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La science est d'une grande beauté.
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Introduction

Skeletal muscle is a highly organized tissue designed to produce force and movement. It is
composed of differentiated, multinucleated and aligned myofibers responsible for contraction,
and also contains a population of mononucleated muscle cell precursors, that are maintained in
a quiescent state under homeostatic conditions. Myofibers form by fusion of tens of thousands
of differentiated muscle cell precursors (also called myocytes) to produce multinucleated
myotubes, which mature into myofibers, composed of a regular array of contractile elements,
the sarcomere (Abmayr, S.M.; Pavlath, G.K et 2012). Skeletal muscle is remarkable in its ability
to adapt in response to the demands imposed on it, a property referred as muscle plasticity. Low
physical activity and some disease conditions lead to the reduction of myofiber size, called
atrophy, whereas hypertrophy refers to the increase in myofiber size induced by high physical
activity or intrinsic factors such as anabolic hormones/drugs. Over the last decades, the
molecular mechanisms that regulate changes in skeletal muscle mass in response to mechanical
load have been detailed (Kirby et al 2019; Ato S et al 2020; Jabre et al 2020). An emerging
body of literature supports the notion that muscle plasticity is critically dependent upon nuclear
mechanotransduction, which is the transduction of exterior physical forces into the nucleus to
generate a biological response. Mechanical loading induces nuclear deformation, changes in
the nuclear lamina polymerization, chromatin condensation state and cell signaling, which
ultimately impacts myogenic cell fate decisions. Advances in deciphering the molecular
mechanisms contributing to nuclear mechanotransduction strongly support the idea that defects
in nuclear mechanotransduction contribute to human muscle disorders. However, the
contributive role of stress and strain-induced nuclear response in normal and diseased striated

muscles still remain to be determined.

I. Skeletal muscle

i. Generalities

The skeletal muscles of the human body (Figure 1) are responsible for many essential functions
such as voluntary movements, and non-voluntary movements such as breathing, heat
production or posture maintenance. Representing 40% of the body mass and containing 50 to

75% of the proteins of the human body, skeletal muscles are characterized by the following
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properties: excitability, contractility, extensibility, and elasticity. The term striated skeletal
muscle comes from the regular striation around the two main filaments actin and myosin.

A skeletal muscle consists of several bundles of muscle fibers. The epimysium is the name
given to the sheath that surrounds the entire muscle. The perimysium encircles each fiber
bundle. The endomysium surrounds the muscle fibers. Skeletal muscles are attached to the

bones of the skeleton by tendons, which are extensions of fibers and connective tissue.
Fascicle Sarcolemma

Perimysium Muscle fiber (cell)

Tendon Epimysium Myofibril

Motor

. neuron
Deep fascia

Blood vessels Endomysium  Blood capillary
Figure 1: The human skeletal muscle layers of connective tissue.

The Three Connective Tissue Layers: Bundles of muscle fibers, called fascicles, are covered by the perimysium.
Muscle fibers are covered by the endomysium.(Biga et al., s. d.)

Skeletal muscle also includes blood vessels that directly bring energy resources, energy-
producing mitochondria and innervation for motor skKills.

The muscle fiber is the cellular unit of contraction since each fiber can contract independently
of each other. The diameter of a muscle fiber varies between 1 and 2um. Its length corresponds
to the length of the muscle. Several muscle fibers group together in bundles of between 20 and
150pm in diameter. A muscle fiber is plurinucleate because it results from the fusion of several
myocytes. The volume of the muscle fiber is composed mostly of contractile proteins, the main
ones are myosin and actin. Because of the specificities inherent to the identity of the muscle
fiber, the plasma membrane, the cytoplasm, and the smooth endoplasmic reticulum are called
sarcolemma, sarcoplasm and sarcoplasmic reticulum respectively.

The sarcoplasmic reticulum, which acts as a calcium reservoir, encircles the myofibrils (which
constitute the contractile proteins) and forms a vast tubular network. At specific and regular

points, the sarcolemma invaginates to form the transverse tubules or T-tubules. Around each T-
9



tubule, a part of the sarcoplasmic reticulum called the terminal cisterna gathers. Two terminal
cisternae, from two adjacent striae, flank the T-tubule to form the muscular triad. The triad is

the site of calcium release in response to an action potential (Figure 2).

In addition to the sarcoplasmic reticulum, the presence of numerous mitochondria is observed

around the myofibrils (Pearson education 2015 et Marieb 2015)

Mitochondria

Terminal cisterna

Sarcolemma

Sarcoplasm

—> Myofibrils

i ' —
Myofibril el
R —

Thin filament

Thick filament

Triad Sarcoplasmic T tubules e 7
reticulum .

Figure 2: Structural organization of a skeletal muscle fiber.

A skeletal muscle fiber is surrounded by a plasma membrane called the sarcolemma, which contains sarcoplasm,
the cytoplasm of muscle cells. A muscle fiber is composed of many myofibrils, which contain sarcomeres with
light and dark regions that give the cell its striated appearance.(Pearson education 2015 et Marieb 2015)

ii. The myofibrils

The sarcomere is the area between 2 Z lines. Between two uncontracted thin filaments is the H-
zone, which contains only thin filament. The M zone corresponds to the center of the H zone.

The Z-line is the anchor point of the thin filaments. Electron microscopy observation reveals 3
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zones of distinct intensities; the dark anisotropic zone (A) and the isotropic zone (1) which

appears in clear (Figure 3).

Skeletal ,
muscle

= e
R e

Myof'ber
Myofibrl ~—ee————t
A A
Z
Y

Sarcomere

Thick filament
Thin filament
Figure 3: Structure and components of the myofibril in skeletal muscles.
Skeletal muscle tissue consists of bundles of myofibers. Myofibers contain millions of mypfibrils each. Myofibrils
are comprised of longitudinally aligned sarcomeres. The sarcomere consists of Z-bands, thin filaments, thick

filaments and connectin/titin. Z-bands are indicated by “Z”. A transmission electron micrograph of the sarcomere
structure is shown at the bottom of panel. Connectin/titin is omitted in a model of "Myofibril". (Ojima 2019).
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I1. Embryogenesis and muscle differentiation

Skeletal muscle is the result of mesoderm’s segmentation into somites. Each somite divides to
give ventrally the sclerotome and dorsally the dermamyotome (Buckingham et al. 2003) . The
sclerotome fomes the cartilage and skeleton, the dermamyotome gives the dermotome and
myotome. The dermamyotome differentiates into skeletal muscle. In culture, the muscle
precursor cells are also called myoblasts. Under the action of transcription factors such as
MyoD, Myf5 and Pax3, myoblasts become activated and proliferate before differentiating and
fusing into myotubes (Buckingham et al. 2003)(Buckingham et al. 2003). Myotubes
differentiate into mature muscle fibers with peripheral nuclei and a central contractile apparatus
(Figure 4). In human muscle, neuromuscular junctions provide innervation of muscle fibers by
motor neurons. They form during the ninth week of embryonic development and allow

transmission of the nerve message and muscle contraction (Robelin 1990).

Dormant Proliferating Myocytes Myotube/
Satellite Cell Myoblasts Myofiber

Activation 2 Differentiation . Fusion
9 — — —
Pax7 Pax7 MyoD My ’
Myf5 Myogenin g;’é::' =
MyoD MRF4

Figure 4: Schematic of adult myogenesis.

The process of adult myogenesis and the temporal expression of critical transcription factors are illustrated.
Adapted from Le Grand & Rudnicki, 2007(Le Grand et Rudnicki 2007).

Myofibril formation within muscle fibers occurs in three stages. Pre-myofibrils are mini
sarcomeres composed of thin filaments of actin, non-muscle type Il myosin, and dense clusters

of a- actinin that form so-called Z-bodies. During maturation, the nascent myofibrils recruit
12



titin and type Il muscle myosin to form the thick filaments of sarcomeres. Eventually the
myofibrils mature when the a-actinin clusters fuse to form the Z-band, the non-muscle myosin
gives way entirely to muscle myosin Il, the thin and thick filaments are aligned and the
myofibrils are organized in the center of the muscle fiber. Myosin belongs to a superfamily of
motor proteins; its activity depends on ATP (adenosine triphosphate) and allows for actin-
bound mobility. It is composed of two myosin heavy chains (MHC) and two pairs of myosin
light chains (MLC). MHC is expressed in four isoforms; a slow one called g5-MHC and three
fast ones called lla, 1Ix and 1lb-MHC. The distribution of MHC defines four types of fibers
(slow or fast) expressing a single isoform and several hybrid fibers expressing both fast and
slow MHC.

The heavy chains wrap around each other in a helical way. At least 300 myosin molecules are
associated in an antiparallel way to form a 1.5um long thick filament of 15nm in diameter.
Myosin contains 2 globular domains, also called S1 or myosin heads that contain an actin-
binding site and an Adenosine TriPhosphate (ATP) binding site (Figure 5).

MLCs associate with to the neck region of MHCs include essential light chains (ELC) and
regulatory light chains (RLC). Three regulatory MLC isoforms are known in human: one slow
called MLC1 and two fast called MLC1f and MLC3f (Schiaffino et Reggiani 1994).

Portion of a
thick filament

Actin-binding sites

ATP-binding site

Tail Heads

Myosin molecule Flexible hinge region

Figure 5 : Thick myofilaments composition.

Thick myofilaments composed of two heavy chains and four light chain molecules. The heavy chains consist of
a tail region, flexible hinge region, and globular head which contains an Actin-binding site and a binding site for
the high energy molecule ATP. (Adapted from (Biga et al., s. d.))
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I11. Satellite cells

Skeletal muscle has a high regenerative potential in case of injury or muscle pathology due to
its ability to recapitulate the embryonic developmental program (Relaix et al. 2005). This
phenomenon is possible due to muscle stem cells that were first observed in frog muscle by
electron microscopy by Mauro in 1961. These cells also called satellite cells are located under
the basal lamina in direct contact with the muscle fiber (Mauro 1961). They are multipotent and
express the transcription factor Pax7 which is necessary for their specialization during
development and their maintenance in the postnatal period.

It takes 3 to 4 weeks to a complete regeneration in human after muscle fiber injury (Mackey et
Kjaer 2017). When the muscle is injured, satellite cells become activated, proliferate, and

differentiate to form a new muscle fiber.

Self Renewal
X ““» Injury
}" ’ ’\\\\
o ¢
s’
— A0y — &
s
% \
° ¥
MuSC MuSC Myoblast Myocyte Myotube Myofibre

Quiescence —» Activation ——» Proliferation ——» Differentiation ——» Fusion ————» Maturation

Figure 6: Muscle regeneration following injury.

Following injury, quiescent MuSCs are activated and start to proliferate rapidly (myoblasts), myoblasts fuse and
start differentiation to form myotubes, which fuse and mature to generate new muscle fibers. (Nguyen et al. 2019).

A group of these cells return to quiescence to maintain the homeostasis of the stem cell pool
and preserve the integrity of the muscle in case of further injury. Self-renewal of satellite cells
is controlled by intracellular transcription factors as well as extracellular factors from the niche
and the microenvironment. However, the capacity for self-renewal is limited, which explains
the degeneration of the muscle under pathological conditions.

Muscle cell activation and differentiation is characterized by intermittent expression of specific

myogenic factors. In particular, the expression of Myogenic factor 5 (Myf5) and Myogenic
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Differentiation 1 (MyoD) is upregulated in the first few hours after injury. The ratio of
Pax7/MyoD expression seems to determine the fate of the activated satellite cell (Olguin et al.
2007). The high ratio maintains the quiescent state, the intermediate one allows proliferation,
the low one leads to differentiation. At the terminal stage of differentiation, Myogenin (MyoG),
Myocyte enhancer factor-2 (Mef2) and Myf6 are expressed (Cornelison et al. 2000).

In parallel, the removal of damaged muscle material by M1 macrophages takes place. Due to
the fusion of satellite cells, regenerated fibers are characterized by a central localization of
nuclei. The migration of nuclei occurs progressively in humans. In mice, the muscle
regeneration process takes 3 weeks. In humans, the process requires at least 30 days muscle

regeneration is an essential process for muscle repair after mechanical stress-induced injury.

IV. Mechanotransduction

i. Definition
Cells and tissues constantly need to sense and dynamically integrate multiple chemical and
mechanical signals within the cellular microenvironment (Hansen, Moroishi, et Guan
2015)(Collinet et Lecuit 2021)(Vining et Mooney 2017). Mechanical forces are critical
mediators of context-dependent cellular processes such as cell morphology, metabolic
adaptation and growth, cell division, and cellular migration (Jansen et al. 2015) that in turn
drive important biological processes such as stem cell differentiation, cancer progression and
fibrosis (McBeath et al. 2004) (Engler et al. 2006)(Baker et al. 2015);(Przybyla, Lakins, et
Weaver 2016). Mechanotransduction characterizes the process by which the cell integrates
intracellular or extracellular mechanical signals and convert them into biochemical signals that
trigger downstream cellular responses. Understanding how cells sense these biophysical stimuli
and ultimately translate them into specific outcomes that affect the cellular function is essential

for advancing the field and developing new therapeutic drugs.

15



Ligand p -
Integrins N\

»~ Actin W "
~ Myosin y Gene \
Focal adhesion proteins expression
Nucleus 1t
— / /,Cytoskeleton
) Signaling regulation ~
Cell v
— P
Extracellular matrix '\ Mechanosensing <————— Force transmission
— 7\ — Feedback mechanism 3 -
Integrin-ligand binding ap

Figure 7: Mechanotransduction.

The extracellular matrix (ECM). Its structure makes it a key element in the initiation of mechanical stimuli on the
cell. (Seetharaman et Etienne-Manneville 2018)

Materials can be categorized by how they change shape in response to mechanical loading,
typically in a stress strain test. Mechanical stress is defined as the force per unit area, with units
of Pascals (Newton/m? N/ m?) and can be in shear or normal. Strain is a normalized measure
of deformation. Biological tissues and extracellular matrix (ECM) are not purely elastic
materials, like a rubber ball or a spring. Rather, in response to a mechanical perturbation, they
exhibit a time-dependent mechanical response and dissipate a fraction of the energy it took to
deform them, a property called viscoelasticity.

Biomechanical parameters of the ECM differ according to the tissue type and can be altered by
physiological and pathological conditions. Different types of externally applied stresses (i.e.,
compressive or shear forces) can convey to cells from their ECMs. In addition, cells interact
with the ECM through dynamic processes that span a range of forces, from picoN up to
hundreds of nanoN for individual cells and a range of timescales, from milliseconds to hours,
leading to a complex time-dependent mechanical response of the substrates.

The elastic modulus, also called Young’s modulus is defined as the ratio of the applied stress
to the resulting strain in simple tensile geometry. It reflects the resistance to a deformation and
is most often expressed in Pascal (Pa) or N/um2. It therefore reflects the macromolecular
composition of this matrix and the nature of the cell-matrix interactions. Stiffness measurement
can be done by indentation approaches (Rho et al. 1999).

With the biochemical microenvironment, all these physical parameters modulate the
interactions of cells with ECM, resulting in cell mechanotransduction and impacting cell

behaviors and the maintenance and fate of the organism's structures.
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il. Extracellular matrix

The ECM is composed of different proteins that can be grouped into 4 classes (R. O. Hynes et
Naba 2012). 1) Polysaccharides, which assure water retention by grouping together
glycosaminoglycans; ii) glycoproteins, that contains adhesion molecules such as fibronectin
and laminin; iii) fibrous proteins, which include collagen and elastin, and iv) the associated
proteins such as growth factors and enzymes.

The ECM is continuously renewed through the synthesis of its constituents by specialized cells
such as fibroblasts, abundantly present in connective tissue, or epithelial cells of the basal
lamina (Bonnans, Chou, et Werb 2014) and through degradation provided by proteolytic
enzymes, such as matrix metalloproteinases (MMPs).

In addition, during their assembly, ECM proteins can undergo post-translational modifications
(PTMs) such as transglutamination, glycosylation, or cross-linking (R. O. Hynes et Naba 2012).
The balance between ECM degradation and synthesis is dynamically regulated, and plays a
primary role during development (Bonnans, Chou, et Werb 2014) , in angiogenesis (Marchand
etal. 2019) or during tissue repair.ECM protein classes’ proportion can vary greatly from tissue
to tissue and the fibrous protein class is primarily responsible for the structure and the ECM
elasticity due to its composition of collagen and elastic fibers.

In addition, the cross-linking levels of ECM proteins also influence its elasticity (R. O. Hynes
et Naba 2012). As a result, stiffness will dynamically differ depending on the nature of the

microenvironment.
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Figure 8: Matrix stiffness is a critical determinant of stem cell lineage specification.

Matrix stiffnes for different types of cells. Brain tissue is very soft (~0.2 kPa),cartilage and bone tissue are very
firm (>64 kPa)(Bagley 2020).

Tissues that are subject to significant mechanical stress, such as bones and muscles, have a
highly organized fibrillar structure composed mainly of collagen, although possessing elastic
properties. These tissues are thus highly resistant to stretching. The compliance of such ECM

is thus generally very low, and the application of a high strain results in small deformation
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(Boschetti et al. 2004). On the contrary, in tissues subjected to low mechanical stress, such as
the brain, the ECM is rich in hydrophilic elements such as glycosaminoglycans with few fibrous
elements (Mouw, Ou, et Weaver 2014). ECM from brain exhibits high compliance, and the
application of the same stress results in large deformation (Hall et al. 2000). Importantly, the
matrix stiffness is a critical determinant of stem cell lineage specification (Figure 8).
Differentiation of muscle stem cells into myotubes is optimal at 12kPa, which corresponds to
the normal muscle rigidity (Engler et al. 2006)

Figure 9 illustrates the different rigidities found in the human body.
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Figure 9: Mechanical properties of different human tissues.

Diagram representing the stiffness of different types of human tissues in KPa (Budday et al. 2020)

iii. The different types of forces

In addition to the physical properties of the ECM, the behavior of the cell can also be influenced
by the external forces that are applied to it and by the forces it generates. Thus, depending on

the tissue context, the cell can be subjected to different types of mechanical stress.
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Figure 10: Schematic representation of forces exerted on cells.

