causes progressive weakness and muscle mass
loss. This group of disorder includes, not exhaustively, Duchenne/Becker Muscular Dystrophy,

Facioscapulohumeral Dystrophy, Myotonic Dystrophy (DM) etc.

DM are complex disorders affecting multiple organ systems, with variable symptoms and patterns of
disease progression. This pathology is divided into two subtypes: DM1 and DM2, both caused by

genetic defects. Here, we will focus on DM1.

a) Generalities

DM1 is an autosomal, dominant inherited disorder that affects both men and women, also known as
Steinert’s disease, named after the person who described it in 1909. DM1 is the most prevalent form
of muscular dystrophy in adults, affecting approximately 1 in 8 000 individuals worldwide. This disorder
is characterized by multi-systemic syndromes that affects skeletal as well as smooth muscles but also
heart, Central Nervous System (CNS), eyes and endocrine system. Symptoms are widespread, ranging
from cataracts, cardiac arrhythmia and insulin resistance to more specific muscle-related issues as
muscle weakness and myotonia, a hallmark of DM1 characterized by a delay in muscle relaxation after
contraction. Symptoms can manifest at any age, but muscular damage typically first appears in
adulthood (Machuca-Tzili et al., 2005).

Steinert’s disease can present as asymptomatic with individuals carrying the genetic mutation but
showing no signs of the disease even at advanced age, or can manifest very late in life. Conversely,
there are severe forms with pathologic onset early from birth. The disease can be categorized into four
distinct forms based on the age of symptom appearance, severity and progression: the congenital form
begins in the neonatal period, the juvenile form appears during childhood or adolescence, the adult

classic form typically manifests in adulthood and the late-onset form develops later in life.
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b) Pathophysiology: DM1 as a toxic RNA disorder

The identification of the genetic cause was made in 1992 with the discovery of a mutation in the gene
encoding DMPK (Myotonic Dystrophy Protein Kinase), located on chromosome 19. This mutation is a
repeat expansion of CTG motif in the 3’ Untranslated region (UTR) region of the DMPK gene. These
CTG repeats are unstable and expand both at the somatic level during patient’s lifetime, and across
successive generations. The severity of the symptoms and the age of the disease onset increase with
the expansion of CTG repeats, following an “anticipation” phenomenon (Ashizawa et al., 1992). This is
characteristic of repeat expansion diseases where symptoms manifest at progressively earlier ages

with each generation.

Two main studies have highlighted the role of mRNA poly(CUG) triplets in causing DM1 pathology.
They used transgenic mouse models expressing CUG repeats, demonstrated that whether they are
inserted into the human DMPK 3’-UTR gene to reproduce the genetic anomaly found in DM1 patients,
or into the 3’-UTR of an unrelated mRNA, animals developed myotonia and myopathy (Mankodi et al.,
2000; Seznec et al., 2001). Importantly, the model generated by Mankodi and published in 2000, is the
widely used DM1 mouse model expressing the Human Skeletal alpha-Actin (HSA) gene carrying 250
CTG triplets in its 3’-UTR, known as HSA Long Repeats or HSA* model.

RNA transcripts containing expanded CUG repeats fold into stable double-stranded RNA hairpin
structures, which results in nuclear aggregates that attract and trap RNA-binding proteins (RBP) (Tian
et al., 2000), including those crucial for an appropriate muscle development, maturation and activity.
Among the proteins sequestered in these RNA aggregates, MBNL proteins are largely involved in DM1
physiopathology (Miller et al., 2000). Indeed, MBNLs are RBPs, widely known as alternative splicing
regulators but also involved in other mRNA processing mechanisms (MRNA polyadenylation, stability,
localization etc.), these processes being dysregulated in DM1. CUG-BP, Elav-like Family (CELF) proteins
are not trapped in DM1 RNA aggregates but are hyperphosphorylated by Protein Kinase C, which
increases their stability and relocates them to nuclei. CELF proteins are therefore hyperactivated,
which participates in the physiopathology of the disease (Kuyumcu-Martinez et al., 2007). Their
sequestration leads to dysregulated alternative splicing, impaired mRNA translation, and mRNA
instability (Fig. 16).

II- MBNL proteins

The Muscleblind gene (Mbl) was first identified in Drosophila melanogaster, in which it has been shown
to be crucial for peripheral nervous system development (Kania et al., 1995), terminal differentiation
of muscle cell Z-sarcomeric bands (Artero et al.,, 1998) and differentiation of photoreceptor cells

(Begemann et al., 1997).
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Figure 16. Molecular pathogenesis of DM1.
A triplet expansion in the 3’UTR of DMPK gene leads to the sequestration of MBNL proteins, resulting in impaired
mRNA stability, aberrant alternative splicing and impaired mRNA translation (created with BioRender.com).

Mammal’s MBNLs and Drosophila Mbl genes derivate from speciation of a single ancestral copy, they
are orthologs functionally exchangeable in vivo. However, the mammal’s MBNL genes have a specific
organization, distinct from the Mbl Drosophila’s gene: both groups have evolved independently after
the speciation event. The three mammalian MBNL genes have a very alike exon composition, indicating
that they are paralogs resulting from a relatively recent duplication event and have subsequently
acquired specialized functionality (Pascual et al., 2006). MuscleBlind-Like 1 (Mbnl1), MuscleBlind-Like
2 (Mbnl2) and MuscleBlind-Like 3 (Mbni3) genes are present on three different chromosomes:
chromosome 3, 13 and X respectively in mice. Although MBNL proteins act as splicing factors, their
mRNAs are themselves subject to splicing. MBNL1 and MBNL2 isoforms mainly differ in the presence

or not of exons 5, 7 and 8.

a) Generalities on MBNL proteins

Structure of MBNL proteins

MBNLs are specifically characterized by their CCCH-type zinc-finger (ZnF) domains consisting of about
thirty amino acids, which stabilize protein folding using one or more Zn?* ions. In mammals, MBNLs
have two pairs of highly conserved ZnF motifs: ZnF1/2 and ZnF3/4, which include three cysteine and
one histidine residues, giving rise to the “CCCH tandem ZnF” designation (Miller et al., 2000). ZnF1 and
ZnF3, are structurally similar, as are ZnF2 and ZnF4. ZnF2 and ZnF4 are the ones responsible for MBNLs
binding to RNA, enabling their functions. Between the two pairs of ZnF is a linker domain encoded by
exon3, which is crucial for MBNL activity. Isoforms deriving from alternative splicing of this domain, or
MBNLs genetically deleted of it (Tran et al., 2011) show a decreased affinity for their mRNA targets.
Additionally, an NLS sequence, encoded in exon5 and the KRAEK motif in exon6, are present in MBNL1

and MBNL2 only, consistently with their primarily localization in the nucleus, while MBNL3 is mainly
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cytoplasmic (Thomas et al., 2017). All three MBNL paralogues are able to interact each other through
a portion of the C-terminal domain encoded by exon7, which allows MBNL proteins homodimerization.
These different regions are central for MBNLs, affecting their localization, RNA binding, and mRNA

processing functions (Fig. 17).
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Figure 17. MBNL gene and protein domain structure.

MBNL1 MBNL2 and MBNL3 paralog structures, showing exons with corresponding functional domains, including those
constitutively expressed in all transcripts and those undergoing alternative splicing (from Lépez-Martinez et al. 2020).

MBNL’s mechanism of action

A study published by Ho and colleagues in 2004 first demonstrated that MBNL1 binds to a common
YGCY motif (where Y is a pyrimidine) on both chicken and human cardiac Troponin T (cTNT) transcripts,
regulating their alternative splicing (Ho et al., 2004). Later, Teplova and Patel used crystallography to
further elucidated this YGCY element recognition by the MBNLs CCCH ZnF motifs (Teplova and Patel,
2008) and importantly, the number and the arrangement of these YGCY motifs, along with the overall
mRNA structure, influence binding affinity and splicing activity of MBNL proteins (Taylor et al., 2018).
Several structural studies have proposed models of how CCCH ZnF motifs interact with YGCY motifs on
either single- or double-stranded RNA targets, depending on the number of YGCY motifs and the
number of nucleotides separating them (Konieczny et al., 2014) (Fig. 18A).

The CrossLinking ImmunoPrecipitation sequencing (CLIPseq) technology leads to the identification of
mRNAs targeted by MBNL1 protein in a muscle-specific manner. Binding locations of MBNL1 on its
targets were studied, leading to the identification of clusters enriched in YGCY consensus motifs,
consistently with the previous demonstrations (Wang et al., 2012). The position of splicing factor
binding sites is a key factor influencing the splicing activity. Indeed, it has been demonstrated that the
binding of MBNL1 and MBNL2 proteins downstream or upstream the same exon was recognized to
promote its inclusion or exclusion, respectively (Konieczny et al., 2014; Wang et al., 2012) (Fig. 18B).

This YGCY consensus binding sequence was found to be associated with alternative splicing in the
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nucleus but also in RNA targets present in the cytoplasm to carry their processing, trafficking
(association of MBNLs with the cytoskeleton) and stability through a 3’ UTR binding (Wang et al., 2012).
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Figure 18. Binding of MBNL proteins to mRNA.

A. Models of various binding mode between ZnFs tandems and the single- or double-stranded
target RNAs. B. MBNL1 binding upstream (red boxes) promotes exon exclusion, while binding
downstream (green boxes) promotes exon inclusion. (modified from Konieczny et al. 2014)

b) MBNLs as key players in mRNA processing

Protein expression profiles

MBNL1, MBNL2 and MBNL3 proteins have distinct expression patterns across different tissues: MBNL1
is highly expressed in skeletal muscle, heart and brain, and at lower levels in other tissues. MBNL2 is
predominantly found in the brain and heart, and at lower levels in other tissues. Both MBNL1 and
MBNL2 show higher expressions in adult tissues, with an increased expression during tissue
differentiation while, in contrast, MBNL3 is highly expressed during embryogenesis, with its expression
significantly decreasing is most tissues after birth, except for continued expression in the placenta and
certain reproductive tissues (Kanadia et al., 2003b). In skeletal muscle, MBNL3 is also transiently
expressed following injury-induced muscle regeneration (Poulos et al., 2013). These patterns highlight
the diverse tissue-specific and developmental stage-specific functions of MBNLs in mammals
(Konieczny et al., 2014).

In C2C12 myoblasts MBNL3 inhibits muscle differentiation and its expression progressively decreases
to be hardly detected in terminally differentiated myotubes (Lee et al., 2008) and adult skeletal muscle
(Poulos et al., 2013). In C2C12, MBNL3 over-expression prevents muscle differentiation (Lee et al.,

2008) while its depletion accelerates myogenesis (Poulos et al., 2013).
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MBNLs as requlators of mRNA processing

As mentioned earlier, MBNLs are RBP, widely known as alternative splicing regulators but they are also

involved in transcripts polyadenylation, stability and localization as well as miRNA biogenesis.

Alternative splicing is an RNA processing mechanism that generates protein diversity not only across
cell types but also across various developmental stages. This mechanism is crucial for enhancing
diversity and complexity of proteins, thereby controlling a wide array of biological processes. Mis-
regulations of alternative splicing, including changes or imbalances in the expression, localization or
function of splicing factors, disturb or disrupt cellular processes by altering or suppressing important
protein physiological functions. Physiologically, MBNL3 carries embryonic splicing patterns, while
MBNL1 supports adult muscle splicing events and MBNL2 performs this role in the brain (Charizanis et

al., 2012). MBNL1 and MBNL2 present a highly interchangeable splicing factor function.

In the nucleus, MBNLs are also involved in the process of Alternative PolyAdenylation (APA). The 3’
part of the last coding exon of the pre-mRNA generally contains polyadenylation sites that can be
cleaved, followed by the addition of a poly-A tail. The presence of multiples APA sites allows for
different polyadenylation configurations, generating alternative mRNA 3’UTR. These regions contain
interaction sites for various factors, including RBP and microRNA, which can modulate RNA
localization, translation and turnover (Tian and Manley, 2013). A study using fibroblasts from mice with
inactivated Mbnl genes revealed that the absence of MBNLs led to a massive deregulation of APA
events. The study demonstrated that MBNL proteins interact directly at polyadenylation sites,

contributing to the transition of various APA profiles during postnatal development (Batra et al., 2014).

MBNL are also reported as regulating miRNA biogenesis. miRNA are small, single-stranded, non-coding
RNA molecules containing 21 to 23 nucleotides, that negatively regulates gene expression through
binding to complementary sites in their mRNA targets. The first description of MBNL implication in
miRNA processes was by Rau and colleagues in 2011: they showed that MBNL1 interacts with pre-
miRNA miR-1, promoting its processing into mature miR-1 through cleavage by the Dicer endonuclease
(Rau et al., 2011). Recently, it was demonstrated in Caenorhabditis elegans that a short isoform of
MBL-1 (MBNL orthologous gene) is generated specifically during development and is essential for
normal lifespan. Interestingly, this short MBL-1 isoform acts on the regulation of miRNA expression to

exert its developmental role (Verbeeren et al., 2023).

In parallel, several studies have explored the functions of MBNLs proteins related to their cytoplasmic
localization. A study demonstrated that MBNL localizes the integrin a3 transcript from the nucleus to
the plasma membrane for translation, thereby participating in its subcellular localization (Adereth et
al., 2005). Consistent with the role of MBNL in regulating mRNA localization into different cellular
compartments, MBNL1 cytoplasmic distribution is not uniform, localizing at the cell periphery or in
structures that appear to anchor cellular projections (Wang et al., 2012). After MBNL1 and MBNL2
depletion in mouse myoblasts, the abundance of mRNA associated with membranes decreased and

became enriched in the cytosolic compartment. The extent of this relocalization correlated with the
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binding density of MBNLs to their targets, evaluated by a transcriptomic analysis on different murine
tissues (Wang et al., 2012). Therefore MBNLs have been shown to contribute to target hundreds of
transcripts to membranes (either plasmatic or ER membranes) along with their role in participating in
a set of mRNA efficient translation (Wang et al., 2012). One noteworthy point is that a common set of
mRNAs that are targeted by MBNL proteins in the nucleus for splicing purpose are twice more likely to
be also bound by MBNL proteins in the cytoplasm, thus suggesting the existence of a relationship
between MBNLs function in the nucleus and in the cytoplasm (Wang et al., 2012). This MBNL role in
regulating the localization of its targets was shown to be due to its binding to target 3’-UTR domains,
as demonstrated by CrossLinking ImmunoPrecipitation (CLIP) analysis (Wang et al., 2012). This binding
region was also found to be related to mRNA destabilization, in a study revealing that the binding of
MBNLI1 to its 3’UTR mRNA targets has a destabilization effect (Masuda et al., 2012).

c) MBNL and CELF proteins: antagonist role in RNA processing

MBNL and CELF are two families of protein that control developmental transition and their implication
in several neuromuscular disorders, especially DM1, is today underlined (Brinegar and Cooper, 2016).
While MBNL proteins, and particularly MBNL1 and MBNL2, increase during post-natal development to
control fetal to adult alternative splicing shift of their mRNA targets, CELF proteins, and particularly
CELF1 (or CUG-BP1), significantly decrease along skeletal muscle and brain development to reach a

very low level of expression in adult.

In mice (and humans), 6 paralogues genes are contained in the CELF family (CELF1-6) with defined roles
according to their localization: similarly to MBNLs, they control alternative splicing regulation in the
nucleus and are mobilized in mMRNA stability and translation in the cytoplasmic compartment. These

proteins are preferentially binding G/U-rich sequences motifs (Brinegar and Cooper, 2016).

MBNL and CELF proteins target a common set of mRNAs on which they have independent activity
(through a binding on distinct intronic sites), but antagonist effects (Poulos et al., 2013). Indeed, during
post-natal stages MBNL1 relocalizes in the nuclear compartment and progressively replaces MBNL3
activity, promoting embryonic to adult splicing switch by skipping fetal and including adult exons (Lin
et al., 2006), while CELF1 initially exerts the opposite splicing pattern (Brinegar and Cooper, 2016).
Overall, mRNA transcripts follow a splicing arrangement with embryonic characteristics when CELF
activity prevails and reversely they follow an adult splicing pattern when MBNL activity predominates
(Pascual et al., 2006). Independently of CELF proteins, a previous study revealed that MBNL proteins
are the most strongly associated with splicing patterns that differ between embryonic stem cells and

cells already committed to specific lineages both in humans and in mice (Han et al., 2013).
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I1l- Differential implication of MBNL proteins in DM1 physiopathology

Disruption in RBP proper functions during key periods, such as development or in a tissue specific
manner, can lead to pathological conditions. As previously mentioned, the post-natal period involves
a transition from embryonic to adult splicing pattern. This transition is physiologically regulated by a
balance between MBNL3 and MBNL1 activities, along with CELF hyperactivation. However, in DM1,
these splicing transitions are hindered due to the sequestration of MBNL proteins in nuclear foci and
hyperactivation of CELF proteins, which together result in the persistence of embryonic splicing pattern
in adult muscle (Brinegar and Cooper, 2016). This characterizes DM1 as a spliceopathy, the resulting

aberrant mRNA leading to the diverse symptoms of the pathology.

The main genes concerned by a splicing alteration associated with DM1 symptoms, and mentioned in

this section, are recapitulated in Fig. 19.

a) DML1 skeletal muscle defects

The mis-splicing observed as a result of the expression of poly(CUG) repeats in a transgenic mouse
model is tightly reproduced by a Mbnl/1%6£3 KO model. Importantly, this model recapitulate skeletal
muscle weakness and myotonia, two hallmarks of DM1 in skeletal muscle (Kanadia et al., 2003a).
Reversely, MBNL1 over-expression in the HSA® model by Adeno-Associated Virus (AAV)-mediated
delivery in the Tibialis Anterior (TA) muscle reverses myotonia and myopathy (Kanadia et al., 2006).
MBNL1 controls a wide set of mRNA splicing in skeletal muscle, its functional inhibition leading to their

mis-splicing, which originates many DM1 symptom:s.

Myotonia has been linked to splicing defects in Clc1, which is controlled by MBNL1 (Kino et al., 2009).
CLC1 is the most abundantly expressed ClI" channel at the sarcolemma (Jentsch et al., 2002), these
channels being crucial for membrane repolarization. In case of defects in repolarization, the membrane
potential stays elevated triggering muscle hyperexcitability and myotonia (Brenes et al., 2023).
Inclusion of Clc1 exon7A is characteristic of the embryonic isoform, while it is absent in the adult Cic1
transcript, leading to the production of a functional CLC1 ClI" channel. The inclusion of Clc1 exon7A is
described in both HSA® and Mbnl KO mice (Kanadia et al., 2003a; Mankodi et al., 2000). A Mbnl2 KO
mouse model, mutated in intron 2, also showed a defect in Clc1 expression, associated with a mild
myotonia (Hao et al., 2008), while another model of Mbn/2 KO caused by exon2 deletion (Mbn[245%/22
KO model), showed no muscular phenotype (Lin et al., 2006). Additionally, it was suggested that
MBNL1 and MBNL3 compound depletion synergistically enhances myotonia by altering both Cic1
mMRNA splicing and its translation efficiency (Choi et al., 2015).

The characteristic muscle weakness in DM1 is associated with the mis-splicing of several transcripts,
many of which are controlled by MBNL proteins. Among these targets, the exclusion of exon29 of
Cacnals (Cayals) (Tang et al., 2012), the exclusion of exon70 of Ryr1 (Kimura et al., 2005) and the

exclusion of exonll of Bin1 (Amphiphysin 2) (Fugier et al., 2011) lead to muscle weakness due to a
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disturbed ECC mechanism. Indeed, as described in Chapter 1, ECC implies the cooperation of the
skeletal muscle Cayl Ca%* channel (with Cayals as the pore channel subunit) and RyR1 to ensure a
proper ECC. Amphiphysin 2 plays a crucial role in the proper formation of T-tubules, essential
structures for an effective ECC. By altering ECC, the mis-splicing of these transcripts leads to muscle
weakness. Other mRNA targets are mis-spliced in DM1, also contributing to muscle weakness, this is
the case for Capn3 (Calpain 3), Dmd (Dystrophin) or Dtna (Dystrobrevin-a, a protein of the DGC). Mbnl1

itself is also mis-spliced in DM1 skeletal muscle (Lépez-Martinez et al., 2020).

If the described splicing alterations are recapitulated in MBNL1 deficient model, a limitation of using a
single Mbnl gene KO is the functional compensation by other MBNLs, particularly the increase in
MBNL2 levels in response to MBNL1 depletion (Lee et al.,, 2013). To address this issue, Lee and
colleagues proposed a model with combined MBNL1 and MBNL2 deficiency specifically in muscle fibers
(Mbnl17;Mbnl2%¢;Myo-Cre* mice), which shows enhanced splicing defects and muscle pathology
(Lee et al., 2013).

MBNL3 is also suggested to contribute to the poor muscle regeneration observed in DM1, leading to
muscle dystrophy: the Mbni32t2262 model shows impaired muscle repair (Poulos et al., 2013) whereas
MBNL1 and MBNL2 depletion have no impact on this process (Yadava et al., 2024).

Skeletal muscle is the primary tissue responding to insulin by taking up glucose from the bloodstream
to lower blood sugar levels. It absorbs glucose and uses it for energy or stores it as glycogen. DM1
pathology is associated with an impaired glucose uptake in response to insulin, reflected by glucose
intolerance and increased insulin levels in the blood. Insr gene, coding for the skeletal muscle insulin

receptor is mis-spliced in DM1, triggering the glucose intolerance development (Savkur et al., 2001).

b) DM1 cognitive impairments

If MBNL2 deficiency (Mbn/2262/2£2) exhibits no muscular defects (Lin et al., 2006) it displayed features
of DM1 at the neurological level, consistent with its pattern of expression. This demonstrates, at least
partially, the involvement of MBNL2 in the symptoms at the level of CNS, including abnormally rapid
eye movement during sleep and deficits in spatial memory, correlatively associated with hippocampal

volume decrease (Charizanis et al., 2012; Sta Maria et al., 2021).

Microtubule-associated protein Tau (MAPT) and NMDA Receptor 1 (NMDAR1) are among the proteins
affected by most of the described splicing defects observed in the DM1 brain (Lépez-Martinez et al.,
2020). Interestingly, similar to skeletal muscle, both Mbnll and Mbnl2 mRNA splicing events are
affected in DM1 brain, contributing to the pathological splicing defects (Lopez-Martinez et al., 2020).
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c) DM1 cardiac defects

Cardiac conduction delay and arrhythmias are associated with DM1 pathology (Mahadevan et al.,
2021). The molecular mechanisms causing conduction impairment involve the mis-splicing of ion
channels that regulate cardiac ECC. Specifically, the abnormal inclusion of intron 19 in Atp2a2 mRNA,
which codes for SERCA2 Ca?* ATPase channel, and the inclusion of exon6a in Scn5a mRNA, which codes
for a subunit of the NaV1.5 Na* channel, were proposed to contribute to these cardiac dysfunctions.
These splicing abnormalities lead to the dysregulation of Ca%* and an impaired NaV1.5 Na* channel

conductance in heart, ultimately resulting in conduction alterations (Lépez-Martinez et al., 2020).

Other mRNAs mis-spliced in DM1 include TNNT2 coding for the cardiac Troponin isoform, TTN coding
for Titin, MYOM1 coding for a sarcomeric protein, ALPK3 coding for a-kinase 3. Importantly, RBFOX2,
from the RNA binding Fox (RBFOX) family of proteins, is an important splicing factor in cardiac muscle

and is abnormally spliced in DM1 cardiac tissues (Lopez-Martinez et al., 2020).
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Figure 19. Different transcripts from different tissues are incorrectly spliced, causing most DM1 symptoms
(modified from Lépez-Martinez et al. 2020)
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RATIONAL FOR THE CURRENT STUDY & THESIS OBJECTIVES

The neuromuscular system is a highly intricated network responsible for coordinating muscle
movement, involving various molecular and cellular components. Within this system, CayB1 proteins
are essential for regulating HVA Ca?* channels and ECC. A previous research from our team has
identified CayB1D (and not CayB1A) as the adult constitutive isoform and CayB1E as the embryonic
variant, re-expressed following nerve damage (Traoré et al., 2019). Muscle tissues lacking CayB1 during
development exhibited abnormal pre-patterning and aberrant innervation (Chen et al., 2011), pointing

out a role of CayB1 proteins in NMJ formation.

The present study aims at further characterizing the different CayB1 isoforms, deciphering the
mechanisms involved in their differential expression and finally better understanding their role in the
physiology and pathophysiology of skeletal muscle. Indeed, we wondered which CayB1 isoform is
critical for NMJ formation, and whether CayB1 proteins also affect its maintenance. Additionally, RNA
sequencing (RNAseq) data from a previous study by our team revealed a significant correlation
between MBNL and Cayf1 protein expressions post-denervation (Traoré et al., 2019). This finding led
us to explore the regulatory role of MBNL proteins on CayB1 isoforms. Given the involvement of MBNLs
in the pathophysiology of DM1 where Cacnbl is mis-regulated (Arandel et al., 2017), we wondered

about a potential connection between CayB1 isoforms and DM1 pathology.
To address these questions, the objectives of this thesis work are:

- Characterization of CayB1 isoforms
- Investigation of CayB1 involvement in NMJ pre-patterning, maturation and maintenance
- Exploration of CayB1 in DM1 pathophysiology

- Examination of the regulation of CayB1 isoforms by MBNL proteins
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Materials and Methods

Biological material

I- Plasmids

shMbnl1 (target sequence GAAGTATGTAGAGAGTTTCAA) (Wang et al., 2012) was provided by Denis
Furling lab and cloned in pSMD2 under CMV promoter. siMbnl1l was generated with the same target
sequence and siMbnl3 (target sequence CCAAATGGTCCGGTTCTGATT) were generated by Eurogentec.

pCDNA3-Mbnl1 and pCDNA3-MbnlI3 have been generated by direct cloning of either Mbnl1 or Mbnl3
Open Reading Frame (ORF) (NM_020007.4 and NM_134163.5, respectively). Sequences synthesis and
cloning has been performed using GeneArt technology (GeneArt string; ThermoFisher). Mbnl1l ORF
was flanked by Nhel and BamHI while Mbnl3 ORF was flanked by BamHI and Kpnl for insertion in
pCDNAS3 vector backbone.

pPCDNA3-Luciferase-3’UTR_Cacnb1A/D and pCDNA3-Luciferase-3’'UTR_CacnblE plasmids were
generated) as follow: cDNA corresponding to Cacnb1A/D and CacnblE respective sequences were
amplified and EcoRV and Fsel sites were inserted by Polymerase Chain Reaction (PCR). This cassette
was subsequently sub-cloned into an HSVTK-Luc3’ plasmid at EcoRV and Fsel sites, downstream

luciferase gene (GeneArt, ThermoFischer).

pSMD2-shEx2A was already generated (Traoré et al., 2019) and specifically targets Cacnbl exon 2A
(target sequence CCTCGGATACAACATCCAACA), therefore downregulating Cacnb1 embryonicisoforms

specifically.

II- AAV production

pSMD2-shMbnl1 and pSMD2-shEx2A vectors have been prepared in AAV1 serotype vectors by the AAV
production facility of the Center of Research in Myology, by transfection in 293 cells as described
previously (Traoré et al., 2019). The final viral preparations were kept in phosphate-buffered saline
(PBS) solution at -80°C. The particle titer (number of viral genomes) was determined by quantitative
PCR (gPCR). Transduction of these AAV1-containing plasmids will be referred as shMbnl1 and shEx2A

treatment.

Mouse experimental models

I- Animals and ethics

All animals were housed under specific-pathogen-free (SPF) conditions, with a 12 hours light cycle with

access to rodent food and water ab libitum.

Embryos were from breeding housed directly in UMS28 animal facility or from gestating females from

Janvier Lab. Embryos were staged, counting the appearance of the vaginal plug as day 0.5 post coitum
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(pc) and collected at E12.5, E16 and PO. Newborn (7 days old) male and female mice were from
breeding housed directly in UMS28 animal facility under SPF conditions. Adult (2 months old at the
beginning of the procedures) C57/BL6 female mice were from Janvier Lab and accustomed to the

facility for one week before inducing the experimental procedures.

In the end of the procedures, 7days old mice were euthanized by decapitation while adult mice were

euthanized by cervical dislocation.

Animal experimental procedures were performed in accordance with national and European
guidelines for animal experimentation, with the approval of the institutional ethics committee
(MENESR: Project #29245 and Project #45606).