A

Diagrams of external and internal mechanical forces applied to cells. Blue arrows represent the mechanical force
applied on the cell. Orange arrows represent the balancing opposing force that coincide with the morphological
response of the cell body. (Adapted from(Marjoram, Lessey, et Burridge 2014))

In the vascular system, for example, endothelial cells are subjected to parallel forces, called
frictional forces, generated by the passage of blood (Dewey et al. 1981). Compression, whether
anisotropic or hydrostatic is found within cells during division, during morphogenesis
(Lancaster et al. 2013) or in tumor environments (figure 10). The shape of the arterial blood
pressure waveform generate cyclic tension forces (the Windkessel effect), resulting in cell
stretching (Belz 1995). Skeletal muscles can be subjected to different types of forces including
cell stretching (Maganaris 2001), gravitational loading and forces generated by intrinsic muscle
contraction. Indeed, muscles are the major force producing tissue in the human body. The
molecular basis for muscle force production results from the cyclic interaction between the
molecular motor, myosin Il and actin filament. As already stated, at the microscopic level,
contractile unit of all muscles is the sarcomere, which shortens using a sliding mechanism:
bipolar myosin thick filaments pull themselves into cross-linked actin thin filaments and thus
shorten the sarcomere (Huxley and Niedergerke, 1954; Huxley and Hanson, 1954). Coordinated
contraction of all sarcomeres along a myofibril shortens the entire muscle and generate a
mechanical force. It is important to remind that most relaxed muscles are under passive tension,
even if they do not produce active contractile forces. This passive tension ensures that each

myofibril spans the muscle fiber linearly, with a sarcomere length that is optimal for the next
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active contraction. Titan (also called connectin), a gigantic elastic molecule that extends across
half a sarcomere from the Z-disc to the M-line play a major contribution to this passive tension.
In addition, cells can also generate tensile forces, through the contractility of their cytoskeleton.
The forces generated by the cytoskeleton on the ECM was first demonstrated in the 1980°s on
fibroblasts grown on thin silicone elastomer films (Harris, Wild, et Stopak 1980). It was
observed that endogenous cell tensile forces are strong enough to deform this film. These tensile
forces are the result of the interaction between non-muscular myosin Il and actin filaments.
Different techniques aiming at dissociating better understanding the response of cells to these
physical parameters have been developed. Micro-fluidic systems for instance allow to impose
well-characterized friction forces on cells, by modifying the speed or viscosity of the fluid
(Galbraith, Skalak, et Chien 1998). Stretching devices that can control both the percentage of
cell stretch and the frequency allow to analyzed the effects tensile forces on cells or tissues
(Kaunas et al. 2005). Finally, to study the effect of compression on cells, isotropic stress models
such as multicellular spheroids (Sutherland 1988), or the use of AFM or rheometer for
anisotropic models, have been developed (Stewart et al. 2013).

The following chapters deal more specifically with how this environment is perceived,
transmitted, and transformed into a biochemical event, and how this environment will

ultimately influence the behavior of the cell by modulating gene expression.

V. Structures involved in force transmission and mechanosensibility

i. Integrin-mediated mechanotransduction

Many structures allow the transmission of mechanical forces to mechanosensitive proteins
(Hoffman, Grashoff, et Schwartz 2011). These include macromolecules at the interface with
the microenvironment such as extracellular receptors like integrins (Campbell et Humphries
2011), cadherins (Buckley et al. 2014) and other receptors such as proteoglycans found on
endothelial cells, protocadherins, but also the plasma membrane. By linking the ECM to the
intracellular cytoskeleton at adhesion sites, integrin-mediated adhesions are intrinsically
mechanosensitive and present everywhere in the body.

Integrins are heterodimeric transmembrane receptors composed of an o and a B subunit. There

exists at least 18 a subtypes and 8 [ subtypes that can generate 24 different binding pairs,
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allowing specialization of cell adhesions (Richard O. Hynes 2002) . Mechanical-induced
conformational changes produce a shift between low- to high-affinity binding for ligands. Upon
ligand binding, integrins are able to recruit various proteins that differ depending on the
subcellular location of the adhesion structures and the tissue. Via integrins, mechanical stretch
on integrins can activate cell proliferation, migration, and direct remodeling of the cytoskeleton.
Major cellular and biophysical studies have focused on o5B1 integrins. The change in
conformation subsequent to mechanical stimulation promotes talin binding, bridging the actin

cytoskeleton to focal adhesion sites (Martel et al. 2001).
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Figure 11: A model of focal adhesion molecular architecture.

A schematic model of focal adhesion molecular architecture based on iPALM analysis. Figure reproduced from
Ref.(Burridge 2017)

The formation of focal adhesion is under the control of small GTPase Rho (Ridley et Hall 1992).
The stabilized actin-integrin-talin complex then allows binding of signaling proteins to integrin
tails, such as kinase family members Focal Adhesion Kinase (FAK) (Hildebrand, Schaller, et
Parsons 1993), paxillin (Mofrad 2004), Src-family kinases (SFK), and zyxin (Beckerle 1997);
(Yietal. 2002) (Figure 11).

This network of proteins, called adhesome, acts as a scaffolding platform that strengthens the
adhesion complex to support the transmission of mechanical stimuli from the ECM and plays
a role in the perception of these stimuli through the recruitment of mechanosensitive proteins.
Importantly, activation of these mechanosensitive proteins’ controls, activates and modulates

the formation of branched actin networks, Rho-Rock-dependent contractile actomyosin bundles
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(Sun, Guo, et Fassler 2016) and vinculin-based protrusion and force generation (Hirata et al.
2014). In turn, remodeling of the actin cytoskeleton can have dramatic effects on cell regulation

and transcriptional activity.

ii. Actin filaments

Actin is the most aboundant protein in cells. Actin filaments (F-actin) can take two forms,
mainly bundles, or networks, depending on regulatory proteins associated with microfilaments.
Structurally, F-actin is formed by addition of globular actin (G-actin). Nucleation corresponds
to the clustering of the first three G-actin monomers. The elongation of F-actin by
polymerization occurs at the "barbed” or (+) end and dissociation into G-actin monomers take
place at the "pointed” or (-) end (Campellone et Welch 2010)

The rate of actin polymerization and depolymerization depends on the activity of nucleators,
myosin Il and cap proteins that bind the ends of F-actin filaments. All these processes are finely
regulated by signaling pathways and are mechanosensitive (Lessey, Guilluy, et Burridge 2012).
Actin filament ranges from 5-9 nm in diameter and has 13 actin subunits between each cross-
over point (produced by the ‘crossing over’ of the two long-pitch actin helices) (Hirokawa et
al. 1982). Actin filaments can create a number of linear bundles of tens, hundreds, or even
thousands of microfilaments, two_dimensional networks and three-dimensional gels that
perform different functions.

Actin stress fibers enable cell adhesion while the presence of myosin enables contractility.
Force generation by stress fibers is achieved in two potential manners: i) the polymerization of
actin against the cell membrane : this allows the generation of force for the formation of
membrane protrusions during, for example, migration ; and ii) the interaction of actin filament
with non-muscle myosin Il (Tojkander, Gateva, et Lappalainen 2012). A loosely organized
subcortical network of actin forms the cortical actin. Bundles of actin can also form a number
of protrusions like podosomes, lamellipodia, filopodia and membrane ruffles (Khurana et
George 2011). The actors that crosslink actin filaments into bundles — or actin-bundling proteins
— usually are small rigid proteins that force the filaments to align closely with one another.
Projections of the plasma membrane like filopodia need tight, parallel bundles, organized by an
actin-bundling protein like fimbrin. Contractile actin bundles are loosely arranged, allowing
myosin proteins to take part in the bundle (Letort et al. 2015). Such an organization can be
allowed by cross-linking protein a-actinin, a protein that belongs to the spectrin family and

form an antiparallel homodimer with an actin binding head at the amino-terminus of actin
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(Cooper et Schafer 2000). Alpha-actinin 1 is necessary for the attachement of actin
myofilaments to the Z-lines in skeletal muscle fibers, and to the dense bodies in smooth muscle
cells.

Migration fronts of motile cells are filled with a dense and complex network of branched actin.
This network formed of actin filaments at 70-degree angles are organized by ARP2/3 proteins,
an assembly of seven subunits, including two actin-related proteins ARP2 and ARP3 (Mullins,
Heuser, et Pollard 1998)(Svitkina et Borisy 1999). ARP2/3 ATP-dependent activity is regulated
by nucleating promoting factors when and where it is needed for endocytosis.

Four interdependent actin filaments with different compositions and signaling properties are

typically described in motile cells (Figure 12):
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Figure 12: Schematic illustration of the stress fiber network in motile cells.

Schematic presentation motile mesenchymal cells including four stress fibers network. 1-Dorsal stress fibers, 2-
transverse arcs, which are curved actomyosin bundles connected to focal adhesions through interactions with
dorsal stress fibers; 3- ventral stress fibers, which are actomyosin bundles anchored to focal adhesions at both
ends, and 4- perinuclear actin cap bundles, which resemble ventral stress fibers, but their central parts are located
above the nucleus. Figure reproduced from Ref.(Tojkander, Gateva, et Lappalainen 2012).

- The dorsal fibers, particularly abondant in migrating cells and during cell spreading.
These fibers are enriched in a-actinin but poor in non-muscular myosin Il. They
originate at the level of focal adhesions and polymerize towards the center of the cell
(Hotulainen et Lappalainen 2006)(Upton et al. 2012).

- The transverse fibers, characterized by the presence of non-muscular myosin Il. They
arise at the lamellipodium/lammelar junction and extend centripetally from the cell
periphery (Heath 1983)(Tojkander, Gateva, et Lappalainen 2012).
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- The ventral fibers, predominantly present in slow and little moving cells. They are
enriched in a-actinin and in non-muscular myosin Il. They are connected to focal
adhesions and arise from the fusion of dorsal and transverse fibers. They originate at the
lamellipodium and move centripetally from the cell periphery (Heath 1983)(Tojkander,
Gateva, et Lappalainen 2012).

- The perinuclear filaments, which are a sub-type of ventral fibers, are present specifically
around the nucleus. Two sub-types of perinuclear filaments have been described: the
actin cap and the actin lines associated with the nucleus (transmembrane actin-
associated nuclear TAN lines). The actin cap is composed of thick parallel and highly
contractile acto-myosin filaments, tightly connected to the nucleus, and attached to basal
focal adhesion sites on both extremities (Khatau et al. 2009);(D.-H. Kim, Chambliss, et
Wirtz 2013); (Chambliss et al. 2013). The perinuclear actin cap accumulates upon
mechanical stimulation (D.-H. Kim, Chambliss, et Wirtz 2013);(Chambliss et al. 2013)
and has important roles in nuclear mechanotransduction (Chambliss et al. 2013) ;(Shiu
et al. 2018). The TAN lines which are perpendicular to the migration axis of

mesenchymal cells (Luxton et al. 2011).
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Figure 13: Components of the perinuclear actin network in muscle cell precursors (MCPs).

(A) Actin cap formed by dorsal stress fibers. (B) transmembrane actin-associated nuclear (TAN) lines. (C)
Illustration of the molecular composition of a stress fiber. Illustration of the molecular composition of aTAN line.
TAN line.(Jabre, Hleihel, et Coirault 2021)
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The actin cap is developmentally regulated, being present in myoblasts but absent in
differentiated embryonic stem cells (Khatau et al. 2012) and terminally differentiated muscle
cells(Roman et al. 2017). The structural and functional organization of actin cytoskeleton in the
perinuclear region of myotubes remains to be precisely evaluated.

Myogenesis is characterized by extensive cytoskeletal reorganization associated with shifts in
expression of actin components from non-muscle to muscle isoforms (Lloyd et al. 2004)
(Sanger et al. 2016)(Hotulainen et Lappalainen 2006). Whereas actins y and  that are present
around the nucleus in myoblasts (Otey, C.A et al 1988) are downregulated, the muscle-specific
isoform a-actin becomes predominant in terminally differentiated myofibers and localizes to
the sarcomeric thin filaments (Bains et al. 1984) (J. J. Lin et Lin 1986). In myofibers, y- and -
actins reside in the cortical cytoskeleton and at costameres (Pardo, Siliciano, et Craig 1983)
(Rybakova, Patel, et Ervasti 2000); (Ervasti 2003). The costameric F-actin network is thought
to contribute with other proteins to the radial transmission of contractile force outward from the
sarcomere to the extracellular matrix, adjacent muscle fibers, and beyond (Ervasti 2003). This
suggests that actin filament could predominantly transmit external forces toward the nucleus in
muscle cell precursors whereas force direction could be predominantly internal and sarcomeric
to external, toward extracellular matrix, in myofibers (Jabre, Hleihel, et Coirault 2021)
(Figurel3).

iii. The microtubules (MTSs)

Microtubules are assembled from heterodimers of a and B tubulin into long hollow polymers
that are ~25 nm wide and range in length from <1 um to >100 um (Pollard 2016). Microtubules
have been proposed to contribute to mechanosensing due to their aninosotropy (mechanical
stress could be one of the main determinants behind the orientation of MTs) and their relative
stiffness (Gittes et al. 1993). Indeed, MTs are three orders of magnitude stiffer than actin, IFs
being the softness among the three major types of cytoskeleton filaments (Pegoraro, Janmey, et
Weitz 2017). In addition, the bending stiffness of MTs allows them to maintain a given direction
over large distance within the cell. Thus, the mechanical properties of MT make them well-
suited to perceive cell-scale mechanical signals.

In muscle cell precursors, MTs exhibit a radial, centrosome-dominated distribution (Musa et al.
2003); (Becker, Leone, et Engel 2020) which may favor the transmission of external mechanical

forces to the nucleus and influence nuclear shape (W. Wang et al. 2015) and function (Webster,
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Witkin, et Cohen-Fix 2009). Muscle differentiation is associated with a large reorganization of
centrosome proteins which are critical for MT nucleation and/or anchoring: during
differentiation, pericentriolar proteins relocalization to the nuclear enveloppe (Becker, Leone,
et Engel 2020) induces the redistribution of MT orientation into a more ordered paraxial array
(Musa et al. 2003) (Becker, Leone, et Engel 2020)(Pizon et al. 2005). In mature myofibers, the
perinuclear network of MTs, comprises cage-like structure of a high-density meshwork that
may be responsible for nuclear shaping and mechanical protection. In addition, there is a
circular and radial-anisotropic MTs, which are either polarized in the direction of contraction
or in the lateral direction (W. Wang et al. 2015).

MTs could be modified by a high number of PTMs, affecting their function and organization.
PTM can affect both the MT or the tubulin subunit (Barra et al. 1974);(Song et Brady 2015).
MT post-translational modifications such as increased detyrosinated (Baldini et al. 2015);
(Kreitzer, Liao, et Gundersen 1999) and binding of MTs to MT-associated proteins (MAPS),
including EB1 and spectraplakin, confers stability to the MTs and are essential for maintaining
myonuclear morphology (W. Wang et al. 2015). Moreover, defects in the spectrin domains of
nesprin, which is associated with the nuclear networks of MTs induce myonuclear damage
during contraction (W. Wang et al. 2015)(Gimpel et al. 2017)(Roman et al. 2017). This suggests
that the spectrin domains of nesprin confers elastic features of the MT—spectraplakin—-EB1

perinuclear network during muscle contraction (W. Wang et al. 2015).

iv. Cytoplasmic intermediate filaments (1Fs)

Unlike actin filaments and MT, IFs proteins are not polarized. 1Fs share a uniform, global
structure based on a common a-helical rod domain of approximately 310 amino acids. This
common domain is flanked by head and tail domains of diverse size and structures
characteristics of each IF proteins (Dutour-Provenzano et Etienne-Manneville 2021).
Cytoplasmic IFs are derived from a commun ancestor with the nuclear lamins from the lost of
an NLS and a CAAX box motif that respectively target the lamin to the nucleus and the inner
nuclear membrane. Cytoplasmic IFs assemble into a dimer through an interaction between their
rod domains. Dimers assemble in an antiparallel manner to form soluble tetramers, which in
turn assemble into unit length filaments (ULFs) that, via end-to-end binding, elongate into
filaments with a standart diameter of approximately 10 nm (Dutour-Provenzano et Etienne-
Manneville 2021).
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IFs have emerged as a perfect candidate for maintaining proper nuclear mechano-response
because they are able to resist high mechanical stresses, i.e., bending and stretching, to a
considerable degree (Pegoraro, Janmey, et Weitz 2017);(Etienne-Manneville 2018). Indeed, IFs
are surprisingly flexible (Block et al. 2015) (Fudge et al. 2003);(Miicke et al. 2005) ;(Wagner
et al. 2007) and can undergo large strain-stiffening (Block et al. 2017), (Smoler et al. 2020). IFs
can withstand deformations of up to 300% of their initial length without rupturing (Kreplak,
Herrmann, et Aebi 2008). This property is attributed to the short persistence length of IF (1-3
um) (Pegoraro, Janmey, et Weitz 2017). Cytoplasmic IFs can form mechanically networks,
being able to crosslink to each other, to other cytoskeletal filaments, to membrane complexes,

and to different organelles including the nucleus (S. Kim et Coulombe 2007) (Figurel4).
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Figure 14: Schematic representation of cytoskeleton and force transmission in the myoblast and
myofibril.

(A) Radial distribution of the actin, microtubule and intermediate filament (IF) networks in myaoblast favors the
transmission of extra- and intra-cellular forces (red arrows) to the nucleus. Direct connections between focal
adhesions and the actin cytoskeleton transmit the force along actin fibers towards the nucleus. Reciprocally,
intracellular forces can be transmitted from the cell interior to the extracellular matrix (ECM). Perinuclear
cytoskeleton is tethered to the nucleus via Linker of Nucleoskeleton and Cytoskeleton (LINC) complex. (B)
Paraxial arrays of F-actin, microtubules and IFs in myofibrils. Main directions of force transmission from the
contractile apparatus to the ECM are indicated (red arrows). In skeletal muscle, contractile force can be transmitted
laterally between the z-disks of neighboring myofibrils to the ECM through specific cell-matrix adhesions called
costameres.(Jabre, Hleihel, et Coirault 2021)
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As a consequence, a crucial role of IFs is to function as mechanical stress absorbers that protect
organelles against large deformations (Y. Li et al. 2015);(Patteson et al. 2019),(Hu et al. 2019).
Several IFs are expressed and developmentally regulated in human skeletal muscle cells (D
Paulin et Li 2004);('Yassemi Capetanaki et al. 2007). Muscle cell precursors expressed vimentin
and nestin, 2 cytoplasmic IFs that are downregulated during later differentiation (Sejersen et
Lendahl 1993). Desmin, the muscle-specific IF protein is expressed at low levels in muscle cell
precursors but progressively replaces vimentin and is commonly as a differentiation market
during skeletal muscle differentiation (Sejersen et Lendahl 1993)(E Lazarides 1976). Desmin
binds to synemin, another non-muscle specific IF, around the a-actinin-rich Z-lines (Denise
Paulin et al. 2020).

In muscle cell precursors, vimentin and desmin are stably linked to the outer nuclear membrane

(Mermelstein et al. 2006) via the cytoskeletal linker protein plectin (Wilhelmsen et al. 2005),
thus contribing to the perinuclear cage-like structure. In mature myofibers, desmin is organized
into a three-dimensional network around the contractile apparatus, the extracellular matrix, and
other cell organelles such as mitochondria, T-tubules, and nuclei (E Lazarides 1976; Elias
Lazarides 1980)(Y Capetanaki 2002),(Reipert 1999).
As for all IF proteins, cytoplasmic IFs could be modified by PTMs, including phosphorylation,
sumoylation, acetylation and ubiquitination that affect the dynamics, mechanics and
biochemical properties of the resulting filaments. Phosphorylation and ADP-ribosylation of
desmin occurs during muscle differentiation(Winter et al. 2014) which in turn regulate IF
assembly and disassembly as well as interactions between IFs and other cell components and)
structures (Snider et Omary 2014).