II- In vivo procedures

a) Injection procedures

For experiment on adult mice, female animals were injected 8 weeks old with either AAV1-shMbnl1,
AAV1-shEx2A in TA only orin TA, GAS and SOL muscles. Anesthesia was achieved using isoflurane (3%
induction, 2% maintenance), analgesia by buprenorphine (vetergesic 1mg/Kg, subcutaneous). One
intramuscular (IM) injection (40ul/TA or 100ul/GAS+Sol) was performed at a final titer of 1.10° vector
genomes (vg)/mg of muscle. AAV1-scramble was injected as control under the same procedure. Mice

were sacrificed 8 or 12 weeks after the injection.

For experiments on 7 days old pups (female and male), animals were injected at 7 days old with AAV1-
shEx2A in TA and GAS/Sol muscles. Anesthesia was achieved using isoflurane (3% induction, 2%
maintenance). One IM injection (10 ul/TA or 15uL/GAS+Sol) was performed at a final titer of 1.10°
vg/mg of muscle. AAV1-scramble was injected as control under the same procedure. Mice were

sacrificed 3 weeks after the injection.

Muscles were collected and either fixed in paraformaldehyde (PFA) 4% or frozen in isopentane

precooled in liquid nitrogen and stored at -80 °C until histology or molecular analysis.

b) Denervation procedures

Right sciatic nerves were neuroectomized (ablation of a 5-mm segment of the sciatic nerve) under
general anesthesia (Isofluorane, 3% induction, 2% maintenance) with Buprenorphine (vetergesic
1mg/Kg, subcutaneous). Mice were sacrificed 2, 3 or 14 days after denervation and muscles were
collected and either fixed in PFA 4% or frozen in isopentane precooled in liquid nitrogen and stored at

-80 °C until histology or molecular analysis.
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c) Functional analyses

The force measurement of TA was evaluated by measuring in vivo muscle contraction in response to
nerve stimulation, as previously described (Traoré et al.,, 2019). Mice were anesthetized with
xylazine/ketamine (100mg/kg-20mg/kg), the knee and paw were fixed in place, and the distal tendon
of the muscle was attached to the lever arm of a servomotor system (305B, Dual-Mode Lever, Aurora
Scientific) using a silk ligature. Data were analyzed using the Powerlab system (4SP, ADInstruments)
and software (Chart 4, ADInstruments). The sciatic nerve was stimulated using supramaximal square-
wave pulses of 0.1ms in duration. Capacity for force generation was evaluated by measuring the
absolute maximal force that was generated during isometric contractions in response to electrical
stimulation (frequency of 75-150Hz; train of stimulation of 500ms). Maximal isometric force was
determined at LO (length at which maximal tension was obtained during the tetanus). Force was

normalized by muscle mass as an estimate of specific force.

For Electroneuromyogram (ENMG), two monopolar reference and recording electrodes were inserted,
one close to the patella tendon and the other in the middle of the TA muscle. A monopolar ground
electrode was also inserted into the contralateral hindlimb muscle. The sciatic nerve was stimulated
with series of 10 stimuli at 1, 5, 10, 20, 30, and 40Hz. Compound Muscle Activity Potentials (CMAPs)
were amplified (BioAmp, ADInstruments), acquired with a sampling rate of 100kHz, and filtered with a
5kHz low-pass filter and a 1Hz high-pass filter (PowerLab 4/25, ADInstruments), and peak-to-peak

amplitudes were analyzed with LabChart 8 software (ADInstruments).

During all experiments, mouse body temperature was maintained at 37°C with radiant heat.

In vitro procedures

I- C2C12 muscle cell line, transfection and luciferase assay

C2C12 muscle cell line was purchased from ATCC, seeded at 2500 cells/well in a black flat bottom 96-
well plate (Sigma), and were cultured in IMDM medium (GibcolLife Technologies) supplemented with

20% Fetal Bovine Serum (FBS) and 0.1% gentamicin (Gibco—Life Technologies).

25ng of plasmid pCDNA3-Luciferase-3’'UTR_Cacnb1A/D or pCDNA3-Luciferase-3’"UTR_Cacnb1E was co-
transfected in C2C12 cells with 25ng of unique plasmid or siRNA tools to modulate MBNL levels
combined with 25ng of control backbone plasmid vector, to end up with a total of 75ng of
plasmid/siRNA tools per well. In case of a combination of plasmid and siRNA tools, 25ng of each was
used without control backbone plasmid vector addition, to end up with the same amount of 75ng of
plasmid/siRNA tools per well. pCDNA3-Mbnl3, pCDNA3-Backbone, siMbnl1 or siMbnlI3 were used for
these experiments. The plasmid CMV-Renilla luciferase (1.5 ng) was also transfected in each condition

as normalizer.
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Cells were transfected using Lipofectamine 2000 (Life Technologies) according to the manufacturer’s
instructions. Briefly, Lipofectamine 2000 was diluted in Optimem reduced medium (Gibcolife
Technologies). Six hours post-transfection, Optimem reduced-medium was replaced with IMDM
supplemented with 20% FBS and 0.1% gentamicin. Cells were analyzed 24 hours after medium
replacement. Firefly and Renilla luciferase luminescences were quantified with Dual-Glo Luciferase
Assay System (Promega, according to manufacturer’s instructions) on TECAN Spark™ 10M Microplate

reader. Firefly luciferase activity was normalized on Renilla luciferase activity.

II- Primary cells, transduction and high differentiation induction

Primary myoblasts from Wild-Type (WT) newborn mice were prepared as described (Falcone et al.,
2014). Briefly, after hind limb muscles isolation, muscles were minced and digested for 1.5h in PBS
containing 0.5mg/ml collagenase (Sigma) and 3.5 mg/ml dispase (Gibcolife Technologies). Cell
suspension was filtered through a 40um cell strainer and preplated in IMEM + 10% FBS + 0.1%
gentamycin for 4h, to discard the majority of fibroblasts and contaminating cells. Non-adherent
myogenic cells were collected and plated in IMDM + 20% FBS + 1% Chick Embryo Extract (CEE) (MP
Biomedical) + 0.1% gentamycin in 12-well plate or fluorodishes coated with IMDM 1:100 Matrigel
Reduced Factor (BD Bioscience). Differentiation was triggered by medium switch in IMDM + 2% horse
serum + 0.1% gentamycin. A thick layer of Matrigel Reduced Factor (1:3 in IMDM) was added 24h after
differentiation medium addition. Myotubes were treated with 100pug/ml of agrin, and the medium was
changed every 2 days, for 8 days of differentiation (Falcone et al., 2014). Downregulation of embryonic
CayB1 isoforms was achieved concurrently with the induction of differentiation through transduction
of AAV1-shEx2A.

Gene expression analyses

I- RNA isolation and gene expression analyses

Total RNA was extracted from muscle cryosections using Trizol (TermoFisher Scientific) /Direct-zol RNA
MiniPrep w/ Zymo-Spin IIC Columns (Ozyme) and from cells using NucleoSpin RNA Columns
(Macherey-Nagel). 200ng of total RNA were subjected to Reverse Transcription (RT) using Superscript
Il Reverse transcriptase kit (18064022, TermoFisher Scientific) or 1ug of total RNA using Maxima H
Minus Reverse Transcriptase (EP0753, TermoFisher Scientific), with a mix of random primers
(48190011, TermoFisher Scientific) and oligo(dT) (18418020, TermoFisher Scientific), to generate
complementary DNA (cDNA). 2ulL of cDNA was amplified in 20uL reactions in PCR Master Mix (M7505,
Promega), Phusion High-Fidelity PCR Master Mix with GC Buffer (F532L, TermoFisher Scientific) or Q5
Hot Start High-Fidelity 2X Master Mix (M0494S, New England Biolabs) for RT-PCR and RT-PCR triplex.
2uL of 1:5 diluted cDNA was amplified in 10uL reactions in Power SYBR Green PCR MasterMix
(TermoFisher Scientific) to performed gPCR on StepOne Plus Real-Time PCR System (Applied

Biosystems). Data were analyzed using AACT method and normalized to RPLPO (Ribosomal protein
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lateral stalk subunit PO) mRNA expression. The sample reference to calculate mRNA fold change is

indicated in each panel. Primers are listed in Table S1.

II- Nanopore sequencing

600ng of total RNA were subjected to RT with an anchored poly-dT primer (12577011, TermoFisher
Scientific) and Maxima H Minus Reverse Transcriptase. The amplification of the Cacnb1 transcriptome
was independently processed in each sample through two PCR steps, using 2ul of diluted RT reactions
(12-fold dilution). First, a pre-amplification was performed for 20 cycles using specific primers fused
with universal sequences U1l and U2 (referenced in Table S2). These primers are specifically base
paired with the first and last exons of Cacnbl transcripts. The PCR reactions were treated with
exonuclease | to remove primer excess and purified with the NucleoMag® NGS Clean-up and Size Select
(Macherey-Nagel). Next, a second amplification of 18 cycles was performed to incorporate barcodes
associated with individual samples. All samples were combined to create a stoichiometric multiplexed
library, which was prepared using the Oxford Nanopore SQK-LSK109 kit. The library was subsequently
sequenced using a MinlON Flow Cell (R9.4.1). The Oxford Nanopore data were analyzed as previously
described (Dos Reis et al., 2022) and Fastq files generated in this study have been deposited in the ENA

database (https://www.ebi.ac.uk/ena/browser) under accession code XXXX.

I1I- ChIP experiments

TA and GAS muscles were harvested from 8-weeks old female mice, innervated or 2 days after
denervation. Tissues were finely minced with a scalpel in PBS, incubated for 10min in PBS containing
1% formaldehyde, then 5min in PBS containing 125mM Glycine. Aliquots used for RNAPII
immunoprecipitation were fixed a second time with Disuccinimidyl glutarate (DSG) diluted to 2mM in
PBS for 40min at room temperature, as previously described (Tian et al., 2012). Tissues were then

dissociated with a MACS dissociator using the muscle-specific program.

Resuspended material was incubated on ice 5min in 1mL of chilled buffer A (0.25% TRITON, 10 mM
TRIS pH8, 10mM EDTA, 0.5mM EGTA), 30min in 1mL of buffer B (250mM NaCl, 50mM TRIS pH8, 1mM
EDTA, 0.5mM EGTA), and then resuspended in 100 to 200uL of buffer C (1% SDS, 10mM TRIS pHS,
1mM EDTA, 0.5mM EGTA) at room temperature. All buffers were extemporately supplemented by
Complete protease and PhosSTOP phosphatase inhibitors (Roche). Cell suspensions in 0.6mL ptube
were sonicated in water bath at 4°C during 15min (15sec. ON, 15sec. OFF) with a Bioruptor apparatus
(Diagenode) setted on high power and then clarified by 10min centrifigation at 10 000rpm, 4°C.
Shearing of the DNA was checked after reversing the crosslinking on agarose gel electrophoresis to be
around 300-500bp. Sheared chromatin was quantified by optical density (260nm) and diluted 10-fold
in IP buffer to final concentrations: 1% TRITON, 0.1% NaDeoxycholate, 0.1% SDS, 150mM NacCl, 10mM
TRIS pH8, 1ImM EDTA, 0.5mM EGTA, 1X protease and phosphatase inhibitors). 15ug of chromatin and
2ug of antibodies (listed in Table S3), in a final volume of 500uL, were incubated at 4°C for 16h on a
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wheel. 25uL of saturated magnetic beads coupled to protein G (Dynabeads) were used to recover the
immuno-complexes. After 2h of incubation the bound complexes were washed extensively 5min at
room temperature on a wheel in the following wash buffers: WBI (1% TRITON, 0.1% NaDOC, 150mM
NaCl, 10mM TRIS pH8), WBII (1% TRITON, 1% NaDOC, 150mM KCI, 10mM TRIS pH8), WBIII (0.5%
TRITON, 0.1% NaDOC, 100mM NaCl, 10mM TRIS pH8), WBIV (0.5% Igepal CA630 (Sigma), 0.5% NaDOC,
250mM LiCl, 10mM TRIS pH8, 1mM EDTA), WBV (0.1% Igepal, 150mM NaCl, 20mM TRIS pH8, 1mM
EDTA), WBVI (0.001% lIgepal, 10mM TRIS pH8). 20ug of sheared chromatin used as input and ChlIP
beads were then boiled 10min in 100uL H,0 containing 10% (V/W) chelex resin (BioRad), followed by
Proteinase K (0.5mg/mL)-digestion for 30min at 55°C, and then finally incubated 10min at 100°C. 1L
of ChIP eluate was used for qPCR assays in 10uL reactions with Brillant Il Ultra Fast SYBR-Green Mix
(Agilent) using a Stratagene MX3005p system. The analysis of gPCR was performed using the MxPro

software. Primers are listed in Table S1.

Protein analyses

I- Immunoblotting

Approximately 500um of muscle cryosections from frozen muscle were homogenized with a Dounce
homogenizer protein extraction buffer. For MBNL immunoblotting, proteins were extracted in RIPA
buffer (89900, ThermoFisher Scientific) with Halt Protease and Phosphatase inhibitor cocktail (78440,
ThermoFisher Scientific). Samples were sonicated in water bath at 4°C during 10min (30sec. ON, 30sec.
OFF) with a Bioruptor apparatus (Diagenode). For all the other proteins immunoblotting, proteins were
extracted in a lysis buffer containing 50mM Tris-HCl, pH 7.4, 100mM NaCl, 0,5% NP40, with Halt
Protease and Phosphatase inhibitor cocktail (78440, ThermoFisher Scientific). Samples were then
centrifuged for 10min at 1500g at 4°C and supernatants were collected. Protein concentration was

determined by Bradford assay (ThermoFisher Scientific).

For MBNL proteins immunoblotting, samples were denatured at 70°C for 10min with NUPAGE LDS
Sample Buffer (NPO007, ThermoFisher Scientific). For Caypl proteins and all other proteins
immunoblotting, samples were denatured at room temperature for 30 min, or at 95°C for 5min,
respectively, with Laemmli buffer with 5% Bmercaptoethanol.

Proteins were separated by electrophoresis (Nu-PAGE 4-12% Bis-Tris gel; Life Technologies) and then
transferred to nitrocellulose membranes (GE Healthcare). Membranes were blocked with 5% BSA
(CavB1 proteins) or 5% milk (all other proteins) and incubated overnight at 4°C with primary antibodies
(listed in Table S3) diluted in the blocking buffer. Membranes were then labelled with fluorescent
secondary antibodies (listed in Table S4) diluted in blocking buffer for 1h in the dark.

Images were acquired with camera LAS4000 (GE Healthcare). Western blot image analysis was

performed with the public domain software Imagel (analyze gel tool).
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II- Immunofluorescence (IF) and image acquisition

a) Muscle cryosections

IF procedures were performed on 10um muscles cryosections fixed on glass slides and stored at -80°C.
Slides were rehydrated in PBS, fixed with PFA 4% for 10 min, permeabilized with 0.5% Triton X-100
(Sigma-Aldrich) and blocked in PBS with 4% bovine serum albumin, 0.1% Triton X-100 for 1h. Sections
were incubated in PBS with 2% BSA, 0.1% Triton X-100 with primary antibodies (listed in Table S3)
overnight at 4°C. Aspecific sites were blocked with BSA 5% 1h and slides were incubated for 1h with
secondary antibodies (listed in Table S4) and incubated 5min with 4’,6’-diamidino-2-phenylindole

(DAPI) for nuclear staining and mounted in Fluoromount (Southern Biotech).

b) Isolated fibers

TA muscles were collected, rinsed once in PBS and fixed in a PBS 4% PFA solution at room temperature
for 1 hour. Groups of approximately 10 muscle fibers were gently dissected and incubated overnight
in PBS with 0.1M glycine at 4°C with mild shaking. The next day, after a day of washing in PBS 0.5%
Triton X-100, fibers were incubated in permeabilized and blocked for 6 hours in PBS 3% BSA 5% goat
serum 1% Triton X-100 at room temperature. Fibers were incubated with primary antibodies (listed in
Table S3) at 4°C over weekend in blocking solution. Fibers were then rinsed for several hours at room
temperature, in PBS 0.5% Triton X-100 and incubated overnight at 4°C with secondary antibodies
(Table S4) and a-Bungarotoxin-Alexa Fluor conjugated-594 (Table S3) in blocking solution. Finally, after
a day of washing in PBS 0.5% Triton X-100, fibers were mounted on slides in non-hardening Vectashield

mounting medium (H-1000, Vector Laboratories).

NMJ images were acquired with Zeiss Axio Observer microscope coupled with apotome module (63x
objective) and edited with Zeiss Zen Lite 3.7 software. The same laser power and setting of parameters
were used throughout to ensure comparability. The images presented were single projected images
obtained by overlaying sets of collected z-stacks. NMJ morphometric analysis was performed on
confocal z-stack projections of individual NMJs by using Imagel-based workflow adapted from NMJ-
morphl. At least 100 NMJs have been analyzed per condition. NMJ morphometric analysis was

performed in a blinded manner by the same investigator.

¢) Primary myotubes

For IF analyses, primary myotubes were seeded and cultured in fluorodishes (Dutscher). Cells were
fixed in 4% PFA for 10 min, permeabilized with PBS 5% Triton X-100. Aspecific sites were blocked with
BSA 1% and goat serum 10% for 30 min. Cells were incubated with primary antibodies (listed in Table
S3) overnight at 4°C in PBS 0.1% saponin 1% BSA. Cells were washes three times and then incubated
with secondary antibodies (listed in Table S4) and DAPI (1:10 000) for 1h in the dark.
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Fluorescence images of myotubes were acquired Spinning Disk confocal scanner unit (CSU-W1
YOKOGAWA) with a 40x oil-immersion objective (plan fluor 40x/1.3 oil OFN25 DIC N2 cyan), coupled
with a Photometrics PRIM 95B Camera. Software used was MetaMorph 7.10.2. Image analyses and
guantification of AChR clusters size and distribution were performed with the public domain software

Imagel by using a macro developed in the lab by Myolmage facility.

Statistical analyses

Comparison between two groups was tested for normality using Shapiro-Wilk test followed by
parametric (two-tailed paired, unpaired Student’s t-tests) or non-parametric test (Mann-Whitney) to
calculate p-values. For comparison of more than two groups, ordinary one or two-ways ANOVA tests
followed by appropriated post hoc tests were performed. All statistical analyses were performed with

GraphPad Prism 8 or 9 software and statistical significance was set at p < 0.05.
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CHAPTER 1 - Identification and characterization of CayB1 embryonic isoforms
in skeletal muscle: Implication for neuromuscular junction (NMJ) formation,
maturation and maintenance

I- Chapter abstract

CavB1 proteins have been originally described as subunits of the skeletal muscle Cay1l Ca?* channel,
essential for ECC (Buraei and Yang, 2013). Later, they have been reported as modulator of gene
expression independently of Cayl channel, notably in muscle precursor cells and in adult skeletal
muscle after nerve damage (Taylor et al., 2014; Traoré et al., 2019). CayB1 proteins exists as several
variants, CayB1D is the constitutive adult isoform and CayB1E being identified as an embryonicisoform,
described to be re-expressed in adult skeletal muscle after nerve damage to limit muscle atrophy
(Traoré et al., 2019). Interestingly, CavB1 have been demonstrated as essential for NMJ development,
independently of ECC (Chen et al., 2011), although the isoform(s) responsible for such function was

not identified.

In this Chapter 1, we added insights in the understanding of the diversity of CayB1 isoforms expressed
in skeletal muscle by identifying CayB1A as a second embryonic/perinatal isoform and by bringing
evidences suggesting the existence of an additional variant that we named CayBlearly. This potential
new isoform is expressed at early stages of embryogenesis and originates from the use of a premature
STOP codon in exon8, in frame in Cacnbl transcripts lacking exon7A. We found that the expression of
the different isoforms is regulated by the use of two differential promoters: Prom1 driving the
expression of embryonic CayB1s isoforms during embryogenesis and re-activated after nerve damage
in adult skeletal muscle, and Prom2 constitutively driving CayB1D adult isoform expression in adult
skeletal muscle. We found that the embryonic CayB1ls isoforms are involved in the proper NMJ
formation in an in vitro agrin-induced AChR clustering system on primary myotubes, and that their

postnatal expression is required for NMJ maturation and maintenance.
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II- Results
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ABSTRACT

Four CavP proteins (CayB1 to Cayp4) are described as regulatory subunit of Voltage-gated Ca®* channel
(VGCC), each exhibiting expression patterns in excitable cells based on their function. While primarily
recognized for their role in VGCC regulation, Cayfs have channel-independent activity and regulate
gene expression. Among these, Cayp1 is expressed in skeletal muscle as different isoforms. The adult
constitutive isoform, CayB1D, is located at the triad, where it modulates Cay1 function in the Excitation-
Contraction Coupling (ECC). Here, we further explored the less characterized CayB1 isoforms, focusing
on embryonic/perinatal variants, and their specific role in the neuromuscular systems at different
stages of NMJ formation, maturation and maintenance. Our findings revealed that CayB1 isoforms
expression is regulated by differential activation of promoters during development. First, we identified
CavB1A, inaddition to the known CayB1E variant, as embryogenic variant re-expressed after
denervation in adult mouse skeletal muscle. Interestingly, the re-expression of these
embryonic/perinatal CayB1 isoforms after nerve damage in adult muscle is due to a shift of promoter
activation. In addition, we found that these embryonic/perinatal isoforms are involved in NMJ
formation in a neural agrin-induced AChR clustering system on primary myotubes in vitro and that their
postnatal expression is crucial for NMJ maturation/stability. Altogether, these data provide new

insights on knowledge of neuromuscular system homeostasis.
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INTRODUCTION

CavPB1 proteins, encoded by Cacnbl gene from exonl to exonl4, exist as several variants in multiple
tissues. In skeletal muscle, Cacnb1D transcript, which spans exonl to exonl13end, gives Caypf1D, the
constitutive adult isoform. Cacnb1E transcript, ranging from exon2B to exonl4, encodes CayB1E, an
embryonic isoform that is re-expressed in adult skeletal muscle after nerve damage (Traoré et al.,
2019). CayPB1 proteins have been originally described as key regulators of the skeletal muscle voltage-
gated Ca* channel (VGCC) Cavl (Buraei and Yang, 2013) and showed to be required for a proper
Excitation Contraction Coupling (ECC). In particular, CayB1D holds the regulatory function for this
process in adult skeletal muscle, modulating the interaction between two calcium (Ca%) channels:
Cayl.1, and Ryanodine Receptor 1 (RyR1) at the triad (Traoré et al., 2019). In addition, CayB1 proteins
have been reported as modulators of gene expression independently of Cayl channel, notably in
muscle precursor cells regulating myogenesis, and in adult skeletal muscle after nerve damage,
contributing to limit muscle mass loss (Taylor et al., 2014; Traoré et al., 2019). These roles have been
described to be accomplished by the embryonic CayB1E isoform. In addition to Cayf1D role in
regulating ECC at the triad and CavB1E role in modulating gene expression, another study highlighted
the relevance of CayB1 proteins in skeletal muscle, by showing its crucial implication in the nerve-

muscle connection in during embryogenesis (Chen et al., 2011).

During mammalian development and into early post-natal life, the formation, maturation and
stabilization of neuromuscular junction (NMJ) are complex processes that require multiple cues for the
establishment of functional nerve-muscle synapses. At early embryogenic stages, before the initiation
of muscle innervation, aneural acetylcholine receptor (AChR) clusters are formed in a broad middle
region of myotubes in a muscle-intrinsic manner and independently of innervation (Arber et al., 2002;
Yang et al., 2001). This phenomenon, known as muscle pre-patterning, represents the first initiating
event of the NMJ formation (Li et al., 2018). Alterations of aneural AChR pre-patterning give rise to
abnormal growth and spreading of innervating neurites along the muscle fibers (Chen et al., 2011).
Between E14 and E18, innervation begins, and agrin, released by the nerve, triggers the clustering of
AChR under the nerve ending through the agrin/Low-density lipoprotein receptor-related protein 4
(Lrp4)/Muscle Specific Kinase (MuSK) signalling. Later, in adult muscles, depolarization induces the
release of acetylcholine (ACh) from the nerve ending, which activates the postsynaptic AChR. This
actiation leads to various signalling cascades, essential for NMJ maturation. Besides being essential for
NMJ formation and maturation, these actors are also critical for NMJ maintenance and function
throughout life. Docking protein 7 (Dok7) and rapsyn are other key players in maintaining NM)J

integrity. Dok7 activates the tyrosine kinase domain of MuSK, independently of agrin/Lrp4 pathway
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(Eguchi et al., 2016), while rapsyn acts as a chaperone protein to stabilizes AChR clusters in muscle

post-synaptic membrane (Moransard et al., 2003; Oury et al., 2019).

Ca?* influx and release through Cay1.1 and RyR1, rather than the ECC mechanism itself, are crucial for
AChRs aggregation during NMJ formation. This concept was introduced by using mouse embryo
models with disruption either in the ECC mechanism and/or in Ca?* influx/release. Dysgenic (Cay1.17")
(Rieger et al., 1984) mouse embryos exhibit abnormal AChR distribution while dyspedic (RyR17") mouse
embryos show normal AChR distribution (Kaplan et al., 2018), despite both having disrupted ECC
processes. The importance of Ca®* influx/release rather than ECC itself, was further demonstrated
using a genetically modified model of Cay1.1 (Cay1.1"/™), where Cay1.1 functions as a voltage sensor
but not as a Ca?* channel. This model displayed normal AChR pre-patterning, while the double RyR17";
Cav1.1""¢ KO model, which lacks both Ca?* influx from Cay1.1 and release from RyR1, show a abnormal
AChR distribution (Kaplan et al., 2018). Similarly to these models, Cacnb1”- mice show severely affected
NMJ pre-patterning, independently of ECC (Chen et al., 2011). However, the role of Cayp1 proteins in
modulating various other aspects and mechanisms of NMJ formation, maturation and stability may

have been underestimated.

In the present study, we aimed at identifying the major representative Cacnb1 transcripts in embryonic
pre- and post-innervated muscles in order to characterize their function in the formation and
maturation of NMJ, as well as for NMJ maintenance implication in adult innervated and denervated
muscles. We confirmed the expression of Cacnb1D in adult innervated muscle and found that Cacnbi1A,
in addition to CacnblE, is expressed in embryonic and denervated adult mouse skeletal muscle. We
demonstrated that the expression of the different Cacnbl isoforms is driven by the activation of
specific promoters on embryonic and adult muscles, and that denervation is associated with the
restoration of the embryonic epigenetic program. Analysis of the formation and maturation of NMJs
after ablation of the embryonic CayB1l isoforms revealed a precocious differentiation of primary
myotubes in vitro, associated with an increase in the size of neural agrin-induced AChRs, while it
induced a decrease in the size of endplates in postnatal myofibers. In adult innervated muscle, Cayf1
embryonic isoforms ablation induces NMJ destabilization, accompanied by denervation-like signs,

accordingly to what observed in the early phases of muscle aging (Massiré et al., 2024).

Overall, our findings demonstrate the crucial relevance of CayB1l embryonic isoforms in all the
processes needed for the establishment and maturation of functional NMJ, shedding light on novel

fundamental players involved in development, growth and maintenance of the neuromuscular system.
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MATERIAL AND METHODS

Plasmids & Adeno Associated Virus (AAV) production

pSMD2-shEx2A was already described (Traoré et al., 2019) to specifically targets Cacnbl exon 2A
(target sequence CCTCGGATACAACATCCAACA), therefore downregulating Cacnb1 embryonic isoforms
specifically. pSMD2-shEx2A has been prepared in AAV1 serotype vector by the AAV production facility
of the Center of Research in Myology, by transfection in 293 cells as described previously (Traoré et
al., 2019). The final viral preparations were kept in phosphate-buffered saline (PBS) solution at -80°C.
The particle titer (number of viral genomes) was determined by quantitative PCR. Transduction of this

AAV1-containing plasmid will be referred shEx2A treatment.

Animals and ethics

All animals were housed under specific-pathogen-free (SPF) conditions, with a 12 hours light cycle with
access to rodent food and water ab libitum. Embryos were from breeding housed directly in UMS28
animal facility or from gestating females from Janvier Lab. Newborn (7 days old) male and female mice
were from breeding housed directly in UMS28 animal facility. Adult (2 months old at the beginning of
the procedures) C57/BL6 female mice were from Janvier Lab and accustomed to the animal facility for
one week before inducing the experimental procedures. In the end of the procedures, 7days old mice
were euthanized by decapitation while adult mice were euthanized by cervical dislocation. Animal
experimental procedures were performed in accordance with national and European guidelines for
animal experimentation, with the approval of the institutional ethics committee (MENESR: Project

#17975 and Project #45606).

Injection procedures

For experiment on adult mice, female animals were injected 8 weeks old with AAV1-shEx2A or AAV1-
scramble in Tibialis Anterior (TA) muscles. Anesthesia was achieved using isoflurane (3% induction, 2%
maintenance), analgesia by buprenorphine (vetergesic 1mg/Kg, subcutaneous). One intramuscular
injection (40ul/TA or 100ul/gastrocnemius (GAS) + Soleus (Sol)) was performed at a final titer of 1.10°
vector genomes (vg)/mg of muscle. Mice were sacrificed 8 weeks after the injection. For experiments
on 7 days old pups (female and male), animals were injected at 7 days old with AAV1-shEx2A or AAV1-
scramble in TA and GAS/Sol muscles. Anesthesia was achieved using isoflurane (3% induction, 2%
maintenance). One intramuscular injection (10 ul/TA or 15uL/GAS+Sol) was performed at a final titer
of 1.10° vg/mg of muscle. Mice were sacrificed 3 weeks after the injection. Muscles were collected and
either fixed in paraformaldehyde (PFA) 4% or frozen in isopentane precooled in liquid nitrogen and

stored at —80 °C until histology or molecular analysis.
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Denervation procedures

Right sciatic nerves were neuroectomized (ablation of a 5-mm segment of the sciatic nerve) under
general anesthesia (Isofluorane, 3% induction, 2% maintenance) with Buprenorphine (vetergesic
1mg/Kg, subcutaneous). Mice were sacrificed 2, 3 or 14 days after denervation and muscles were
collected and either fixed in PFA 4% or frozen in isopentane precooled in liquid nitrogen and stored at

-80 °C until histology or molecular analysis.

Functional analyses

The force measurement of TA was evaluated by measuring in vivo muscle contraction in response to
nerve stimulation, as previously described (Traoré et al.,, 2019). Mice were anesthetized with
xylazine/ketamine (100mg/kg-20mg/kg), the knee and paw were fixed in place, and the distal tendon
of the muscle was attached to the lever arm of a servomotor system (305B, Dual-Mode Lever, Aurora
Scientific) using a silk ligature. Data were analyzed using the PowerlLab system (4SP, ADInstruments)
and software (Chart 4, ADInstruments). The sciatic nerve was stimulated using supramaximal square-
wave pulses of 0.1ms in duration. Capacity for force generation was evaluated by measuring the
absolute maximal force that was generated during isometric contractions in response to electrical
stimulation (frequency of 75-150Hz; train of stimulation of 500ms). Maximal isometric force was
determined at LO (length at which maximal tension was obtained during the tetanus). Force was

normalized by muscle mass as an estimate of specific force.

For electroneuromyogram (ENMG), two monopolar reference and recording electrodes were inserted,
one close to the patella tendon and the other in the middle of the TA muscle. A monopolar ground
electrode was also inserted into the contralateral hindlimb muscle. The sciatic nerve was stimulated
with series of 10 stimuliat 1, 5, 10, 20, 30, and 40Hz. Compound muscle activity potential (CMAP) was
amplified (BioAmp, ADInstruments), acquired with a sampling rate of 100kHz, and filtered with a 5kHz
low-pass filter and a 1Hz high-pass filter (PowerLab 4/25, ADInstruments), and peak-to-peak

amplitudes were analyzed with LabChart 8 software (ADInstruments).

During all experiments, mouse body temperature was maintained at 37°C with radiant heat.

Primary cells, transduction and high differentiation induction

Primary myoblasts from WT newborn mice were prepared as described (Falcone et al., 2014). Briefly,
after hind limb muscles isolation, muscles were minced and digested for 1.5h in PBS containing
0.5mg/ml collagenase (Sigma) and 3.5 mg/ml dispase (GibcoLife Technologies). Cell suspension was
filtered through a 40um cell strainer and preplated in IMEM + 10% FBS + 0.1% gentamycin for 4h, to

discard the majority of fibroblasts and contaminating cells. Non-adherent myogenic cells were

73



Results

collected and plated in IMDM + 20% FBS + 1% Chick Embryo Extract (MP Biomedical) + 0.1%
gentamycin in 12-well plate or fluorodishes coated with IMDM 1:100 Matrigel Reduced Factor (BD
Bioscience). Differentiation was triggered by medium switch in IMDM + 2% horse serum + 0.1%
gentamycin. A thick layer of Matrigel Reduced Factor (1:3 in IMDM) was added 24h after differentiation
medium addition. Myotubes were treated with 100ug/ml of agrin, and the medium was changed every
2 days, for 8 days of differentiation (Falcone et al., 2014). Downregulation of embryonic Cayp1 isoforms

was achieved concurrently with the induction of differentiation through transduction of AAV1-shEx2A.

RNA isolation and gene expression analyses

Total RNA was extracted from muscle cryosections using Trizol (TermoFisher Scientific) /Direct-zol RNA
MiniPrep w/ Zymo-Spin IIC Columns (Ozyme) and from cells using NucleoSpin RNA Columns
(Macherey-Nagel). 200ng of total RNA were subjected to Reverse transcription (RT) using Superscript
Il Reverse transcriptase kit (18064022, TermoFisher Scientific) or 1ug of total RNA using Maxima H
Minus Reverse Transcriptase (EP0753, TermoFisher Scientific), with a mix of random primers
(48190011, TermoFisher Scientific) and oligo(dT) (18418020, TermoFisher Scientific), to generate
complementary DNA (cDNA). 2uL of cDNA was amplified in 20uL reactions in PCR Master Mix (M7505,
Promega), Phusion High-Fidelity PCR Master Mix with GC Buffer (F532L, TermoFisher Scientific) or Q5
Hot Start High-Fidelity 2X Master Mix (M0494S, New England Biolabs) for RT-PCR and RT-PCR triplex.
2uL of 1:5 diluted cDNA was amplified in 10uL reactions in Power SYBR Green PCR MasterMix
(TermoFisher Scientific) to performed quantitative real-time PCR (qPCR) on StepOne Plus Real-Time
PCR System (Applied Biosystems). Data were analyzed using AACT method and normalized to RPLPO
(Ribosomal protein lateral stalk subunit PO) mRNA expression. The sample reference to calculate mRNA

fold change is indicated in each panel. Primers are listed in Table S1.

Nanopore sequencing

600ng of total RNA were subjected to RT with an anchored poly-dT primer (12577011, TermoFisher
Scientific) and Maxima H Minus Reverse Transcriptase. The amplification of the Cacnb1 transcriptome
was independently processed in each sample through two PCR steps, using 2L of diluted RT reactions
(12-fold dilution). First, a pre-amplification was performed for 20 cycles using specific primers fused
with universal sequences U1 and U2 (referenced in Table S2). These primers are specifically base
paired with the first and last exons of Cacnbl transcripts. The PCR reactions were treated with
exonuclease | to remove primer excess and purified with the NucleoMag® NGS Clean-up and Size Select
(Macherey-Nagel). Next, a second amplification of 18 cycles was performed to incorporate barcodes
associated with individual samples. All samples were combined to create a stoichiometric multiplexed

library, which was prepared using the Oxford Nanopore SQK-LSK109 kit. The library was subsequently
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sequenced using a MinlON Flow Cell (R9.4.1). The Oxford Nanopore data were analyzed as previously
described (Dos Reis et al., 2022) and Fastq files generated in this study have been deposited in the ENA

database (https://www.ebi.ac.uk/ena/browser) under accession code XXXX.

ChIP experiments

TA and GAS muscles were harvested from 8-weeks old female mice, innervated or 2 days after
denervation. Tissues were finely minced with a scalpel in PBS, incubated for 10min in PBS containing
1% formaldehyde, then 5min in PBS containing 125mM Glycine. Aliquots used for RNAPII
immunoprecipitation were fixed a second time with Disuccinimidyl glutarate (DSG) diluted to 2mM in
PBS for 40min at room temperature, as previously described (Tian et al., 2012). Tissues were then

dissociated with a MACS dissociator using the muscle-specific program.

Resuspended material was incubated on ice 5min in 1mL of chilled buffer A (0.25% TRITON, 10 mM
TRIS pH8, 10mM EDTA, 0.5mM EGTA), 30min in 1mL of buffer B (250mM NaCl, 50mM TRIS pH8, 1mM
EDTA, 0.5mM EGTA), and then resuspended in 100 to 200uL of buffer C (1% SDS, 10mM TRIS pHS,
1mM EDTA, 0.5mM EGTA) at room temperature. All buffers were extemporately supplemented by
Complete protease and PhosSTOP phosphatase inhibitors (Roche). Cell suspensions in 0.6mL ptube
were sonicated in water bath at 4°C during 15min (15sec. ON, 15sec. OFF) with a Bioruptor apparatus
(Diagenode) setted on high power and then clarified by 10min centrifigation at 10 000rpm, 4°C.
Shearing of the DNA was checked after reversing the crosslinking on agarose gel electrophoresis to be
around 300-500bp. Sheared chromatin was quantified by optical density (260nm) and diluted 10-fold
in IP buffer to final concentrations: 1% TRITON, 0.1% NaDeoxycholate, 0.1% SDS, 150mM NacCl, 10mM
TRIS pH8, 1ImM EDTA, 0.5mM EGTA, 1X protease and phosphatase inhibitors). 15ug of chromatin and
2pg of antibodies, in a final volume of 500uL, were incubated at 4°C for 16h on a wheel. 25uL of
saturated magnetic beads coupled to protein G (Dynabeads) were used to recover the immuno-
complexes. After 2h of incubation the bound complexes were washed extensively 5min at room
temperature on a wheel in the following wash buffers: WBI (1% TRITON, 0.1% NaDOC, 150mM Nacl,
10mM TRIS pH8), WBII (1% TRITON, 1% NaDOC, 150mM KCl, 10mM TRIS pH8), WBIII (0.5% TRITON,
0.1% NaDOC, 100mM NaCl, 10mM TRIS pH8), WBIV (0.5% Igepal CA630 (Sigma), 0.5% NaDOC, 250mM
LiCl, 10mM TRIS pH8, 1mM EDTA), WBV (0.1% Igepal, 150mM NaCl, 20mM TRIS pH8, 1mM EDTA),
WBVI (0.001% Igepal, 10mM TRIS pH8). 20ug of sheared chromatin used as input and ChIP beads were
then boiled 10min in 100uL H>0 containing 10% (V/W) chelex resin (BioRad), followed by Proteinase K
(0.5mg/mL)-digestion for 30min at 55°C, and then finally incubated 10min at 100°C. 1uL of ChIP eluate

was used for gPCR assays in 10puL reactions with Brillant Il Ultra Fast SYBR-Green Mix (Agilent) using a
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Stratagene MX3005p system. The analysis of gPCR was performed using the MxPro software. Primers
are listed in Table S1.

Immunoblotting

Approximately 500um of muscle cryosections from frozen muscle were homogenized with a Dounce
homogenizer protein extraction buffer containing 50mM Tris-HCl, pH 7.4, 100mM Nacl, 0,5% NP40,
with Halt Protease and Phosphatase inhibitor cocktail (78440, ThermoFisher Scientific). Samples were
then centrifuged for 10min at 1500g at 4°C and supernatants were collected. Protein concentration
was determined by Bradford assay (ThermoFisher Scientific). Samples were denatured at room
temperature for 30 min (CayB1 proteins), or at 95°C for 5min (all other proteins), with Laemmli buffer
with 5% Bmercaptoethanol. Proteins were separated by electrophoresis (Nu-PAGE 4—-12% Bis-Tris gel;
Life Technologies) and then transferred to nitrocellulose membranes (GE Healthcare). Membranes
were blocked with 5% BSA (CayB1 proteins) or 5% milk (all other proteins) and incubated overnight at
4°C with primary antibodies (listed in Table $3) diluted in the blocking buffer. Membranes were then
labelled with fluorescent secondary antibodies (listed in Table S$4) diluted in blocking buffer for 1h in
the dark. Images were acquired with camera LAS4000 (GE Healthcare). Western blot image analysis

was performed with the public domain software Imagel (analyze gel tool).

Immunofluorescence and image acquisition — muscle cryosections

Immunofluorescence procedures were performed on 10um muscles cryosections fixed on glass slides
and stored at -80°C. Slides were rehydrated in PBS, fixed with PFA 4% for 10 min, permeabilized with
0.5% Triton X-100 (Sigma-Aldrich) and blocked in PBS with 4% bovine serum albumin, 0.1% Triton X-
100 for 1h. Sections were incubated in PBS with 2% BSA, 0.1% Triton X-100 with primary antibodies
(listed in Table S3) overnight at 4°C. Aspecific sites were blocked with BSA 5% 1h and slides were
incubated for 1h with secondary antibodies (listed in Table S4) and incubated 5min with 4’,6’-

diamidino-2-phenylindole (DAPI) for nuclear staining and mounted in Fluoromount (Southern Biotech).

Immunofluorescence and image acquisition — muscle fibers

TA muscles were collected, rinsed once in PBS and fixed in a PBS 4% PFA solution at room temperature
for 1 hour. Groups of approximately 10 muscle fibers were gently dissected and incubated overnight
in PBS with 0.1M glycine at 4°C with mild shaking. The next day, after a day of washing in PBS 0.5%
Triton X-100, fibers were incubated in permeabilized and blocked for 6 hours in PBS 3% BSA 5% goat
serum 1% Triton X-100 at room temperature. Fibers were incubated with primary antibodies (Table
S3) at 4°C over weekend in blocking solution. Fibers were then rinsed for several hours at room
temperature, in PBS 0.5% Triton X-100 and incubated overnight at 4°C with secondary antibodies

(Table S4) and a-Bungarotoxin-Alexa Fluor conjugated-594 (Table S3) in blocking solution. Finally, after
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a day of washing in PBS 0.5% Triton X-100, fibers were mounted on slides in non-hardening Vectashield

mounting medium (H-1000, Vector Laboratories).

NMJ images were acquired with Zeiss Axio Observer microscope coupled with apotome module (63x
objective) and edited with Zeiss Zen Lite 3.7 software. The same laser power and setting of parameters
were used throughout to ensure comparability. The images presented were single projected images
obtained by overlaying sets of collected z-stacks. NMJ morphometric analysis was performed on
confocal z-stack projections of individual NMJs by using ImagelJ-based workflow adapted from NMJ-
morphl. At least 100 NMJs have been analyzed per condition. NMJ morphometric analysis was

performed in a blinded manner by the same investigator.

Immunofluorescence and image acquisition — primary myotubes

For immunofluorescence analyses, primary myotubes were seeded and cultured in fluorodishes
(Dutscher). Cells were fixed in 4% PFA for 10 min, permeabilized with PBS 5% Triton X-100. Aspecific
sites were blocked with BSA 1% and goat serum 10% for 30 min. Cells were incubated with primary
antibodies (listed in Table S3) overnight at 4°C in PBS 0.1% saponin 1% BSA. Cells were washes three
times and then incubated with secondary antibodies (listed in Table S4) and DAPI (1:10 000) for 1hin
the dark.

Fluorescence images of myotubes were acquired Spinning Disk confocal scanner unit (CSU-W1
YOKOGAWA) with a 40x oil-immersion objective (plan fluor 40x/1.3 oil OFN25 DIC N2 cyan), coupled
with a Photometrics PRIM 95B Camera. Software used was MetaMorph 7.10.2. Image analyses and
guantification of AChR clusters size and distribution were performed with the public domain software

Imagel by using a macro developed in the lab by Myolmage facility.

Statistical analyses

Comparison between two groups was tested for normality using Shapiro-Wilk test followed by
parametric (two-tailed paired, unpaired Student’s t-tests) or non-parametric test (Mann-Whitney) to
calculate p-values. For comparison of more than two groups, ordinary one or two-ways ANOVA tests
followed by appropriated post hoc tests were performed. All statistical analyses were performed with

GraphPad Prism 8 or 9 software and statistical significance was set at p < 0.05.
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RESULTS

Identification of a new CayB1 isoform in adult denervated and in embryonic skeletal muscles

The first description of the CacnblE embryonic isoform emerged from RT-PCR and genome-wide
transcriptomic analysis (Traoré et al., 2019). This research revealed modulation of Cacnb1 expression
at the exon level. However, the existence of several unidentified isoforms sharing the same exons,
adds complexity to the interpretation of the results. To address this issue, we used Nanopore
sequencing (Mulroney, 2020) in adult muscle to delineate the full-length Cacnbl transcripts. The
visualization of the high-quality aligned nanopore reads revealed the vast diversity of Cacnb1 transcript
variants, but with one major isoform per transcription unit (TU) (Fig 1A): more than 94% of the
transcripts of the TU#1, ranging from exon1 to exon14 corresponds to Cacnb1E isoform and more than
83% of the transcripts of the TU#2, ranging from exon2B to exonl3end corresponds to CacnblD
isoform. The examination of the TU#3, ranging from exon1 to exon13end revealed that more than 93%
of the transcripts of this TU corresponds to Cacnb1A (Fig 1A). It should be noted that these percentages
represent the predominance of each isoform within their respective transcriptional units, not their
overall abundance in the muscle. We validated these data by performing RT-PCR analyses of full-length
transcripts and confirmed that these three transcripts were expressed in adult mouse muscle and that
the expression of both CacnblA and CacnblE significantly increased in denervated muscle (Cacnb1A:
P=0.0041; Cacnb1E: P=0.0001), while Cacnb1D decreased (Fig 1B). When we analyzed Cayf1 proteins
expression by western blot, using a custom antibody specific to CayBD and A variants (exon 13end
epitope). We found increased expression of a 58kDa band, corresponding to CayB1A, in denervated
muscle, while the 53kDa band, corresponding to the CayB1D, did not change in the different conditions

(Fig 1C). We could not assess CayB1E expression at protein levels due to technical limitations.

Given the same expression profile of Cacnb1A and Cacnb1E transcripts in denervated adult muscle,
we wondered whether the newly identified CacnblA might be an embryonic isoform, similarly to
Cacnbl1E (Traoré et al., 2019). By amplifying full-length transcripts of Cacnb1A, E and D and assessing
CayB1 protein levels by western blot, in embryonic muscles, we observed the appearance of Cacnb1D
transcript and CayB1D protein during the later stages of embryogenesis to be fully expressed in adult
as expected (Fig 1D,E). Additionally, both Cacnb1A and E transcripts are present during embryogenesis

(Fig 1D) with CayB1A protein also being expressed, yet mainly at PO (Fig 1E).

Overall, our results revealed that Cacnb1A, and not only Cacnb1E transcript are expressed in mouse

skeletal muscle during embryogenesis and increased after nerve damage, with CayB1lA protein
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following this pattern. Taken together, this underlines the complexity of Cayf1 isoforms and intrigued

about the specific role of each of these CayB1 proteins in skeletal muscle physiology.

Molecular mechanisms implicated in the expression of Cacnbl isoforms in embryonic and adult

muscles

To further investigate the transition of embryonic versus adult Cayp1 isoforms, we performed triplex
RT-PCR analyses to investigate the kinetic of exon2B inclusion characterizing the adult Cacnbl1D
isoform versus exon2A, identifying the embryonic Cacnb1A/E variants. As expected, we observed that
exon2A was present from E12.5, while exon2B expression increased perinatally and was highly
expressed in adult muscle (Fig 2A). We wondered if Cacnb1D and Cacnb1A/E expressions might be
orchestrated by the activation of distinct promoters in embryonic and in adult muscles. Nanopore
sequencing revealed that the mRNAs starting at exonl were never associated with exon2B (Fig S1).
This suggests that the expression of exon2B may be exclusively triggered by a promoter located within
this exon. To validate this hypothesis, we performed an in silico analysis (ENCODE project, UCSC
Genome browser) of ChIPseq signals of methylation marks and RNA-Polymerase Il occupancy on
mouse Cacnbl gene in embryonic muscles compared to adult hind limb muscles. We found that
methylation marks H3K4me3, H3K9ac and H3K27ac, characteristic of active promoters (Igolkina et al.,
2019), were mostly located at exonl in E12.5 mouse muscle, while H3K27ac was mainly located at
exon2B in three different adult mouse hind limb muscles (Fig 2B). In addition, RNA-Polymerase Il was
strongly recruited at Cacnbl exonl in E12.5 mouse muscle and at exon2B in adult mouse muscle (Fig
2B), suggesting a transcription initiation site (Wang et al., 1992). Together, these data strongly suggest
that distinct promoters are used for the expression of embryonic (Prom1) versus adult (Prom2) Cacnb1

isoforms.

We wondered if the innervation status in adult muscle could affect the activity of Cacnb1 promoters,
therefore modulating the expression of Cacnbl isoforms. We found that the percentage of exon2B
inclusion was higher in innervated and decreased in denervated muscles whereas exonl inclusion was
very low in innervated and increased significantly in denervated muscle RNA extracts (Fig 2C). To
evaluate the activity of the putative specific promoters, we performed a ChIP-PCR analysis on Cacnb1
gene. We observed a reduction in epigenetic marks of active promoters (H3K4me3 and H3K9ac) at
Prom2 site, while these marks were enriched around Prom1 following denervation. Accordingly, the

guantification of RNA-Polymerase |l recruitment displayed increased enzyme’s occupancy around
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Prom1l and decreased enzyme’s occupancy at Prom2 site in denervated compared to innervated

muscles (Fig 2D).

Overall, our results show that Cacnb1 isoform transition from embryonic to adult isoforms is regulated
by the activation of two distinct promoters. Furthermore, we demonstrate that adult skeletal muscle
restores the embryonic epigenetic program in Cacnbl gene after nerve damage, suggesting a role for
Cacnbl in the compensatory mechanisms aiming at recovering a proper innervation status and

potentially in other event associated to neuromuscular physiology.

Role of embryonic Cayf1 isoforms in AChR clustering

The adaptation of Cacnbl isoforms expression to the innervation state of the muscle, in embryonic
and in adult stages, raised the question on the specific role of the different variants in the formation,

maturation and maintenance of NMJ.

We investigated the role of embryonic Cacnb1 isoforms in agrin-mediated AChR clustering in highly
differentiated primary myotubes (Pezinski et al., 2020) by downregulating these isoforms using shRNA
tool, referred to as shEx2A (Fig 3A). After validating CayB1 embryonic isoforms downregulation (Fig
3A, Fig S2A), we observed that their absence had no effect on AChR aggregation capacity, showed by
a similar number of AChR clusters per myofiber surface compared to the control condition (Fig 3B,C).
However, it did induce a significant increase in AChR cluster size, with a mean fold increase of 2.93 (Fig
3B,C). Additionally, we observed an increased distance between AChR aggregates and the nearest
nuclei, suggesting that embryonic CayB1 isoforms may play a role in positioning the future sub-synaptic
nuclei (Fig 3B,C). To identify the mechanisms responsible for these in vitro AChR clustering
abnormalities, we measured protein expression of AChR subunits as well as key players in AChR
formation including MuSK, Dok7 and Rapsyn. Although we did not observe a significant increase in
AChRal protein, we did find an elevated MuSK expression in shEx2A myotubes compared to controls
(Fig 3D), suggesting a possible enhancement of the molecular pathway associated with AChR
aggregation. Lrp4, Dok7 and Rapsyn protein levels were unchanged under shEx2A treatment,
indicating that these proteins were not implicated in the observed alteration of AChR clustering (Fig

S2B).

Then, we investigated the potential role of embryonic Cacnb1 isoforms on the myogenic differentiation
process. Despite increased myogenin expression (Fig S2C), we measured a significantly increase in

MyHC3, MyHC8 and MCK mRNA expressions (p=0.0318, p=0.027 and p=0.0203 respectively) (Fig 3E),
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as well as an elevated MF20 protein expression levels in shEx2A myotubes compared to controls (Fig
3E). In addition, adult Cacnb1D expression was also increased (Fig S2D), suggesting that myogenic
maturation was aberrantly accelerated in the absence of embryonic Cacnb1 isoforms, corroborated by
the increased width of shEx2A treated myotubes compared to controls (Fig S2E). These results suggest
that embryonic CayB1 isoforms are needed not only to modulate the first phases of myogenesis, as
previously shown (Taylor et al.,, 2014), but also to ensure the coordinated terminal muscle cell

differentiation and AChR aggregation.

Embryonic CayB1 isoforms in post-natal NMJ maturation and maintenance

The presence of embryonic CayB1A isoform expressed post-natally until at least P14 (Fig 4A), suggests
a possible involvement in NMJ postnatal maturation. To investigate embryonic CayB1s role in this
process, we downregulated their expression using the same shEx2A treatment in the lower limbs of 7
days-old pups (Fig 4B), and analysed NMJ morphology 21 days later, in 1 month old mice, when
endplates are usually mature (Tintignac et al., 2015). We quantified NMJ morphological parameters
and found that the perimeter and area of both pre- and post-synaptic regions were significantly
reduced upon embryonic Cacnb1 depletion compared to controls (Fig 4C,D,E). Additionally, the size of
synaptic contact and the overlap between nerve terminals and post-synaptic apparatus were reduced
(Fig 4C,F). Furthermore, a significant NMJ fragmentation was observed (Fig 4G) upon embryonic Cayf1
downregulation. Although NMJ morphology appeared strikingly altered, we did not measure changes
in AChRal or Dok7 transcripts (Fig S3A) nor protein levels (Fig S3B) but we observed an increase in
MusSK protein (Fig 4H). Overall, these observations suggest that compensatory mechanisms aiming at
counteract the NMJ alterations, are just being initiated like indicated by MuSK increased levels, a key
player in agrin/Lrp4/MuSK signalling required for the transcription of NMJ player genes in sub-synaptic

nuclei.

To better understand if embryonic Cayf1 isoforms may play a role in the stabilization of nerve-muscle
synapses once they are completely formed and mature, we disrupted their expression in the Tibialis
Anterior (TA) of adult mice via the same AAV-shEx2A tool (Fig 5A). We then analysed functional and
molecular readouts of NMJ features 12 weeks post-injection. Force generation, whether by direct
(muscle) indirect (nerve) stimulation, was not affected by the ablation of embryonic Cayp1 proteins
(Fig 5B). The neuromuscular connectivity, as measured by compound muscle activity potential (CMAP)
decrement in electroneuromyogram (ENMG) analysis, remained unchanged as well (Fig 5B). However,

while Lrp4 and Rapsyn expressions remains unmodulated (Fig 5C), there was a significant increase in
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AChRal, AChRy subunits, and Musk expressions (Fig 5D). This suggests an alteration in the signalling

pathways involved in the maintenance of AChR below the nerve terminal (Li et al., 2018).

Altogether, these data suggest that embryonic Caypf1l isoforms are involved in NMJ formation, the
maturation of the post-synaptic apparatus at early developmental stages and in NMJ maintenance in

adult muscles.
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DISCUSSION

Neuromuscular system plays a vital role for all vertebrates. Its proper development, maturation and
maintenance are strictly regulated processes requiring a multitude of mechanisms not yet completely
elucidated. In this context, it has been described some years ago, that a component of ECC machinery,
CavB1, the regulatory subunit of muscle Voltage-gated Ca?* channel encoded by the Cacnb1 gene, was
essential in the formation of nerve-muscle patterning during embryonic development (Chen et al.,
2011). In a further study this protein has been demonstrated as having transcription factor properties
in muscle precursor cells (Taylor et al., 2014). More recently, two Cayp1 skeletal muscle isoforms have
been identified by our team: CayB1D, defined as the adult constitutive isoform, and CayB1E, defined
as an embryonic isoform with a role in limiting muscle mass loss after denervation and during aging

(Traoré et al., 2019).

Here, we aimed to further characterize Cayf1l variants, investigate the mechanisms behind the
regulation of their expression, and understand their role in the formation, maturation and stability of

neuromuscular system.

Using Nanopore sequencing as innovative and powerful exploring technology, we have identified
CavB1A as an additional embryonic isoform, rising further questions about the role of multiple Cayf1

variants during development and for skeletal muscle homeostasis.

Investigating the mechanisms regulating the differential expression of CayB1 proteins, we have
discovered that adult and embryonic isoforms are expressed through the activation of two promoters
located in exonl (Prom1) and exon2B (Prom2), which are regulated differently during development.
We have demonstrated that Prom1 is active during embryogenesis, while Prom2 is active in mature
adult muscle, perinatal stages marking a period of transition between the activation of these two
promoters. In addition, we have shown that, in adult muscle, nerve damage leads to the restoration of
the embryonic epigenetic program of Cacnb1 promoters. These evidences shed light on the molecular
events behind Cayf1 modulation and open new hypotheses on other upstream factors potentially

implicated in the fine tuning of their epigenetic program.