In mature muscle fibers, the primary role of desmin is to link adjacent myofibrils to each other
and to the ECM, via costameres (Gao et al. 2015)(Boudriau et al. 1993). Consequently, a
functional reduction in desmin is associated with structural instability of the sarcomeres (Z. Li
etal. 1996). Accumulating evidence indicates that desmin is also crucial as a stress-transmitting
and stress-signaling network (Elias Lazarides 1980)(Price 1984)(Galou et al. 1997)(Tolstonog,
Sabasch, et Traub 2002)(Boriek et al. 2001). Finally, desmin interactions with the nucleus are
required to maintain nuclear architecture in cardiomyocytes (Heffler et al. 2020) and to prevent
nuclear and muscle damage in response to mechanical challenges, (Langer et al. 2020);(Charrier
et al. 2018). Future studies are required to precisely determine the contribution of desmin

scaffolds in myonucleus architecture and function.
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V. Nuclear envelope and LINC complex

The nuclear envelope (NE) is made up of the two nuclear membranes, the inner nuclear
membrane (INM) and the outer nuclear membrane (ONM) that fuse at the nuclear pore
complexes (NPCs). The NE is a specialized compartment that physically separates the nucleus
from the cytoplasm. In addition to its role as a physical barrier, the NE regulates many cellular
functions: it provides an interface between the nuclear interior, the various cytoskeletal
elements, and the extracellular environment. It also regulates the nucleo-cytoplasmic transfer
of proteins and is involved in several other cellular functions such as chromatin organization,

DNA repair, and nuclear assembly/disassembly (Burke et Stewart 2013).

The INM and the ONM fuse around nuclear pores to form large transmembrane protein
complexes, nuclear pore complex. NPC is made of proteins called nucleoporins (Nups). NPC
includes a cytoplasmic ring, an inner ring, and a nucleoplasmic ring these 3 dense rings ensure
the bidirectional circulation of molecules by active and passive diffusion. It has a diameter of
about 100 nm and a height of 70 nm (Eibauer et al. 2015).

NPC allow ions and metabolites diffusion and even macromolecules diffusion. However, some

small proteins such as histones, benefit from a facilitated transport (Lyman et al. 2002).
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Figure 15: Schematic overview of nuclear envelope proteins involved in force transmission to
the nucleus

Microtubules

Force transmission to the nucleus involves interaction of cytoskeletal elements (actin filaments, intermediate
filaments, microtubules) with nesprin proteins on the ONM that transmit force through SUN domain proteins on
the INM to the nuclear lamina and interior. Figure reproduced from ref (Kirby et Lammerding 2018)

The LINC complex is a group of proteins that provides direct physical coupling between the
cytoskeleton and the NE. The LINC complex comprises outer nuclear transmembrane proteins,
called nesprins (NE Spectrin-Repeat Proteins) defined by the Klarsicht-ANC1-Syne homology
(KASH) domain proteins. This domain directly interacts with luminal domain of the INM
proteins Sad1 and Unc-84 (SUN) proteins 1 (SUN1) and 2 (SUNZ2) within the perinuclear space
of the nuclear envelope. KASH-domain proteins bind in the perinuclear space to SUN proteins
and interact with the cytoskeletal filaments. The SUN proteins, anchored in the INM, interact

with lamins and nucleoplasmic components.
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Figure 16: LINC complexes in skeletal muscle.

LINC complexes in skeletal muscle. LINC is a complex of proteins including SUN1/2 and nesprins that connect
the cytoskeleton to the nucleoskeleton. Different nesprin isoforms are expressed during myogenesis: in MCPs,
nesprin-1G and -2G can interact with actin and microtubules in the cytoplasm and with SUN1/2 proteins, emerin
and lamins, on the inner nuclear membrane. Shorter nesprin-1a2 and nesprin-2al are expressed during myotube
differentiation and can bind with microtubules in the cytoplasm via kinesin and other proteins such as A-kinase
anchoring protein. Short nesprin-1a2 can also interact with intranuclear proteins such as lamins and emerin. INN:
inner nuclear membrane; ONM: outer nuclear membrane (Jabre, Hleihel, et Coirault 2021).

SUN proteins are type Il transmembrane proteins. They anchor to the INM by their
transmembrane domain. In humans, 5 isoforms of SUN proteins exist (SUN1 to SUN5). SUN1
and SUNZ2 are ubiquitous while SUN3, SUN4 and SUN5 have more restricted expressions and
are found almost exclusively in the male germline (Yeh et al. 2015). SUN proteins anchor the
membrane with their C-terminus and their N-terminus extends into the nucleoplasm where they
bind with lamins (Haque et al. 2006) and chromatin (Turgay et al. 2014).

SUN proteins have superhelix domains (CC1 and CC2) that give them a trimeric structure.
These superhelical domains act as molecular spacers between the INM and ONM, allowing the

nuclear envelope lumen to maintain its width (40-50 nm).
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SUN proteins interact with KASH-domain proteins. SUN1 and SUN2 proteins are covalently
linked with nesprins via a disulfide bridge between the N-terminal cysteine residue of the
KASH peptide and a cysteine in the SUN domain. This interaction is important for stabilizing
the SUN2 complex with nesprin-2 in response to tension forces (Jahed, Shams, et Mofrad
2015).

To date, six genes encoding for different nesprins-1, -2, -3, -4 lymphoid-restricted membrane
protein (LRMP) and KASH5 have been identified in mammals. Nesprins-1 and -2 are
ubiquitously expressed with highest representation in striated muscle (Randles et al. 2010) (Holt
etal. 2019). The SYNE-1 and SYNE-2 genes encode the giant proteins nesprin-1 (1008 kD) and
nesprin-2 (792 kD) respectively, with calponin domains at their N-terminals that bind the actin
cytoskeleton (Q. Zhang et al. 2001). Nesprins-1 and -2 also bind to the molecular motors dynein
and kinesin via their the cytoplasmic stretch (Starr et Fridolfsson 2010)(M. H. Wilson et
Holzbaur 2015)(Chapman et al. 2014). SYNE-1 and SYNE-2 have multiple internal promotors
giving rise to shorter nesprin isoforms which lack the actin-binding domain (Bone et Starr
2016).

Together the LINC complex and A-type lamins plays crucial roles in mechanotransduction,
nuclear positioning and chromatin organization. As we will see later, the LINC complex is
essential in the transmission of mechanical forces from the outside to the inside of the nucleus
(Arsenovic et al. 2016) and in the anchoring and positioning of the nucleus in the cell during
migration (Arbach et al. 2018);(Kutscheidt et al. 2014). Finally, among these known functions,
the LINC complex, and more specifically the SUN1 and SUN2 proteins, are involved in DNA
damage response. It has been shown that these proteins interacted with DNA repair players,
such as DNA- dependent protein kinase (Lei et al. 2012) and play a role, in cooperation with
microtubules, in bridging double-stranded DNA breaks (Aymard et al. 2017);(Lottersberger et
al. 2015).

Vi. Lamins

The nuclear lamina is a filamentous 10-30 nm thick network of proteins located just beneath
the NE. It is mainly composed of A- and B-type type V IFs, with associated proteins such as
LINC complex and an amazing number of NE transmembrane proteins (NETs) and other lamin-

binding proteins.
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The nucleoskeletal network anchors to the INM, NPCs, and peripheral heterochromatin (Figure
17) (T. Dechat, Gesson, et Foisner 2010);(Kittisopikul et al. 2021),(Tatli et Medalia 2018)) to
influence mechanical cues and signaling pathways crucial for cellular proliferation and
differentiation (review in Osmanagic-Myers S 2015(Osmanagic-Myers, Dechat, et Foisner
2015). Lamins primarily localize to the NE but a small fraction mainly of the more soluble A-
type lamins are found in the nucleoplasm (Thomas Dechat et al. 2008). In addition, lamins are
involved in the epigenetic regulation of chromatin with drastic consequences for gene

regulation (see below).
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Figure 17: Role of lamins and lamin-associated proteins (LAPS) in nuclear function.

The INM, on chromatin, and in the nucleoplasm are thought to have mechanical and structural roles, such as
reinforcing the nucleoskeleton, interlinking the nucleoskeleton and cytoskeleton, anchoring NPCs, and

tethering chromatin to the nuclear envelope. Others regulate signaling or transcription.(K. L. Wilson et Foisner
2010)

Many lamin-binding proteins are thought to have mechanical and structural roles, such as
reinforcing the nucleoskeleton, interlinking the nucleoskeleton and cytoskeleton, anchoring
NPCs, and tethering chromatin to the nuclear envelope. Others regulate signaling or

transcription(K. L. Wilson et Foisner 2010).
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A- and B-type lamins are classified based on their structural and biochemical criteria (Gerace
et Blobel 1980). A type lamins include the A, C, AA10 and C2 isoforms encoded by the LMNA
gene (F. Lin et Worman 1993) (Wydner et al. 1996). B-type lamins are ubiquitous expressed
and include lamin B1 and the B2 isoforms which are encoded by the LMNB1 and LMNB2 genes,
respectively (Feng Lin et Worman 1995). B-type lamins have an important role in nuclear shape
(Lammerding et al. 2006) (Coffinier et al. 2011)and structure (Turgay et al. 2017)(Dahl et al.
2004)(Shimi et al. 2015) and may provide nuclear elastic resistance (Dahl et al. 2004),
particularly in cells with low A-type lamins (Lammerding et al. 2006) (Coffinier et al.
2011)(Swift et al. 2013a). This could explain its essential role in development. B-type lamin
expression differs minimally across solid tissues or in response to matrix stiffness (Buxboim et
al. 2017). B-type lamins do not appear to play a major role in nuclear stiffness (Lammerding et
al. 2006).

Lamins A and C, the predominant isoforms of A-type lamins, are alternatively spliced products
of the LMNA gene and are expressed in most differentiated cell types (Stephens et al.
2017;Shimi et al. 2008;Thomas Dechat et al. 2008;Moir et al. 2000). They play important roles
in chromatin organization and gene expression through binding to both hetero- and euchromatic
genomic regions and promoters subdomains (Naetar, Ferraioli, et Foisner 2017) (Pascual-
Reguant et al. 2018). A-type lamins are completely soluble during mitosis, whereas lamins B1

and B2 remain associated with nuclear membranes (Meier et Georgatos 1994).

As already stated, lamins share similar protein domains with other IF proteins (Gruenbaum et
Aebi 2014). As keratins (types | and II), desmin and vimentin (type Ill), and neurofilaments
(type 1V), lamin monomers are composed of an N-terminal head domain, a coiled-coil central
rod domain, and a C-terminal globular tail domain. The central coiled coil (rod) domain
composed of four a-helical subdomains (coils 1A, 1B, 2A, 2B) that are separated by flexible
linker regions (Figure 18).
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Figure 18: Assembly, processing, and regulation of lamins.

(A) The general structure of a lamin protein, consisting of a short unstructured head domain (yellow), a central a-
helical rod domain comprised of four helical subregions (coils 1A, 1B, 2A, and 2B in purple) interspersed by
unstructured linkers (L1, L12, and L2), a tail region that includes a nuclear localization signal (NLS) (green), an
immunoglobulin-fold domain (Ig-fold) (red), and a fairly unstructured carboxy-terminal end that in most cases
terminates with a carboxy-terminal CAAX motif. Also shown are potential posttranslational modifications (PTMs)
ubiquitinaltion, phosphorylation and acetylation. The color intensity is proportional to the probability of finding
the PTMs. (B) Farnesylation of LMNA and LMNB1/2 at the cysteine residue of the -CAAX motif and the removal
of the last three amino acids by means of an AAX endopeptidase and finally carboxymethylation via carboxyl
methyltransferase. Removal of the farnesyl group of LMNA and the 15 most carboxy-terminal residues by the
protease Zmpste24, rendering a fully functional and mature, lamin A protein. (C) Depicts principles of lamin
assembly and their regulation through the cell cycle. Lamin coiled-coil dimer formation. Phosphorylation of lamin
filaments localized at the nuclear lamina by cyclin-dependent kinase 1 (CDK1) during cells mitosis. Image derived
from (Wong, Melendez-Perez, et Reddy 2022)
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Lamins have six additional heptad repeats in their central rod domain (Worman 2012). The rod
is flanked by an N-terminal (head) domain and a C-terminal (tail) domain containing lamin-
specific motifs. The unique features of lamins are a nuclear localization signal (NLS), an
immunoglobulin (Ig)-fold domain with a diameter of 3.5 nm (Turgay et al. 2017) and a CaaX
motif (C, cysteine; a, aliphatic residue; X, any amino residue) that is present in lamins A, B1,

and B2 but not lamin C (Figurel9).
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Figure 19: Nuclear lamins composition.

Schematic diagram of domain composition and the presence of CaaX motif in nuclear lamins. NLS, nuclear
localization signal. The images derived from(Blank 2020).

The fundamental soluble unit of lamins is a dimer assemble in a head to tail way (Figure 20).
The lamin assembly is based on based on specific associations of the elementary dimers in two
directions: the lateral (side-by-side) and longitudinal (head-to-tail). Interestingly, lamin

assembly is known to proceed quite differently compared to cytoplasmic IFs.
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Figure 20: Assembly of lamion dimers.

(a) into linear head-to-tail polymers (b). For transmission electron microscopy, Bar, 100 nm (c) Schematic models
of nuclear lamin and cytoplasmic IF protein dimers to associate into higher order. Ref (Stuurman, Heins, et Aebi
1998)

Different lamin assembly models have been proposed based on low resolution and fragmented
structures (Ahn et al. 2019). Initially, assembly model with 2—4 nm overlap between the dimers
emphasizes the head-to-tail interaction between the dimeric units of lamin (Kapinos et al. 2010).
Recently, a cryo-electron tomography (cryo-ET) study revealed that lamins form 3.5-nm-thick
filaments (Turgay et al. 2017) that are remarkably different from other canonical 10-nm thick
IF proteins and the proposed assembly model of lamins (Kapinos et al. 2010). Recent data
propose an anti-parallel arrangement of the two coiled-coil dimers, which is important for the
assembly process and compatible with recent structural data of lamins (Ahn et al. 2019) (Figure
21).
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Figure 21: Structural comparison of the tetrameric structures of the lamin and vimentin.

Double-headed arrows indicate the anti-parallel contact region and its three compartments (left side, central part,
and right side) of the lamin 300. Four chains (chains A-D) are in green, blue, violet, and yellow, respectively. Left
and right-side parts of the lamin 300 fragment and vimentin are marked as dotted boxes. The N and C terminus of
each chain is indicated by N and C, respectively (Ahn et al. 2019).

Lamins can undergo important PTMSs, including addition of a farnesyl group, phosphorylation,
SUMOylation and glycosylation (Snider et Omary 2014, Buxboim et al. 2014,Machowska,
Piekarowicz, et Rzepecki 2015,Y.-Q. Zhang et Sarge 2008). The mammalian lamins B1, B2,
and A are produced as pre-lamins with a CaaX motif at their C-termini. This motif undergoes
sequential processing, which begins with farnesylation by farnesyltransferase to the cysteine
residue and continues with cleavage of the last three amino acids by the zinc
metalloendoprotease Zmpste24 (or FACE1). A methyl group is then added to the exposed
cysteine by isoprenylcysteine carboxyl methyltransferase. Lamin A undergoes an additional
cleavage of 15 amino acids upstream of the farnesylated and methylated cysteine by Zmpste24,
that results in a lamin A. Mutations in either the LMNA or ZMPSTE?24 genes that fail to remove
the farnesylated and methylated cysteine result in severe diseases such as Hutchinson—Gilford

progeria syndrome.

Phosphorylations of A-type lamins on serines 22 and 395 by several protein kinases including
Cdk1 are required during mitosis for mitotic disassembly of lamin filaments and nucleoplasmic
localization. It has been shown that reduced nuclear stress, as occurred for instance by plating
cells on soft substrates, increases Ser22 phosphorylation level (Buxboim et al. 2014). In
addition, lamin A can also be phosphorylated on Ser390, Ser404, Thr424, and Ser652 residues
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(Machowska, Piekarowicz, et Rzepecki 2015)Phosphorylation at Ser390 is modulated by the
substrate stiffness.

Lamin A can also be modified by small ubiquitin-like modifier (SUMO) proteins in a covalent
and reversible manner. Sumoylation of lamin A regulates filament formation and modulate
solubility (Y.-Q. Zhang et Sarge 2008; Snider et Omary 2014). Mutations induced defects
sumoylation have been implicated in the pathophysiology of Hutchinson-Gilford Progeria
Syndrome (Sylvius et al. 2008)as well as in some lamin-related cardiomyopathies (Y.-Q. Zhang
et Sarge 2008).

O-linked glycosylation is the enzymatic addition of B-N-acetylglucosamine (GICNACc) by a
single enzyme, O-GIcNAc transferase (OGT), to protein Ser/Thr residues (Hart et al.
2011). The functional role of lamin glycosylation is still unclear.

The level of A-type lamin is developmental and tissue specific. Importantly, the expression of
A-type lamins correlates with tissue stiffness (Swift et al. 2013a), stiff tissues such as muscle
having higher A-type lamin expression and stiffer nuclei than soft tissues such as brain (Figure
22) Moreover, the expression and stability of A-type lamins increase during myogenic

differentiation (Lammerding et al. 2006), leading to nuclear stiffening (Pajerowski et al. 2007).
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Figure 22: Lamin-A scales with tissue stiffness.

Quantitative proteomics of multiple human and mouse tissues and cells revealed scaling with E of the absolute
ratio or stoichiometry of lamin-A to lamin-B through MS quantification of a pan-lamin peptide. Differences in
ratios are significant with brain << liver < fat < heart, lung, and muscle << skull << femur and cartilage, where <
indicates P < 0.05 and << indicates P < 0.01. Nuclei with abundant lamin-A are stiff. Cultured cells showed the
same trend as their primary source tissue. HSCP, human hematopoietic stem cell progenitors from marrow; U251,
human glioblastoma cells from brain; A549, human adenocarcinoma epithelial cells from lung; C2C12, mouse
myoblast cells from muscle; MSC, osteo-prone human mesenchymal stem cells from marrow. Figure reproduced
from ref (Swift et al. 2013a)

NETSs are tissue-specific NE proteins that interact or not with lamins(Wong, Melendez-Perez,
et Reddy 2022). In addition to LINC proteins, well-studied lamin-interacting proteins (LAPS)
include the LAPS/NETSs containing a LEM (Lap2-emerin-Manl) domain that bind to BAF
(barrier to autointegration factor), a chromatin protein. LAP2 (Lamin-associated polypepeptide
2), emerin, and MAN1 play fundamental roles in the nucleus, by interacting with INM-
associated (T. Dechat 1998). LAP2a has several isoforms, one of these is nucleoplasmic and
interacts with nucleoplasmic lamin A to modulate gene activation (Gesson et al. 2016).
Interactions of LEM domain proteins with lamins are crucial for their correct localization at the
INM (Holmer et Worman 2001; K. L. Wilson et Foisner 2010). LBR is an eight-pass
transmembrane protein localized at the INM that contains a nucleoplasmic domain that codes
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for a sterol reductase. LBR can bind to HP1 (heterochromatin protein 1) and PRR14 (proline-
rich protein 14) and can interact with histones (Polioudaki et al. 2001; Hirano et al. 2012;
Dunlevy et al. 2020).

Lamins have long been implicated in regulating the three-dimensional (3D) organization of
chromatin, particularly via these heterochromatin domains found at the nuclear lamina (Figure
23, see also below). Indeed, heterochromatin is often located near the lamina at the nuclear
periphery, around the nucleolus, and as patches throughout the nucleoplasm (Prasanth et al.
2005).

Lamin Associated domain (LADs) regions are large, AT-rich regions and are typically
associated with gene silencing (Brown et al. 1997; Croft et al. 1999) (see below). LADs are
enriched in developmental and lineage-specific genes, supporting the hypothesis that LADs are
crucial for the organization and developmental control of gene expression. Interestingly, it has
been proposed that active constraints on the NE are crucial for the geographic organization of
LADs at the nuclear lamina (Falk et Hausmann 2020). In absence of nuclear lamina,
heterochromatin tends to collpse into the nucleoplasm and forms an « inverted » type of
chromatin organization (Falk et Hausmann 2020). Precise regulations between chromatin state,
LAD organization and gene expression programs remain to be determined. However, the
importance of LAD organization to maintain the lineage-specific epigenetic state is well
established (Wong, Melendez-Perez, et Reddy 2022).
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Figure 23: Schematic of the levels of chromatin folding within the higher-order 3D genome
organization.