To gain insights into transcription factors binding at these promoter regions and potentially regulating
them, we used the UCSC Genome Browser, an online software allowing comprehensive visualization
and analysis of genomic data, including features like transcription factors binding sites. Among the
wide range of transcription factors potentially binding to Prom1 and Prom2 regions, some could be

relevant to skeletal muscle tissue. Indeed, myogenin presents binding sites in both Prom1 and Prom2
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regions, this muscle-specific transcription factor is known to promote transcription of muscle-specific
target genes and especially in genes important for myogenesis and AChR clustering (Tang et al., 2006;
Tang and Goldman, 2006). The factor BRD4, potentially binding Prom2 region, is known to act as a
regulator of catabolic genes in skeletal muscle, and regulating myogenesis by impairing myogenic
differentiation (Segatto et al., 2017; Yang et al., 2022). KDM1A (or LSD1), potentially binding Prom1,
also presents beneficial effect on muscle regeneration and recovery after injury by regulating key
myogenic transcription factor genes (Tosic et al., 2018). And lastly, MEF2A, potentially binding Prom2,
belongs to MEF2 transcription factor family, working in concert with MyoD to regulate muscle gene
transcription. More investigations are needed to decipher the factors involved in such promoter

activity regulation.

Together with these analyses we also investigated on the role of CayB1 on the different stages on NMJ
formation, maturation and stability. As mentioned, previous study demonstrated that genetically
ablated Cacnb1 mice exhibited muscle patterning defects and aberrant innervation at E14.5 and E18.5
in mice. However, to really conclude with pre-patterning defects, it would have been more accurate
to look at the aspect of AChR clustering before axonal growth cone arrival around E14.5. By working
on aneural myotubes in vitro, we found increased AChR clusters sizes and precocious myotube
maturation, which align with Chen and colleagues’ post-innervation results, which showed increased
endplate areas and more perforated clusters, indicative of a precocious maturation. Our results
suggest that the defects observed in their study originate from abnormalities occurring before
innervation begins. However, it cannot be excluded that the observed defects are modified or

amplified by nerve-derived factors.

We can connect the increase in MuSK levels with the increase in AChR clusters size that we observed,
through a possible effect on LRP4 or through an independent pathway (Mazhar and Herbst, 2012). This
increased MuSK level could result from a transcriptional effect of myogenin (Tang and Goldman, 2006),

which has been shown as negatively regulated by Cayp1 proteins (Taylor et al., 2014).

Furthermore, the size of AChR clusters could be modulated by the level of myotube maturation
independently of a MuSK effect. We observed precocious maturation of myotubes and one possibility

is that AChR clusters enlarged due to increased myotube width, perhaps through a mechanical effect.

In this study, we observed alterations in NMJ morphology of 1-month old pups in which CayB1A/E were
ablated. The observed defects could be due to alterations in maturation, maintenance, or a

combination of both and distinguishing between these two processes is very challenging.
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Given the increased muscle maturation observed under ablation of embryonic/perinatal Caypl
isoforms in our model, NMJ fragmentation might be a mechanism to extend as the muscle matures
precociously. Indeed, the link between NMJ fragmentation and degeneration should not be systematic
and some studies suggest that endplate fragmentation could also be a sign of regeneration, as a
process of synaptic plasticity aimed at extending synaptic area (Haddix et al., 2018; Li et al., 2011;
Slater, 2020).

Alterations of NMJ are also observed in other conditions as in aging muscles, where CayB1A/E
expressions are defective (Traoré et al., 2019). Indeed, postsynaptic fragmentation, reduced AChR
density and synaptic decoupling are reported during aging (Valdez et al., 2012), but these age-related
NMJ morphological abnormalities precedes changes in NMJ molecular markers expression (Massiré et
al., 2024). Therefore, the fact that we do not observe a global alteration in NMJ actors despite NMJ
morphological alteration is not necessarily surprising. Moreover, the increased MuSK protein, which
activation is known to induce transcription of key NMJ genes in sub-synaptic nuclei might be the mark
of the initiation of such process and we may observe a wider modulation of NMJ actors after longer
periods of treatment. This adult model would require further deep analyses to study NMJ molecular
actors and morphological aspect, that we suppose to align with the natural aging progression in mice,
like the post-natal in vivo shEx2A model do. Globally, we can presume that downregulating CayB1A/E

isoforms in skeletal muscle reproduce neuromuscular aging features.

As remaining consideration, in this study, we examined the effects of downregulating both Cayf1A and
CayB1E isoforms on distinct NMJ specific stages. It would be of high relevance to give precision on

which of CayB1A or CavB1E isoform is responsible for the observed effects.

Overall, in this study we highlighted molecular and functional aspects of Cayf1s as molecular players
involved in the neuromuscular system formation, maturation and maintenance. Further investigations
are needed to give additional insights on their relevance for skeletal muscle physiology and

pathophysiology.

85



Results
A UT1: Ex2B-Ex13end

oo
o
@ o
Ed

nEARnIENNE
5
Ed

[55 24 [28] [=1] [ [51) [el (7] e 8] (o] [wo] 7] [72] fecbeiacend [7//774 7T Cacnbraene]

UT2: Ex1-Ex14
N 94.56%
- 212%
=0 [N E [EN [ E ) ) R e Cacnb1A
= 0.49%
= 044%
=i 28 (5] [4] (5 [s|[7a] [8](9][10] [11] [12] fobeqiend
-
= 0.18%
= 0.15%
A [s]fa][s] (6l [7a] [l f9] [10] [77] [12] fakeg  [/7747] cacnore
UT3: Ex1-Ex13end Cayp1 protein
Il = 93.83% it I K cr domains
- 1.85%
 0.78%
= 0.74%
/= 0.62%
= 061%
- 0.35%
- 026%
- 0.15%
= 014%
Cacnb1D
B R
Embryonic (E) Postnatal (P) Days - “::“ CacnbiA Cacr‘m‘rE
pp E12:5 E16 PO P120 . By — G G 1s
1500~ ww CacnbiD L T) .o g
5 ¥ §% * S 1.0
1600~ « cacnbtA  §%F g5 . g é
- 5 * 52 9
2000- . .. . CacnbiE 5% 3%”‘ : 5%0_5
— 20 1 .
100 PO % : E : 05 E :
-]
30 S 0.0 S 0.0
= E125 E16 PO P120 = E125 E16 PO P120 = E125 E16 PD P120
C L 2t
" Embryonic (E) Postnatal (P) Days — ok
KDa — EL — *% *%
75 E12.5 E16 PO P120 g_ 15 T g 6
- o —— a
.- caVvp1A 2% 0% s
SO v B5o L
50— 5 £33
75- S5 <3
Ponceau S =g ° =g?2
E S E 51 ”I“‘
50 - z Ll |—E| 2
= - T T T T = v T T T T
E12.5 E16 PO P120 E125 E16 PO P120
D Cacnb1E
Time after Cacnb1D Cacnb1A eas
b denervation (Days) . .
D0 D3 D14 157 o= Ef) —— QE e
1500- o= = il = .
e -« Cacnb1D T2 : §§5 te .
ﬁ% 1.0 224 gg 10
1600~ L« CacnblA $3 £, s
H g g
< E 0.5 E 2 << 5 5
2000- . cacnbtE 33 £5, &s
E=Z E= =
(-] (=] [=]
= 0.0 =0 = 0
100 — | PO 0 3 14 0 3 14 0 3 14
Time after denervation (Days) Time after denervation (Days) Time after denervation (Days)
E Time after _ o
MW denervation (Days) E ES -
KDa 5y p3 D14 2 . e .
75- £27 £
2E v . g4
M cavpia RN =5
= @ o
50 — W W - CaV(1D 55 %gz
£ 0.5 o 5 1
(5]
——— 3 =
37- Actin g o0 o il
0 3 14 0 3 14
Time after denervation (Days) Time after denervation (Days)

86



Results

Figure 1. Identification of a new CayB1 isoform in embryonic muscles. A. Full-length sequencing of
Cacnb1 transcript through Nanopore technology led to the identification of one major isoform per TU:
Cacnbl1D, CacnblE and CacnblA. Cacnbl gene and skeletal muscle transcript variants as well as the
corresponding protein domains are represented. B. RT-PCR and quantification of the three full-length
Cacnb1 variants in innervated (D0O) TA muscles or after the indicated number of days of denervation.
PO was the loading control. C. Western Blot and quantification of CayB1A and CayB1D in innervated
(DO) or after the indicated number of days of denervation. Actin was the loading control. D. RT-PCR
and quantification of the three full-length Cacnb1 variants in embryonic muscles and adult TA muscles.
PO was the loading control. E. Western Blot and quantification of CayB1A and Cayf1D in embryonic
muscles and adult TA muscles. Actin was the loading control. All data are mean + SEM (*P < 0.05, **P
< 0.01, ***P < 0.001). P values were calculated by ordinary one-way ANOVA followed by Tukey’s

multiple comparison test.
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Figure 2. Two distinct promoters drive the expression of Cacnbl isoforms in skeletal muscle. A.
Triplex RT-PCR and quantification of the percentage of exon2A versus exon2B inclusion in embryonic
and adult TA muscles. B. Visualization of epigenetic marks and RNA Polymerase Il at Cacnb1 promoters
using UCSC Genome Browser. Image displaying the location of activating epigenetic marks (H3K3me3,
H3K9ac and H3K27ac) and RNA Polymerase Il occupancy at Prom1 and Prom2 in either embryonic
(E12.5) muscles (ENCODE project) or adult muscles (Extensor digitorum longus (EDL), Quadriceps and
Soleus). C. Triplex RT-PCR and quantification of the percentage of exon2A versus exon2B inclusion in
innervated and 3-days denervated adult TA muscles. D. Chromatin immunoprecipitation (ChIP)
followed by PCR analysis showing the presence of activating epigenetic marks (H3K3me3, H3K9ac and
H3K27ac) and RNA Polymerase Il occupancy at Prom1l and Prom2 in in innervated and 2-days
denervated adult TA/Gas muscles. All data are mean + SEM (*P < 0.05, **P < 0.01, ***P < 0.001). P
values were calculated by ordinary one-way ANOVA followed by Tukey’s multiple comparison test (A)

or unpaired t-test (C,D).
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Figure 3. Downregulation of embryonic CayB1l isoforms induces bigger AChR aggregates and
myotube precocious maturation in an in vitro model of highly differentiated myotubes. A. Schematic
representation of the experimental protocol. Western Blot and quantification of Cayf1A in control and
shEx2A treated myotubes. B. Immunofluorescence (IF) images of control or shEx2A treated myotubes
stained with AChRal (green) and DAPI (blue). C. Quantification of AChR clusters number and size per
myotube area and distance between AChR clusters and the nearest nuclei. D. Western Blot and
guantification of AChRal and MuSK in control and shEx2A treated myotubes. E. RT-qPCR of MyH(C3,
MyHC8 and MCK in control and shEx2A treated myotubes. Western Blot and quantification of MF20 in
control and shEx2A treated myotubes. All data are mean + SEM (*P < 0.05, **P < 0.01, ***P < 0.001).

P values were calculated by unpaired t-test (C,D).
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Figure 4. NMJ structural and molecular defects upon downregulation of embryonic Cayf1 isoforms
in TA muscles at postnatal stages. A. Western Blot and quantification of Cayf1A and CayB1D in muscles
at indicated embryonic and postnatal stages. B. Schematic representation of the experimental
protocol. RT-gPCR of embryonic Cacnb1 variants using primer in exon2A in control and shEx2A treated
TA muscles, 3-weeks post-injection. Western Blot and quantification of Cayf1A and CayB1D in control
and shEx2A treated TA muscles, 3-weeks post-injection. C. Immunofluorescence (IF) images of control
and shEx2A treated TA muscles, 3-weeks post-injection, stained with a-bungarotoxin (BTX) for AChR
(red), neurofilaments and synaptophysin (green) and DAPI (blue). D-G. Quantification of NMJ
morphology with perimeter and area of AChR (D) and endplate (E), area of synaptic contact and overlap
between nerve terminals and post-synaptic apparatus (F) and fragmentation index (G). H. Western
Blot and quantification of MuSK in control and shEx2A treated TA muscles, 3-weeks post-injection. All
data are mean + SEM (*P < 0.05, **P < 0.01, ***P < 0.001). P values were calculated by ordinary one-

way ANOVA followed by Tukey’s multiple comparison test (A) or unpaired t-test (B,D-H).
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Figure 5. NMJ transcriptional and functional defects upon downregulation of embryonic Cayf1
isoforms in adult TA muscles. A. Schematic representation of the experimental protocol. RT-qPCR of
embryonic Cacnbl variants using primer in exon2A in control and shEx2A treated TA adult muscles,
12-weeks post-injection. B. Indirect (nerve) or direct (muscle) tetanic force measured in control and

shEx2A treated TA adult muscles, 12-weeks post-injection. CMAP decrement measured by ENMG in
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control and shEx2A treated TA adult muscles, 12-weeks post-injection. C-D. RT-qPCR of Lrp4 and
Rapsyn (C), and of AChRal, AChRg and MuSK (D) in control and shEx2A treated TA adult muscles, 12-
weeks post-injection. All data are mean + SEM (*P < 0.05, **P < 0.01, ***P < 0.001). P values were

calculated by unpaired t-test.
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Ex2A
Ex1 Ex2B Ex3

\\ i/ TA inn TA den GAS inn GAS den |Somme

100,00 | 100,00 100,00 | 100,00 100,00

110p0111111111111 93,84 90,44 71,13 88,05 85,36
110p0110000000001 0,00 0,00 10,43 0,10 2,63
110p0111111011111 1,86 1,92 1,59 1,82 1,80
110p0000000000011 0,00 0,01 6,72 0,06 1,70
110p0110000000111 0,00 2,01 4,59 0,01 1,65
110p0111101111111 0,78 1,26 0,62 0,97 0,91
110p0100000000001 0,01 0,00 0,49 2,81 0,83
110p0111110111111 0,61 0,78 0,68 0,85 0,73
110p0111011111111 0,74 0,66 0,57 0,74 0,68
100p0111111111111 0,62 0,43 0,49 0,49 0,51
110p0111111111011 0,36 0,25 0,28 0,43 0,33
100p0000000000001 0,26 0,54 0,35 0,11 0,31
110p0100000000011 0,00 0,00 0,01 1,11 0,28
100p0000000000011 0,00 0,00 0,69 0,02 0,18
110p0111110000011 0,00 0,00 0,00 0,66 0,16
110p0011111111111 0,14 0,16 0,15 0,19 0,16
110p0110000000011 0,00 0,02 0,04 0,55 0,15
110p0100011111111 0,00 0,01 0,52 0,01 0,14
110p0111110011111 0,15 011 0,08 0,14 0,12
100p0000000001111 0,00 0,41 0,01 0,00 0,10
110p0111111101111 0,11 0,10 0,08 0,11 0,10
110p0101111111111 0,09 0,12 0,09 0,11 0,10
110p0110111111111 0,06 0,05 0,06 0,08 0,06
110p0100000000111 0,00 0,22 0,01 0,00 0,06
110p0110011111111 0,05 0,05 0,01 0,08 0,05
100p0111111011111 0,05 0,06 0,03 0,02 0,04
110p0111111001111 0,06 0,03 0,03 0,03 0,04
110p0111011011111 0,04 0,03 0,02 0,04 0,03
110p0111100111111 0,04 0,02 0,05 0,02 0,03
110p0111111110111 0,02 0,04 0,03 0,04 0,03

0 = Exon absent / 1 = Exon present

Figure S1. Cacnb1 exon2B is systematically excluded when exon1 is expressed. Long-read Nanopore

sequencing data depicting exon presence and absence for each Cacnb1 variant (only the first 30 are

showed). Each row represents an individual transcript, with “1” indicating the presence and “0”

indicating the absence of specific exons. This binary representation allows the observation that none

of the transcripts starting at exonl include exon2B, suggesting that alternative splicing is not the

mechanism regulating exon2B inclusion but rather indicates the existence of an alternative promoter

at exon 2B.
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Figure S2. Additional data from Figure 3. A. RT-gPCR of embryonic Cacnb1 variants using primer in
exon2A in control and shEx2A treated myotubes. B. Western Blot and quantification of rapsyn and
Dok7 in control and shEx2A treated myotubes. C. Immunofluorescence (IF) images of control or shEx2A
treated myotubes stained with AChRal (green) and DAPI (blue). C-D. RT-qPCR of Myogenin (C) and
Cacnb1D (D) in control and shEx2A treated myotubes. E. Quantification of myotube width in control
and shEx2A treated myotubes. All data are mean + SEM (*P < 0.05, **P < 0.01, ***P < 0.001). P values

were calculated by unpaired t-test.
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Figure S3. Additional data from Figure 4. A. RT-gPCR of AChRal and Dok7 in control and shEx2A
treated TA muscles, 3-weeks post-injection. B. Western Blot and quantification of AChRal and Dok7 in
control and shEx2A treated TA muscles, 3-weeks post-injection. All data are mean + SEM (*P < 0.05,

**Pp <0.01, ***P <0.001). P values were calculated by unpaired t-test.
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b) Additional results

As described in the article in preparation presented above, this thesis work allowed a clarification of
the diversity of Cayfl isoforms in skeletal muscle with CayBlA and CayBlE being two

embryonic/perinatal isoforms while CayB1D is the adult constitutive isoform.

Intriguingly, Nanopore sequencing analysis revealed that at E12.5, the most abundant isoform of both
Ex1-Ex13end and Ex1-Ex14 Transcriptional Units (TU) are transcripts lacking exon7A and not Cacnb1A
and CacnblE. The abundance of CacnblA A7A and CacnblE A7A within their respective TU drops
from 54,85% to 2,36% and 61,55% to 4,12% respectively, between E12.5 and PO, to be replaced by
CacnblA and CacnblE (Fig. 20A). We validated CacnblA/E_A7A variants by RT-PCR with the
observation of a shift in the size of the full-length Cacnb1A and Cacnb1E transcripts at E12.5 (Fig. 20B),
Sanger analysis of this lower band confirming the absence of Ex7A (data not showed). A RT-PCR using

primers flanking exon7A (without Cacnbl isoform specificity) allowed the observation of a clear
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Figure 20. Identification of a putative new CaV81 isoform: CaV81early.

A. Nanopore sequencing results showing the relative abundance of Cacnb1 transcripts lacking exon7A within Cacnb1
Ex1-Ex13end and Ex1-Ex14 transcriptional unit (UT). B. RT-PCR and quantification of the embryonic full-length Cacnb1
isoforms, and of exon6-exon8 Cacnb1 total variants, in embryonic and adult muscles, showing a shift in band size
corresponding to the transcripts lacking exon7A. C. Western Blot and quantification of a band corresponding to the size
of the putative Ca\,81early isoform in embryonic and adult muscles. D. In silico 3D modelling of CaV81early isoform and
CaVB1A isoform, demonstrating a similar folding of the exonl-exon8 encoded domains in both CaV8learly CaVB1A
isoforms. All data are mean + SEM (*P < 0.05, **P < 0.01, ***P < 0.001). P values were calculated by ordinary one-way
ANOVA followed by Tukey’s multiple comparison test (B-C).

105



Results

progressive inclusion of exon7A in Cacnb1 global variants from embryonic to adult skeletal muscle
stage (Fig. 20B). Interestingly, this induces a shift in the ORF, which leads to the use of a premature
STOP codon in exon8. At protein level, western blot analysis showed the expression of an
approximately 24kDa protein, the putative molecular weight of this identified isoform coded by
CacnblA/E_A7A transcripts. Interestingly, this protein was expressed in embryonic muscle and

decreased until almost undetectable levels in adult innervated mouse muscle (Fig. 20C).

The structural folding of a protein is crucial for its function. Here, we investigated whether the potential
newly identified CayBlearly isoform might share the same structural characteristics as the full-length
isoforms in their common domains or if the amino acidic sequence encoded after exon8 could affect
the folding of the preceding domains. To do so, we performed an ab initio modelling of the putative
CavBlearly and homology modelling of the embryonic CayB1A isoform using the online Robetta server.
After free energy optimization, we used the “align” algorithm to achieve a structural superposition
alignment. We observed that the 3D structure of CayBlearly matches that of Cayf1A on the domains
encoded by the corresponding sequences (Fig. 20D), meaning that the full-length protein is not
necessary to ensure to correct folding of exon1 to exon8 CayB1 domains. To quantify this, we use the
Root Mean Square Deviation (RMSD) calculation, indicating the average deviation between the
positions of atoms in CayBlearly structure compared to the corresponding domains in CayB1A
structure. We found a RMSD at 1.37 A, meaning that the two structures are similar (this is the case of
RMSD below 2 A). This suggests that their conformations are closely aligned and that any structural
differences are relatively minor. Therefore, we can speculate that a function attributed to the NT, SH3
and HOOK domains of CayB1, independently of the GK and CT domains, can be hold by CayBlearly

isoform (Fig. 14 - introduction of this manuscript).
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CHAPTER 2 - Regulation of CayB1 isoforms expression by MBNLs and
involvement in Myotonic Dystrophy Type 1

I- Introduction

MBNL proteins are essential splicing factors regulating the transition from fetal to adult protein splice
isoforms. They are crucial during development and for the function of muscle and brain tissues. They
are key players in a wide range of cellular processes, by ensuring a proper mRNA processing, by
regulating alternative splicing but also mRNA stability, localization and translation. MBNL1 is expressed
in adult skeletal muscle, while MBNL3 is mainly expressed during development as well as in adult
muscle after denervation (Traoré et al., 2019). While mainly associated with neuronal tissue, MBNL2
expression increases upon MBNL1 loss in skeletal muscle in which these proteins show functional
interchangeability. MBNL1 and MBNL2 display nuclear localization, in accordance with regulation of
alternative splicing events, whereas MBNL3 predominantly localizes in the cytoplasm where it
preferentially binds 3’-UTR sequences, thereby influencing mRNA expression levels and/or localization

of specific transcripts, as well as their translation efficiency (Wang et al., 2012).

Extensive research has focused on MBNL proteins due to their involvement in DM1, a disease
characterized by the sequestration and inactivation of these proteins, among others, by CTG toxic
nuclear aggregates. The skeletal muscle-related symptoms are highly associated with misregulation of
MBNL targets, in particular Clc1 exon7A inclusion has been associated with myotonia, a hallmark
symptom of DM1. In adult muscle, CLC1 protein is mainly localized at the sarcolemma, and at the T-
tubules, to allow proper CI ions flows across the membrane. Cl conductance plays a crucial role in
ensuring a stable resting membrane potential at rest and in membrane repolarization and after
contraction, therefore regulating muscle excitability (Lueck et al., 2007). In DM1, not only Clc1 mis-
splicing but also independent CLC1 protein translation issues are responsible for myotonia (Choi et al.,
2015). In parallel, muscle fiber type profile in DM1 muscles exhibits an aberrant shift from glycolytic
(type 2X and 2B) to oxidative (type 1 and type 2A) fibers, that is a parameter influenced by the altered
Clc1 splicing and associated with myotonia (Hu et al., 2023).

Given that Cacnb1 is misregulated in human immortalized DM1 muscle cells (Arandel et al., 2017) and
that MBNLs and CayfB1 isoforms expressions are correlated after nerve damage (Traoré et al., 2019),
we wondered about a potential connection between MBNL proteins and Cayf1 expression. Besides,
CayB1E has been demonstrated as a key player in regulating muscle mass homeostasis after nerve

damage, which led us to investigate the role of CayB1 isoforms in DM1 pathophysiology.

To study how MBNL modulation affects CayB1 isoform expression we initially planned to use different
mouse models with both upregulated and downregulated MBNL proteins. Given the crucial role of
MBNL1 in mRNA processing in skeletal muscle, we first induced MBNL1 overexpression. However, this

approach led to muscle damage and degeneration causing a progressive loss of the non-integrative
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AAV vector, weakening the effect of the transgene (data not showed). Consequently, we redirected
our attention to a mouse model in which MBNL1 was down-regulated. In these mice, we demonstrated
DM1 features with splicing alteration of key transcripts associated with pathological relevance, loss of
muscle force and myotonia. Importantly, we showed that the embryonic CayB1s isoform levels were
increased upon MBNL1 downregulation and that MBNL3 expression was subsequently enhanced,
which isinvolved in CayB1 variant expression regulation via their 3’UTR. Additionally, we observed that
CavB1l embryonic isoforms depletion in our shMbnll model led to an exacerbation of myotonia,
associated with an intensified loss of CLC1 protein membrane correct localization. Altogether, this
study demonstrates that MBNL proteins are involved in regulating the expression of Cayf1 isoforms,

whose embryonic variants play a role in mitigating myotonia, a major feature of DM1.

II- Results
a) shMbnll, a DM1 model?

To locally downregulate MBNL1, we injected an AAV1 carrying shMbnll in TA muscles (referred as
shMbnl1l model — Fig. 21A). We validated its efficacy by assessing the decreased expression of Mbnl1
transcripts by RT-qPCR (Fig. 21B) and the decreased number of MBNL1-positive nuclei in shMbnl1l
treated muscle fibers by IF analysis (Fig. 21C). We observed no change in Mbnl2 transcript level (Fig.
21D) but an increase in MBNL2 protein level (Fig. 21E), consistent with studies reporting a
compensatory MBNL2 upregulation in response to MBNL1 loss (Lee et al., 2013; Nitschke et al., 2023).

To assess the effect of MBNL1 downregulation, we examined various transcript targets of MBNL1,
among which we observed significant mis-splicing events, including an increase in Nfix exon7 inclusion,
ATP2al exon22 exclusion, Clc1 exon7A inclusion, Cacnals exon29 exclusion, ArfGap2 exon8 exclusion,
Zasp exonll inclusion, Binl exon11 exclusion and Camk2b exon13 exclusion (Fig. 21F). These readouts
validated the functional effect of MBNL1 deficiency, despite the compensatory increase in MBNL2

protein levels.

To determine if these splicing impairments were accompanied by muscle function deficits in our
shMbnl1l model, we performed functional analyses. Force measurements revealed a decreased force
generation upon both direct (muscle) and indirect (nerve) stimulation (Fig. 21G), as well as the
appearance of myotonia (Fig. 21H) in shMbnl1-treated muscles compared to controls. Additionally, we
evaluated neurotransmission by ENMG, finding altered Compound Muscle Activity Potential (CMAP)
(Fig. 211). These results suggest that MBNL1 depletion is sufficient to induce DM1 features despite

MBNL2 compensation, affecting both mRNA processing and muscle function.
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Figure 21. shMbnl1 model recapitulating DM1 features.

A. Schematic representation of the experimental protocol. B. RT-gPCR of Mbnl1 in control and shMbnl1 treated muscles, 12-weeks after injection. C.
Immunofluorescence (IF) images and quantification of control and shMbnl1 treated TA muscles, 12-weeks post-injection, stained with MBNL1 (red) and
DAPI (blue). White arrows show MBNL1 positive nuclei while yellow arrows show MBNL1 negative nuclei. D. RT-gPCR of Mbnl2 in control and shMbnl1
treated muscles, 12-weeks after injection. E. Western Blot and quantification of MBNL2 in control and shMbnl1 treated TA muscles, 12-weeks post-injection.
F. RT-PCR of Nfix, Atp2a, Clc1, Cacnals, ArfGap2, Zasp, Bin1 and Camk2b in control and shMbnl1 treated TA muscles, 12-weeks post-injection, showing the
inclusion of exclusion of the indicated exons, characteristic of DM1 mis-splicing. G-I. Indirect (nerve) or direct (muscle) tetanic force (G), measure of muscle
relaxation (H), and CMAP decrement measured by ENMG (1), measured in control and shMbnl1 treated TA adult muscles, 12-weeks post-injection. All data
are mean + SEM (*P < 0.05, **P < 0.01, ***P < 0.001). P values were calculated by unpaired t-test.



Results

To investigate the possible role of CayB1 proteins in DM1, we analysed the expression of the different
CayB1isoformsin our shMbnll model. At transcriptional level, we observed a global increase in Cacnb1
transcripts (Fig. 22A). By looking more specifically to the different isoforms, we observed an increase
in the expression of the embryonic isoforms (evaluated through RT-qPCR using primer in exon2A),
while the adult Cacnb1D transcript (evaluated through RT-qPCR using primer in exon2B) was decreased
(Fig. 22A). CayB1A protein levels were increased in shMbnll treated compared to control muscles
while CayB1D protein remained unaffected (Fig. 22B). We could not assess CayB1E expression at

protein levels due to technical limitations.
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Figure 22. MBNL1 regulates embryonic CaV81 isoforms expression.

A. RT-gPCR of total Cacnb1 transcripts, of embryonic Cacnb1 variants using primers in exon2A and of adult Cacnb1D
isoform using primers in exon2B, in control and shMbnl1 treated muscles, 12-weeks after injection. B. Western Blot
and quantification of CaVB81A and CaVB1D in control and shMbnl1 treated TA muscles, 12-weeks post-injection. All
data are mean + SEM (*P < 0.05, **P < 0.01, ***P < 0.001). P values were calculated by unpaired t-test.

b) Role of CayB1in DM1 features

Based on a previous study conducted by our team demonstrating that increased expression of the
embryonic CayB1E isoform contributes to limit muscle mass loss following denervation (Traoré et al.,
2019), and given that we demonstrated the existence of an additional embryonic isoform CayB1A, we
sought to investigate the role of these isoforms in the pathophysiology of DM1 by injecting an AAV1

carrying an shRNA specifically targeting CayB1 embryonic variants (referred as shEx2A model) in our
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shMbnl1l model (Fig. 23A). The efficiency of their downregulation was validated by RT-qPCR and WB
analysis by comparing shMbnl1 with shMbnl1+shEx2A muscles (Fig. 23B,C).
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Figure 23. Downregulating embryonic Ca\81 isoforms in shMbnl1 model exacerbates myotonia.

A. Schematic representation of the experimental protocol. B. RT-gPCR of embryonic Cacnb1 variants, as described in Fig 22,
in control, shMbnll, shEx2A and shMbnll+shEx2A treated muscles, 12-weeks after injection. C. Western Blot and
quantification of Cay81A and CayB1D in control, shMbnl1l, shEx2A and shMbnl1+shEx2A treated muscles, 12-weeks after
injection. D-E. Direct (muscle) or indirect (nerve) tetanic force (D) and measure of muscle relaxation (E) in control, shMbnl1,
shEx2A and shMbnl1+shEx2A treated muscles, 12-weeks after injection. All data are mean + SEM (*P < 0.05, **P < 0.01,
***P < 0.001). P values were calculated by ordinary one-way ANOVA followed by Tukey’s multiple comparison test.
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We wondered about the impact of the ablation of CayBl embryonic isoforms on key muscle
functionalities. We observed no modulation of direct nor indirect muscle force (Fig. 23D) but revealed
that myotonia was exacerbated upon downregulation of Cayf1 embryonicisoforms in shMbnl1l models
compared to muscles treated solely with shMbnl1 (Fig. 23E). These results indicate that embryonic

CayB1s may play a role in mitigating myotonia, a hallmark feature of DM1.

To explore myotonia-related molecular defects, we investigated Clc1 splicing but we did not find
exon7A inclusion exacerbation after shEx2A treatment, on the contrary we surprisingly observed that
Clc1 was less severely mis-spliced (Fig. 24A). We also found that the pattern of CLC1 protein following
a fiber-type specificity was lost under both shMbnll and shMbnl1+shEx2A treatment compared to
control muscles, while unchanged in shEx2A alone treated muscles (Fig. 24B). This change in fiber-type
pattern being shared with or without embryonic Cayf1ls isoforms ablation, it did not explain the
myotonia worsening under shEx2A and was rather probably related to a global decrease in CLC1
protein expression levels. However, CLC1 protein localization at the membrane was lost in
shMbnl1+shEx2A treated muscles while preserved in both shMbnll and shEx2A individually treated
muscles compared to control muscles (Fig. 24B). Additionally, we observed an increase in the
percentage of type 2A oxidative fibers together with a decrease in the percentage of type 2X and 2B
glycolytic fibers under shMbnll single treatment, featuring DM1 characteristics, but not worsen by
shMbnl1+shEx2A double treatment (Fig. 24C,D).

Altogether, these results suggest that the exacerbation of myotonia induced upon downregulation of
CayB1 embryonic isoforms in shMbnll treated muscles could be attributed to CLC1 protein mis-

localization at the sarcolemma.
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Figure 24. Effect of embryonic Cay81 isoforms downregulation on myotonia-related molecular defects.

A. RT-PCR and quantification of Clc1 exon7A inclusion in control, shMbnl1, shEx2A and shMbnl1+shEx2A treated muscles, 12-weeks after
injection. B. Immunofluorescence (IF) images of control and shMbnl1 treated TA muscles, 12-weeks post-injection, stained with CLC1 (green).
C-D. Immunofluorescence (IF) images (C) and quantification (D) of control and shMbnl1 treated TA muscles, 12-weeks post-injection, stained
with MyHC1 (blue), MyHC2A (yellow), and MyHC2B (red). All data are mean + SEM (*P < 0.05, **P < 0.01, ***P < 0.001). P values were
calculated by ordinary one-way ANOVA followed by Tukey’s multiple comparison test.
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c¢) MBNL3 involvement in CayB1 isoform regulation

In our previous study, RNAseq analysis comparing innervated vs denervated skeletal muscle revealed
MBNL3 as the most significantly upregulated splicing factor after denervation (Traoré et al., 2019),
which led us to investigate its role in regulating CayB1 isoforms in adult muscle. Intriguingly, we
observed a similar upregulation of Mbnl3 in our shMbnll model (Fig. 25A), suggesting a potential
repressive effect of Mbnl1 on Mbni3, or a compensatory response of Mbni3 in response to decreased
Mbnl1. To explore Mbnl3 involvement in CaypB1 isoform regulation, we triggered Mbnl3 expression via
nerve damage, modulated or not via its downregulation by injecting AAV carrying Mbnl3-targetted
SshRNA (referred as shMbnl3 treatment - Fig. 25B). Comparing denervated muscles with shMbnl3
denervated muscles confirmed the decreased Mbnl3 expression (Fig. 25C). We established that Mbn/3
was required to enable the effective upregulation of Cacnbl embryonic isoforms following
denervation, by showing the decreased Cacnbl exon2A level in shMbnl3 denervated muscles
compared to control denervated muscles (Fig. 25D). In contrast, Mbnl3 modulation did not affect adult
Cacnbl1D, as revealed by the non-modulated Cacnbl exon2B levels (Fig. 25D). Consequently, the
increased expression of embryonic CayB1s isoforms observed under shMbnl1 treatment (Fig. 22A,B)
could be attributed either directly to the depletion of Mbnl1, to the subsequent increase in Mbni3
levels or to a combination of both events. A model combining shMbnl1 and shMbnl3 treatment would

allow to decipher the impact of MBNL proteins on Cayf1 isoforms regulation.

d) Mechanistic of the regulation of Caypf1 expression by MBNLs

We next investigated in vitro, the role of MBNL3 in the regulation of CayB1 isoforms expression, and
more specifically we wondered if MBNL3 could impact Cacnb1 mRNAs processing through their 3’UTR.
CacnblA and Cacnb1D end with exonl3end while CacnblE ends with exonl14 (Fig. 1 — article in
preparation), therefore displaying two different 3’"UTRs. We used two distinct plasmid reporter
systems, each carrying one Cacnb1 3’-UTRs downstream of luciferase. We used these reporter systems
in C2C12 myoblasts, where we manipulated MBNL proteins by increasing Mbnl3 levels (referred as
OE_Mbnl3), and reducing Mbnl1 or Mbni3 by siRNA tools (Fig. 25E).

Given that the in vivo downregulation of MBNL1 positively regulated Mbni3 levels (Fig. 25A), we chose
to combine OE_MbnI3 and siMbnl1 in vitro to enhance Mbnl3 expression. After assessing the efficacy
of the different MBNLs OE and siRNA plasmid transfections (Fig. 25F), we validated MbnlI3 as a
regulator of 3’UTR mRNA stability by quantifying S100a4 transcript expression, a described target of
MBNL3 (Poulos et al., 2013) (Fig. 25G). We found that the combined OE_MbnI3+siMbnl1 transfection
led to a reduction in Cacnb1A/D 3’-UTR related-luciferase activity. Interestingly, neither OE_Mbnl3
alone nor siMbnl1 alone had a significant impact, suggesting the existence of a threshold of MBNL3
level necessary to affect Cacnb1A/D via their 3’UTR. Conversely, transfection with siMbnl3 resulted in
increased Cacnb1A/D 3’-UTR related-luciferase activity (Fig. 25H). In contrast, we did not observe any
change in Cacnb1E 3’-UTR related-luciferase activity under MBNLs modulation (Fig. 251). Collectively,
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Figure 25. MBNL3 regulates embryonic
Cacnbl isoforms expression through their
3’UTR.

A. RT-gPCR of Mbnl3, in control and shMbnl1
treated muscles, 12-weeks after injection. B.
Schematic representation of the experimental
protocol. C. RT-qPCR of Mbnl3, in control, 3-
days denervated, shMbnl3 and 3-days
denervated shMbnl3 treated muscles, 12-
weeks after injection. D. RT-qPCR of
embryonic Cacnbl variants, as described in
Fig 22, in control, 3-days denervated, shMbni3
and 3-days denervated shMbnl3 treated
muscles, 12-weeks after injection. E.
Schematic representation of the experimental
protocol. F. RT-qgPCR of Mbnl1, Mbnl2 and
Mbnl3, in C2C12 cells control or transfected
with plasmids to over-express (OE) or silence
(si) either Mbnll or Mbnl3. G. RT-qPCR of
510004, a readout of Mbnl3 activity as
regulator of mRNA stability, in C2C12 cells
control or transfected with plasmids OE-
Mbnl3, si-Mbnll or si-Mbnl3. H-I. Dual-
luciferase assay showing Renilla luciferase
activity relative to Firefly luciferase activity, in
C2C12 cells transfected with a plasmid
carrying Cacnb1A/D-3’ UTR (H) or Cacnb1E-3’
UTR downstream from Firefly luciferase gene.
All data are mean * SEM (*P < 0.05, **P <
0.01, ***P < 0.001). P values were calculated
by (A) unpaired t-test or (C-1) ordinary one-
way ANOVA followed by Tukey’s multiple
comparison test.
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General discussion

Overall, this thesis provided insights into CayB1 isoforms knowledge: while CayB1D was already known
as the adult constitutive isoform and CayB1E as an embryonic isoform (Traoré et al., 2019), we
identified CayB1A as an embryonic/perinatal isoform, also re-expressed after denervation in skeletal
muscle. We demonstrated that CayB1 isoforms are regulated through the use of two distinct promoters
regulated differently during development, perinatal stages marking a period of transition between the
activation of these two promoters and nerve damage in adult muscle leading to the restoration of their
embryonic epigenetic program. Additionally, MBNL proteins are involved in Cayf1 regulation of
expression, at least through Cacnb1 mRNA processing via 3’UTR modulation. Importantly, we provided
insights into CayB1 isoform roles in NMJ pre-patterning and post-natal maturation/maintenance as

well as in myotonia DM1 feature.

CavBl isoforms characterization

I- Deciphering CavB1 isoforms: identification/characterization

The skeletal muscle CavB1, encoded by Cacnbl gene was the first Cayp protein to be discovered and
cloned in the 90’ (Pragnell et al., 1991; Ruth et al., 1989), and in 1992 it was demonstrated that several
CayB1 isoform, encoded by the same Cacnb1 gene, existed (Powers et al., 1992). CayB1A has long be
considered as the adult isoform (Gregg et al., 1996; Taylor et al., 2014, 2009) but in 2019, the study of
Traoré and colleagues demonstrated that Cayf1D and not Cayf1A was the adult constitutive isoform,
these proteins sharing 97% of sequence homology (Traoré et al., 2019). This same study revealed the
existence of CayB1E, encoded by Cacnb1E, as an embryonic isoform, re-expressed in adult muscle after
nerve damage (Traoré et al., 2019). The characterization of both of these isoform mRNA transcripts
was made via RNA seq technology and validated by RT-PCR of transcripts fragments. However, before
RNA sequencing, mRNA must be fragmented, converted to cDNA and amplified. The subsequent reads
reassembling often leads to multi-mapping alignment challenges. In our 2019 study, we dealt with the
challenge of multiple isoforms of Cacnb1 gene and identified Cacnb1E based on mRNA fragment scale
reassembly. In this new study, Nanopore sequencing technology, which sequences mRNAs from end
to end, allowed the identification of Cacnb1A as another embryonic isoform in skeletal muscle. One
limitation of our Nanopore study is that it does not allow the evaluation of transcript abundance
sequenced from different TUs, meaning that we do not have access to a notion of quantity of Cacnb1A
vs Cacnb1D vs CacnblE transcripts in skeletal muscle during embryogenesis and in adult muscle. To
overcome this issue, the next step would be the use of Nanopore sequencing with oligo(dT) priming,
providing quantitative data on transcript abundance thus allowing the measurement of gene

expression levels, without specific priming amplification biases.

Another challenge we need to address is the precise validation of the corresponding CayB1 proteins by
mass spectrometry proteomic. This technology identifies proteins by returning multiple peptide
identifications. However, just as RNAseq requires dealing with multi-mapping reads, mass

spectrometry proteomic encounters peptides that are shared by various protein isoforms. We have
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not been able to validate the different CayB1 protein isoforms by mass spectrometry, despite their

separation by molecular weight, because no peptide is unique to a single isoform. To overcome this

issue, long-read proteogenomic analysis would be necessary.

II- CavBlearly isoform

In Cacnbl1 transcripts, exon7 exists as two mutually exclusive forms: exon7A, present in CacnblA,
Cacnb1D and CacnblE isoforms (in other words, in skeletal muscle isoforms), and exon7B found in
Cacnb1B, CacnblC and CacnblF isoforms. In this study, we have shown that during early
embryogenesis, exon?7 (both A and B) is completely excluded in skeletal muscle. To our knowledge, this
is the first report of a Cacnb1 transcript lacking exon7, this exclusion resulting in a frameshift and the
appearance of a STOP codon in exon8. Given the role of MBNL proteins in regulating a wide range of
mRNA transcript splicing events, and more specifically MBNL3 during embryogenesis, we wonder if

exon7A exclusion may be associated with MBNL3 splicing factor activity.

A major question concerns this potential new CayBlearly isoform since the presence of a premature
STOP codon usually triggers the Non-sense Mediated Decay (NMD) mechanism, a translation-coupled
process that eliminates aberrant mRNA to prevent potential molecular errors. The distinction between
normal and premature STOP codon depends on the mRNA context: the translation machinery moves
across the transcript, and Release Factors like the eukaryotic Translation Termination Factor 1 (eRF1)
that recognize STOP codons. Normal Termination Codons (NTC) are reinforced by the presence of
termination-enhancing factors, while Premature Termination Codons (PTC) are not. During the first
round of translation, the ribosome displaces the Exon Junction Complex (EJC), a process incomplete if
the ribosomes stopes at a PTC. The mechanisms triggering NMD are complex but generally leads to
the degradation of transcripts with a PTC, ensuring the elimination of truncated proteins that might be
toxic (Celik et al., 2015; Chu et al., 2021). Consequently, this PTC in Cacnb1 exon8 could results in two
different outcomes:

- Degradation by NMD: In this case, the exclusion of exon7A might be a way to prevent the
precocious expression of Cayf1 protein isoforms.

- Escape from NMD: It has been reported that 5 to 30% of transcript are resistant to NMD (Hoek
et al., 2019). Additionally, Zetoune and colleagues demonstrated that NMD efficiency varies
according to the tissue, leading to differential expression of truncated protein (Zetoune et al.,
2008), meaning that even when NMD is efficient for one tissue, it is not a rule for another
tissue. In this case, it would be of great interest to decipher the function of this new CayBlearly

isoform.

To validate the existence of CayBlearly isoform, preliminary experiments are ongoing to use mass
spectrometry proteomic analyses. The absence of exon7A results in the formation of peptides at the
beginning of exon8, which are not present in any other Cayp1 isoform and can be detected through

mass spectrometry proteomic analysis.
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Regulation of Ca\B1 isoforms expression

I- Promoter regulation

The mechanisms underlying the regulation of Cayf1l protein isoform expressions are currently
unknown. Our study shed light on the use of two differential promoters, located in exonl (Prom1) and
exon2B (Prom2) to drive the independent expression of the embryonic/perinatal isoforms Cayp1A/E
and the adult isoform CayB1D, respectively. However, the factors responsible for the differential
regulation of these promoters during development and after nerve damage, are still to be investigated.
To gain insights into transcription factors binding at these promoter regions and potentially regulating
them, we used the UCSC Genome Browser, an online software allowing comprehensive visualization
and analysis of genomic data, including features like transcription factors binding sites. Among the
wide range of transcription factors potentially binding to Prom1 and Prom2 regions, we selected a few
that could be relevant to skeletal muscle tissue:

- Myogenin presents binding sites in both Prom1l and Prom2 regions, this muscle-specific
transcription factor is known to promote transcription of muscle-specific target genes and
especially in genes important for muscle differentiation and myogenesis.

- BRDA4, potentially binding Prom2 region, is known to act as a regulator of catabolic genes in
skeletal muscle, and regulating myogenesis by impairing myogenic differentiation (Segatto et
al.,, 2017; Yang et al., 2022).

-  KDMI1A (or LSD1), potentially binding Proml, presents beneficial effect on muscle
regeneration and recovery after injury by regulating key myogenic transcription factor genes
(Tosic et al., 2018).

- MEF2A, potentially binding Prom2, is possibly one very interesting transcription factor for the
regulation of Cacnbl promoters since MBNL proteins have been shown to regulated their
activity. MEF2A belongs to MEF2 transcription factor family, working in concert with MyoD to
regulate muscle gene transcription (Potthoff and Olson, 2007). Each MEF2 gene has a highly
conserved B-exon between exon6 and exon7, subject to alternative splicing which, when
included, results in enhancing MEF2 activity on their targeted promotors (Zhu et al., 2005).
Interestingly, MBNL3 has been showed to promote MEF2 B-exon exclusion (Lee et al., 2010).
One hypothesis is that in adult muscle, MEF2A B-exon inclusion activates Prom2. Conversely,
during embryogenesis, when MBNL3 expression is high, and after nerve damage, when MBNL3
is re-expressed, this splicing factor excludes MEF2A B-exon, making the protein a less effective
transcription factor, leading to reduced activation of Prom2. Moreover, MEF2A is mis-spliced

in immortalized muscle cells derived from patients affected by DM1 (Arandel et al., 2017).

We investigated potential enhancer regions located upstream or downstream of Cacnb1 promoters to
understand how they are modulated. Using the UCSC Genome Browser, which also provides
information about DNA chromatin interactions based on referenced Hi-C (Chromosome conformation

capture technique), ChlA-PET (Chromatin Interaction Analysis with Paired-End Tag) or Capture-C
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(Capture chromatin conformation) data, we looked after visual indicators of physical interactions
between Prom1 or Prom2 regions and potential enhancer regions that could regulate them. We
identified €6289 and e6307 as two enhancer regions physically linked with Cacnb1 promoters, located
approximately 55kb upstream and 327kb downstream respectively (Fig. 26). However, neither of these
enhancer regions display the activating epigenetic marks presented here, contrasting with the active
epigenetic landscape observed at Prom1 in embryonic (E12) muscles and at Prom2 in adult EDL,
Quadriceps and SOL muscles (Fig 27, Fig. 28). This suggests that these enhancers regions, despite being
physically linked, are not regulating the Cacnb1 promoters.
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Figure 26. Cacnb1 promoters display physical interaction with two enhancer domains.
Image from UCSC Genome Browser showing the genomic region surrounding Cacnb1 Prom1 and Prom2 (highlighted in blue).
Annotated enhancer regions are visible along the sequence. Physical interactions between these enhancers and Cacnbl

promoters are indicated by green connectors. Two distinct enhancer regions (e6289 and e6307, highlighted in red), are
shown to interact with Cacnb1 promoters.
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Figure 27. Lack of activating epigenetic marks at the e6289 enhancer region.

Screenshot from UCSC Genome Browser showing the relative abundance of activating epigenetic marks (H3K3me3, H3K9ac
and H3K27ac) at Cacnbl promoters and e6289 enhancer region in embryonic (E12) muscles (ENCODE project) or adult
muscles (Extensor digitorum longus (EDL), Quadriceps and Soleus).
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Figure 28. Lack of activating epigenetic marks at the e6307 enhancer region.

Screenshot from UCSC Genome Browser showing the relative abundance of activating epigenetic marks (H3K3me3, H3K9ac
and H3K27ac) at Cacnbl1 promoters and e6307 enhancer region in embryonic (E12) muscles (ENCODE project) or adu/t4
muscles (Extensor digitorum longus (EDL), Quadriceps and Soleus).
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II- 3’-UTR regulation

The 3’-UTR of transcript plays a crucial role in post-transcriptional regulation of gene expression by
influencing mRNA stability, localization, translation efficiency, and interaction with regulatory actors
like RBP (Hong and Jeong, 2023). In this study we demonstrated MBNL-related post-transcriptional
regulation of Cacnbl gene through their 3’-UTR. Indeed, the different CayB1 isoforms display distinct
3’-UTRs: CayB1A and CayB1D end with exon13end while CayB1E ends with exon14 (Fig. 1A — article in
preparation). In C2C12 cells, enhanced MBNL3 expression results in decreased Luciferase activity when
upstream of CayB1A/D 3’-UTR, whereas MBNLs have no impact on Luciferase activity when upstream
of CayB1lE 3’-UTR. This suggests that the exonl3end-related 3’-UTR contains MBNL binding site(s),
while exonl14-related 3’-UTR does not. These data are corroborated with CLIP experiments showing a
direct interaction between MBNL3 and Cacnbl 3’UTR (Wang et al., 2012). However, since MBNL
proteins influence myoblast proliferation and differentiation, and Cacnb1 levels fluctuate during these
myogenic stages, we cannot rule out the possibility that the observed effect is indirect. It may occur
through MBNL proteins’ impact on myogenesis, which in turn could affect Cacnb1 processing. The
observed post-transcriptional regulation of Cacnbl expression via its 3’-UTR can be related to either

mRNA reduced stability or decreased translation efficiency.

CavB1 role in NMJ processes

I- CavB1 effect on AChR aggregation

a) Hypothesis on the regulation of upstream molecular players

While there was no defect in the aggregation process (same number of AChR clusters), we did observe
an increase in the size of AChR clusters in our highly differentiated myotube model upon shEx2A

treatment, together with elevated MuSK protein level. Different hypothesis can be raised:

1) In this study, the evaluation of Lrp4 protein is missing, we cannot exclude that the increase of MuSK
is combined with Lrp4 protein increase, which in turn would explain the increase in AChR cluster size

by modulating its phosphorylation state.

2) Additionally, myogenin, which is positively regulated in Cacnbl KO proliferative myoblasts (Taylor
et al., 2014), is similarly increased in our highly differentiated myotube system upon ablation of CayB1
embryonic isoforms. Myogenin has been described to positively regulate MuSK transcription (Tang and
Goldman, 2006), which could explain the increase in MuSK expression and the related effects
mentioned in point 1). Another possible explanation could be the action of Myogenin in a MuSK-
independent manner. Indeed a myogenin-dependent AChR clustering in aneural myotubes has been
demonstrated, and neither MuSK, rapsyn or AChRs overexpression in Myogenin Knock Down (KD)
myotubes was associated with a rescue of the AChR clustering defects (Macpherson et al., 2006). This
suggest that Myogenin controls crucial actors of AChR clustering, this would need to be further

explored.
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3) Furthermore, the size of AChR clusters could be modulated by the level of myotube maturation also
independently of a MuSK effect. We observed precocious maturation of myotubes and one possibility

is that AChR clusters enlarged due to increased myotube width, perhaps through a mechanical effect.

b) A Ca* related process?

A previous study demonstrated that genetically ablated Cacnbl mice exhibited muscle patterning
defects and aberrant innervation at E14.5 and E18.5 in mice (Chen et al., 2011). However, to really
conclude with pre-patterning defects, it would have been more accurate to look at the aspect of AChR
clustering before axonal growth cone arrival around E14.5. Here it cannot be excluded that the
observed defects are modified or amplified by nerve-derived factors. By working on non-innervated
myotubes in vitro, we focused on the role of CayB1 isoforms during nerve-independent stages
(although in vitro studies are not fully transposable to in vivo processes) and found increased AChR
clusters size and enhanced myotube maturation. These findings align with Chen and colleagues’ post-
innervation results, which showed increased endplate areas and more perforated clusters, indicated a
precocious maturation. Our data suggest that the defects observed in their study originate from

abnormalities occurring before innervation begins.

Their study (Chen et al., 2011) concluded on the role of CayB1 isoforms in regulating pre-patterning
through Ca?* flux, independently of ECC. This is supported by other studies showing an impairment in
pre-patterning in models in which calcium influx/release is disrupted, no matter the ECC status (Kaplan
et al., 2018; Kaplan and Flucher, 2019). Our study add insight in the CayB1 role in AChR aggregation by
suggesting an effect that might be independent of Ca?*. Indeed, their interpretation only considered
CavB1 as a regulator of the Cay1 channel (CayB1D) and neglected the role of others CayB1 isoforms in
gene expression regulation (Vergnol et al., 2022). In skeletal muscle, the CayB1-related gene regulation
role was suggested to be linked to its translocation to the nucleus via an NLS sequence in exonl1, which
is shared by the two embryonic isoforms that we downregulated. We obtained results consistent with
Chen and colleagues in vivo findings, but we suggest that Cayf1 embryonic isoforms, in addition to
CayB1D (the isoform associated with Cay1 at the triad), are involved in the pre-patterning of the NMJ

at very early stages before innervation is established, in a Ca?* independent manner.

Il- CavB1l effect on NMJ maturation/maintenance

NMJ formation, maturation and maintenance depends on signals from both pre- and post-synaptic
compartments. At birth the NMJ already features neurotransmission but still needs to mature to
ensure its optimal functionality. This maturation is complete approximately 3 weeks after birth with
the increased size of AChR clusters, the morphological development of NMJ in pretzel-like shape and
the development of deeper neural folds. Distinguishing between defects originating from such
maturation features and those from maintenance defects in post-natal stages is very challenging.

Therefore, in this study, the defects observed in NMJ morphology of 1-month old pups injected at 7
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days with shEx2A, could be due to alterations in maturation, maintenance, or a combination of both.
Given the increased muscle maturation observed under ablation of embryonic/perinatal Caypl
isoforms in our model, NMJ fragmentation might be a mechanism to extend as the muscle matures
precociously. Indeed, the link between NMJ fragmentation and degeneration should not be systematic
and some studies suggest that endplate fragmentation could also be a sign of regeneration, as a
process of synaptic plasticity aimed at extending synaptic area (Haddix et al., 2018; Li et al., 2011;
Slater, 2020).

In aging muscles, where CayB1A/E expressions are defective (Traoré et al., 2019), NMJ morphological
defects including postsynaptic fragmentation, reduced AChR density and synaptic decoupling are
reported (Valdez et al., 2012), but these aging-related NMJ morphological abnormalities precedes
changes in NMJ molecular markers expression (Massiré et al., 2024). Therefore, the fact that we do
not observe a global alteration in NMJ actors despite NMJ morphological alteration is not necessarily
surprising. Moreover, increased protein expression of MuSK, whose tyrosine kinase domain activation
is known to induce transcription of key NMJ genes in sub-synaptic nuclei could be the hallmark of the
initiation of such process and we could observe greater modulation of NMJ players after a longer
period of treatment. In parallel, our adult in vivo shEx2A model shows transcriptional signs of NMJ
remodeling with increased AChRal, AChRg and Musk expressions after 2 months of treatment,
supporting this timeframe-related hypothesis. Nevertheless, this adult model would require further
deep analyses to study NMJ molecular actors at the protein level, and morphological NMJ aspect, that
we suppose to align with the natural aging progression in mice, like the post-natal in vivo shEx2A model
do. Globally, we can presume downregulating CayB1A/E isoforms in skeletal muscle reproduce

neuromuscular aging features.

One aspect that remains to be explored is the effect of Cayf1 on NMJ stability following nerve damage,
specifically regarding muscle re-innervation. Indeed, CayB1E has been shown to trigger GDF5 pathway
after nerve injury to prevent muscle mass loss (Traoré et al., 2019), and GDF5 is known to help
preserving NMJ morphology during aging and stimulates re-innervation related genes (Massiré et al.,
2024). Studying how CavB1 influences these innervation-dependent processes could provide the
scientific community with important information for understanding these neuromuscular

mechanisms.