The DNA interacts with histone octamers and aggregates forming nucleosome arrays that are more or less
compacted, depending on the histone variants present and the posttranslational modifications (PTMs) to their
amino-terminal tails. The next level of organization is the formation of topologically associated domains (TADS)
which in active chromatin domains are formed by loop extrusion via cohesin and stabilized by CCCTC-binding
factor (CTCF). TADs segregate based on their transcriptional status into active A and inactive B compartments,
with A compartments mostly occupying the nuclear interior and B compartments associated with transcriptionally
repressive nuclear domains enriched in histone H3 lysine 9 di- and trimethylation (H3K9me2/3) and histone H3
lysine 27 trimethylation (H3K7me3) at the NE and the periphery of the nucleoli. The geographic organization of
the B compartment to the nuclear envelope aids in the establishment and/or maintenance of interphase chromosome
topology and hence overall genome organization.(Wong, Melendez-Perez, et Reddy 2022).

Vil. Chromatin

In eukaryote cells, DNA is wrapped around histone proteins to form
chromatin. Nucleosome, the basic structural unit of DNA packaging consists of a segment of
DNA wound around an octamer of 4 histone proteins (H2A, H2B, H3 and H4) and resembles
thread wrapped around a spool (Figure 24).
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Figure 24: Chromatin organization.

Double-stranded DNA (dsDNA, black curve) is folded and wrapped around histone octamers (blue cylindrical
disks with tails) to form a polymer made of nucleosomes having a width of 11 nm. This chain is further folded and
arranged into many clusters (domains) of nucleosomes having variable cluster-sizes.Figure ref:(Parmar et
Padinhateeri 2020)

The nucleosomes undergo reversible structural rearrangements through DNA unwrapping and
rewrapping and histone core rearrangements, and they are subject to epigenetic modifications.
Chromatin can be classified into heterochromatin and euchromatin, based on the condensation
level during interphase. Chromatin condensation is crucial to regulate DNA accessibility: many
DNA-templated processes including transcription involves packaging DNA in structures
inaccessible to DNA-binding proteins (Grewal et Moazed 2003). Heterochromatinization then
becomes one of the primary mechanisms used to silence chromosomal regions.

Histone modifications and DNA methylation are key epigenetic mechanisms that modulate
chromatin structure and thus regulate gene expression programs controlling cell fate decisions
and cell identity during development (Jaenisch et Bird 2003; Kouzarides 2007; Allis et al. 2007,
Allis et Jenuwein 2016).
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viii.  Histone PTMs

Histones are subject to a vast array of PTMs including acetylation and methylation, (Kouzarides
2007; Allis et al. 2007). PTMs can alter direct interactions between histones and DNA and serve
as docking sites for protein effectors, or readers, of these PTMs. Generally, reader proteins bind
specifically to methylated histones and recruit or stabilize various components of the nuclear
signaling machinery at specific genomic sites, mediating fine-tuning chromatin structure and
function (Musselman et al. 2012).

Histone methylation occurs on numerous lysine and arginine residues in histones.
Histone lysine methylation (me) can occur in the mono- (mel), di- (me2), or tri-methyl (me3)
state, while arginine methylation is found in various symmetric and asymmetric mono- and
dimethylated states. Depending on the residue modified, histone methylation is associated with
either activation or repression. Trimethylation of histone H3 on lysine 4 (H3K4me3) and lysine
27 (H3K27me3) are two extensively studied histone modifications associated with
transcriptionally active and repressed chromatin, respectively (Barski et al. 2007).
Heterochromatin is classically divided into constitutive heterochromatin, which mapped to
pericentromeric and telomeric DNA regions and facultative heterochromatin. Constitutive
heterochromatin is established early in development and anchors to the nuclear lamina. It is
enriched for H3K9me2/3 (H3 lysine 9 di- and trimethylation) and HP1 proteins (Britten et
Kohne 1968). Facultative heterochromatin is developmentally regulated. It is enchired for
H3K27m3 and Polycomp (SET domain of PRC2, EED and SUZ12). It is found mostlty outside
of LADs, but is enriched at LAD borders (Harr et al. 2015).

Histone methylation is reversible thanks to histone demethylase such as the histone demethylase
KDM1A/LSD1, which actively removes methylation from histone H3 on lysine 4 (H3K4) via
the activity of its amine oxidase domain, using FAD as a cofactor [Shi Y et al, Cell 2004]. In
addition, KDM2A/JHDM1A/FBXL11 was shown to demethylate H3K36 via its JmjC domain,
which coordinates iron to mediate a 2-OG-dependent demethylation reaction (Tsukada et al.
2006). Further there is an extended family of related demethylase enzymes those substrate
specificities have been characterized in detail (reviewed in (Kooistra et Helin 2012; Black,
Van Rechem, et Whetstine 2012)).

Histone acetylation generally leads to a more open chromatin structure and is associated with a
transcriptionally active state. Lysine acetylation has been described on H3, H4, H2A and H2B

(Musselman et al. 2012). Histone acetylation level is controlled by the activity of both lysine
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acetyltransferases (HATS) which catalyse the transfer of an acetyl moiety to a Lys residue; and
lysine deacetylases which catalyse acetyl group removal, some of which have been identified
to acetylate or deacetylate nonhistone proteins (Shvedunova et Akhtar 2022). Importantly,
lysine deacetylases fall into two subgroups: Zn2+-dependent histone deacetylases (HDACS)
and NAD+-dependent sirtuins acetyl co-enzyme A (acetyl-CoA).

Euchromatin is less condensed, hightly transcriptionally active and and present in gene-rich
genomic loci. Euchromatin is mainly located towards the nucleus interior (Hsu 1962; G. Li et
Reinberg 2011). A third specialized chromatin is centromeric chromatin, present at centromeres
and characterized by the presence of nucleosomes in which the canonical histone H3 is replaced
by its variant CENP-A.

The organization of chromatin condensation generally depends on the state of cell
differentiation, stem cells often exhibiting correlates more decondensed chromatin organisation
compared to differentiated cells which present localized condensed regions of chromatin
(Francastel et al. 2000). This characteristic is through to confer cell plasticity. As differentiation
progress, cells gain to heterochromatin promotes gene repression and prevents inappropriate
gene expression. As already stated, anchoring chromatin to the nuclear mechanism is an
important mechanism for achieving gene inactivation (Pindyurin et al. 2018). Alternatively,
the heterochromatin/euchromatin borders may be defined (Kharchenko et al. 2011), for
example, by changing the profile of chromatin as differentiation progresses, i.e., as stem cells
differentiate into the mature cell type (Marshall et Brand 2017).
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Figure 25: The functional organization of the genome.

DNA associates with several histone and non-histone proteins, and the resulting chromatin fibre is organized into
loops. This fibre is further condensed into topologically associated domains (TADSs). In turn, TADs are organized
into transcriptionally active (euchromatin) and inactive (heterochromatin) compartments. Some of

the heterochromatin regions are linked to the inner nuclear membrane
at lamin-associated domains (LADs). Figure ref (Uhler et Shivashankar 2017).

The bivalent gene consisting of H3K27me3 and H3K4me3 (Bernstein et al. 2006) is associated
with héterochromatin because the H3K27me3 repressive mark in developmental genes is
dominant. It plays crucial role in the transition between pluripotency and committed cells.
During differentiation, the H3K27me3 repressive mark is lost, and H3K4me3 activity
dominates the promoter region lineage-specific genes to activate gene transcription (Collinson
et al. 2016). The H3K27me3 repressive mark of the bivalent gene maintains low expression
levels of developmental genes in iPCS and ESC while allowing for their transcription upon
differentiation. In addition, H3K4me3 may be essential to ensure that permanent gene silencing
of developmental genes does not occur (Fouse et al. 2008; Vastenhouw et Schier 2012).

It has been shown that that the large number of genes containing the Polycomb group (PcG)-
mediated-H3K27me3 in quiescent satellite cells were non myogenic genes. H3K27me3
regulates differentiation by silencing muscle specific genes (Asp et al. 2011; Dilworth et Blais

2011). In contrast, most of the myogenic genes lacked H3K27me3 (Liu et al. 2013). Depletion
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of the polycomb repressor complex 2 (PRC2)-Ezh2, responsible for the deposition of
H3K27me3, in muscle cell progenitors activates the non-myogenic gene lineages (Juan et al.
2011). Thus, H3K27me3 appears crucial to suppress the activation of alternative lineage
regulators, thus regulating cell fate.

Differentiation of muscle stem cells requires: 1) the loss of repressive marks on the chromatin
; 2) the activation of the permissive marks to promote gene expression ; and 3) promotion of

RNA Polll on the promoter of the chromatin.

Satellite cell activation and proliferation is associated with silencing of muscle-specific genes
by H3K27me3., under the control of the Polycomb group proteins (PcG). Phosphorylation of
Ezh2, a subunit of the polycomb repressor complex 2 (PRC2) catalyses H3K27me3, resulting
in gene inactivation (Palacios et al. 2010). Additional factor such as histone demethylase Jarid2
also contributes to recruit Ezh2 to the promoter of target genes (Peng et al. 2009; Pasini et al.
2010).

Differentiation into myotubes then requires the loss of H3K27me3 from promoter regions of
gene of differentiation. This loss of H3K27me3 involves he KDM6 family member, UTX which
demethylate H3K27me3, Msk1 kinase which modulates the binding between Ezh2 and Ezhl
(Margueron et al. 2008).

Then activation of the differentiation program requires the incorporation of H3.3 into specific
genes (Harada et al. 2015). Activation of TrxG complex (Ash2L) via Mef2d and Six1 allowed
the trimethylation of H3K4 (Rampalli et al. 2007).

H3K9me2 and H3K9me3 are catalyzed by the Suv391H1 methyltransferase, through
interaction with MyoD (A. Mal et Harter 2003). Deposition of H3K9me3 by Suv3911H1
represses the early muscle genes (A. K. Mal 2006) and is involved in the regulation of muscle
specifi genes during terminal differentiation (Ait-Si-Ali et al. 2004). G9a, a member of the SET
domain-containing Suv39 family is through to have extensive function in the muscle
differentiation process. Interaction of G9a with MyoD results in the deposition of H3K9me2
repressive mark and inhibition of differentiation (J. Wang et Abate-Shen 2012).

MEF2 recruits the histone demethylase LSD1 that removes the H3K9me2 and H3K9me3
repressive marks from promoter regions leading to muscle differentiation (Choi et al. 2010).
JMJID2A (Kdm4a) is also required to remove the Suv39h1 mediated H3K9 methylation, and it
is via JIMID2A mechanisms that LSD1 appears to be facilitated (Verrier, Vandromme, et
Trouche 2011).

47



It is important to remind that an additional level of chromatin stability is related to DNA
methylation. DNA methylation is a heritable epigenetic mark which reinforces a previously
silenced state by subjecting genes to irreversible transcriptional silencing even in the presence
of all of the factors required for their expression (Deaton et Bird 2011; Jones 2012; Bestor,
Edwards, et Boulard 2015; Schibeler 2015).

V1. Nuclear mechanotransduction

The nucleus is a mechanosensitive entity where the NE plays a role in the perception of
mechanical stresses through the conformation change of lamins, the regulation of the activity

and recruitment of associated proteins as well as the tensioning of the membrane (Figure 26).
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Figure 26: The mechanosensitivity pathway and the tension-induced reinforcement response.

(Top panels) Tension forces from the ECM are transmitted into the nucleus via the LINC complexe and affect
mechanoresponsive gene expression. (Bottom panels) Response to mechanostimulus, such as increase in ECM
stiffness, adhesion complexes, the actin cytoskeleton, LINC complexes, and the lamina are reinforced by the
assembly of actin filaments, increased recruitment of adhesion complex and LINC complex proteins, and
stabilization and assembly of A-type lamins at the lamina, thereby counteracting forces exerted from outside.
Emerin phosphorylation contributing to LINC complex reinforcement. Activation of signaling cascades on
adhesion complexes, such as FAK signaling. Panels at the right depict higher-magnification views of the boxed
areas in the nucleus shown in the leftpanels.Figure ref:(Osmanagic-Myers, Dechat, et Foisner 2015).
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Lamin A/C expression, conformation, and post-translational modifications are strongly altered
upon nucleus deformation. Upon nuclear mechanostimulation, nucleoplasmic domain of the
inner nuclear membrane protein emerin becomes phosphorylated by the protein proto-oncogene
tyrosine protein kinase Sarcoma (Src) (Bera et al. 2014; Guilluy et al. 2014). The Ig fold domain
of lamin A is able to partially unfold, leading to stretching of the protein (Bera et al. 2014). A-
type lamins undergoes dephosphorylation of the S22 residue, associated with relocalization of
the nucleoplasmic fraction to the nuclear lamina (Swift et al. 2013a; Guilluy et al. 2014,
Buxboim et al. 2014). This in turn reinforces the nuclear lamina by stabilization and assembly
of A-type lamins and increases nuclear stiffness (Osmanagic-Myers, Dechat, et Foisner 2015;
Swift et al. 2013b) (Figure 26).

Conversely, in reduced mechanical constraints, the mobility and turnover of A-type lamins
increases (Swift et al. 2013a; Buxboim et al. 2014; Makarov et al. 2019). Finally, under
compression, the coiled coils in the rod domains of A-type lamin polymers are able to slide
over each other to contract the length of the rod, behaving as a compression spring able to
absorb pressure (Makarov et al. 2019). These structural changes require the LINC complex (D.-
H. Kim et Wirtz 2015).

In addition to resist to stretching by decreasing the surface tension of the nuclear membrane
(Enyedi et Niethammer 2017), lamin A/C integrity directly influences gene expression, DNA
damage response, and inflammatory response in circulating cells. It also assures nuclear
stiffening in response to mechanical stretch and by this it protects the DNA damage.

Since chromatin is closely linked to the nuclear lamina, changes in nuclear lamina
conformations and their polarization, observed during changes in nuclear shape, could thus
control chromatin architecture by specifically controlling certain territories as during cell
differentiation. Therefore, gene expression may be controlled by nuclear deformation in
response to mechanical forces. Consistently, application of mechanical stress to the plasma
membrane via a magnetic bead to the nucleus induces chromatin stretching and increased
transcription of a transgene and this response is abrogated in the absence of lamin A/C or LINC
complexes(Tajik et al. 2016).

Further, application of mechanical stress to the nucleus of oligodendrocyte progenitor cells
generates heterochromatin formation, reflected by tri-methylation of lysine 9 on histone 3
(H3K9me3). This response is abolished when cells are depleted for nesprin 1 (Hernandez et al.
2016).
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VII.  YAP signaling pathways

Yes-associated Protein (YAP), a transcriptional coactivator downstream of the Hippo pathway,
has emerged as a key player in mechanotransduction (Dupont et al., 2011;Wackerhage et al.,
2014). The Hippo/Yap pathways exhibit several crosstalks with Akt/mTOR or TGFR/SMAD
further supporting the role of Y AP in regulating muscle mass through mechanical cues (Jang et
al., 2007;Alarcon et al., 2009; Tumaneng et al., 2012;Grannas et al., 2015).
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The actin cytoskeleton regulates Y AP activity via the LINC complex and the lamins. YAP is active in the nucleus

and phosphorylated and inactive in the cytoplasm. Once in the nucleus YAP activate TEAD gene expression.
Phosphorylation of YAP is done by LATS1/2 kinase and leads to its degradation. Dashed lines represent the YAP
and actin dynamics activity by Rho GPTases. AMOT (angiomotin) and NF2 (neurofibromin 2) regulate YAP
activity, either through LATS or by direct interaction. Akt binds to actin stress fibers, interacts with MST1/2 and

induces the expression of a microRNA (miR-29) by YAP, which inhibits the inhibition of Akt by targeting PTEN.
(Fischer et al. 2016).
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YAP controls a wide range of cellular functions, including cell cycle control, cell contact
inhibition and organ size, cell fate, and cell migration. Nuclear Y AP activity typically enhances
transcription of genes involved in cell cycle control, driving proliferation and survival, and
inhibiting apoptosis (Dong et al., 2007). Prominent target genes of YAP include CTGF, Cyclin
D1, AREG, Birc5 and myogenic transcription factor Myf5 (Dong et al., 2007;Zhao et al.,
2008;Zhang et al., 2009;Watt et al., 2010).

YAP is modulated by diverse biomechanical signals and transduces them into cell-specific
transcriptional responses, regulating cell proliferation and survival, organ growth, stem-cell
renewal, and cell differentiation (Panciera et al. 2017). A major mechanism of YAP regulation
occurs at the level of its subcellular localization, as Y AP nuclear accumulation promotes target
gene transcription and cell proliferation (reviewed in (Panciera et al. 2017; Fischer et al. 2016).
After phosphorylation by LATS1/2 kinase, YAP binds to 14-3-3 proteins, leading to its
cytoplasmic retention and degradation and favoring skeletal muscle differentiation(Fischer et
al. 2016).

A-type lamins influence the localization and transcriptional activity of YAP (Bertrand et al.
2014; Owens et al. 2020). Lamin-A overexpression decreases both total Y AP levels and nuclear
localization in mesenchymal stem cells (Swift et al. 2013a). In contrast, increased Y AP nuclear
localization and activity in combination with reduced lamin levels is observed in cancers of
many organ types (reviewed in (Irianto et al. 2016)), as well as in LMNA mutant MuSCs
cultured on soft matrices (Bertrand et al. 2014). How mutant lamins cause defects in the YAP
signaling pathway remains to be precisely determined. However, cancer (Chow, Factor, et
Ullman 2012), and laminopathies 8/19/2022 1:48:00 PM, are associated with abnormal nuclear
shape. This in turn has been shown to increase the rate of YAP import (Elosegui-Artola, Trepat,
et Roca-Cusachs 2018; Aureille et al. 2019), by opening up nuclear pores (Elosegui-Artola,
Trepat, et Roca-Cusachs 2018). Consistently, we recently shown that A-type lamin mutations
responsible for congenital muscle disorders increases the nuclear import of YAP through the

nuclear pore complexes (Owens et al. 2020).
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VIII. Laminopathies

Laminopathies are heritable human diseases caused by mutations in lamins, other nuclear
envelope transmembrane (NET) or lamin-associated proteins that heavily interact with lamins.
Nearly 90% of laminopathies relate to LMNA genes, B-type lamin mutations being linked to
only 2 diseases. Laminopathies form a group of heterogeneous diseases that can affect different
tissues including adipose tissue, nervous system and skeletal and/or cardiac muscles. They can
also cause systemic disease, the premature aging syndromes, mandibuloacral dysplasia and
Werner syndrome (for a recent review see (Wong, Melendez-Perez, et Reddy 2022)). Although
75% of known mutations cause myopathies, i.e., affect mostly skeletal muscle and cardiac
muscle (Figure 28). They include Emery-Dreifuss muscular dystrophy (EDMD), Limb-Girdle
dystrophy type 1B (LGMD1B), autosomal dominant spinal muscular dystrophy (AD-SMA),
lamin-related congenital muscular dystrophy (L-CMD) and dilated cardiomyopathy (CMDA)
(Donnaloja F et al, 2020).
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Figure 28: Single-point mutations of the LMNA gene.

(a) List of LMNA gene mutations graphically associated with distinct lamin domains. Red indicates the gene
mutations related to the following myopathies: EDMD?2 (*), EDMD3 (**) LGMD1B (***), CMD (****), AS-
SMA (*****) CDM1A (°) and DCM-CD (°°); In green, mutations associated with lipodystrophies: FPLD2 (*)
and MS (**). In yellow, the mutations causing the CMT2B1 neuropathy. Finally, blue indicates the gene mutations
relative to systemic and premature aging disease: HGPS (*), WRN (**), RD (***), MADA (****), HHS (*****),
(b) The percentages for each group of laminopathies. (c) The percentages for each lamin domain. Figure
reproduced from ref (Donnaloja et al. 2020).

Most of the laminopathies are autosomal-dominant diseases caused by single point mutations.
Bonne et al was first to associate the LMNA mutation with muscle disorder (Bonne et al. 1999).
To date, more than 498 different LMNA mutations and 300 protein variants responsible have
been identified (http://www.umd.be/LMNA/).

Because LMNA mutations mainly affected mechanically stressed muscles, it has been proposed

that A-type lamin defects alter the nuclear resistance to external mechanical stimuli, resulting
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in nuclear damage and increased stress sensitivity. Alternatively, the « gene expression model »
proposed that lamin mutations impair lamin-chromatin interactions, chromatin organization
and/or specific gene localization, thus causing gene deregulation in cells. Altered gene
expression may occur directly, through defects in heterochromatin, or indirectly by the
disruption of lamin-protein interactions (Review in Donnaloja F et al, 2020(Donnaloja et al.

2020)). Importantly, both the mechanical and genetic models are not mutually exclusive.
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Objectives of the thesis

My PhD project had 3 main objectives.

The first aim was to determine how muscle differentiation impacted nuclear characteristics in
muscle cell precursors. It is known that muscle differentiation is associated with increased
expression of A-type lamins, chromatin reorganization and transcriptional changes, and
cytoskeletal reorganization. We first studied how differentiation affected the morphology of the

nucleus and histone post-transcriptional changes.

The 2" aim was to understand the impact of mechanical forces on myonuclei, i.e., nuclei from
post-mitotic, differentiated muscle cells. The two main components that modulate the response
of the nucleus, namely A-type and chromatin compaction were taken into account, using sSiRNA
against lamin and drugs modifying chromatin compaction. The effects of trichostatin-A (TSA),
a histone deacetylase inhibitor, that favors histone acetylation and chromatin decompaction will
be presented here. We analyzed nuclear characteristics and histone PTMs. In lamin deficient

cells, myonuclear transcription was also analyzed using RNAseq and ATACseq.

Then, we investigated the respective roles of SUN1 and SUN2 nuclear envelope proteins on the
mechanical load-mediated nuclear response in myonuclei. Nuclear morphology and histone

reorganization were studied before and after stretch.

My third aim was to analyzed how A-type lamin deficiency affected the stretch-induced
modulations of the cyto-nucleoplasmic exchange. We analyzed Y AP (Yes-Associated Protein),
an essential transcription co-factor in the mechanoresponse of cells and HDACs (histone
deacetylase) intracellular localization in static and stretched conditions.

HDACs are known to promote transcriptional repression and gene silencing, by removing
histone acetylation. We focused on HDAC2 given that it plays important role in muscle
differentiation and is known to interact with A-type lamins and contribute to the mechano-

response.

55



Materials and methods

I.  Human myoblast culture

Experiments were performed on human immortalized human muscle-precursor cells, also
called myoblasts, from patients without muscular disorders. Myoblasts were immortalized on
the platform of immortalization of the Research Center, using the co-transduction with both
telomerase- expressing and cyclin dependent kinase 4-expressing vectors (hTERTand
CDK4)(Mamchaoui et al. 2011). Two control cell lines were used (Table 1).

I1. Cell culture

Human immortalized myoblasts were cultured in proliferation medium consisting of 1 vol of
199 Medium (80ml) to 4 vol DMEM (Life technologies, Paisley, UK) with 20% fetal Bovine
Serum (Biosera, FB-1001) (100ml), 5 pg/ml insulin (Life technologies, Paisley, UK) (250ul),
50mg/ml Gentamycin(GibcoTM, Life technologies, Carlsbad, CA, USA) (0.5ml), 50pg/ml
Fetuin (Life technologies, Paisley, UK) (125ul), 5ng/ml hEGF et bFGF (Life technologies,
Paisley, UK) (25ul) and 0,1mg/ml Dexamethasone (Sigma-Aldrich, St. Louis, Missouri, USA)
(Iml).

Human immortalized myoblasts were seeded at 15 000 cells per cm?and allowed to proliferate.
Above 80% cell density, the proliferation medium was shifted to a differentiation medium
consisting of 1 vol of DMEM (50ml) to 0.001 vol of Gentamycin (50uL) and 0.001 vol of
Insulin (50uL). This allow myoblasts to fuse and form plurinucleated myotubes, this phase is

called differentiation.

Gentamycin was removed when siRNA treatment is applied.
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Figure 29: Myoblast differentiation in cultured muscle cells (Abmayr et Pavlath 2012).
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Table 1:Immortalized cell lines

Lineages Mutation Patients Muscle
WT8220 Control Woman,12 Years old Paraspinal
AB1167 Control Man, 20 Years old Facia Lata

1. Chemicals, chromatin modificators

To modulate the chromatin state of compaction, myotubes and myoblasts were treated with
chromatin modificators. All chemicals were purchased from Sigma Aldrich unless stated
otherwise. Trichostatin A (TSA) is an HDAC inhibitor that causes chromatin decompaction by
increasing histone acetylation. TSA (Sigma-Aldrich, St. Louis, Missouri, USA) was diluted in
Methanol. TSA efficacy, concentration (0.05uM, 0.1uM and 0.15uM) and time were optimized
by QPCR, immunofluorescence and Western blot. 3-Dezaneplanocin A (DZNep) is a histone
methyltransferase inhibitor that causes chromatin decompaction by inhibiting H3K27me3.
DZNep (Sigma-Aldrich, St. Louis, Missouri, USA) was diluted with PBS. Drugs’ efficacy was
validated by immunofluorescence and WB on myoblasts and myotubes. TSA and DZNep were
diluted to final concentrations of 0.1 uM; 0.5 uM; and in the culture medium. Cells were
incubated with each drug for 48h. Controls were performed with the according concentration

of vehicles.

V. SIRNA

Myotubes were transfected with Lipofectamine RNAIMAX (Invitrogen, Life Technologies,
Carlsbad, CA, 13778-150) according to the manufacturer’s instructions. All siRNA (small-
interfering ribonucleic acid) were purchased from Eurogentec, Belgium. The list of used
sequences can be found in Table 2. Lipofectamine RNAIMAX is diluted in Opti-MEM™ [
serum-reduced culture medium (Gibco, Life Technologies 31985-047) QSP50ul/well. The
SiRNAs are diluted in the Opti-MEM™ [ as well. Mixes were prepared separately.
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Table 2 : siRNA sequences list

siRNA-LAMIN A /C 5’-GCCGUGCUUCCUCUCACUCA-3
5’-UGAGUGAGAGGAAGCACGGC-3’
SiRNA-SUN2 5’-GCCUAUUCAGACGUUUCACU-3’
5’-AGUGAAACGUCUGAAUAGGC-3’
siRNA-SUN1 5’-CAGAUACACUGCAUCAUCUU -3’
5’-AAGAUGAUGCAGUGUAUCUG-3’
SiRNA Negatif Control SR-CL000-005

After 15 minutes at room temperature to allow formation of transfection complexes, SIRNA
mixes were added to myotubes with differentiation medium for 48h of incubation in an
atmosphere of 37°C, 5% CO2 before mechanical stretch. Efficient depletion was obtained after

two successive SiRNA treatments at 24hours interval.

V. Mechanical stretch

Cells were plated onto 6-well plates flexible-bottom plates (BioFlex plates; Flexcell
International Corporation) coated with Matrigel Growth Factor Reduced Basement Membrane
Matrix and incubated at 37°C in a CO2 incubator.

According to the routine protocol in the lab, the cells were subjected to 10% equibiaxial cyclic
stretch for 4h hours using a computer-controlled vacuum stretch apparatus (FX-4000T Tension
Plus System; Flexcell International Corporation) with vacuum pressure that generate 10%
mechanical stretch. Equibiaxial Loading Stations™ are designed to provide uniform radial and
circumferential strains to cells. Loading Stations™ are comprised of a 3.3” x 5”” Lexan® plate,
and all styles except the 25mm Loading Station™ consist of two Delrin® (nylon) support and
centering posts, and six removable Delrin® planar faced cylinders (or loading posts; Figure 30).
The 25mm strain posts and support and centering posts are made from VisiJet® (a diacrylate
compound). The two centering posts are intended to support the BioFlex® plate under high
vacuum and also center the BioFlex® plate over the six loading posts. The six loading posts

provide the strain surface. The posts are positioned on the Lexan® plate such that each is
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centered beneath the 35 mm well bottom of a BioFlex® culture plate. Replicate control samples

were maintained under static conditions with no applied cyclic stretch.

SIDE VIEW TOP VIEW

Loading post \

Gasket

Rubber
membrane

Loading post

VACUUM

Radial = Circumferential Strain

Figure 30: Application of quibiaxial strain with Flexcell® Tension Systems using Bioflex®
culture plates.

VI. Coatings

Bioflex plates were coated with Matrigel® Matrix Basement Membrane Growth Factor
(#CLS354234, Corning, France) diluted with cold DMEM to 1:10 and incubated at 37°C for
lhour in a CO2 incubator. Classic plastic and glass plates were coated with fibronectin (Sigma
Aldrich, St. Louis, Missouri, USA) in PBS to a final concentration of 10 pg/ml and incubated
for 1h at 37°C. Then, coating solutions were removed, and one PBS wash was done, and the

cell culture plastic was dried for several hours in the sterile bank.

VII.  Immunofluorescence

Myoblasts were fixed for 10 minutes with 4% formaldehyde, permeabilized for 15 min with
0.1% Triton and blocked with 5% BSA diluted in PBS.

Myotubes were fixed for 20 minutes with 4% formaldehyde in PBS at room temperature (RT),
permeabilized for 10 minutes with 0,5% Triton (X-100 in PBS at RT), and blocked with the
saturation buffer for 30 minutes (PBS with 0.1% Triton X-100, 5% bovine serum albumin
(BSA)) at room temperature with shaking. Samples are incubated with primary antibody diluted
in saturation buffer overnight at 4°C with gentle shaking. The next day, the samples are washed

3 times with PBS supplemented with 0.1 Triton X-100 before incubation with the secondary
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antibodies for 60 minutes at RT. As secondary antibodies, the Alexa-conjugated secondary
antibody system (Invitrogen, Carlsbad, CA, USA) was utilized. Samples were washed again for
3 times 10 minutes each with 0.1% Triton X-100 PBS, and then incubated with 300nM DAPI
(Sigma Aldrich, St. Louis, Missouri, USA) solution for five minutes with gentle shaking. They
are finally washed one last time in 0.1% Triton X-100 PBS, 2 times for 5minutes each, and
mounted with Vectashield anti-staining solution (#H-1200; Vector Laboratories, USA). For
double or triple labeling, the primary antibodies (of different species) were added
simultaneously at the appropriate step. The fluorescent molecules used, such as phalloidin,
which allows the labeling of actin filaments (ThermoFischer Scientific, France), are incubated
at the same time as the primary antibodies. For 3D images (nuclear characteristics experiments)
Spacers were used to avoid smashing the nuclei and so we can get the right form, volume, area

and thickness of the nucleus.

VIII.  Microscopy and image analysis

Immunostainings were observed using a Nikon Ti2 spinning disk confocal microscope, driven
by Metamorph software (Molecular Devices) and equipped with a motorized stage and a
Yokogawa CSU-W1 spinning disk head coupled to a Prime 95 sCMOS camera (Photometrics).

Super-resolution images are obtained with the LiveSR module (Gataca Systems).

Standard image analyses and quantitative immunofluorescent analyses were performed using
FiJi ImageJ software (version 1.41). All relative intensities were measured via quantification of
mean fluorescence intensity. Nucleocytoplasmic ratio was performed by measuring the nuclear
intensity and divided by the cytoplasm intensity. Nuclear area and the A/R ratio were measured

using the ROI manager feature.

IMARIS software (Oxford Instruments) was used for 3D images. The Imaris software is an
interactive visualization and analysis software that allow to calculate surfaces on 3D
microscopic images. Imaris software automatically detects the nucleus compartment. When the

software was not able to separate myonuclei, a manual segmentation was done for every stack.

IX. SDS-PAGE and protein analysis

For total protein extraction, cells were washed once with 37°C heated PBS and then washed
again on ice with cold PBS. 5 minutes on ice incubation was applied next, with 1X RIPA with

anti-protease inhibitor and anti-phosphatase inhibitor. After 5 min incubation on ice, cells were
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scrapped and sonicated, then centrifuge at 14 000 rpm, 4°C for 10 min. The supernatant was
collected and store at -20°C until use. Protein quantification was performed using Thermo
Scientific™ Pierce™ BCA Protein Assay Kit (23225).

For Western-Blot, samples were mixed with loading blue (Laemli 2x, Bio-Rad) and a reducing
agent (2-Mercaptoethanol, Sigma-Aldrich). Samples denaturation was done at 95°C for 5
minutes. Samples were placed gently in the wells of a 4-20% Mini-Protean TGX Stain-Free
Gels (Bio-Rad, USA). 5ul of the protein molecular weight marker (PageRuler Prestained,
Thermo Scientific) was used to evaluate the molecular weight of proteins. The migration was
carried out in a Tris Glycine-SDS migration buffer, for approximately 1 hour and a half at 100
volts on a BioRad® system. The proteins were transferred to nitrocellulose membranes, using
transfer buffer made of 1:1:1 Bio Rad transfer buffer, ethanol and water, with a semi-dry
transfer system, the Trans-Blot Turbo Transfer System from BioRad in 7 minutes (depending
on protein of interest molecular weight). Membranes were saturated with a PBS-Tween 0.1%
+ Milk or BSA 5% with a pH = 7.4 blocking solution for 1 hour at room temperature, then
incubated with the primary antibody overnight at 4°C. List, references and dilution of primary
and secondary antibodies are given in Table 3 and 4 respectively. The membranes were then
washed 3 times for 5 minutes each time with 0.1% PBS-Tween and then incubated with the
HRP secondary antibody for 1 hour at room temperature. Membranes were washed 3 times for
5 minutes with PBS-Tween 0.1%. The presence of proteins was detected using Immobilion
Western Chemiluminescent HRP Substrate (Millipore). Acquisition was performed on a

ChemiDoc Imaging system (BioRad).
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Table 3: Primary antibodies

Target Protein Company Dilution
GAPDH (ab9485) Abcam WB 1:1000
Histone H3 (cs9715) Cell Signaling Technology WB 1:1000
H3K9AC (06-942) Millipore IF 1:200
H3K27me3 (cs 9733) Cell Signaling Technology IF 1:1600
H3K27me3 (07-449) Millipore WB 1:20 000
H3K9me3 (cs 5327) Cell Signaling Technology IF 1:100
H3K9me3 (07-523) Millipore WB 1:10 000
H3K4me3 (ab8580) Abcam IF 1:500
H3K4Ac (07-539) SIGMA WB 1:10 000
IF 1:500
HDAC2 (H2663) SIGMA IF 1:100
Lamin A+C (ab8984) Abcam WB 1:500
IF 1:500
LaminA (phosphor S22) (ab138450) Abcam WB 1:750
SUNL1 (ab47405) Abcam WB 1:1000
IF 1:200
SUN2 (ab124916) Abcam WB 1:5000
IF 1:400
YAP (sc-101199) Santa Cruz WB 1:500
IF 1:400
Phospho-YAP (Ser127) (cs13008) Cell Signaling Technology WB 1:1000
Table 4: Secondary Antibodies
Secondary antibody Reference Dilution Dilution
(Immunofluorescence) | WB
Goat anti-Mouse A488 A32723 1:500 -
Goat anti-Rabbit A488 Al11034 1:500 -
Goat anti-Mouse 568 A11004 1:500 -
Goat anti-Rabbit 568 A11036 1:500 -
Donkey anti-Rabbit 647 A31573 1:500 -
Donkey anti-Mouse 647 A31571 1:500 -
Goat anti-Rabbit HRP 111-035-144 - WB 1:10 000
Goat anti-Mouse HRP 515-035-062 - WB 1:10 000
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X. Chromatin extraction

Chromatin extraction was performed with a specific Histone Extraction Kit (abcam, ab113476).
Myotubes were collected after 2min incubation with trypsin at 37°C, and then centrifugation at
1000 rpm for 5 minutes. Cell were suspended in the 1X Pre-Lysis Buffer at 1077 cells/ml on ice
for 10 minutes with gentle stirring. Supernatant was removed after 5 minutes on ice
centrifugations at 3000 rpm. The pellet was re-suspended in 3 volumes of Lysis Buffer and
incubated on ice for 30 minutes. Centrifugation at 12,000 rpm for 5 minutes was followed, and
supernatant fraction was transferred into new vial with 0.3 volumes of the balance-DTT Buffer.
All centrifugations were done at 4°C. Protein quantification was performed using Thermo
Scientific™ Pierce™ BCA Protein Assay Kit (23225).

Xl. RNA seq and quantification of gene expression.

MRNA was isolated from cell lysates using the RNeasy mini kit (Qiagen) The complementary
DNA (cDNA) was transcribed by Superscriptlll (Life Technologies, Carlsbad, CA, USAEuro)
or gScriptTMcDNA SuperMix (Quanta Biosciences, Gaithersburg, MD, USA).
PerfeCTa®SYBR®Green SuperMix (Quanta, Biosciences) was used to quantify Gene
expression with LightCycler 480 Il (Roche Diagnostics). The primers were synthesized by
Eurogentec (Li¢ge, Belgium). Expression of all target genes was normalized to the expression

of house-keeping gene RPLPO. Primer sequences are listed in Table 5.

RNA-sequencing was performed at the Genotyping/Sequencing Platform (iGENSeq ICM),
Paris. RNA-sequencing was performed using NovaSeq 6000 with read depth of 2*44 million
reads, and a length of 100 bases each.