Ill- Limitations of the highly-differentiated myotube model

Overall, while the results obtained from these highly differentiated myotubes cannot be fully
extrapolated to in vivo conditions, they do suggest the mechanism in play in the muscles of developing
embryos. Moreover, given that that the satellite cells we differentiate are isolated from 7days old pups,
therefore coming from an environment with already pre-patterned and innervated fibers, it cannot be

excluded that they have an intrinsic specialization to form AChR clusters, which would be absent in
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satellite cells before innervation begins at E14.5. Therefore, this system is not representative of in vivo

pre-pattening, but it uses agrin to study the aggregation capacity of AChR.

Fully translating our in vitro AChR aggregation results to in vivo models strictly before innervation is
challenging. Intra-placental injections imply a very narrow time frame between the earliest possible

injection at E9.5 and the onset of innervation at E14.5.

CavBls & DM1 pathophysiology

I- The shMbnll model

In this study, we used the shMbnl1l model to study the effect of MBNL modulation on CayB1 isoforms
expression. The downregulation of MBNL1 protein alone, led to the increase in MBNL2 protein levels,
described as having a compensatory effect since these proteins share a wide range of target genes. In
our study, MBNL2 compensatory increase did not prevent the MBNL1-related molecular defects since
we did observe the mis-splicing of all the target genes tested, characteristic of DM1 as well as
myotonia. However, that these effects would probably have been exacerbated upon MBNL1 and
MBNL2 combined depletion.

One unexpected observation was the increase in Mbnl3 expression upon downregulation of Mbnl1 in
vivo, which, to our knowledge, has never been described. We suggest the existence of a negative
regulation driven by MBNL1 protein on Mbnl3 expression. MBNL3 is known to be important for a
proper muscle regeneration (Poulos et al.,, 2013). Given that our model presents an increase in
centrally nucleated fibers (data not showed), we cannot exclude that the upregulation of Mbnl3
expression is linked with muscle regeneration, and not directly related with the downregulation of
Mbnl1. However, several arguments did not align with this hypothesis: upon nerve damage in adult
muscle, Mbnl3 expression is increased while no regeneration is observed and no satellite cell activation
is described, suggesting that the two processes are not always linked. Moreover, in C2C12 cells, the
induced Mnbl3 OE is enhanced by the downregulation of Mbnl1, in favor of the MBNL1 induced

modulation of MBNL3 expression hypothesis.

An issue we encountered was the evaluation of MBNL3 at the protein level, as both WB and IF analysis

were unsuccessful. Consequently, we had to base our conclusions on transcript modulation only.

II- CavB1 protective effect on myotonia?

Under shMbnl1l, myotonia was observed, in relation with an impaired Clc1 splicing, an impaired CLC1
protein expression and localization, and a change in fiber-type toward oxidative fibers. To further
understand the mechanisms explaining the exacerbated myotonia under the additional Cayf1
embryonic isoform depletion in the shMbnll model, a deeper study on the molecular mechanisms

behind CLC1 localization at the membrane and behind CLC1 function would be needed. To begin with,
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CLC1 localization depends on different cell signalling pathways (Conte et al., 2020; Papponen et al.,
2005) that could be altered by embryonic Cayp1 isoforms. Besides, our study allowed the visualization
of CLC1 protein at the membrane but not specifically at T-tubules. IF analyses on transverse muscle
sections or isolated muscles fibers under shMbnll vs shMbnll+shEx2A treatment would allow
visualization of CLC1 protein in T-tubule compared to sarcolemma, which might help understanding
the origin of the exacerbated myotonia under CayB1 embryonic isoforms. In addition to its expression
and localization defects, the biophysical behaviour of the CI" channel might also be altered.
Investigating pathways regulating its function, like protein kinase C (PKC) isoforms (Conte et al., 2020),

might be investigated.

- MBNL1

Several studies report NMJ defects in models with impaired MBNL proteins. For instance,
abnormalities in NMJ were described in the diaphragm of a poly(CUG) transgenic mouse model for
DM1, showing decreased endplate size and AChR density on the post-synaptic membrane (Panaite et
al., 2008). More severe defects, including NMJ fragmentation, were reported in TA muscles in Mbnl1
/:Mbnl2* mice (Lee et al., 2013). Corroborating these results, preliminary data from our in vivo
shMbnl1l mouse model shows increased expression of several molecular components involved in NMJ
remodeling, such as AChRal, AChRg, Musk, and Ncam, at transcriptional level. Moreover, we observed
an increased tetanic fade, suggesting either NMJ instability or an imbalance between the amount of
ACh released from the pre-synaptic compartment and the number of AChR at the post-synaptic surface
(Nagashima et al.,, 2013). These preliminary data suggest an altered NMJ stability under Mbnl1
downregulation and would need to be enriched with the study of both morphological features and

biochemical actors of the NMJ, to better understand these phenomena.

IV- MBNL3

Upon nerve damage, pre- and post- synaptic systems undergo changes, exhibiting plasticity that
support repair and reinnervation. In skeletal muscle, denervation induces changes in synaptic gene
expression, leading to re-expression of embryonic AChRy subunit and other proteins involved in the
maintenance and repair of these peripheral synapses. In addition to NMJ-related genes, a wide range
of factors also revert to their embryonic form, including MBNL3 and CayB1A/E (Traoré et al., 2019).
Our preliminary data show that downregulating Mbnl3 after nerve damage exacerbates the
modulation of NMJ-related genes (data not showed), similarly to CayB1A/E downregulation. This
suggest that MBNL3 may influence NMJ regeneration after nerve injury, either through its modulatory
effect on CayB1 isoforms, via a yet unknown independent pathway, or a combination of both. Given
that CayB1E has been shown to trigger the GDF5 pathway, which helps in preserving NMJ morphology
during aging (Massiré et al., 2024), it would be interesting to investigate whether MBNLs, CayB1s and

GDFS5 are part of a common pathway that regulates NMJ function and morphology.
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A study by Poulos and colleagues in 2013 shed light on the role of MBNL3 in DM1 pathophysiological
features by showing that its inhibition leads to impaired muscle functions and impaired adult muscle
regeneration capacities, normally associated with age. They proposed their Mbn/3%t3 mouse model as
a novel model for studying the DM1 age-associated muscle defects. They did not study the
morphological, molecular of functional aspect of NMJ but it might be an interesting aspect to
investigate, especially since MBNL3, expressed at a very low basal level in adult muscle, decreases

during aging (data not showed).

Which of the embryonic CayB1 isoform is involved in the different described
processes?

I- In NMJ formation, maturation and maintenance

In this study, we examined the effects of downregulating both Cayf1A and CayB1E isoforms at distinct
developmental stages of the NMJ, firstly on the in vitro pre-patterning, and secondly on its
maturation/maintenance during the first weeks of life in mice with normal innervation. A limitation of
our study is the lack of precision on which of CayB1A or CayB1E embryonic/perinatal isoforms is
responsible for the observed effects. The use of downregulation tools targeting exon14 would allow
the specific depletion of CavB1E, but depleting specifically CayB1A is impossible since it does not have
a unique sequence that distinguishes it from CayB1D and CayB1E. Using Cacnb1”- mouse model (Gregg
et al., 1996) would help address this issue by allowing to test phenotypes through the use of either

CavB1A or CayB1E transgenes in different contexts:

- These mice are lethal at birth due to impaired ECC causing respiratory failure. However,
satellite cells can be isolated from late embryogenic stages (around E19-E20), and used for in
vitro AChR aggregation studies. The addition of either CayB1A or/and CayB1E transgenes,
would allow to look after their individual and combined effect on in vitro AChR aggregation.

- Intra-placental injection of the adult CayB1D before birth might allow for mice survival and it
would be possible to play with either Cayf1A, CayB1E or a combination of both transgenes to

see their effect in NMJ maturation and maintenance in post-natal stages.

II- In DM1 pathophysiology

Similarly, we downregulating simultaneously both CayB1A and CayB1E isoforms in our shMbnl1 model
to study their combinatory effect on DM1 features. However, the same limitation is true here, we do
not know which of CayB1A or/and CayB1E is responsible for the observed modulations. Similarly,
CayB1E can be individually depleted through exon14 targeted shRNA, but it cannot be done for CayB1A,
as explained in the previous section. Instead of downregulating their expression, increasing specifically
their levels by transgenic tools can be done to investigate if their individual or combinatory expression

can improve DM1 molecular and functional parameters.
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I1I- In ECC during embryogenesis

As mentioned in introduction of this manuscript, three prerequisites are needed to ensure a proper
ECC mechanism: 1) Cay1.1 and RyR1 have to be correctly expressed and localized at the triad, 2) Cay1.1
needs to be able to ensure the charge movement and 3) Cayl.1 must be organized in tetrads. CayB1
protein regulates Cayl.1 protein in a way to fulfil, or at least participate, to these prerequisites by being
essential for Cayl.1 docking at the sarcolemma and at the triad (Brice et al., 1997), triggering its
organization in tetrads and ensuring charge movement facilitation. However, while these roles have
been associated with the CayB1 proteins, there is no indication on which isoform holds them during
the different skeletal muscle stages of life. CayB1D is the one located at the triad while CayB1E has
been described at Z lines and in nuclei (Taylor et al., 2014; Traoré et al., 2019), it is therefore fair to
think that CayB1D is the one holding such Cayl.1-related properties critical for ECC. However, CayB1D
protein is detectable only at perinatal stages whereas triadic proteins are already located at the triad
earlier, suggesting that other CayB1 isoforms might hold this role during embryogenesis. Supporting
this hypothesis, the key region for Cayf1-Cayl.1 interaction is in the GK domain, a region shared by all
isoforms. Therefore, it is reasonable to think that one or several embryonic Cay1 isoforms is able to
fill this function during embryogenesis. In this context, the loss of ECC efficacy described in Cayp1” at
E16 (Gregg et al., 1996) might be the result of the absence of either CayB1A, CayB1E, CavBlearly or a

combination of them.
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Supplementary data

Name Forward Reverse Application
Mbnl1 GTTGCAGCCCGTGCCAATGTT TTGGGGAAACAGGCCCCAGGTAA
Mbnl2 GAGTAATTGCCTGCTTTGATTCCCTCAA | GGAGCGGCGTTCCTGGAAACATA
Mbnl3 GAGTAATTGCCTGCTTTGATTCCCTCAA | GAACTCCTGGCAGTGCAAGA
Cacnb1 (Ex2A-Ex3) | GGCAAGTACAGCAAGAGG GTTTGGTCTTGGCTTTCTCG
Cacnb1 (Ex2B-Ex3) | CAGCCGGACCCTGGTAGTG GTTTGGTCTTGGCTTTCTCG
.cs,:;:?;su GACAGCCTTCGTCTGCTGCAG CATGTCTGTCACCTCATAGCC
Myogenin ACGATGGACGTAAGGGAGTG AGTGAATGCAACTCCCAGAG RT-qPCR
MCK AGACAAGCATAAGACCGACCT AGGCAGAGTGTAACCCTTGAT
$100a4 GGCAAGACCCTTGGAGGAGGC GAACTTGTCACCCTCTTTGCCTGAG
Myhc3 AAGGCCAAAAAGGCCATC CATTCCAGACGGTTGCTGCAG
Myhc8 CTGTTAAAGGGTTAAGGAAGC CGCCTGTAATTTGTCCACCA
Lrpd AGTCACCGCAAGGCTGTCATTA GTTGGCACTATTGATGCTCTTGG
Rapsyn CTGGATGAAGGTCGTGGAGAAG CCGAGCAGTATCAATCTGGACC
Achral AAGCTACTGTGAGATCATCGTCAC TGACGAAGTGGTAGGTGATGTCCA
Achrg GCTCAGCTGCAAGTTGATCTC CCTCCTGCTCCATCTCTGTC
Musk TTCAGCGGGACTGAGAAACT TGTCTTCCACGCTCAGAATG
PO CTCCAAGCAGATGCAGCAGA ATAGCCTTGCGCATCATGGT RL'Tq_';CCF::
Cacnb1 (Ex2A- GGCAAGTACAGCAAGAGG CTTTEETCTTEECTTTCTCS Triplex RT-
Ex2B-Ex3) CAGCCGGACCCTGGTAGTG PCR
Cacnbl (Ex6-Ex8) | GACAGCCTTCGTCTGCTGCAG CATGTCTGTCACCTCATAGCC
Nfix GAGTCCAGTAGATGATGTGTTCTA CTGCACAAACTCCTTCAGCGAGTC
Atp2a ATCTTCAAGCTCCGGGCCCT CAGCTTTGGCTGAAGATGCA
Clcl GCTGCTGTCCTCAGCAAGTT CTGAATGTGGCTGCAAAGAA
Cacnals GCTATTTTGGAGATCCTTGGAA AGCAGGGTGCGCACACCCTC RT-PCR
ArfGap2 GACTCTGATTTCTTCACAGAACAT TGCTCTCGGAGCTTCTCTGCCA
Zasp GGAAGATGAGGCTGATGAGTGG TGCTGACAGTGGTAGTGCTCTTTC
Binl CTCAATCAGAACCTCAATGATGTCCTG | CTCTGGCTCATGGTTCACTCTGATC
Camk2b AGGAGACTGTGGAATGTCTG GGCATCTTCATCCTCTATGGTTG
Cacnb1 (-3,6kb) CTCCAGCCTCCTTGTTCATTC CTTTGCCCACTGAAATTCTTGG
Cacnbl (Ex1-Intl) |ACCTTCCCAAGAGATCCCTATG GGCATATAACCCTTTCCTTCCC
Cacnb1 (Int1-Ex2A) | CTGGTAGGAGCTGAACTAGGAA ATGTTGTATCCGAGGACGTACT ChIP-gPCR

Cacnb1 (Int2)

CATGTGCAAACTGCTAGGGTAT

ATAGCATGCTTCTGTGGTTGAG

Cacnb1 (Ex2B-Int3)

GAAGAGATGAGCTGGGAGAAAG

GCAGTTTGCACATGTAGCAATT

Cacnb1 (Int4)

TTACAATACAAAAGCGACGGGT

GGCAGAGGATGCCTGTATAAAG

Table S1. Primer list for RT-PCR, RT-qPCR, Triplex RT-PCR and ChIP-qPCR.
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The voltage-gated calcium channels (CaVs or VGCCs) are fundamental regulators of
intracellular calcium homeostasis. When electrical activity induces their activation, the influx
of calcium that they mediate or their interaction with intracellular players leads to changes in
intracellular Ca* levels which regulate many processes such as contraction, secretion and
gene expression, depending on the cell type. The essential component of the pore channel
is the CaVa; subunit. However, the fine-tuning of Ca®*-dependent signals is guaranteed by
the modulatory role of the auxiliary subunits B, a8, and y of the CaVs. In particular, four
different CaV proteins (CaVp1, CaVvp2, CaVp3, and CaVp4) are encoded by four different
genes in mammalians, each of them displaying several splice variants. Some of these
isoforms have been described in regulating CaVa, docking and stability at the membrane
and controlling the channel complex’s conformational changes. In addition, emerging
evidences have highlighted other properties of the CaVp subunits, independently of a; and
non-correlated to its channel or voltage sensing functions. This review summarizes the
recent findings reporting novel roles of the auxiliary CaVp subunits and in particular their
direct or indirect implication in regulating gene expression in different cellular contexts.

Keywords: CaVps, CaV subunits, gene expression, calci cellh

INTRODUCTION

Voltage-gated calcium channels (CaVs or VGCCs) are transmembrane ion channel proteins that act as
major regulator of calcium-related cell functions. Their primary role is to mediate transmembrane calcium
influx in response to membrane depolarization. Depending on their sensitivity to membrane depolarization,
the activation of CaV's requires either a high or low threshold of membrane potential, dividing CaVs in
High- and Low-voltage activated channels (HVA and LVA respectively) (Carbone and Lux, 1984; Fedulova
et al, 1985). The crucial component of the channel pore is CaVay, for which ten variants have been
identified and classified based on their pharmacological properties and pore-opening kinetic: CaV1 and
CaV2 for HVA, and CaV3 for LVA (Tsien et al., 1988; Catterall, 2011; Zamponi et al,, 2015).

The CaV of skeletal muscle, also called dihydropyridine receptor (DHPR), was the first to be
purified and cloned (Curtis and Catterall, 1984; Tanabe et al., 1987). In skeletal muscle fibers, CaV
has a dual function of calcium channel and of voltage sensor of excitation-contraction coupling that
controls, through a direct interaction, the opening of RyR1 (Ryanodine Receptor type 1), the Ca®*
release channel of the sarcoplasmic reticulum (Allard, 2018). Such a voltage sensor function for CaV
and a direct interaction between CaV and RyR have also been described in neurons (Allard, 2018).

The main subunits of CaV, the aal subunits, are associated with auxiliary subunits that modulate
expression and/or functional properties of the channel. In skeletal muscle, CaV1 is composed of five
subunits: alS (or CaV1.1), B1, a28, and y (Hagiwara and Naka, 1964).
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The function of both CaV1l and CaV2, members of HVA
channels, needs the association of the auxiliary CaVp subunit for
their plasma membrane docking and proper gating (Schredelseker
et al,, 2005; Dayal et al., 2013), while the function of LVA class of
channel (CaV3) is independent of this subunit (Zhang et al., 2013).

CaVp are intracellular proteins that can either interact with
the channel or be in their soluble form (Buraei and Yang, 2013).

Four different proteins, namely CaVPl, CaVp2, CaVp3, and
CaVp4 encoded by four genes, exist in mammalians, each of them
having several splice variants (Buraei and Yang, 2010). All CaVp
subunits are membrane-associated guanylate kinase (MAGUK) family
members, with SH3 and GK domains as conserved domains whereas
hook region, N- and C-terminal sequences are variables (Buraei and
Yang, 2013). Hence, splice variants originate from alternative exon
splicing and harbor different amino acidic compositions of variable
regions, leading to specificities in protein interaction (Subramanyam
et al,, 2009; Obermair et al., 2010), subcellular targeting properties, and
cellular localization, all influencing channel complexes stability, and
activity (Campiglio et al,, 2013).

Intracellular Ca®* changes account for eukaryotic cell adaptation
to external stimuli by modifying gene expression. By controlling
Ca”" influx into the cell, CaVs are therefore at the key position to
mediate excitation-transcription (E-T) coupling. In point of fact, the
mechanisms leading to CREB (cyclic AMP response element-
binding) or NFAT (nuclear factor of activated T-cells) activation
require the CaVs-dependent Ca®" signaling (Dolmetsch et al., 2001;
Herndndez-Ochoa et al., 2007; Zhao et al., 2007). Noteworthy, if the
role of CaVs in E-T coupling is mainly restricted to the initiation of
the subsequent transcriptional activity of Ca®*, other mechanisms
have been demonstrated to initiate gene regulation by generating a
shorter isoform of the CaV12 pore forming subunit, which
relocalized to the nucleus and held a transcription factor activity,
(Gomez-Ospina et al,, 2006; Gomez-Ospina et al., 2013). or by
mobilizing intracellular CaVp subunit after conformational changes
upon membrane depolarization (Servili et al,, 2018). Indeed, CaV 2
subunit was recently demonstrated to be the mediator of CaV1.2-
dependent E-T coupling, by interacting with H-Ras, which in turn
activated MAPK (Mitogen Activated Protein Kinase)/ERK
(Extracellular Signal-Regulated Kinase) pathway to induce CREB-
directed gene expression in human neuronal SH-SY5Y cells (Servili
etal, 2018). Nevertheless, the possibility that CaV's auxiliary subunits
may be directly implicated as transcription factors has become an
emerging hypothesis in the last 2 decades (Barbado et al., 2009).

This review will focus on CaVPs newly and less broadly
described insights by illustrating their nuclei tracking in line
with their role as regulators of gene expression.

CAVp AS A SELF-SUFFICIENT NUCLEAR
PROTEIN

After the initial cloning of CaVPl in skeletal muscle [CaVB1D
formerly known as CaVPB1A (Traoré et al, 2019)] (Ruth et al,
1989), further works described several variants of CaVpl
expressed in muscle and other tissues CaVP1 (Hibino et al., 2003;
Hullin et al., 2003; Foell et al,, 2004; Harry et al,, 2004; Cohen et al,,
2005), lacking the domain required for its interaction with CaVag at

the a-Interaction Domain (AID domain). These reports suggested for
the first time that some CaVp subunits isoforms may have a CaV-
independent function. Subsequently, several studies have
demonstrated the capability of CaVPs to translocate to the
nucleus, giving additional indications toward a role for CaVp
distinct from its well-known function as modulator of CaV channels.

If not all, at least some isoforms of CaVp1, CaVp2, CaVp3 and
CaVp4 proteins display nuclear localization properties upon
appropriate conditions (Buraei and Yang, 2010). For both
CaVP1, in skeletal muscle (Traoré et al, 2019), and CaVp4, in
neurons (Subramanyam et al.,, 2009; Etemad et al,, 2014), this nuclear
localization has been demonstrated to be linked to electrical activity.
Indeed, our recent study showed that in adult skeletal muscle, after
nerve damage, the embryonic isoform CaVP1E was expressed and
localized to the nuclei and near the Z-lines, while the constitutive
adult muscle variant, CaVB1D, remained associated with CaV1.1 at
the sarcolemma (Traoré et al,, 2019). Similarly, it has been reported
that in neurons, CaVP4A and CaVP4B translocated to the nuclei
when electrical activity was aborted, whereas CaVB4E did not display
nuclear localization. Additionally, a decrease in nuclear targeting of
CaVPBIE (Traoré et al, 2019) and CaVp4 (isoforms A and B)
(Etemad et al, 2014) has been correlated with the onset of
electrical activity throughout development in muscle fibers and
neurons. Interestingly, the proportion of CaVp4 isoforms targeted
to nuclei has been associated with their activity as gene regulators
(CaVP4B > CaVP4A > CaVP4E) (Etemad et al, 2014). The
mechanism originating the nuclear localization of CaVp2 and
CaVP3 has not been clearly characterized, however, it can be
hypothesized that they follow the same depolarization-sensitive
process.

As previously mentioned, the capacity to get to the nucleus is not
held by all the CaVP1, CaVP2, CaV3 and CaVp4 splicing variants.
The mechanisms underlying the specificities of the nucleus-targeted
proteins could be passive diffusion through nuclear membrane for
small proteins, while large ones need a Nuclear Localization Sequence
(NLS), allowing their binding to Importins, or require the association
with nuclear proteins as a shuttle. The molecular aspects behind CaVs
translocation to the nucleus are still not fully understood. For CaVp1
(Buraei and Yang, 2010; Taylor et al, 2014) and CaVp4 (Tadmouri
etal. 2012) the SH3 domain of the protein has been described to exhibit
the functional features leading to nuclear shuttling. An additional
aspect was highlighted for CaVBLE which have been described to
display a putative NLS signal in its sequence (Taylor et al, 2014; Traoré
etal, 2019), suggesting that its nuclear targeting was occurring through
its binding to Importin proteins. However, modified genetic
constructions lacking the putative NLS sequence did not prevent
CaVpl to enter the nucleus. As an example, Subramanyam and
colleagues showed that a specific double-arginine motif at the
N-terminal was necessary and sufficient to induce the recruitment
of the CaVP4B variant toward the nuclei in mouse brain
(Subramanyam et al, 2009). Nevertheless, this domain was
subsequently demonstrated to be only partially involved in CaVB4B
docking to the nucleus, and that SH3/GK protein interaction domain
was required to control its nuclear targeting. If these data were
confirmed by several studies, a supplemental and non-exclusive
mechanism came up with the demonstration of a PxxP binding
motif in the SH3 domain of CaVpl, raising the possibility that
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CaVp proteins might also bind to proteins that themselves shuttle to
the nucleus (Buraei and Yang, 2010). An instance supporting this
hypothesis is CaVp4C, which interaction with HP1y has been shown
as mandatory to localize to the nucleus in mammalian cells (Hibino
etal,, 2003), while the truncation of a large part of its GK domain cut off
the exclusive requirement of SH3/GK interaction for nuclear docking
of CaVps proteins. The molecular aspects of nuclear targeting were less
studied for CaVP2 and CaVP3, for which some studies mentioning
their binding with chaperone proteins may be relevant in supporting
their tackling to the nuclei (Zhang et al., 2010; Pickel et al, 2021).

The evidence of the nuclear localization/translocation of several
CaVp variants spotted these proteins with an undeniable CaVa;
independent function and pinpointed their putative role in the
modulation of gene expression. The next part of this review will
summarize the mechanisms described for the CaVp auxiliary
subunits in the regulation of gene transcription.

CAVpS AS FACTORS CONTROLLING GENE
EXPRESSION

CaV-Independent Role of CaVp in

Calcium-Mediated Gene Expression

As mentioned, a large set of intracellular processes are driven through
Ca”" signaling and therefore dependent on the free cytosolic calcium.
Either CaVs-related Ca™* entry from the extracellular space or
mobilization of intracellular Ca®* stock can modulate its cytosolic
concentration and originate this signaling. As an auxiliary subunit,
CaVp has been described to regulate Ca®* influx into the cell by
modulating CaVs activity (Buraei and Yang, 2010), however, this
protein was also reported to regulate intracellular Ca** in a CaV-
independent way by acting on Ca®* stores. Indeed, in both pancreatic
cells (Berggren et al, 2004; Becker et al, 2021) and fibroblasts
(Belkacemi et al, 2018), it has been demonstrated that CaVp3
could interfere with Inositol 3-Phosphate (IP3)-induced Ca**
release from the Endoplasmic Reticulum (ER) by binding IP3
Receptor (IP3R), therefore desensitizing cells to low IP3
concentration (Berggren et al,, 2004; Belkacemi et al,, 2018; Becker
etal, 2021). In this process, CaV[33 acted as a “brake” on Ca®* release,
affecting glucose-triggered insulin exocytosis in B-pancreatic cells
(Berggren et al, 2004; Becker et al,, 2021) and cellular mobility in
fibroblasts (Belkacemi et al., 2018). These studies illustrated an effect
of CaVP subunits in affecting gene expression by regulating free
cytosolic calcium concentration (Figure 1A)

Interaction With Various Transcription

Factors

CaVP3 has been reported by Zhang and colleagues to co-localize
with Pax6(S) in the nucleus and the interaction of these two
proteins has been described to account for a ~ 50% decrease in
Pax6(S) transcriptional activity (demonstrated in Xenopus
oocytes by reporter system in vitro) without impairing CaV
channel properties (Zhang et al,, 2010). More generally, Pax6
proteins are composed of two DNA-binding domains: a paired-
domain (PD) and a homeodomain (HD), allowing the binding to
the cis-elements of target genes to regulate their transcription

rate, and a proline/serine/threonine (PST)-rich C-terminal
domain, holding a trans-activation function. The work of
Zhang and colleagues highlighted that Pax6(S) presented intact
PD and HD domains while its C-terminal domain was truncated,
resulting in a weaker Pax6(S) trans-activity. This isoform also
differed from canonical Pax6 by a unique S-tail, originating its
interaction with CaV3. This work suggested a novel function of
CaV3 in negatively regulating Pax6(S) protein activity, although
the precise mechanism, supposed to occur either by CaVp3
allosteric hindrance or by Pax6(S) removal from DNA binding
sites, remained undefined. More importantly, this report showed
for the first time a full-length CaVp protein having a role in the
channel function, acting also directly as a modulator of gene
transcription (Zhang et al., 2010) (Figure 1B).

In 2003, Hibino and colleagues identified from chicken
cochlea the CaVP4C variant, a truncated CaVP4 isoform
which is also expressed in the brain, eye, heart and lung,
concomitantly with the full-length isoforms CaVP4A and
CaVP4B. However, in contrast with these two isoforms,
CaVp4C was described to lack a large part of the GK domain
necessary to associate with CaVa; Chen et al, 2004, having
therefore little effect on Ca** channel activity (Hibino et al.,
2003). This -by then- newly identified variant showed a direct
interaction with the chromo shadow domain (CSD) of the
chromo box protein 2/heterochromatin protein 1y (CHCB2/
HP1y), a nuclear protein that modulates the transcription of
several genes by regulating heterochromatin conformation and
therefore gene silencing. Noteworthy, the binding of HP1y to
DNA regions of euchromatin was shown to correlate with gene
repression. Hibino’s study reported that when co-expressed with
HPly, CaVP4C was recruited to the nucleus, dramatically
lowering the CHCB2/HPly gene-silencing activity in vitro
(Hibino et al, 2003). This was the very first time that a CaVp
protein was described to translocate to the nucleus and act as a
transcriptional regulator.