Bioinformatic analyses were done at the Data Analysis Core (DAC, ex iCONICS). Quality of
raw data was evaluated with FastQC (Leggett et al. 2013). Poor quality sequences and adpaters
were trimmed or removed with fastp tool, with default parameters, to retain only good quality
paired reads. Illumina DRAGEN bio-IT Plateform (v3.8.4) was used for mapping on hg38
reference genome and quantification with gencode v37 annotation gtf file. Library orientation,
library composition and coverage along transcripts were checked with Picard tools. Following

analysis was conducted with R software. Data were normalized with DESeq2 (v1.26.0) (Love,
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Huber, et Anders 2014)bioconductor packages, prior to differential analysis with glm
framework likelihood ratio test from DESeq2 workflow. Genes were considered differentially
expressed if the absolue value of log2 fold-change was above one, and the false-discovery rate
below 0.05. Multiple hypothesis adjusted p-values were calculated with the Benjamini-
Hochberg procedure to control FDR. Finally, enrichment analysis was conducted with
clusterProfiler R package (v3.14.3)(Yu et al. 2012) with Gene Set Enrichment Analysis, on GO:

biological process database.
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Table 5:Primers sequences

SETDBL_F: GGAACTGGAGAAGATGGATTGTG
SETDBI R: GTCCCGGTATTGTAGTCCCA
RTFLF: GGTTCAGAAAAGCTCCACCC
RTFLR: GATATGTTCTTGGTCCGCTGG

EZH1 F: AGATGAGACGGTTTTGTGCA
EZHL R GTGTCATTGTGCCCTTCCTC
EHMTL-F : ACAGAGGACGGTGATTGAGA
EHMTLR GAAGTCCTGCTGTCCTCTGT
EZH2-F : TGTGCACATCCTGACTTCTTG
EZH2R : ACATTATGGGTACTGAAGCAACT
GATA3-F: GCC-CCT-CAT-TAA-GCC-CAA-G
GATA3R: TTG-TGG-TGG-TCT-GAC-AGT-TCG
KAT2B-F : AGG-AAA-ACC-TGT-GGT-TGA-AGG
KAT2B-R CAG-TCT-TCG-TTG-AGA-TGG-TGC
KAT2B-F2 GAA-AAA-CCC-TAA-CCC-CTC-ACC
KAT2B-R2: CCT-TGT-GGA-CAC-AGG-TAA-AGA-GA
PIHID1-F2: ACC-AGA-CCA-GAA-TCG-ACA-CAA
PIHID1-R2 : CCT-CCT-CTA-GCA-TCT-GAA-GCA
PIH1D1-F3: CAG-GGA-TGT-ACC-GCC-TAC-GA
PIH1D1-R3: CCG-CAA-GAA-ATC-GCT-GTT-CTG
LMNA_F: AGCAAAGTGCGTGAGGAGTT
LMNA_R: TCAGGTCACCCTCCTTCTTG
PAXBPL_F: GAATGTTCTTCGTCCAGGAGA
PAXBPL_R: TATCCGGCGTTTCTCATCGT
YAP F: GCTACAGTGTCCCTCGAACC
YAP R: CGGTGCATGTGTCTCCTTA
FOXO_F: TGTTGGTTTGAACGTGGGGA
FOXO R : GTTTGAGGGTCTGCTTTGCC
Rplp0_F : CTCCAAGCAGATGCAGCAGA
Rplp0_R ATAGCCTTGCGCATCATGGT
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XIl.  ATACseq

The ATACseq experience was made using the ATACseq kit of Active Motif. The first step is
cell sample preparation. It consists of counting the cells and aliquoting 100,000 cells into a fresh
1.5ml centrifuge tube for each simple. Then, cells were centrifuged at 1000g for 5 minutes at
4°C. Supernatant was removed. 100ul of ice-cold PBS was added on the pellet without
disturbing neither resuspending. Samples were spined one more time for 500g, 5 minutes at
4°C. Supernatant were removed gently and pellet were resuspended thoroughly in 100 pl ice-
cold ATAC Lysis Buffer. This step was followed immediately by a spin down at 500g for 10
minutes at 4°C. After the spin, the supernatant was very carefully removed. During this time,
the Tagmentation Master Mix and the Tagmentation Reaction and purification were prepared.
The Tagmentation Master Mix is made as follow (per sample): 2X Tagmentation Buffer (25 ul)
,10X PBS (2 pl), 0.5% Digitonin (0,5 pl), 10% Tween 20 (0,5 ul), H20 (12 pL) and Assembled
Transposomes (10 pl). 50 pl of the Tagmentation Master Mix were added to each sample and
resuspended. Incubation for 30 minutes at 37°C in a thermomixer set at 800 rpm is followed.
250 pl of DNA Purification Binding Buffer with 5 pl 3M sodium acetate was added to each
sample. At this step, the sample color was checked, if it was anything other bright yellow,

additional 3 M sodium acetate was added.
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Figure 31: Solution color as a function of pH.

The DNA Purification Binding Buffer has a pH indicator dye, so that the pH of the solution can
easily be determined. Each sample was transferred into its corresponding column and
centrifuged at 17,000 g for 1 minute. The flow-through was discarded, and a wash was done
using 750 pl of wash buffer (initially diluted with Ethanol) and centrifugation at 17,000 x g for
1 minute. To remove the residual wash buffer a centrifugation was done at 17,000 x g for 2
minutes with the column cap open. To finish the second step 35 ul of DNA Purification Elution
Buffer was added to the center of the column matrix of each sample for one minute at room
temperature. Centrifugation at 17,000 x g for one minute was followed. The third and final step
is the PCR Amplification of Tagmented DNA, it consists of setting up the PCR reaction by

adding the components in the order shown bellow. The libraries were to be multiplexed for
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sequencing on the same cell flow, so a unique i5 and i7 index combination were used for each

sample. Index Primers are shown on table 6.

Table 6: Index primers

Per reaction:

17 Indexed Primer used 15 Indexed Primer used

i7 indexed Primer 1 =i7 N701 i5 indexed Primer 1 = i7 N501
17 indexed Primer 2 = i7 N702 15 indexed Primer 2 = i7 N502
i7 indexed Primer 3 =i7 N703 i5 indexed Primer 3 = i7 N503
17 indexed Primer 4 =17 N704 15 indexed Primer 4 = i7 N504

Table 7: Mix preparation.

Reagent Volume
Tagmented DNA 335 ul
17 Indexed Primer (25uM) 2.5l
15 Indexed Primer (25uM) 2.5 ul
dNTPs (10mM) 1ul
5X Q5 Reaction Buffer 10 pl
Q5 Polymerase (2U/ul) 0.5ul

PCR with a heated lid was performed using the following program on a thermal cycler, 72°C
for 5 minutes, 98°C for 30 seconds and 10 cycles of 98°C for 10 seconds, 63°C for 30 seconds,
72°C for 1 minute, samples were hold at 10°C.

To perform cleaning and DNA purification, 60ul of well mixed, preapaed as shown in table 7,
room temperature SPRI Beads were added to each sample, and incubated for 5 minutes. Magnet
was applied next to collect beads, once the solution is clear, the supernatant was removed and
then 180 ul of 80% ethanol to each sample was added, without mixing. After 30 seconds,
supernatant was removed, and ethanol wash was repeated. After 5 minutes, the residual ethanol
evaporates and the beads transits from shiny to matte; tubes were separated from the magnet
and 20 ul of DNA Purification Elution Buffer was added and vortexed to mix. Samples were

than incubated for 5 minutes at room temperature. Magnet was applied to collect beads, and
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supernatant was collected to a fresh tube. Samples were transferred to the ICM for library

quantification.

Bioinformatic analyses were done at the Data Analysis Core (DAC, ex iCONICS).

Quality of raw data was evaluated with FastQC (Andrews et al., 2010). Poor quality sequences
(minimum lenght: 50bp) and adpaters were trimmed or removed with trimmomatic tool (Bolger,
Lohse, et Usadel 2014), with default parameters, to retain only good quality paired reads.
Paired-end reads were mapped to the human reference genome (build hg38) with Bowtie2
(Langmead et Salzberg 2012)(Langmead et al. 2009). Reaps mapping with mitochondrial DNA
were excluded from the analysis. Duplicates and reads in Encode blacklist regions were
discarded with the Picard tools. Peaks were called using the MACS2 (Y. Zhang et al. 2008)
program with the option callpeak. Individual peaks separated by less than 100 bp were merged
with BEDOPS and features annotations were obtained from the HOMER (Heinz et al. 2010)
hg38 database. Differential binding analysis was performed with DiffBind bioconductor
package (V.3.4.11).

XII.  Statistical analysis

Normality test was used to determine wether sample data has been drawn from a normally
distributed population. If the data falls into a normal distribution, Student’s t-test was used to
compare the means of two samples, and one-way ANOVA was used for more than two samples.
If data did not have a normally distributed population, Kruskal-Wallis non-parametric test was
used. Bonferroni post-hoc test was used to do multiple comparison pairs of columns.

Results are expressed as mean + standard deviation and are accompanied by the number of
replicates per group and the sample size (n) used. For all measurements, a minimum of 50 nuclei
were analysed in at least three independent experiments.

A p-value below 5% is considered significant (*: p<0.05) (**: p<0.01) (***: p<0.001) (****:
p<0.0001). Statistical tests and graphs were performed using GraphPad Prism software.
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Results
I.  Nuclear changes associated with muscle differentiation

When confluent myoblasts were shifted to differentiation medium, they terminally differentiate
to form multinucleated myotubes. We first sought to determine how myoblast differentiation
impacts nuclear characteristics. Data were given from 2 muscle cell lines obtained from patients
without muscle disorders.

As shown in Figure R1, muscle cell differentiation into myotubes was associated with a

significant decrease in nuclear volume and area (each p<0.05) (Figure R1 A, B and C).
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Figure R1: Nuclear segmentation and analysis of nuclear shape and volume in 2 human muscle
cell lines (AB1167 and WT8220).

(A) Phalloidin and DAPI were used to label the actin cytoskeleton (in green) and nuclei. Nuclear volume and area
were quantified using Imaris. Panel A shows automatically detected nucleus (in Yellow) and manually detected
nucleus (purple) in 3D. (B) Quantification of the nuclear volume (C) and nuclear area. Mb=myoblast; Mt=
myotube. Values are means + SD n= 50 to 150 nuclei from 3 independent experiments.
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All experiments presented thereafter were obtained from the WT8220 cell line (control).

We first analyzed associated histone post-translational modifications including chromatin
repression markers (H3K27me3 and H3K9me3) and chromatin active marker (H3K4me3)
(Figure R2). Compared with myoblast nuclei, myonuclei had a significant lower level of the
facultative heterochromatin marker H3K27me3, and higher levels in both constitutive
heterochromatin marker H3K9me3 and in euchromatin marker H3K4me3.

These results are consistent with what is known about differentiation (Miyamoto, Furusawa, et
Kaneko 2015) and may reflect the repression of genes related to proliferation (increase
H3K9me3) associated with the activation of genes involved in differentiation (increase in
H3K4me3).
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Figure R2: Immunofluorescence and quantification of histone methylation markers in
myoblasts and myotubes.

H3K27me3 is a marker of the compaction of the facultative chromatin. H3K9me3 is a marker of constitutive
heterochromatin. H3K4me3 is a marker of euchromatin. (A) Confocal images of myoblasts and myotubes. DNA
was stained with DAPI (in blue), H3K27me3 (in green), H3K9me3 (in white) and H3K4me3 (red). (B)
Quantification of the relative intensity of histone methylation markers. Mb=myoblast; Mt= myotube. n=53 nuclei
from 3 independent experiments.
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Il. Effects of A-type lamin on myonuclei

I. SiLMNA induced important deformations of the myonucleus shape in static

conditions

The efficacy of LMNA depletion was assessed using PCR and western-blotting (Figure R3). Figure R4
shows the nuclear morphology of myotubes treated for 48 hours with siLMNA knockdown. A-type
lamin deficient myotubes exhibited nucleus deformations, as attested by higher A/R ratio (p<0.05) and

significantly lower nuclear volume, despite higher nucleus area (figure R4A-D).
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Figure R3: Validation of SiRNA
(A) LMNA gene cpm expression level. (B) Representative Western blot membrane of control myotubes and

SiLMNA treated myotubes. (C) Histogram depicting relative quantification of LMNA mRNA expression in static
and stretched control and siLMNA-treated samples.
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Figure R 4: Nuclear segmentation and analysis of nuclear shape and volume after LMNA
knockout.

(A) Phalloidin and DAPI were used to label the actin cytoskeleton (in green) and the nuclei. Automatically
detected nucleus (in Yellow) and manually detected nucleus (purple) were analyzed using Imaris. (B)
Quantification of the nuclear volume (C), ratio A/R (Fiji imageJ) and (D) nuclear area. Mb=myoblast; Mt=
myotube. n=175 from 3 independent experiments.

ii. Effects of siLMNA on chromatin markers in static conditions

LMNA knockout in myotubes induced important histone modification state as attested by
immunofluorescence (Figure R5) and Western blots (Figure R6). Lamin deficiency was
associated with a significant decrease in the facultative heterochromatin marker H3K27me3
and an increase in the constitutive heterochromatin marker H3K9me3. In addition, the
euchromatin marker H3K4ac was significantly higher in LMNA deficient myotubes compared
with controls (Figures R5 A-D and 6).
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Figure R5: Immunofluorescence and quantification of histone methylation markers in control
and siLMNA treated myotubes.

Confocal images of control myotubes and siLMNA treated myotubes. DNA is stained with Dapi (blue),H3K27me3
(in green), H3K9me3 (in white), H3K4me3 (red) and H3K4ac (yellow). (B) Quantification of the relative intensity
of H3K27me3. (C) Quantification of the relative intensity of H3K9me3 (D) Quantification of the relative intensity
of H3K4me3. (E) Quantification of the relative intensity of H3K4ac. Ctrl=Control; si-L= LMNA knockout
myotubes n=at least 316 from 3 independent experiments.
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Figure R6: Western blot and quantification of histone methylation markers in SILMNA treated
myotubes before and after cyclic stretch.

(A)Representative Western blot membrane of control myotubes and siLMNA treated myotubes before and after
stretch for H3K27me3, H3K9me3 and H3K4me3. (B) Quantification of the protein expression of H3K27me3,
H3K9me3 and (E) H3K4me3. Ctrl=Control; si-L= LMNA knockout myotubes. N=4 from 3 independent
experiments. Values are means + SED.
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RNAseq analysis in control and LMNA deficient myotubes was performed to analyze global
changes in histone mark regulation. In static conditions, around 469 the genes were found to be
upregulated and 488 to be downregulated in LMNA deficient myotubes.

The principal component analysis, and conventional differential expression analysis supported
significant increase, in gene set in LMNA deficient myotubes compared to controls. Gene
ontology (GO) term enrichment analysis, of differentially expressed (p<0.05) genes, with the
parent GO term histone modification indicated the related GO terms “H3K4 methylation” and
“transcription initiation as significantly enriched in lamin deficient compared with control

myotubes (Fig R7).

The expression of genes that regulate the methylation of H3K4, was upregulated in siLMNA-
treated samples (Figure R7 C). Thus validating the immunofluorescence shown in Fig R5. A
validation RT-qPCR was done for a selected gene PIH1D. PIH1D gene enables RNA
polymerase | core promoter sequence-specific DNA binding activity. It is also involved in
positive regulation of signal transduction.

Our results also uncover that LMNA knockdown leads to the upregulation of genes implicated
in DNA templated transcription initiation (Figure R7 E). This result shows that the LMNA
knockdown activates the transcription, and this result in in accordance with the observed

increase in H3K4me3.

Most of the affected GO terms are related to the nucleus mechanotransduction, such as GO
actin cytoskeleton, GO nuclear membrane, GO polymeric cytoskeletal fiber and GO membrane
region. Interestingly, GO euchromatin and nuclear euchromatin terms were affected by
SiLMNA-treatment (Figure R7 F).
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Figure R 7: PCA analysis, rt-gPCR, GO terms enriched and dot plot of Go term enriched in

control and siLMNA treated myotubes.

(A) Principal component analysis of RNA-seq data. The first and second axes are represented. (B) Histogram
illustrating the differentially expressed genes between control and siLMNA samples. An mRNA log2 fold-change
above an absolute value of 1 and with a p value below 0,5 was used as a threshold. (C) Heatmap of GO term
“Histone H3K4methylation gene expression” for control and siMNA-treated samples. (D) Histogram depicting
relative quantification of PIH1D mRNA expression in control and si-LMNA treated samples. (E) Heatmap of GO
term “DNA templated transcription initiation gene expression”.(F) Dotplot of Go terms enriched in control
compared to siLMNA myotubes. Log2 fold-change Threshold= 1; P value=0.05. The Dotplot depicts the gene
ratios (number of core genes over the total number of genes in the set). The dots are colored by the adjusted p-
value and their size is proportional with the size of the gene-set.

76



1.  Effects of cyclic stretch on nucleus shape and histone marks

How nuclear morphology and chromatin are affected by mechanical load in normal and
pathological skeletal muscle remains unknown.

Myotubes were submitted to 10% cyclic stretch for 4 hours. In control myotubes, mechanical
stretch significantly increased nuclear volume and the apparent nuclear area but did not modify
the A/R ratio (Fig R8). In LMNA deficient cells, mechanical challenges majored nuclear
deformations, as attested by significant increase in the A/R ratio. In addition, LMNA deficient

stretch abolished the stretch-induced regulation in nuclear volume (Fig R8B).
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Figure R8: Nuclear segmentation and analysis of nuclear shape after LMNA knockout and
cyclic stretch.

Phalloidin and DAPI were used to label the actin cytoskeleton (in green) and the nuclei. Automatically detected
nucleus (in Yellow) and manually detected nucleus (purple) were quantified using Imaris.Comparison between
myotubes in static and load state. (B) Quantification of the nuclear volume, (C) nuclear area, (D) nuclear thickness
(E) and A/R ratio. Ctrl=Control; si-L= siRNA LMNA; n=at least 50 from 3 independent experiments.
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Changes in chromatin methylation after load are shown in Figure 9R. Cyclic stretch
significantly increased the facultative heterochromatin marker H3K27me3 both in control and
LMNA deficient myotubes. Strikingly, the euchromatin marker H3K4me3 significantly
increased after stretch in LMNA deficient myotubes whereas no significant changes were
observed in controls. Further, the H3K4ac histone markers decreased after stretch in both
control and LMNA deficient myotubes, but the H3K4ac levels remained significantly higher in
lamin deficient myotubes compared with controls (figure R10). In control myotubes, no
significant changes in the constitutive heterochromatin marker H3K9me3 were observed after
cyclic stretch (figure R9) whereas H3K9me3 significantly increased in stretched LMNA KO
myotubes.
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Figure R9: Immunofluorescence and quantification of histone methylation markers in sSiLMNA

treated myotubes before and after cyclic stretch.

Confocal images of control myotubes and siLMNA treated myotubes before and after stretch. DNA is stained with
Dapi (blue),H3K27me3 (in green), H3K9me3 (in white) and H3K4me3 (red). (B) Quantification of the relative
intensity of H3K27me3. (C) Quantification of the relative intensity of H3K9me3 (D) Quantification of the relative
intensity of H3K4me3. Ctrl=Control; si-L= LMNA knockout myotubes n=at least 316 from 3 independent

experiments.
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Figure R 10: Immunofluorescence and quantification of histone lysine 4 acetylation markers in
SILMNA treated myotubes before and after cyclic stretch.

Confocal images of control myotubes and siLMNA treated myotubes before and after stretch. DNA is stained with
Dapi (blue),H3K4ac (in yellow). (B) Quantification of the relative intensity of H3K4ac. Ctrl=Control; si-L= LMNA
knockout myotubes n=at least 200 from 3 independent experiments.

PCA shows that stretch did not strikingly affect gene expression in control myotubes, with only
3 upregulated and 4 downregulated genes (Figure R 11B). In contrast, samples cluster according
to the presence of A-type lamins (Figure R 11C). In addition,the sSiLMNA samples cluster
according to the stretch condition and explain most of the variance between the sample’s groups

(Figure R 11D).
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Figure R 11: RNAseq samples description and differential gene expression in static SILMNA
and siLMNA stretched myotubes.

(A) Principal component analysis of RNA-seq data. The first and second axes are represented. (B) Histogram
illustrating the differentially expressed genes between siLMNA and stretched siLMNA samples. An mRNA log?2
fold-change above an absolute value of 1 and with a p value below 0,5 was used as a threshold.
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Figure R 12: GO terms enriched in control vs and siLMNA vs stretched siLMNA myotubes.

(A)Heatmap of GO term “Histone methylation gene expression” for Control and siLMNA-treated samples. (B)
Heatmap of GO term “Histone methylation gene expression” for siLMNA and stretched siLMNA-treated samples
(E) Heatmap of GO term “Nuclear Euchromatin gene expression”. (F) Heatmap of GO term “Transcriptionally
active chromatin gene expression”.
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In static condition, SILMNA treatment downregulated the expression of genes regulating histone
methylation (Figure R 12 A).

In siLMNA-treated samples, stretch downregulated the expression of genes regulating histone
methylation (Figure R 12 B). Whereas no significant difference was observed in control
myotubes.

In addition, genes involved in histone deacetylase complex were upregulated in siLMNA versus
control myotubes. However, genes involved in histone deacetylase complex were
downregulated in stretched siLMNA versus static SiLMNA myotubes (Figure R13 A).

Thus, we show deregulation in both acetylation and methylation in static and stretched siLMNA.
Overall, LMNA deficiency causes an increase in euchromatin and aberrant activation of

transcription after stretch (Figure R13 A-B).
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Figure R13: GO terms enriched in control vs sSiLMNA and siLMNA vs stretched siLMNA
myotubes.

(A)Heatmap of GO term “Histone Deacetylation gene expression” for Control and siLMNA-treated samples. (B)
Heatmap of GO term “Histone Deacetylation gene expression” for siLMNA and stretched siLMNA-treated sample.
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Figure R14: GO terms enriched in control vs SILMNA and siLMNA vs stretched siLMNA
myotubes.

(A)Heatmap of GO term “Histone Nuclear Euchromatin gene expression” for Control and siLMNA-treated
samples. (B) Heatmap of GO term “Transcriptionally Active Chromatin gene expression” for siLMNA and
stretched siLMNA-treated samples.

Overall, our data indicated that mechanical stretch in LMNA KO myotubes lead to an aberrant

increase in nuclear euchromatin and abnormal transcriptional activation.
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IVV. Effects of SiSUN1 and SUN2

I. Effects of SUN1 or SUNZ2 silencing on nuclear characteristics

We then investigated the respective roles of nuclear envelope proteins SUN1 and SUN2 in
myonuclear morphology (Figure R 15). Cells were silenced for SUN1 or SUN2 expression using
specific SiIRNA strategies. In static conditions, myonuclei deficient in SUN1 had significantly
higher nuclear area but with no significant change in the myonuclear shape and volume (Figure
R 15A-D). Stretch induced significant increase in A/R in myonuclei deficient in SUN1 (Figure

R 15D). In addition, SUN1 deficiency abolished the stretch-induced increase in nuclear volume.
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Figure R15: Nuclear segmentation and analysis of nuclear shape after LMNA knockout and
cyclic stretch.

A) Left panels: Actin was labeled with Phalloidin (green) and DNA with DAPI (blue). Myonuclei automatically
detected by Imaris were in Yellow, whereas manually detected myonuclei were in purple and Gray. (A) Effects of
SUNZ1 silencing before and after stretch. Right panels (B) Quantification of nuclear VVolume, (C) area, (D) and A/R
ratio in control and siSUN1 treated myotubes, before and after stretch.

F) Left panels: Actin was labeled with Phalloidin (green) and DNA with DAPI (blue). Myonuclei automatically
detected by Imaris were in Yellow, whereas manually detected myonuclei were in purple and Gray. (A) Effects of
SUNZ2 silencing before and after stretch. Right panels (B) Quantification of nuclear VVolume, (C) area, (D) and A/R
ratio in control and siSUN1 treated myotubes, before and after stretch. n=at least 50 from 3 independent
experiments.
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In contrast, silencing SUN2 induced major nuclear deformations in static conditions, as attested
by significant increase in nuclear volume, area and A/R ratio (Figure R 15E-H). However, no
additional differences in nuclear morphology were observed after stretch in SUN2-deficient
myonuclei (Figure R 15E-H).

These results suggested that SUN2 played crucial role in maintaining the myonuclear

morphology in static conditions.
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ii. Effects of SUN1 or SUNZ2 silencing on histone marks

Both siSUN1 and siSUN2 treatment significantly decreased the constitutive heterochromatin
marker H3K9me3 (Figures R 16 and 17). Importantly, in static conditions, sSiSUN2 treatment
induced a large reduction in H3K27me3 and in the euchromatin marker H3K4me3 compared

to controls (Figure 17).
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Figure R16: Immunofluorescence and quantification of histone methylation markers in siSUN1
treated myotubes before and after cyclic stretch.

Confocal images of control myotubes and siSUN1 treated myotubes before and after stretch. DNA is stained with
Dapi (blue), H3K27me3 (in green), H3K9me3 (in white) and H3K4me3 (red). (B) Quantification of the relative
intensity of H3K27me3, (C) H3K9me3 and (D) H3K4me3. Ctrl=Control; si-1= SUN1 knockout myotubes n=at
least 60 from 3 independent experiments.



H3K9me3

..! |
=

oy
" e

™

(O]

=
<
X
™
I

Control SiSUN2 Control siSUN2
Static Stretch

B) C) D)

2 - > il

2 600 ‘% 500+ '§1000- x o

5] *e s P [0}

c i - v

; ':' £ 400 £ 500 w

.‘% 400- ::: g Tk q>,) v

% * 'E s E 6004

« Jat 2™ “ € 400

D 200 -lse T ﬁ . . Q|

3 3 200 - 2

N E e 5 200

4 ‘ T

E 0 T T T T § 100 . . * T &) 0 T T T T

Ctrl Si-2 Ctrl Si-2 Ctrl Si-2 Ctrl Si-2 Ctrl Si-2 Ctrl Si-2
Static Stretch Static Stretch Static Stretch

Figure R17: Immunofluorescence and quantification of histone methylation markers in sSiSUN2
treated myotubes before and after cyclic stretch.

(A)Confocal images of control myotubes and siSUN2 treated myotubes before and after stretch. DNA is stained
with Dapi (blue), H3K27me3 (in green), H3K9me3 (in white) and H3K4me3 (red). (B) Quantification of the
relative intensity of H3K27me3, (C) H3K9me3 and (D) H3K4me3. Ctrl=Control; si-2= SUN2 knockout myotubes

n=at least 50 from 3 independent experiments.

SUNL1 deficiency did not prevent the increased tri-methylation of H3K27me3 after mechanical
stretch (Figure R 17). In contrast, SUN2 deficiency was associated with a stretch-induced

reduction in H3K27me3 levels.



There was a major decrease in the euchromatin marker H3K4me3 after SUN1 knockout after
stretch (Figure R 16D) whereas stretch did not modulate H3K4me3 levels in SUN2 deficient
myonuclei (Figure R 17D).

Overall, silencing SUN1 or SUN2 was not associated with stretch- induced chromatin
decompaction, thus suggesting that lamin-deficiency was directly involved in the abnormal

accumulation of H3K4me3-marked chromatin in sSiLMNA treated myotubes.

V. Cyto-nucleoplasmic exchanges

I The YAP response

We previously reported that LMNA mutations altered the cyto-nucleoplasmic shuttling of the
Yes-Associated Protein  (YAP), a transcriptional co-regulator that is crucial for
mechanotransduction (Bertrand et al 2014; Owens et al 2020). YAP localization was analyzed
in control and LMNA KO myotubes both in static and stretched conditions (Figure R 18). In
static conditions, the nucleo-cytoplasmic ratio was significantly higher in LMNA deficiency
myotubes compared with controls. As expected, mechanical stretch increased nuclear YAP
localization in control myotubes. In contrast, the nucleo-cytoplasmic ratio of Y AP significantly
decreased after mechanical loading in sSiLMNA myotubes (Figure R 18 A-B).

Thus, the results in LMNA KO myotubes were consistent with those previously reported in
LMNA mutant myotubes (Bertrand et al, 2014; Owens et al 2020) and strongly supported the
role of A-type lamins in the regulation of stretch-induced modulations of the cyto-
nucleoplasmic shuttling. In static conditions, nuclear deformations in LMNA KO cells could
increase YAP nuclear translocation through the nuclear pore complex as reported in other cell
types (Elosegui-Artola A et al 2018 ; Elosegui-Artola A). In absence of A-type lamins, cyclic
stretch was likely to further impact the NE integrity, thus resulting in NE damage and reduction
in active cyto-nucleoplasmic shuttling. Such hypothesis may contribute to the lower nuclear
volume after stretch in LMNA KO myotubes.
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Figure R18: Immunofluorescence and quantification of YAP marker in siLMNA treated
myotubes after cyclic stretch.

Confocal images of control myotubes and LMNA knockout myotubes before and after stretch. YAP is stained

White. (B) Quantification of nuclear over cytoplasmic Y AP intensity ratio.
Ctrl=Control; si-L= LMNA knockout myotubes. n=at least 314 from 3 independent experiments.
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ii. HDAC modification and acetylation marker intensity: effects of LMNA

deficiency and stretch

Histone acetyltransferases and histone deacetylases (HDACS) are responsible for adding and
removing histone acetylation, respectively. In the nucleus, HDACs are generally known to
promote transcriptional repression and gene silencing. A-type lamins are known to interact with
histone deacetylase 2 (HDAC2) and regulate its activity during stress response (Mattioli E et al
2018 ; Sandi S et al 2020). It has been proposed that i) lamin-HDAC2 complexes in
differentiating muscle cells could serve to move HDAC2 away from transcriptionally inactive
loci of muscle genes, thus promoting transcription (Sandi S et al 2020) and that ii) LMNA
mutations could modify the recruitment of HDAC2 to A-type lamins.

To determine whether potential changes in nuclear volume and H3K4ac levels in LMNA KO
myotubes could be related to HDAC inhibition, we analyzed the effects of Trichostatin-A
(TSA), a histone deacetylase (HDAC) inhibitor which results in enhanced acetylation of core
histones and chromatin decompaction (Rao et al. 2007) (Bui et al. 2010).

As shown in Figure R 19, TSA treatment (0.1uM for 48h) significantly increased the nuclear
volume and nuclear area in both myoblasts and myotubes compared with vehicle-treated cells
(figure R 19 A-C). HDAC inhibition was associated with a significant increase in H3K4ac in

myotubes that mimic the response observed in LMNA KO myotubes.
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Figure R19: Nuclear segmentation and analysis of nuclear shape and volume after TSA
treatment between myoblasts and myotubes.

A) Actin was labeled with Phalloidin (green) and DNA with DAPI (blue). Myonuclei automatically detected by
Imaris were in Yellow, whereas manually detected myonuclei were in purple and Gray.Effects of TSA treatment
(B) Quantification of nuclear Volume between control and TSA treated myoblasts and myotubes. (C)
Quantification of nuclear deformation in control and TSA treated myoblasts and myotubes(C-D) n=at least 60
from 3 independent experiments. Ctrl=Control; TSA= Trichostatin-A
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Figure R20: Nuclear segmentation and analysis of nuclear shape after TSA treatment and cyclic
stretch.

(A) Phalloidin and DAPI were used to label the actin cytoskeleton (in green) and the nuclei. Automatically detected
nucleus (in Yellow) and manually detected nucleus (purple) were quantified using Imaris. Comparaison
between myotubes in static and load state. (B) Quantification of the nuclear volume (C) Comparaison between
static 48h TSA treated myotubes and load state. (D) Quantification of the nuclear volume n=at least 50 from 3
independent experiments.

Figure R 21 shows the HDAC changes in TSA treated myotubes before and after mechanical
load.

TSA, the HDAC inhibitor treatment was associated with a significant decrease in the HDAC 2
marker, which approved our HDAC inhibition protocol.

Interestingly nuclear HDAC was significantly increased after mechanical stretch (Figure R 21
A-B)

However, the TSA treatment, mechanically stretched myotubes were positive to nuclear HDAC
(Figure R 21 A-B).
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Figure R21: Immunofluorescence and quantification of HDAC marker in TSA treated
myotubes after cyclic stretch.

Confocal images of control myotubes and TSA treated myotubes before and after stretch. DNA is stained with
Dapi (blue). HDAC 2 in red. (B) Quantification of nuclear over cytoplasmic HDAC intensity ratio.
Ctrl=Control; TSA= myotubes treated for 48hours of TSA. Values are means = SEM, n=at least 83 from 2

independent experiments.

In myotubes treated with TSA, stretch induced a slight but significant decrease in H3K4ac level
compared to static conditions. However, H3K4ac remained significantly higher after
mechanical stretch compared with vehicle-treated myotubes (Figure R 22).

Additional histone mark modifications associated with TSA treatment are depicted in Figure R

23.
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Figure R22: Immunofluorescence and quantification of histone acetylation marker in TSA
treated myotubes after cyclic stretch.

Confocal images of control myotubes and TSA treated myotubes before and after stretch. DNA is stained with
Dapi (blue). H3K4ac in yellow. (B) Quantification of H3K4ac relative intensity.
Ctrl=Control; TSA= myotubes treated for 48hours of TSA. n=at least 145 from 3 independent experiments.

Global histone hyperacetylation, leading to decondensation of interphase chromatin, was
characterized by an increase in H3(K9) and H3(K4) dimethylation and H3(K9) acetylation.
Inhibition of histone deacetylases caused dynamic reorganization of chromatin in parallel with
changes in its epigenetic modifications. (Bartova et al. 2005)

Figure 11 showed the histone changes in TSA treated myotubes before and after mechanical
load. HDAC inhibition was associated with a significant decrease in the facultative

heterochromatin marker H3K27me3 in static state, associated with a significant increase after

97



stretch. However, in comparison with control stretched myotubes, TSA treatment has
significantly decreased the facultative heterochromatin marker H3K27me3 (Figure R 23 A-B).
An increase in the constitutive heterochromatin marker H3K9me3 was associated with TSA
treatment on static state, associated with a decrease after stretch. However, in comparison with
control stretched myotubes, TSA treatment has significantly increased H3K9me3 (Figure R 23
Aand C).

Figure R 23 A and D show an increase in the euchromatin marker H3K4me3 after TSA
treatment and the opposite after stretch. No difference were observed between control stretched
myotubes and TSA stretched myotubes for H3K4me3.

Our study shows, in skeletal muscle, inhibition of histone deacetylases affected the chromatin

reorganization response to mechanical load and its epigenetic modifications response.
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Figure R23: Immunofluorescence and quantification of histone methylation markers in TSA
treated myotubes after cyclic stretch.

Confocal images of control myotubes and TSA treated myotubes before and after stretch. DNA is stained with
Dapi (blue). H3K27me3 was in green, H3K9me3 in white and H3K4me3 was in red. (B) Quantification of the
relative intensity of H3K27me3. (C) Quantification of the relative intensity of H3K9me3 (D) Quantification of the
relative intensity of H3K9me3. Ctrl=Control; TSA= myotubes treated for 48hours of TSA. n=at least 50 from 3

independent experiments.

We then sought to determine whether there was a link between defective nuclear localization
of HDAC2 and increase H3K4ac marker in LMNA deficient myonuclei. Figures R 10 and 24
show the HDAC?2 and histone acetylation changes in controls and LMNA deficient myotubes

before and after mechanical load. In controls, the nuclear/cytoplasmic ratio of HDAC?2
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significantly increased after stretch. Static LMNA deficient myotubes had a significant higher
level in HDAC 2 but cyclic stretch reduced N/C ratio of HDAC2 compared with static

conditions (Figure R 24).
Overall, our data showed that LMNA deficiency altered the stretch response of HDAC?2.
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Figure R24: Immunofluorescence and quantification of HDAC and histone acetylation markers
in SILMNA treated myotubes after cyclic stretch.

Confocal images of control myotubes and LMNA knockout myotubes before and after stretch. DNA is stained with
Dapi (blue). HDAC 2 in red, and H3K4ac in yellow (B) Quantification of nuclear over cytoplasmic HDAC
intensity ratio, (C) Quantification of H3K4ac relative intensity.

Ctrl=Control; si-L= LMINA knockout myotubes. n=at least 175 from 2 independent experiments. One-way Anova

benferroni test was done.
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VI. Chromatin state modifies transcriptomic response of cells to mechanical

stress.

To better understand the role of LMNA in the nucleus mechanoresponse and its effects on the
chromatin packaging, assay for transposase-accessible chromatin with sequencing (ATAC-Seq)
were performed. ATACseq experiment is a technique that allows to determine chromatin

accessibility across the genome.

I. Quality controls
The first step of ATAC-seq analysis involves read alignment to a reference genome, pre- and

post-alignment quality controls (QC).
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Figure R 25: Pre-analysis step of ATAC-Seq analysis.

Pre-analyses include pre-alignment QC, alignment and post-alignment processing, and QC. Figure reproduced
form ref. (Yan et al. 2020)

Figure R25 shows a normal ATAC-Seq profile. The QC package was used to produce
individual plots representing the fragment size distribution in the library. First, there is a large
proportion of reads with less than 100 bp corresponds to the nucleosome-free region (NFR).
Then a periodic distribution of fragment size indicates the occupation of nucleosomes
(mononucleosome, dinuclosome, trinucleosome). Most of our samples had a good ATACseq
profile. The peak between 50 and 175 bp in Figure R26-A corresponds to the NFR, then the
followings represent mononucleosome, dinucleosome and trinucleosome. The complexity of
the library is consistent with the NFR peaks (Figure R26-B). Expected distribution of fragment
lengths was obtained in all ATAC-seq libraries and included both a nucleosome-free fragment
and a single-nucleosome fragment, indicating good data quality.

Profiles of insert size provide valuable indicators of the quality of the ATAC-Seq data. In our

samples, the highest peak corresponding to NFR was centered around 50bp (Figure R26-C).
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Then, peaks 2 to 4 represent mono-, di-and tri-nucleosomal regions. Overall, profiles of insert

size attested to good quality of our samples.

A)

Stretch-Control-fragment sizes B)
Estimation of ATAC-seq
Library complexity

20

30

15
Norm. Read density

Distinct fragments x 10°
20

[ G 400 600 8OO 1000
| Fragment length (bp)

10

Normalized read density x 103
10

0 50 100 150
Putative sequenced fragments x 106

0 200 400 800 1000

600
Fragment length (bp)

C)

Insert size profile Zoom

——Control-2
—Control-3
—Control-4
'SiLMNA-2
SILMNA-4
——1SiLMNA-5
iSILMNA-6
iStretch-Control-1
'Stretch-Control-2
~1Stretch-Control-4
:Stretch-Control-5
Stretch-siLMNA-2
:Stretch-siLMNA-3
0e+00 ~—:Stretch-siLMNA-4

50 75 100 125 150 175 200 225 250 275 300
Insert size (bp)

3e+05

2405

fragment count

1e+05

Figure R 26: ATAC-Seq QC profiles.