A few years later, the existence of CaVP4C was revealed in the
human brain and observed to also interact with the CSD of HP1y
(Xuetal., 2011). In addition, this interaction was shown to occur
via a CSD binding motif, the PXVXL consensus sequence.
Consistently with Hibino and colleagues’ work, the binding of
human CaVpB4C to HP1y was demonstrated to lead its nuclear
translocation where it markedly reduces the gene-silencing
activity of HPly in wvitro (Xu et al, 2011). These studies
illustrated a first manner for CaVP subunits to indirectly
modulate gene expression by affecting the activity of proteins
involved in DNA compaction, like HP1y (Figure 1C).

The first report of nuclear localization of the CaVp4B full-
length isoform has been achieved by Subramanyam and
colleagues in neurons and muscle cells, where this nuclear
localization was reported to negatively relate on electrical
activity (Subramanyam et al., 2009). The comprehension of
the localization-related role of this protein has been realized
later, with the demonstration that it acted as an organizing
platform of a group of proteins which controlled transcription
(Tadmouri et al.,, 2012). Among the complex-forming proteins,
B568, the regulatory subunit of the PP2A phosphatase induced
histone  dephosphorylation and  HPly  restructured
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heterochromatin. The last defined component of this complex
was a transcription factor able to bind DNA at the promoter
regions, allowing B565 and HP1y activity (Tadmouri et al.,, 2012).
The gene that has been demonstrated to be modulated through
this mechanism is Tyrosine hydroxylase (TH), the corresponding
transcription factor being thyroid hormone receptor alpha (TRa)
(Tadmouri et al., 2012). This situation was different from the
previously described CaVP4C effect on HP1ly activity, since
CaVP4B was, in this case, the element enabling the complex
B566/HP1y/TRa to access their activity site rather than
modulating their function itself (Figure 1D). If Subramanyam
and colleagues demonstrated a negative correlation between
neuronal excitability and V5-tagged CaVP4B positioning at the
nucleus, this report showed that the endogenous CaVP4B
association with B568, originating their nucleus translocation,
was consecutive to electrical activity, suggesting that the V5 tag
might have hindered the pathways leading to CaVP4B nuclear
localization (Tadmouri et al.,, 2012).

Two further studies, aimed at investigating the property of
CaVp4 variants in controlling the expression of cell cycle-related
genes, demonstrated that nuclear CaVp4 full-length was able to
inhibit cell proliferation, while its epileptogenic mutant, lacking
C-term, had no impact. The effects of CaVp4 on cell cycle were

related to the ability of the CaVp4 to interact to either B563 or
T-cell factor 4 (TCF4) transcription factors. In the first case, B568
recruitment to the nuclei by CaVp4 was suggested to mediate the
repression of genes involved in cell proliferation (Rima et al,
2017a). On the other hand, the binding of CaVp4 to TCF4 was
demonstrated to prevent its interaction with P-catenin, as
additional mechanism to inhibit the activation of (-catenin-
Wnt-dependent gene expression and cell cycle (Rima et al,
2017b). These reports established the ability of a CaVp
isoform to control gene expression, autonomously from CaVs,
either dependently on or independently of electrical activity.

Interaction With Regulatory DNA Sequence
A study, published in 2014 by Taylor and colleagues, pinpointed
that CaVf1 was able to translocate to the nuclei and bind at the
promoter region of 952 genes in muscle precursor cells (MPCs).
Importantly, it showed that the absence of CaVp1 resulted in
changes in the expression of several genes, either positively or
negatively misregulated, designating this subunit as a having a
transcription factor function (Taylor et al., 2014). This role was
more deeply confirmed for myogenin which was up-regulated in
the absence of CaVPl, preventing a correct myogenic
development (Schuster-Gossler et al, 2007; Ho et al, 2011;
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o
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2014, Traoré et al. 2019).

FIGURE 1 | CaV-independent CaVps functions in regulating gene expression. (A). CaVp3 interacts with IP3R to desensitize cells to low IP3 concentration and brake
Ca2+ release, consequently interfering with the Ca®*-related modulation of gene expression and affecting glucose-triggered insulin secretion in B-pancreatic cells
(Becker, et al 2021) and fibroblasts mobility (Belkacemi et al., 2018). (B). CaVp3 translocates to the nucleus with Pax8(S), preventing its transcriptional activity
(demonstrated in a reporter assay in vitro in HEK 293T cells) (Zhang et al. 2010), (€). CaVp4C translocates to the nucleus with HP1y, a factor known to silence the
transcription of several genes by modulating heterochromatin conformation. CaV/p4C interaction with HP1y prevents its gene silencing activity in mammalian cells (Hibino
et al. 2003, Xu et al. 2011). (D). CaVp4B acts as an organizing platform for transcription-modulating factors including PP2A, HP1y and the transcription factor TRa.
CaVp4B stabilizes this protein complex, allowing its modulatory activity on gene expression in hippocampal neurons in culture (Tadmouri et al. 2012). (E). CaVB1E acts
directly or not on DNA regulatory sequences to modulate gene expression and influence myogenesis or skeletal muscle mass homeostasis after denervation (Taylor et al.
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TABLE 1 | CaVps associated disorders.

Pathology/Pathological CACNB gene References-CaVp in the pathological context
features Description CaV-independant disorders
Heart Brugada Syndrome (BrS), CACNB2 (causal mutation) ~ Carbone and Lux (1984); -
Type 4 Fedulova et al. (1985)
Hypertrophic CACNB2 (gene moadifier) — Catterall (2011) CaVvp2 regulates cardiomyocytes hypertrophy

cardiomyopathy (HCM)
Brain Episodic Ataxia, Type 5

Epilepsy, |diopathic
generalized 9
Epilepsy, Myoclonic
Juvenile

Skeletal Epilepsy, Myoclonic
muscle Juvenile

CACNB1E (age-related -
decline of expression)

Taylor et al,, 2014). In this study, the CaVP1A was the isoform
described as a transcription factor, while our study published in
2019, rather indicated that the capacity to localize to the nucleus
and exert a transcription factor role was actually carried by
CaVPBIE which was identified as the main CaVp1 isoform in
C2C12 myoblast cell line, consistent with what observed in MPCs
(Traoré et al, 2019). In addition, our work showed that the
CaVBIE played a crucial role in adult muscle mass homeostasis,
when electrical activity was impaired, by regulating directly or
indirectly the GDF5 promoter to trigger its transcriptional
activity (Traoré et al, 2019) (Figure 1E).

By all these studies, CaVfs proteins have emerged as key
players in regulating gene expression through Ca®* signaling,
DNA remodeling, modification of transcription factors activity or
by acting as transcription factors themselves. When these
functions are lost, multiple cellular functions are disturbed,
involving CaVPB proteins in pathological conditions
independently of the CaV-related aspect.

IMPLICATION OF CAV(S IN
PATHOLOGICAL CONDITIONS

Although isoforms of CaVpP1, CaVp2, CaVp3, and CaVp4 are
expressed in several regions of the brain (Buraei and Yang, 2013),
ablation of CaVp1, CaV{32 and CaV[3 have no major impact on
neuronal function (Ball et al, 2002). On the contrary, the
relevance of CaVP4 in the nervous system physiology was
shown in the lethargic (Ih) mouse model, having ataxic and
epileptic phenotype (Burgess et al., 1997). Its implication in
the pathophysiology of neuronal disorders was confirmed in
Humans, after the discovery that missense and coding
mutations, affecting the N-terminal region of the protein, were
associated with epilepsy and ataxia, respectively (Escayg et al.,
2000; Tadmouri et al., 2012). In the cerebellum, CaVp4 is the
most expressed and the major auxiliary subunit, together with
a28-2, of the CaV2.1 calcium channel. Interestingly, mutations in
all three proteins have been reported to lead to an epileptic and

Tsien et al. (1988)

CACNB¢4 (causal mutation) ~ Tsien et al. (1988); Zamponi  —
et al. (2015)
Tsien et al. (1988) —

Curtis and Catterall (1984) The human CACNB4 mutation
prevents GaVp4 to gets to the nucleus and modulates gene
expression

Tanabe et al. (1987) Restoration of CaVB1E rescues GDF5
expression and prevents age-related skeletal muscle wasting

ataxic phenotype. Therefore, CaVB4 involvement in such
pathological conditions was first linked with its CaV-
associated role (Escayg et al., 2000).

However, an additional mechanism to further elucidate such
pathologies came from the CaV-independent role of CaVp4.
Indeed, at the molecular level, human epilepsy and ataxia-
associated mutations were found to prevent CaVp4 to shuttle
toward nuclei by disrupting the SH3/GK domains interaction and
indicated  that mis-regulated CaVp4-dependent gene
transcription may have a key relevance in the pathophysiology
of these neurological disorders (Tadmouri et al, 2012) (Table 1).

In 2017, the importance of CACNB2 (gene coding for CaV{32)
as a genetic modifier of a Hypertrophic CardioMyopathy (HCM),
in which the causal gene was MYBPC3 (Myosin-Binding Protein
C), has been described for the first time (Zhang et al., 2017). The
authors hypothesized that the potential mechanism modifying
disease phenotype was based on the attenuation of CaV-
dependent Ca* current associated with CACNB2 mutations.
However, an additional possibility came out a few years later
with a study that correlated the reduced cardiomyocyte
hypertrophy to a CaV-independent CaVP2 function (Pickel
et al,, 2021). CaVp2 localization and activity in cardiomyocyte
nuclei were shown to significantly regulate Calpain activity and
Calpastatin expression (Pickel et al,, 2021), a pro-hypertrophic
protease and its inhibitor, respectively. Even though these events
have not been explicitly linked to the reduction of cardiomyocyte
hypertrophy, a correlation between the two might be
hypothesized and would need to be further studied (Table 1).

Our recent work demonstrated the key role played by CaVBLE
in the context of age-related muscle wasting. We showed that
CaVP1E/GDF5 pathway counteracted the loss of muscle mass
after denervation and that this signaling was defective in aged
muscle fibers. Importantly, we overexpressed CaVBIE in aged
mouse muscles leading to increased GDF5 expression and
activation of its signaling and therefore enabling the
prevention of muscle mass loss and force decline during aging
(Traoré et al., 2019). Importantly, the expression of an analogous
of CaVP1E has been also discovered in human muscle, decreasing
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in an age-related manner, indicating that the defective hCaVP1E
signaling might also be impaired in sarcopenic patients and
suggesting the CaVPB1E/GDF5 axis having a therapeutic
potential in muscle aging and linked pathologies (Traoré et al.,
2019) (Table 1).

Nevertheless, little is known about the causes behind the
decrease of CaVBLE expression in aged muscles. One hypothesis
we assessed, was a damaged neuro-muscular junction (NMJ), but
we did not detect any NM]J changes in the 78-week old mice
involved in the study which could have testified toward changes in
electrical activity and modifications in basal CaVP1E levels (Traoré
etal,, 2019). Chromatin methylation/demethylation events or other
epigenetic alterations could further explain the unbalanced
CaVPBIE/GDF5 axis in old muscle and should be investigated in
future works.

To summarize, mutations in CaVPs encoding genes have
currently been associated with disorders and, even if the
pathological mechanisms have not always been fully
characterized, both CaVps roles linked or unlinked to CaVs
can be argued. Brugada Syndrome type 4 and Episodic ataxia
type 5 present causative mutations in genes coding for CaVps
proteins and other CaV subunits (CACNA2D1 and CACNAI1A,
and CACNAI1A respectively-MalaCard database), corroborating
CaVp involvement in pathological mechanisms in a CaV-linked
way (Table 1). Nevertheless, and as described above, CaVp may
also originate or modify pathological features independently of
CaVs and an underestimation of these situations can be
hypothesized.

CONCLUSION

While CaVfs have long been considered to present exclusively
CaVys’ linked functions, we depicted in this review the elements
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Abstract

Sarcopenia involves a progressive loss of skeletal muscle foree, quality and mass during ageing,
which results in increased inability and death; however, no cure has been established thus far.
Growth differentiation factor 5 (GDF5) has been described to modulate muscle mass

maintenance in various contexts.

For our proof of concept, we overexpressed GDF5 by AAV vector injection in Tibialis Anterior
(TA) muscle of adult aged (20 months) mice and performed molecular and functional analysis of
skeletal muscle. We analysed human Vastus Lateralis muscle biopsies from adult young (21-42
years) and aged (77-80 years) donors, quantifying the molecular markers modified by GDF5
overexpression (OE) in mouse muscle. We validated the major effects of GDF5 overexpression
using human immortalized myotubes and Schwann Cells (SCs). We established a pre-clinical
study by treating chronically (for 4 months) aged mice using recombinant GDF5 protein
(rGDF5) in=systemic administration and evaluated the long-term effect of this treatment on

muscle mass and function.

Here, we demonstrated that GDES5 OE in the old TAs promoted an increase of 16.5% of muscle
weight (P=0.0471) associated with a higher percentage of 5000-6000 pum2 large fibres
(P=0.0211), without the induction of muscle regeneration. Muscle mass gain was associated with
an amelioration of 26.8% of rate of force generation (P=0.0330) and a better neuromuscular
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connectivity (P=0.0098). Moreover, GDF5 OE preserved neuromuscular junction (NMJ)
morphology (38.5% of nerve terminal area increase, P<0.0001) and stimulated the expression of
re-innervation-related genes, in particular markers of SCs (fold change 3.19 for S100b gene
expression, P=0.0101). To further characterize the molecular events induced by GDE5 OE
during ageing, we performed a genome-wide transcriptomic analysis of treated muscles and
showed that this factor leads to a “rejuvenating” transcriptomic signature in aged mice, as 42%
of the transcripts dysregulated by ageing reverted to youthful expression levels upon GDF5 OE
(P<0.05). Towards a pre-clinical approach, we performed a long-term systemic-treatment using
rGDF5 and showed its effectiveness in counteracting age-related muscle wasting, improving
muscle function (17,8% of absolute maximal force increase, P=0.0079), ensuring neuromuscular
connectivity and preventing NMJ degeneration (7,96 % of AchR area increase, P=0.0125). In
addition, in human muscle biopsies, we found the same age-related alterations than those
observed in mice and improved by GDFS5 and reproduced"its major effects on human cells,

suggesting this treatment as efficient in humans.

Overall, these data provide a foundation to, examine the curative potential of GDFS5 drug in

clinical trials for sarcopenia and, eventually, other neuromuscular diseases.
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Introduction

Sarcopenia is defined as a progressive age-related loss of strength, quality and mass of muscle
inducing adverse outcomes, including frailty, disability and mortality!. Several mechanisms are
proposed to explain the onset and progression of sarcopenia. Studies in rodents and humans
suggest that age-related muscle denervation is one of the a major driver of muscle fibre loss and
force decline>*. A phenomeéna not associated with motor neuron loss in the spinal cord,
indicating that” changes in the neuromuscular junction (NMJ) are key’. Perisynaptic Schwann
cells (SCs),- covering physically NMJs, play a critical role during their formation and
maintenance, and are involved in neurotransmission and muscle reinnervation after peripheral
nerve injury®. Interestingly, low reinnervation capacity observed in old muscle is associated with

SC degeneration occurring at the NMJ during ageing”~10.

Nevertheless, many factors are involved in age-related muscle changes, as pro-inflammatory
mediators and redox signalling imbalance contributing to muscle wasting!!:12, All these aspects
have to be considered in a therapeutic perspective for efficient treatments. Today, therapeutic
approaches counteracting sarcopenia are limited to caloric restriction and physical exercise

which are met with limited patient compliance!3-17. However, pharmacological strategies have
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been proposed '8, based on myostatin and activin-A, modulators of muscle growth, to increase
muscle mass'® but clinical trials showed no significant effect on muscle strength or physical
performance of sarcopenic patients'®2%, Other strategies offered to increase protein intake or
vitamin D supplementation; inhibit interleukin-6 or tumour necrosis factor a to reduce inflamm-
aging; or hormone administration to enhance anabolism?!. Nevertheless, none of these treatments
alone rescued the neuromuscular failures characterizing sarcopenia®!'. Identification of novel

drug to counteract age-related neuromuscular failure is still a challenge.

In this context, growth and differentiation factor 5 (GDF5) is of great-interest because of its
broad functions in neuromuscular system?2-24, GDF5 (also called, bone morphogenetic protein-
BMP 14) belongs to the BMP family activating SMAD (fusion of Caenorhabditis elegans Sma
and the Drosophila Mad, or mothers against decapentaplegic) 1/5 complex phosphorylation
leading to transcription of inhibitor of differentiation (Id) genes: BMPs are involved in bone and
cartilage development and regeneration?>2%. Genetic polymorphisms and GDF5 mutations are
associated with osteoarthritis susceptibility, joint and bone disorders®7?%, but also with decreased
muscle strength in humans over 65 years of age??. GDF5 can be considered as a pleiotropic
factor, modulating physiological processes to shape skeletal tissues, control angiogenesis®?,
neuronal development and repait’ 32 adipose tissue metabolism33* and as neurotrophic in
several studies??323336, Consistently,/Gdf5 transcript has been shown to be enriched at NMJ
regions and its receptors BMPR1A BMPRI1B expressed in muscle, motor nerve and nerve-
associated cells??. After nerve damage, increased GDF5 expression has been shown to be
essential to counteract atrophy??, sustain re-innervation?? and its signalling regulating skeletal
muscle mass homeostasis in mice?3-2436-40, Recently, we showed that age-related muscle mass
loss is associated with the alteration of the compensatory mechanism involving GDF5 axis in

mice and humans and that boosting this signalling prevented aged muscle wasting?4.

Here, we aimed to unravel the molecular mechanism underlying the beneficial effects of GDF5-
based strategies on neuromuscular features during aging. We showed that local GDF5
overexpression (OE) in mice, initiated at the onset of age-related muscle atrophy, increased
muscle mass and function, inhibited protein degradation and ameliorated neuromuscular
connectivity and NMJ morphology. This effect was associated with muscle reinnervation linked
to SCs. Whole-transcriptome sequencing of adult/aged muscle overexpressing GDF5

demonstrated a “rejuvenating” transcriptomic signature in GDF5-treated aged muscles compared

4
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to adult/aged controls. To translate this finding to humans, we used systemic administration of
recombinant GDF5 protein (rGDF5) in mice and demonstrated its benefits in preventing age-
related neuromuscular failure compromising muscle mass and function as well as an age-
dependent decrease in the levels of SC-specific markers in human muscle biopsies, strongly
suggesting GDF5 administration to promote SC maintenance. Importantly, we provided evidence
of human synthetic GDF5 (hsGDF5) effectiveness in inducing human SC proliferation and in

decreasing MuRF1-ubiquitin ligase expression in human muscle cells.

Altogether, our findings shed light on the benefits of GDF5-based therapies for the
neuromuscular system and are the basis of forthcoming medical strategies to counteract

sarcopenia and other neuromuscular diseases in humans.

Materials and methods

Ethics

Animal experimental procedures were approved by ethics committee (MENESR: Project
#17975). For human muscle biopsies ‘we received ethical approval and participants provided

written informed consent.
Animals

Adult (6-7 months), old (20 months) and very old (26-27 months) C57/BL6 female mice were

from Janvier Lab.and housed under specific-pathogen-free (SPF) conditions.
Human muscle biopsies

Human. Vastus/Lateralis biopsies from adult/aged healthy volunteers (Table S1) were gathered
within the/frame of the European project MyoAge*! (223576-FP7-HEALTH) and by the Institute
of Myology Myobank (BB-0033-00012).

Cell culture

hTERT-NF1 cells were cultured in DMEM containing 10% fetal bovine serum (FBS), 0.1%
gentamicin and treated for 48h with PBS or hsGDF5 (X’PROCHEM) 10 or 50ng/ml. Cell

proliferation was determined by spectrofluorometry (CytoQuant assay, Life technologies).
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Human healthy immortalized myoblasts (8220 cells)*? proliferated in DMEM, 5pg/ml insulin,
Sng/ml EGF, 0.5ng/ml bFGF, 0.2pug/ml dexamethasone, 25ug/ml fetuin, 20% FBS and 16%
medium 199; differentiated for 5 days in IMDM, 2% HS 42 then treated 72h with hsGDF5
(50ng/ml) or PBS .

In vivo gene transfer

AAV?2/1 (Adeno-Associated Virus) vectors were prepared as described*?. AAV2/1-Scramble or -
GDF5 were injected in Tibialis Anterior (TA) muscle of old (20 months) mice.at 5.10%vg/TA.

Further details are provided in the Supplementary material.
rGDFS administration

20-month-old mice were injected intraperitoneally thricesa week during four months with mouse

rGDF5 (Merck) or vehicle (PBS-0.1% bovine serum-albumin.(BSA)).
Hematoxylin-Eosin staining

10pum muscle cryosections were fixed onglass-slides in 4% paraformaldehyde (PFA) and stained
with Hematoxylin (BIOGNOST) and Eosin (ScyTek Lab).

Immunofluorescence

Cryosections were fixed in 4% PFA, permeabilized with 0.5% Triton X-100 and blocked in 10%
HS, 0.2% Triton, 5% BSA-PBS, incubated overnight at 4°C with primary antibodies (Table S6).
Sections were-incubated with secondary antibodies (Table S7) for 1 hour at room temperature

and mounted with Fluoromont-G (Invitrogen). Further details are provided in the Supplementary
material.

Neuromuscular-junction morphology

Isolated muscle fibres were fixed 1 hour in 4% PFA, blocked in 4% BSA, 5% goat serum, 0.5%
Triton-PBS and incubated overnight at 4°C with Neurofilament antibody (Table S6). After
washes in 0.1% Triton-PBS, fibres were incubated overnight at 4°C with a secondary antibody
(Table S7) and a-Bungarotoxin-Alexa Fluor™-594. Isolated fibres were mounted on glass-slide

with mounting medium. Further details are provided in the Supplementary material.
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Immunoblotting

400um muscle cryosections were homogenized (Dounce) in lysis buffer (Ozyme)/phosphatase
inhibitors (Roche). Proteins were denatured at 95°C for 5 min with Laemmli buffer, separated by
electrophoresis (Nu-PAGE 4-12% Bis-Tris gel) and transferred to nitrocellulose membranes.
Membranes were blocked with 5% milk or 5% BSA and incubated overnight at 4°C with primary
antibodies (Table S6). Membranes were incubated with secondary antibodies (Table S7). Images
were acquired with ChemiDoc™ MP (Bio-Rad) and band intensity quantified using Image Lab
software (Bio-Rad).

Protein synthesis was measured using the in vivo SUnSET method* followed by

immunobloting*443
RNA-Sequencing

mRNA libraries were realized following manufacturer’s recommendations (Ultra2 mRNA-New
England Biolabs). 12 sample-pooled library ‘preparations were sequenced on Novaseq6000 from
ILLUMINA with SP-200 cycles cartridge(2x800Millions of 100 bases reads). Further details are
provided in the Supplementary material.

RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from muscle using Trizol/Direct-zol RNA MiniPrep w/ Zymo-Spin [1C
Columns (Ozyme) and from cells using NucleoSpin RNA Columns (Macherey-Nagel). Reverse
transcription ~was performed using Superscript II Reverse transcriptase kit (TermoFisher
Scientific) and realtime qPCR performed on StepOne Plus Real-Time PCR System (Applied
Biosystems) using Power SYBR Green PCR MasterMix (TermoFisher Scientific). Data were
analyzed using AACT method and normalized to RPLPO (Ribosomal protein lateral stalk
subunit PO) or for hTERT NF1 cells GAPDH (Glyceraldehyde 3-phosphate dehydrogenase)

expression. Primers are in Table S8.
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In situ muscle force and electroneuromyography measurements

Muscle force was evaluated by measuring in situ TA muscle contraction after nerve stimulation?*
and Electroneuromyography (ENMG) was achieved in TA muscle*®. Further details are provided

in the Supplementary material.
Grip strength

We used grip strength meter (Bioseb) to assess hind- and fore-limb strength. Mice were lifted
and held by tail and gently pulled backwards until they released” the grid. Mean of four

consecutive measurements was determined and normalized to body weight.
Magnetic Resonance Imaging (MRI)

The MRI system consisted of a 7 tesla Bruker BioSpec and a transceiver surface cryoprobe
(Bruker BioSpin MRI GmbH). Maximal muscle cross-sectional area (CSA) was determined with
ITK-SNAP software 4. Further details are provided/in the Supplementary material.

Whole metabolism exploration.and body composition

Mice were housed individually in metabolic cages (Labmaster, TSE systems GmbH) with ad
libitum access to food and water. They were acclimated four days before monitoring for the next
three days. O2 consumption, CO2'production, energy expenditure and respiratory exchange ratio
were measured using indirect calorimetry technique. Food and water intake and spontaneous
locomotor activity were recorded during the entire experiment. Lean and fat masses were

assessed using 7:5-MHz time domain-nuclear magnetic resonance (LF90II MiniSpec; Bruker).
Echocardiography

Mice were lightly anesthetized (0.2%-0.5% isoflurane) and echocardiography was performed on
37°C pad with a probe emitting ultrasound at a frequency of 9 to 14 MHz (Vivid7 PRO
apparatus; GE Medical System) applied to the chest wall. Cardiac ventricular dimensions and

fractional shortening were measured in 2D mode and M-mode.
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Bone micro-computed tomography (Micro-CT)

Dried mouse femurs were scanned using in vivo high-resolution X-ray micro-CT instrument
(Quantum FX Caliper, Life Sciences, Perkin Elmer) hosted by the life Imaging Facility
(URP2496, Montrouge, France). Further details are provided in the Supplementary material.

Statistics analyses

Comparison between two groups was tested for normality using Shapiro—-Wilk test followed by
parametric (two-tailed paired, unpaired Student’s t-tests) or non-parametric test (Mann-Whitney)
to calculate P values. For more than two groups, ordinary one-or two-ways ANOVA tests
followed by appropriated post hoc tests were performed. All statistical analyses were performed

with GraphPad Prism 8 software and statistical significance was set at P <0.05.

Results

GDFS-OE prevents the neuromuscular system decline during ageing
in mice

We characterized neuromuscular features by analysing parameters defining muscle mass and
function and denervation markers, in younger adult (7m), old (20m), and very old (26-27m)
mice. We found' that from 20 months, the masses of the Tibialis Anterior (TA) and
Gastrocnemius (GAS)-were progressively reduced, without significant body weight loss (Fig
1A), whereas Extensor Digitorum Longus (EDL) and Soleus (Sol) were less affected by ageing
(Fig -S1A). Muscle fibre’s quantification revealed a diminution of fibre size (Fig S1B),

particularly of fast-twitch glycolytic MyHC-IIB fibres, and not a reduction in their number (Fig
S1C).

To establish whether muscle atrophy was associated with impaired function, we measured limb
muscle grip strength, in situ tetanic force generation and in vive neuromuscular transmission by
electroneuromyography (ENMG) assessing compound muscle action potentials (CMAPs)48:49,
We found that grip strength was diminished early in old as well in very old compared to younger

(7-month-old) mice (Fig 1B), absolute maximal force generated by TAs was lower in very old
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while not different between older and younger adult animals (Fig S1D). Nevertheless, we found
no difference in tetanic force normalized on TA weight, meaning that force generation was
directly dependent on muscle mass. Interestingly, we measured a slower rate of force production
in muscles of very old mice, indicating contractile system impairment’° (Fig S1D). Consistently,
ENMG revealed a CMAP decrement in very old mice (Fig 1C), evidencing neuromuscular
fatigability in these animals*®. Altogether, these results show that ageing dffects muscle

contractility and neuromuscular function without modifying specific force generation.

To assess NMJ denervation of aged muscle, the mRNA expression of-related markers such as
acetylcholine receptor (AChR) subunits (Chrnal, -bl, -d, and -g).and Musk!%-24 was measured.
We observed a trend towards increased expression of most of these markers beginning at 20
months, while Chrng levels were significantly higher (£=0.0429) in very old mice (Fig 1D)

suggesting the presence of NMIJ instability and/or remodeling beginning in old mice.

Altogether, these data reveal that muscle mass loss precedes alterations in force generation and

neuromuscular connectivity during ageing.
GDF5-OE stimulates muscle hypertrophy and protein synthesis in

old mice

Our findings could define“a time window to take action with therapeutic strategies to prevent
signs of sarcopenia. In this aim, we injected TAs of 20-month-old mice with AAV-GDF5 or -
scramble and analysed these muscles 4 weeks after injection (Fig 1E). First, transcripts and
protein GDF5-OE was- confirmed by RT-qPCR and Western blotting (WB), respectively (Fig
S1E). GDF5-dependent signalling activation was validated by the quantification of higher
number of phosphorylated SMAD1/5-positive nuclei after AAV-GDF5 than after -scramble
injection by immunofluorescence (IF). Accordingly, transcription of /di, 2, 3 and 4, GDFS5 gene
targets®*°1:52 was induced upon GDF5-OE (Fig S1F). Analysis of muscle weight, fibre size and
number showed hypertrophy of GDF5-OE TAs (Fig 1E) with a higher percentage of large fibres
without fibre number change (Fig 1F). The regeneration process was not involved in mass gain
as quantification of the number of myonuclei, indicating muscle cell proliferation, and of the
centrally nucleated fibre, showed no variation in GDF5-OE muscle compared to control (Fig

2A). Furthermore, the expression of satellite cell marker Pax7°® and of myogenic regulatory

10

Appendices

$20Z AN L uo Jasn SINYID A 661 792/.019BME/UIBIG/EE0L 0 L/I0P/3|0IME-8OUBAPE/UIEIT /WO dNO'dIWdPEDE//:SANY WOl papeojumod

183



'y

o b~ W N

29
30
31

factors MyoD, Myogenin and Myf6°> was not modified by GDF5-OE (Fig 2B). Finally, to
establish whether GDF5 could target specific fibre type size, we measured the cross-sectional
area (CSA) of MyHC-IIA-, MyHC-1IB- and MyHC-IIX-positive fibres, without finding
difference in the mean size of any single type (Fig S2A, B). These results suggest that GDES-OE
leads to hypertrophy of muscle at the early stage of ageing.

Since muscle mass homeostasis is regulated by the balance between protein degradation and
synthesis’*, we determined active protein synthesis after GDF5-OE by in vivo Sunset.assay'”. We
found increased puromycin incorporation into GDF5-OE TA extracts(Fig 2C), indicating that
hypertrophy might be partially due to increased anabolism. However, we did not observe
AKT/m-TOR/RpS6 phosphorylation, canonically associated with-protein synthesis®® (Fig 2D,
S2C). To investigate protein breakdown we quantified the mRNA expression of atrogenes as
MuRF1, Atroginl and Musal® and showed a significant decrease (P=0.0437) in only MuRF1
transcript level in GDF5-OE TAs (Fig 2E). Accordingly, we observed increased levels of MyHC
and actin, two proteins directly targeted by MuRF13%%7 for degradation and higher a-actinin
protein level also reported as associated with MuRF1 downregulation®® in GDF5-OE TAs
compared to scramble (Fig 2F). In addition, to explore eventual effect of GDF5-OE on the
proteasome-ubiquitin system, we-quantified protein poly-ubiquitination®® and found a decrease in
its levels in GDF5-OFE TA extracts versus scramble (Fig 2G), indicating a global inhibitory effect
of GDFS5 against proteasome-ubiquitin-dependent protein degradation. Autophagy/mitophagy
pathway has been described as contributing to proteostasis and to be deregulated during
aging®0%!, We thus.investigated the gene expression of autophagic markers Sequestomel (p62
also known as. SOSTM1), Microtubule-associated protein 1A/1B-light chain 3 (Ic3b), Gamma-
Aminobutyric Acid Receptor-Associated Protein-Like 1 (Gabarapl), Beclinl (Becnl), Bcl-
2/adenovirus E1B 19 kDa protein-interacting protein 3 (Bnip3) and lysosomal Cathepsin L 6% as
well as_the protein levels of lipidated LC3 (LC3-I/LC3-1I), p62/SQSTM1 and Beclinl, which
increase is associated to autophagy/mitophagy activation®'. We showed that GDF5-OE did not
induce muscle mass gain through modifications in gene (Fig S2D) and protein expression of all

these autophagy/mitophagy players (Fig 2H, S2E).

Here, our data reveal that the GDF5-OE hypertrophic effect is promoted by Akt-independent
protein synthesis and by the inhibition of MuRF1 and ubiquitin-dependent protein degradation

without modulation of autophagy/mitophagy.
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GDFS5-0OE improves neuromuscular transmission, NMJ morphology

and Schwann cell marker expression

To investigate the effects of GDF5 on muscle contraction through NMJ stimulation, we
measured the peak of tetanic force and the rate of force generation in old mouse TAs.“We found
no difference in absolute or specific maximal force after nerve stimulation between GDF5-OE
and scramble conditions. However, the rate of muscle force production was higher after GDF5-
OE, indicating a faster development of contraction®® than in scramble (Fig 3A,'S3A). In addition,
ENMG confirmed that GDF5 improved CMAP in old mice (Fig 3B), showing that one of its

major effect is the maintenance of the neuromuscular transmission.

These results provide extensive description of the effects of GDES-OE during the earliest phase
of age-related muscle wasting and validate its effectiveness”in modulating neuromuscular

function.

The evidence of GDF5-OE benefit on NMJ activity strongly suggested its impact on NMJ
remodelling. Thus, we analysed the morphology of muscle synapses using Imagel-based
workflow%*, and found that GDF5-OE improved NMJ morphology in 21-month-old mice by a
slight increase of endplate area (P= 0.0577) associated with a significant rise of AChR area (P=
0.0145). The pre-synaptic compartment showed increased nerve terminal area and pre- and post-
synaptic overlap percentage (Fig 3C). However, AChR compactness and fragmentation were not
significantly affected (Fig S3B), nor was the expression of Chrng, one of the hallmark of NMJ
instability/remodeling (Fig S3C).

To assess'the effects of GDF5 on NMJ players, we quantified the transcript levels of the SC-
specific ‘glial markers, as S/00b, Myelin basic protein (Mbp), Myelin protein zero (Mpz), and
Peripheral myelin protein 22 (Pmpp22) related to SC-dependent endplate stability3-%3%; Growih-

associated protein 43 (Gap43), associated with axon and SC regeneration; and Fibroblast growth

factor binding protein-1 (Fgfbp-1), a trophic factor protecting NMlJs from degradation!%-05-68,

Strikingly, we found that GDF5 increased mRNA levels of all of them (Fig 3D). To investigate
whether it was accompanied by changes in neurotrophic gene expression, we measured Nerve
growth factor (Ngf), Brain-derived neurotrophic factor (Bdnf), Neurotrophin 3 (N13), Glial cell

line—derived neurotrophic factor (Gdnf), and Ciliary neurotrophic factor (Cntf) transcript levels.
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We observed that GDF5-OE increased Ngf expression (Fig S3D), suggesting that its effect might

also be mediated by this neurotrophin involved in axon maintenance/guidance®.

Overall, our data show GDF5-OE benefit on the integrity of NMIJs, its role in modulating SC
markers and Ngf expression indicating its therapeutic interest in disorders involving SCs and/or

axonal degeneration as peripheral demyelinating neuropathies.
Aged human muscle is potential target of GDF5-based therapies

We investigated whether GDF5-based therapy could be useful in humans against sarcopenia. In
that purpose, we collected biopsies from quadriceps of adult young (21-42 years) and aged (77-
80 years) volunteers®* (Table S1) and assessed some relevant readouts:established in mice. First,
the expression of SC-related markers was measured, revealing $700b and MPZ mRNA levels
significantly lower in aged than in young muscle “biopsies (P=0.0396 and P=0.0166
respectively) (Fig 4A). We then treated human immortalized SCs with 10 and 50ng/ml of human
synthetic GDF5 (hsGDF5) for 48h (Fig 4B) and observed a significant increased rate of their
proliferation (P=0.0002; P<0.0001 respectively) evaluated by spectrofluorometry and by RT-
qPCR quantification of Ki67 transcript (Fig 4B). In addition, hsGDFS5 induced the differentiation
of these cells, as confirmed by the increased mRNA levels of early myelin-associated markers
Early growth response gene 2 (EGR2), Proteolipid protein (PLP1), and PMP22 (Fig 4C).
However, the expression“of MPZ and MBP, mature myelinating SC markers, did not change
under the tested conditions(Fig'S4A). Altogether, these data strongly suggest direct GDFS5 effect

on SCs playing fundamental roles in sustaining NMJ formation and preservation®.

One of the relevant effects of GDF5 on aged mouse muscle from mass wasting was MuRF1
expression decrease. We treated differentiated human immortalized myotubes with hsGDF5 for
72h and found a significantly decreased MuRF1 expression (P=0.0125), confirming the ability of

GDF5vin inhibiting this protein breakdown mediator in human muscle cells (Fig 4D).

These results provide evidence of therapeutic potential of GDF5 in humans and identify probable
targets of the treatment as both SCs and muscle cells, crucial for neuromuscular connectivity and

muscle mass.
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GDF5-0E rejuvenates transcriptomic profile in aged mouse muscle

To further decipher the effects of GDF5-OE in muscle, we performed a genome-wide
transcriptomic analysis using RNA from TAs of 21-month-old mice overexpressing GDF5 (Old-
GDF5) compared to RNA from scramble-injected TAs of 7-month-old (Adult-Scra)‘and 21-
month-old mice (Old-Scra) (Tables S2, S3). Principal component analysis revealed distinct gene-
expression profiles among groups, however the Old-GDF5 group clustered more with the Adult-
Scra than the Old-Scra group (Fig 5A) and this was confirmed by unsupervised, hierarchical
clustering analysis (Fig 5B). Remarkably, out of 587 genes affected by ageing, 247 genes
differentially expressed in the Old-Scra reverted to youthful expression levels in the Old-GDF5
(42% of the dysregulated transcripts) (Fig SC, Tables S4). This reversal was also observed for the
expression of macrophage-specific as well as mitochondrial metabolism- and redox balance-
related genes, the alterations of which have been.reported to contribute to skeletal muscle

disorders and ageing’%"3,

To validate these data, we quantified by RT-qPCR the expression of some of most relevant genes
modulated upon GDF5-OE on RNA “extracts used for transcriptomic analysis. Among
macrophage-associated genes, in the.Old-GDF5 group we observed upregulation of monocyte-
macrophage marker Colony stimulating factor 1 receptor; Csflr’#, and M2 anti-inflammatory
macrophage markers Cdl163, Cd209 and Mgl2 (Fig 5D), known to support tissue repair and
muscle mass maintenance’>7¢. In addition, GDF5-OE improved the expression of Uncoupling
protein2 (Ucp2)’7-7° | and -~ Superoxide dismutase3 (Sod3)’° genes, implicated in energy
expenditure, .and \Negative regulator of reactive oxygen species (Nrros), limiting ROS generation
and oxidative damage (Fig 5D)®!. We also found increased levels of other markers not altered by
ageing, as. F4/80, CD68, CD206 (macrophage markers), and catalase, Gpxl, and HmoxI
(antioxidant-related genes) (Fig S5A), suggesting that these modulations are applicable to GDF5
protective function against muscle wasting. Interestingly, Apelin and Follistatin expression, both
described as beneficial in preventing age-related muscle decline and secreted after physical
exercise! 78283 was increased upon GDF5-OE (Fig 5E). We also investigated the expression of
PGC-1a, another factor involved in oxidative energy balance, exercise adaptation, myokine
modulation and NMJ formation®+85. We found that PGC-/« transcription was not modified upon

GDF5-OE in our experimental conditions (Fig S5 B).
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To go further, as mitochondrial alterations are associated to sarcopenia®®, we analyzed
mitochondrial content and morphology in TAs overexpressing GDF5. We did not measured
significant changes in mitochondrial DNA amount and succinate dehydrogenase complex subunit
A (Sdha-Complex II), Cytochrome b-cl complex subunit 2 (Ugcrc-Complex III) and Voltage-
Dependent Anion selective Channel (Vdac) protein expression (Fig S5 C, D), nor in the volume
and gross morphology of mitochondria (Fig S5 E). Accordingly, the expression of dynamin-
related protein 1 (drpl), fission 1 protein (fisl), optic atrophyl (opal) and mitofusin 1 and 2
(mfnl and 2) regulating mitochondrial fission and fusion®” was not modified by-GDF5-OE (Fig
S5 F).

These results represent an important data set on the wide therapeutic potential of GDF5 in
modulating various mechanisms contributing to muscle<ageing but also involved in several

muscular and neuromuscular diseases.
rGDFS is a potential therapy for age-related muscle wasting

With the goal of generate patient-relevant preclinical data to be used against sarcopenia, we set
up a protocol based on recombinant mouse GDF5 protein (rtGDFS5). We treated old mice (20
months) with rGDF5 (0.2 mg/kg)-or vehicle thrice a week systemically (Fig 6A) as we validated
that SMAD1/5 signalling was activated in TAs 48h post-injection (Fig S6A). Four weeks later,
we evaluated the expression of genes related to reinnervation and myokines and analysed the
long-term effect of the treatment on age-related muscle wasting and neuromuscular features (Fig
6A). We observed SC marker upregulation, including S100b, Mbp, Mpz, Gap43 and also Fgfbpl
and Ngf, as“well as\Apelin and Follistatin levels (Fig 6B) in old treated TAs confirming the

ability of GDFS5 to promote these markers and myokine expression.

Efficacy of chronic rGDF5 treatment was evaluated by magnetic resonance imaging
measurement, an in vivo outcome applicable to future clinical studies. We found that total hind
limb muscle CSA was higher after treatment compared to vehicle condition. Accordingly, GAS,
TA, EDL, and Sol muscle masses were higher in very old mice (24 months) after rtGDFS5 versus
vehicle treatment. Histological analysis of the GAS revealed that this increase was not due to
changes in fibre number (Fig 6C) but increased MyHC-IIB- and MyHC-I1X-positive fibre size
(Fig 6D), rescuing their age-related phenotype. rtGDFS effect on muscle mass was independent of

body weight as a slight effect was observed on body composition of fat and lean mass (P=0.4919
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and P=0.2366 respectively) (Fig S6B). The metabolic phenotyping showed that rGDFS5
treatment did not affect food and water intake, ambulatory activity nor energy expenditure or
respiratory rate. Furthermore, we did not detect modifications in heart weight (Fig S6D) or
function measured by echocardiography (Table S5). Considering the impact of GDF5 on.bone
homeostasis?®, we measured ex vivo femur microarchitecture by micro-CT imaging and did not

observe any difference between rtGDF5 and vehicle-treated groups (Fig S6E).

Chronic rGDF5 administration effects on muscle function was evaluated by in situ TA force
generation that showed increase in both absolute and specific force and a significant higher rate
of force generation versus vehicle (P=0.0006) (Fig 6E), indicating ameliorated neuromuscular
connectivity. NMJ morphological analysis revealed no differencein'nerve terminal area, overlap
percentage, compactness and AChR fragmentation, however, tGDFS5 treatment led to higher

endplate and AChR areas in very old mice (P=0.0211 and 0.0125respectively) (Fig 6F).

In summary, our findings demonstrate the effectiveness of chronic rGDF5 administration in
counteracting age-related muscle wasting, improving muscle function, ensuring neuromuscular

connectivity and preventing NMJ.

Discussion

Sarcopenia, a widespread age-related disease strongly impacting life quality and representing a
public health issue, is a multifactorial pathology with no cure to date. Here, we aimed at
identifying a’ potential” therapeutic strategy for this disease by deciphering the mechanisms
underlying GDFS5 ability to preserve aged muscle. Our data support its major dual action on both
skeletal muscle’and NMIJ at the earlier stage of ageing, by increasing muscle mass, ameliorating
neuromuscular connectivity and endplate structure. We dissected the effect of GDFS on different
pathways as protein synthesis/degradation, innervation and potential mechanisms related to
inflammation, metabolism and redox equilibrium. We confirmed that GDF5-OE reduces the
expression MuRFI, involved in protein breakdown®®, and increases protein synthesis. While
muscle wasting was likely prevented by rebalanced protein catabolism, the canonical protein

synthesis-associated pathway was not affected, consistently with previous observations
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indicating transient/limited impact of Akt/mTor signalling on muscle mass preservation in

different conditions®®-°1.

Regarding muscle innervation parameters, we showed that GDF5-OE induced the expression of
nerve regeneration- and SC-related re-innervation genes. This finding is consistent with other
studies showing GDF5 as neurotrophic factor protecting dopaminergic neurons from

3292 and promoting neurite complexity in cultured neurons®394.

neurotoxicity in vitro and in vivo
However, we pointed out a more prominent effect of this factor on SCs; essential for NMJ

integrity and neuromuscular maintenance®, which are affected by ageing$:

Overall, our data demonstrated GDF5 rejuvenating effects with-reversed expression of several
genes altered in aged muscle, particularly those linked to impaired inflammation, macrophages
and oxidative balance. Indeed, the steadiness between ATP/heat productions is crucial to regulate
ROS production rates for tissue maintenance. In this.context, UCPs, which physiological role is
to dissipate energy by decreasing mitochondrial membrane potential, are of interest.
Mitochondrial uncoupling reduces free radical generation and has protective function in several
tissues?>%%. Notably, UCP2 expression,.upregulated by GDFS5, has been described to correlate
with life span in humans’3190, Here, we showed that mitochondrial content and morphology was
not modified and that metabolicphenotyping was also unaffected by GDF5 treatment. However,
further extensive studies are needed to deeper analyze the possible impact of GDF5-based
treatment on bioenergetics and. tedox capacity of muscle and their eventual relationship to
performance and mass homeostasis. Furthermore, macrophages, essential in muscle
regeneration!®192 “are altered during ageing’®7! contributing to inadequate repair and muscle
wasting!03./The expression of other markers associated with both macrophages and antioxidant
responses, yet not significantly modified during early ageing, was increased upon GDF5-OE,
suggesting that it positively modulates inflammation and redox equilibrium. Noteworthy, a
benefieial effect similar to those observed upon physical exercise in humans!%4-196 has been
induced by GDF5-OE such as the myokines Apelin and Follistatin increased expression.
Functions and modulations of these factors have been only partially explored thus far!07-109 and
despite their apparent trophic effect in the neuromuscular systems!7-$2.110-112 " their molecular

triggers is quite lacking!7-111.113
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We addressed the challenge of developing a therapeutic approach using systemic rGDF5
administration giving promising data on its benefits against sarcopenia. We revealed the efficacy
of hsGDF5 in human cells in promoting nerve regeneration/re-innervation markers and
proliferation of SCs, found decreased in aged human muscle, indicating a potential medical use.

In addition, we confirmed an inhibited MuRF 1 expression in human myotubes.

Here, we provide bases for effective medical approach for ageing muscle and strongly suggests
that GDFS5 therapeutic potential of is not limited to sarcopenia, but applicable to neuromuscular
disorders involving SC degeneration and NMJ dismantling as motorneuron diseases (ALS, spinal
muscular atrophy) and demyelinating neuropathies. Consistently, SMAD1/5-dependent pathway
activation has been described as beneficial for motor neuron dysfunction in a drosophila ALS
model''*, In addition, we show that GDFS5 influences macrophages, inflammation and oxidative
balance, disclose its possible benefit in several conditions'considering that altered inflammatory
responses and oxidative stress play a key role on muscle wasting following critical illness, cancer
cachexia, and immobilization but also in muscular and neuromuscular diseases, including

muscular dystrophies 115-119,

Overall, our results establish that GDF5 effects might be exploited for the treatment of different

pathological conditions affecting the neuromuscular system as a whole.
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Figure legends

Figure 1 Age-related neuromuscular failure and GDF5 overexpression in muscle. A : Weight

of Tibialis anterior (TA) and Gastrocnemius (GAS) of adult (7 months; n=10), old (20 months;

n=12) and very old (26-27 months; n=14) mice normalized to body weight. B: Grip strength

mean of adult (»=8), old (n=12) and very old (n=10) mice normalized to body weight. C:

Representative electroneuromyography (ENMG) traces recorded in TAs across ages and

amplitudes of compound muscle action potentials (CMAP) (adult n=11; old n=12; very old
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n=16). D: RT-qPCR for Chrrnal, Chrnbl, Chrnd, Chrng and Musk in TAs across ages (adult
n=4; old n=8; very old n=9). E: Experimental design: AAV-Scramble (Scra) or -GDF5 (GDF5)
were injected in 20-month-old mouse TA. Representative picture of TAs injected four weeks
with Scra or GDF5 (21-month-old). Weight of TAs was normalized to body weight (Scrasn=12;
GDF5 n=10). F: Representative images of 21-month-old TAs injected with Scra or GDF5,
immunostained with laminin (grey) and DAPI (blue), scale bar 100 um. Size distribution of TA
fibres and mean of myofibre number were determined in Scra (n=10) or GDFE5 (n=8) conditions.
All data are mean + SEM (*P < 0.05, ** P < 0.01, ***P < 0.001). (A-D)-P values were
calculated by ordinary one-way ANOVA followed by Tukey’s multiple comparison test or (E, F)

unpaired t-test.

Figure 2 Local GDFS5 overexpression in old .mice leads to muscle hypertrophy. A:
Representative images of TAs cryosections from 21-month-old mice injected with AVV-Scra
(Scra) or -GDFS5 (GDF5), stained with hematoxylin and eosin, scale bar 100 um. Number of
myonuclei per fibre and proportion of centro-nucleated fibres were determined using ImagelJ-
based machine learning algorithm (Scra n=10; GDF5 n=8). B: RT-qPCR for Pax7, Myod, Myog,
and Myf6 analyzed in TAs injected with Scra (n=7) or GDF5 (n=7). C: Representative western
blot showing the level of puromyecin-labeled proteins in TAs injected with Scra or GDFS5.
Relative signal intensity of puromycin-labeled proteins was determined (Scra n=6; GDF5 n=5).
Ponceau S staining“was used as loading control. D: Representative western blot showing the
level of phosphorylated and total Akt, m-TOR and Rps6 proteins in TAs injected with Scra or
GDFS5. E:-RT-qPCR for MuRF1, Atroginl and Musal analyzed in TAs injected with Scra (n=7)
or GDF5 (n=7). F: Representative western blot showing the level of MyHC, Actin and a-Actinin
proteins in TAs injected with Scra or GDFS5. Relative signal intensity of proteins was determined
(Scra n=6; GDF5 n=6). Ponceau S staining was used as loading control. G: Representative
western blot showing the level of ubiquitinated proteins in TAs injected with Scra or GDF5.
Relative signal intensity of ubiquitinated proteins was determined (Scra n=6; GDF5 n=5).
Ponceau S staining was used as loading control. H: Representative western blot showing the
level of LC3-1, LC3-II, p62 and Beclinl proteins in TAs injected with Scra or GDFS. Ponceau S
staining was used as loading control. All data are shown as the mean + SEM (*P < 0.05, ** P <

0.01, #**P <0.001). (A-H) P values were calculated by unpaired t-test.
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Figure 3 GDF5 overexpression improves neuromuscular connectivity and NMJ
morphology. A: Absolute tetanic force and rate of force production measured in TAs from 21-
month-old mice injected with AAV-Scra (Scra n=9) or -GDF5 (GDF5 n=10). B: Representative
ENMG traces and CMAPs amplitudes recorded in TAs injected with Scra (n=9) or ~GDF5
(n=10). C: Representative images of neuromuscular junction (NMJ) from TAs injected with Scra
or GDF5, immunostained with neurofilament (NF: yellow) and bungarotoxin (BTX: purple),
scale bar 10 um. Endplate area, acetylcholine receptor (AChR) area, nerve. terminal area, and
overlap (nerve terminal area/AChR area ratio) parameters were determined in-Scra (n=4) or
GDFS5 (n=3) using ImageJ-based workflow. D: RT-qPCR for S1008, Mbp, Mpz, Pmp22, Gap-43,
and Fgbpl analyzed in TAs injected with Scra (n=6) or GDF5 (n=6). All"data are shown as the
mean + SEM (*P < 0.05, ** P < 0.01, ***P < 0.001). (A, B, D)-P-values were calculated by
unpaired t-test or (C) by Mann-Whitney test.

Figure 4 hsGDF5 enhances human Schwann-cell proliferation and decreases MuRF1
expression in human muscle cells. A: RT-qPCR for S7/00f and MPZ analyzed in human
quadriceps biopsies from Adult (21-42 years; n=6) and Aged (77-80 years; n=10) healthy
volunteers. B: Graphical representation of in vitro experiment. Human Schwann cells (WTERT
NF1) were treated with human synthetic GDF5 (hsGDFS) or PBS (control) and 48h after rate of
cell proliferation and.<gene expression experiments were performed. Representative images
showing hTERT NFT cell nuclei after treatment for 48h with PBS or hsGDFS5 at 10 or 50 ng/ml,
scale bar 100um. hTERT NF1 cell proliferation rate evaluated by CyQuant assay 48h after
treatment .and KI-67 expression analyzed by RT-qPCR (n=4 per condition). C: RT-qPCR for
EGR2, PLP1] and PMP22 analyzed in hTERT NF1 cells treated 48h with hsGDF5 or PBS (n=4
per condition). D: Graphical representation of in vitro experiment using human differentiated
muscle cells (8220) treated 72h with hsGDF5 (50 ng/ml) or PBS (control). RT-qPCR for MuRF1
was performed in 8220 cells treated 72h with hsGDF5 or PBS (n=3 per condition). All data are
shown as the mean + SEM (*P < 0.05, ** P < 0.01, ***P < 0.001). (A, D) P values were
calculated by unpaired t-test or (B, C) by ordinary one-way ANOVA followed by Dunnett’s

multiple comparison test.
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Figure 5 GDFS5 overexpression rejuvenates old whole muscle transcriptomic profile. A:
Principal component analysis (PCA) for gene expression patterns analyzed in TAs from 7-month
adult and 21-months old mice injected with AAV-Scra (Adult-Scra n=4, Old-Scra; n=4) or -
GDF5 (Old-GDF5; n=4). B: Graphical representation of unsupervised hierarchical sample
clustering across groups. C: Heatmap showing 247 dysregulated genes in Old-Scra compared to
Adult-Scra which are normalized in Old-GDF5 condition. D: RT-qPCR for “Csflr, Cdi63,
Cd209, Mgl2, Sod3, Ucp2 and Nrros analyzed in TAs of Adult-Scra (n=6), Old-Sera (n=7) and
Old-GDFS5 (n=6). E: RT-qPCR for Apelin and Follistatin analyzed in TAs of Old=Scra (n=7) and
0O1d-GDF5 (n=6-7). All data are shown as the mean + SEM. *P <0.05, **'P < 0.01, ***P <
0.001. (D) P values were calculated by ordinary one-way ANOVA followed by Dunnett’s

multiple comparison test or (E) by unpaired t-test.

Figure 6 Chronic rGDFS5 systemic administration in_ageing mice preserves against age-
related muscle wasting and improves NMJ morphology. A: Graphical representation of in
vivo experimental design. Recombinant. mouse GDF5 (rGDFS) or control vehicle (Veh) were
administered intraperitoneally into 20-months old mice. Four weeks after repetitive injections,
gene expression was analyzed in TAs and the therapeutic effect was evaluated four months after
the beginning of the treatment. B: RT-qPCR for S1008, Mbp, Mpz, Pmp22, Gap-43, Fgbpl, Ngf,
Apelin and Follistatin .analyzed in TAs of mice treated four weeks with Veh (n=8) or tGDF5
(n=8). C: Quantification of maximal muscle CSA determined by Magnetic Resonance Imaging
(MRI) in hind limbs of mice treated four months with Veh (n=12) or -tGDF5 (n=10), scale bar: 1
mm. Muscle/body weight ratio of Gastrocnemius (GAS), Tibialis anterior (TA), Extensor
digitorum longus (EDL), and Soleus (SOL) of mice treated four months with Veh (n=12) or
rGDF5 (n=10). Mean of myofibre number was determined in GAS of mice treated four months
with Veh (n=5) or -tGDF5 (n=4). D: Representative images of GAS cryosections immunostained
with laminin (grey), MyHC-IIB (purple), MyHC-IIA (yellow), and MyHC-IIX (black). Hybrid
MyHC fibres express both MyHC-IIB and MyH-IIA (purple and yellow), MyHC-I expressing
fibres are absent in GAS, scale bar 100 um. Mean of myofibre CSA for each fibre type was
determined in GAS of mice treated with Veh (n=5) or tGDF5 (n=4) using ImageJ-based machine
learning algorithm. E: Absolute tetanic force, specific force and rate of force production

measured in TAs from mice treated with Veh (n=12) or rGDFS5 (n=10). F: Representative images
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yellow) and bungarotoxin (BTX:

purple), scale bar 10 um. Endplate area and acetylcholine receptor (AChR) area parameters were

determined in mice treated with Veh (n=4) or rGDF5 (n=5).
SEM (*P < 0.05, ** P < 0.01, ***P < 0.001). (A-E) P values
or (F) by Mann-Whitney test.
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