ATACseqQC package was used to produce individual plots representing the fragment size distribution in the
library. A) Typical ATACseq profile first shows a large proportion of reads with less than 100 bp, corresponding
to the nucleosome-free region (NFR). Then a periodic distribution of fragment size indicating the occupation of
nucleosomes (mononucleosome, dinuclosome, trinucleosome). B)Library complexity. C) Insert size distributions
of our samples showing clear nucleosome phasing. The first peak represents the open chromatin, peak 2 to 4
represent mono-, di-and tri-nucleosomal regions. Good ATAC-seq datasets have reads that span nucleosomes
(which allows for calling nucleosome positions in addition to open regions of chromatin).
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Then, we analyzed the calling peaks, i.e., regions of concentrated ATA-Seq signal, thus
identifying open regions or accessible regions of the chromatin (Figure R27) We used MACS2
that is the default peak caller of the ENCODE ATAC-Seq pipeline. These analysis or peaks
show the Transcription Start Site (TSS) enrichment (Figure R27-A) and the promoters’
enrichment (Figure R27-B). Typically, in a successful ATAC-Seq experiment, the NFR
fragments are expected to be enriched around the TSS of genes. Figure R27-A shows the
enrichment around TSS in our samples, which indicate that our ATAC-Seq experiment was
successful. Figure R27-B shows the peak annotation of genomic partitions such as promoters,

exons, introns, 3’ and 5° UTR.
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Figure R 27: Peak Call.

distribution feature of ATAC-Seq peaks. A) Peak count frequency of ATAC peaks at the transcription start site.
B) Whole genome distribution of differential regions within promoters, UTRS, exons, introns, downstream regions,
and distal intergenic. TSS: Transcription start site.
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To further confirm the quality of ATAC-seq, Principal Components Analysis (PCA) was
performed based on the signals of merged peaks from all samples. The PCA plot sorted the
principal components according to the amount of data variability and showed that the samples

were clustered by group (Figure R28-A).

ii. Data Analysis

For each group of samples, RNA-seq results were combined with the ATAC-Seq results.
(Figure R28 B-F). Heatmaps were made to visualize ATAC peaks on expressed and non-
expressed regions/genes in RNAseq (from our previous RNA-seq experiment). The highest 10
000 upregulated and downregulated gene from the RNA-seq data were chosen. We found a
good correlation between genes expressed in RNAseq and chromatin accessibility in ATACseq.
We visualize a peak on TSS region for the expressed genes, and no peak was visualized for

unexpressed genes. Therefor we can continue to analyze our data and go further in our research.
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Figure R 28: Correlation ATAC-Seq and RNA-seq experiments.

Expressed_genes
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A) First Principal Componant Analysis (PCA) without outliers.Results of the assay for transposase accessible
chromatin by sequencing (ATAC-seq).(B-E) Mapped reads distributions across gene and peaks. Distributions are

presented as an average plot (upper panel) where the X-axis represents the peak length. The Y -axis represents the

read enrichment. —3.0 represents 3 kb upstream of TSS, and 3.0 kb represents 3 kb downstream of TES. ATAC-
seq read distributions are presented also as heatmaps (downpanel). heat map showing the correlation of RNAseq
gene with peaks in a +3-kb Each panel represents 3 kb upstream and downstream of the TSS. Average plots and

heatmaps were done for Control, stretch control, siLMNA and stretch siLMNA samples. TSS = Transcription Start
Site, TES= Transcription Stop Site.
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From this set of peaks, the differential analysis was done in unpaired or paired mode, with the
edgeR and DEseq2 methods (2 statistical methods allowing to do differential analysis).
Differential analysis was performed with the following parameters: FDR < 0.05, CF: 0, Deseq?2
method.

Figure D5 shows the MA (Minus in the log scale; Average in the log scale) plots for different
Differential accessible regions (DARs) between siLMNA vs control (Figure D5-A) and
SiLMNA stretch vs siLMNA (Figure D5-B).

Negative fold indicates that chromatin has a closed configuration, the positive fold indicates
open regions. LMNA deficiency increased chromatin accessibility as attested by an increase

number of open regions in SILMNA compared to controls (Figure D5-A).

In control myotubes, stretch was not associated with significant changes in the chromatin state.
In contrast, cyclic stretch induced 1559 changed in region in LMNA deficient myotubes (Figure
D5-B). This indicates that LMNA deficient increased sensitivity to stretch, with most of
genomic regions exhibiting decreased accessibility in stretched compared with static

conditions.

A) B)

siLMNA vs. Control (46 FDR < 0.050) sSiLMNA_stretch vs. siLMNA (1559 FDR < 0.050)

log Fold Change: siLMNA - Control

log Fold Change: siLMNA _stretch - siLMNA

log concentration log concentration

Figure R 29: MA plot of differential accessible regions.

Differential accessible regions (DARs). Differential analysis performed with the following parameters: FDR <
0.05, CF: 0, Deseq2 method. The negative fold means that the chromatin is closed the positive fold is for the open
regions. ldentified as significantly differentially bound shown in red.
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Then the chromatin regions accessibility of some genes that impact histone methylation was
analyzed.

Figure R30 shows plots of the average signal profile on genomic loci defined as 3kb upstream
of annotated TSS to 3kb downstream of annotated TES (upper panels) and read density
heatmaps around the same genomic loci (lower panels), of ARID1B, ARID5B, EHMT1,
KDM3B, KDM4A, KDM4B, SMYD4, TCF7, TEAD1, and TLE1 genes respectively, in
stretched control and sSiLMNA samples.

Figure R30 shows that the genomic regions of genes regulating histone methylation. After
stretch, higher peaks (upper panel) and higher expression (lower panel) for the TSS region were
observed in control versus sSiLMNA samples. This indicated that the accessibility of the
genomic regions regulating histone methylation was lower in SiLMNA versus control samples
after stretch. Therefore, LMNA deficiency decreased histone methylation and affect the

chromatin state during mechanical forces.
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A) B) C) D) E) F) G) H) 1) J)

ARID18.gtf ARIDSB.gtf EHMTL gtf KDM3B.gtf KDM4A gtf KDM48 gtf SMYD4 gtf TCF7.gtf TEAD1.gtf

TLEL gtf
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Figure R 30: ATACseq gene enrichment stretch control vs stretch siLMNA.

ATAC-seq results for A) ARID1B B) ARID5B, C) EHMT1, D) KDM3B, E) KDM4A, F) KDM4B, G)SMYD4,
H)TCF7, N'TEAD1, and J) TLE1 enrichment around gene loci for Stretch-siLMNA and siLMNA. Upper panels
show the average signal profile on genomic loci defined as 3kb upstream of annotated TSS to 3kb downstream of
annotated TES. Lower panels show read density heatmaps around the same genomic loci. TSS = Transcription
Start Site, TES= Transcription Stop Site

We also analyzed genes enrichment in siLMNA after stretch. We check whether gene

downregulation in RNAseq experiments was associated with the closed state of the chromatin.

Figure R31 shows plots of the average signal profile on genomic loci defined as 3kb upstream
of annotated TSS to 3kb downstream of annotated TES (upper panels) and read density
heatmaps around the same genomic loci (lower panels), of EHMT1, HDAC4, HDACY7,
KDM3B, KDM4A, KDMG6A and PRMT7 genes respectively, in sSiLMNA and stretch siLMNA
samples.

Figure R31 shows that these genes’ genomic regions have higher peaks (upper panel) and higher

expression (lower panel) for the TSS region in static versus stretched samples. This means that
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these genomic regions are decreasing chromatin accessibility of these genes in siLMNA
stretched samples compared to sSiLMNA samples.

Therefore, LMNA deficiency decreases histone methylation and affect the chromatin state
during mechanical forces. Which correlates with our RNAseq data.
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Figure R 31: ATACseq gene enrichment siLMNA vs stretch sSiILMNA.

ATAC-seq results for A) EHMT1 B) HDAC4, C) HDAC7, D) KDM3B, E) KDM4A,F) KDME6A, and G) PRMT7
enrichment around gene loci for Stretch-siLMNA and siLMNA. Upper panels show the average signal profile on
genomic loci defined as 3kb upstream of annotated TSS to 3kb downstream of annotated TES. Lower panels show
read density heatmaps around the same genomic loci. TSS = Transcription Start Site, TES= Transcription Stop
Site.
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Our preliminary ATACseq and RNAseq analyses allow us to gain insight into the chromatin
state and how it is affected by A-type lamins during mechanical stress, and how the chromatin
state affects pathways related to mechanical stress and A type-lamins in skeletal muscle cells.
Additional analysis of ATACseq and RNAseq data is required to complete the interpretation.

This will be done in the next future.
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Discussion

Skeletal muscle is constantly exposed to high levels of mechanical forces. Mechanical loading
include compression, stretch, substate stiffness and shear stress and is crucial in regulating the
skeletal muscle mass. Nuclear mechanotransduction plays important roles in skeletal muscle
physiology and adaptation. Stretch is supposed to impact translational events, thereby

modulating the rate of protein synthesis leading to changes in myofibrillar protein content.

Nuclear responses involve complex molecular mechanisms and depend on force transmission
from the cytoskeleton to the nucleus through the LINC complex (Linker of Nucleoskeleton and
Cytoskeleton) and the proteins associated with the NE, including emerin and lamins. The
lamina and specifically A-type lamins have been recognized for many years as major
contributors to nuclear stiffness and deformations (Dahl et al. 2004; Lammerding et al. 2006).
A-type lamins have long been implicated in regulating the three-dimensional (3D) organization
of chromatin, particularly via lamin-associated-domains found at the nuclear lamina and that
bind to heterochromatin. Together with emerin, A-type lamins trigger the nuclear stiffening in
response to mechanical stretch (Guilluy et al. 2014). In addition, mechanical force induces
changes in chromatin condensation state and its histone modification state (Le et al ; Heo et al,
2016 ; Stephens et al 2018). All these processes regulate translational capacity and efficiency,
nuclear elasticity, and deformability [Kirby et al 2018, Enyedi B., Niethammer P. 2017,
Stephens A.D. et al 2018 and 2018, Nava M.M., et al 2020] and in turn, the cell response to

mechanical stress.

Prior studies on nuclear mechanotransduction mainly focus on the impact of mechanical cues
on nuclear shape and chromatin organization in mesenchymal stem cells (Heo et al. 2016;
Stephens et al. 2017; Stephens, Banigan, et Marko 2018). However, differentiation of
embryonic stem cells and progenitor cell into mature cells is associated with chromatin
condensation and restructuration of the A-type lamin network. These changes not only
modulate nuclear size, shape, deformability and stiffness but are also expected to transform the
nucleus from a strain sink (an object that easily deform) to a strain concentrator (an object that

resist deformation, forcing other components to deform more(Heo et al. 2016).

How A-type lamins and chromatin-mediated mechanoresponse contribute to mechanical load-
mediated adaptation in post-mitotic cells such as differentiated muscle cells remain largely

unknown.
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The main objectives of my PhD project were to determine how mechanical stretch modulate
nuclear shape and chromatin organization in control and lamin-deficient differentiated muscle

cells.

In control myotubes, our data showed that mechanical loading significant increased nuclear
volume and induced nuclear translocation of YAP and HDAC2, all processes which were
abolished in A-type lamin deficient myotubes. In addition, compared with static condition,
stretching increased the facultative heterochromatin content and reduced euchromatin. Thus,
cyclic stretching of control myotubes increased chromatin compaction, a result consistent with
previous work in mesenchymal stem cells (Heo et al. 2016; Driscoll et al. 2015; Heo et al.
2016).

A-type lamins have long been implicated in regulating the three-dimensional (3D) organization
of chromatin, particularly via lamin-associated-domains found at the nuclear lamina and rich in
heterochromatin. Lamins have crucial in regulating the nuclear stiffening in response to
mechanical stretch (Guilluy et al. 2014). Not surprinsingly, our data showed that A-type lamin
deficiency impacts nuclear morphology and altered the organization of chromatin. Importantly,
we found higher chromatin active marker levels at baseline and after stretch and abnormal
chromatin redistribution after stretch. These defects can result in nuclear rupture, DNA damage,
and altered transcription, all of which can contribute to skeletal muscle defects in human

laminopathies

In conclusion, A-type lamins appear crucial to preserve the appropriate mechanoresponse and
prevent abnormal activation of chromatin active markers in mechanically challenged myotubes.
Our results support a model in which extrinsic forces induced lamin-dependent chromatin
rearrangement with uncoupling of facultative heterochromatin from the nuclear lamina and
global gene silencing. A-type lamins seem to protect the nucleus from large deformations and

fine-tune gene expression in response to mechanical challenges.
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Perspectives in skeletal muscle cells

It would be interesting to validate our data in vivo. To this end, we will perform a chronic
mechanical overload on 3-month-old mice carrying a LMNA*A&32 mutation (Bertrand et al.
2012).

The LMNA"AK32 mouse will be chosen over homozygous mice, as homozygotes display a
severe phenotype and die within 3 weeks after birth. Further, we previously show that skeletal
muscle from LMNA"2K32 mice is unable to hypertrophy in response to functional overload, due
to defective fusion of activated MuSCs, defective protein synthesis and defective remodeling
of the neuromuscular junction. Whether these defects are related to stretch-induced deregulation

of chromatin state remain to be determined in vivo.

Alternatively, it would be interesting to analyze the effects of cyclic stretch on human LMNA

mutant muscle cell lines and on muscle fibers.

Our research group had access to primary and immortalized muscle cells from L-CMD patients
suffering from different LMNA mutations (LMNAp.Lys32del; LMNA p.Arg249Trp, and LMNA
p.Leu380Ser) and control cells.

Single intact muscle fibers could be isolated from the skeletal muscle of the LMNAAK32 known-
in mouse model generated in our laboratory. In order to analyse the nuclear response to
mechanical challenges, cultures of myotubes and muscle fibres will be submitted to our stretch
protocol described above. In addition, we could also physically separate contributions of
nucleus and cytoplasmic mechanotransduction, by submitting isolated nuclei to cyclic

stretching.

Finally, FISH detection could be used to reveal additional changes in transcription and DNA
damage could also be uncovered (phospho-histone H2A.X).

Uncovering how lamins mediate nuclear processes and mechanosensitive gene expression will
provide insights into the pathophysiology of L-CMD with the perspective to open new

therapeutic approaches for this incurable disease.
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TAN: Transmembrane actin-associated nuclear lines.
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INM: Inner nuclear membrane
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LRMP: Lymphoid-restricted membrane protein
NETs: Nuclear envelop transmembrane proteins
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H3K9me3: H3 lysine 9 trimethylation
H3K4me3: H3 lysine 4 trimethylation
H3K27me3: H3 lysine 27 trimethylation
dsDNA: Double-stranded DNA

HATS: Histone acetyltransferases

HDACSs: Histone deacetylases
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YAP: Yes-associated Protein
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NF2: Neurofibromin 2

miR-29: microRNA

NET: Nuclear envelope transmembrane
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TSA: Trichostatin-A

hTERT: Telomerase- expressing

CDKA4: Cyclin dependent kinase 4-expressing vectors
DZNep: 3-Dezaneplanocin A

siRNA: Small-interfering ribonucleic acid

Résumé en francais

La réponse du noyau aux contraintes mécaniques impliquent les lamines de type A mais aussi
la chromatine et les modifications post-traductionnelles des histones. Cette réponse est
essentielle a I’adaptation des cellules aux contraintes mécaniques, notamment dans les tissus
soumis a des contraintes mécaniques importantes comme le muscle squelettique. Cependant les
mécanismes impliqués restent mal connus.

Le premier objectif de ma thése était de déterminer I'impact de la différenciation musculaire sur
les caractéristiques nucléaires de cellules musculaires. Les objectifs suivants étaient d’analyser
I’effet de I’expression des protéines de l'enveloppe nucléaire (lamines A/C, SUN1 et SUN2) et
de la compaction de la chromatine sur la réponse nucléaire aux contraintes mécaniques. J’ai
caractérisé la forme nucléaire et des marqueurs d’histone dans des cellules précurseurs
musculaires (MuSC) immortalisées obtenus chez des patients sains et dans des myotubes (72h
de différenciation). Les marqueurs d’histones suivants ont été analysés : 1-La tri-méthylation
de la lysine4 de I'histone H3 (H3K4me3) et I'acétylation de H3K4 (H3K4ac), associés aux genes
activement transcrits 2- H3K27me3, un marqueur de I'nétérochromatine facultative, régulé par
le développement 3- et H3K9me3, un marqueur de I'hétérochromatine constitutive. La
différenciation en myotubes est associée a une élongation et a une réduction significative du
volume nucléaire. De plus, I'intensité du marquage nucléaire H3K27me3 est significativement
plus faible dans les myotubes par rapport aux MuSC alors que les intensités nucléaires
H3K9me3 et H3K4me3 sont plus élevées. Ces résultats sont compatibles avec les modifications
attendues de l'accessibilite de la machinerie transcriptionnelle avec la différenciation
myogénique.

Dans les myotubes, la déficience en lamines A/C entraine une déformation nucléaire qui est

majorée par le stretch mécanique (€étirement cyclique de 10%, 4h) Le stretch est associé a une
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augmentation significative du volume nucléaire dans les myotubes témoins, qui est abolie dans
les myotubes déficients en lamines A/C. Dans les myotubes témoins, le stretch augmente
I'intensité du marquage H3K27me3 et réduit l'intensité du marquage H3K4me3 et H3K4ac.
Dans les myotubes déficients en lamines A/C, I’intensité des marqueurs actifs de la chromatine
est plus élevée en conditions statiques et stretch s’accompagne d’une augmentation paradoxale
de H3K4me3 apres. L’inhibition spécifique des histones désacétylases de classe I et II par la
trichostatine A induit également une augmentation de H3K4ac en conditions statique et apres
stretch par rapport au myotubes témoins. A I’inverse, dans les myotubes déficients en SUN2 ou
SUNL1, I'étirement réduit l'intensité de H3K4me3, alors que l'augmentation de l'intensité
nucléaire de H3K27me3 est abolie dans les myotubes déficients en SUN2 étirés. Par ailleurs,
la déficience en lamines A/C s’accompagne d’une dérégulation majeure des génes régulant les
marqueurs d’histone.

Dans I'ensemble, notre étude met en évidence des modifications importantes des marqueurs
post-traductionnels des histones au cours de la différenciation musculaire et lors d'un stress
mécanique. Les lamines de type A semblent cruciales pour prévenir I'activation anormale des
marqueurs actifs de la chromatine dans les myotubes soumis a un défi mécanique. Nos résultats
suggerent que la mécano-réponse chromatinienne est étroitement régulée par les protéines de

I'enveloppe nucléaire dans le muscle squelettique.

Abstract in english

The lamina, and specifically A-type lamins, are major contributors to nuclear stiffness and
deformations. However, chromatin and its histone modification states also contribute to nuclear
mechanics independently of A-type lamins. How A-type lamins and chromatin-mediated
mechanoresponse contribute to mechanical load-mediated adaptation in normal and
pathological skeletal muscle remains unknown.

We sought to determine how muscle differentiation impacts nuclear characteristics in muscle
cell precursors (MuSCs) and myotubes. Then, we investigated the respective roles of nuclear
envelope proteins (lamin A/C, SUN1 and SUN2) and drug-modulated chromatin compaction
on the mechanical load-mediated nuclear response in myonuclei.

We used immortalized MuSCs obtained from healthy patients and analyzed nuclear shape and

chromatin characteristics in MuSCs and myotubes obtained after 72h of differentiation. Histone
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modifications were analyzed: a) histone H3 lysine4 tri-methylation (H3K4me3) and H3K4
acetylation (H3K4ac), associated with transcriptionally active genes, b) H3K27 tri-methylation
(H3K27me3), a chromatin repression marker, associated with facultative heterochromatin and
c) H3K9 tri-methylation (H3K9me3), a chromatin repression marker associated with
constitutive heterochromatin and mainly located at the nuclear periphery. Myotube
differentiation was associated with nuclear elongation and significant reduction in nuclear
volume. In addition, the relative intensity of nuclear H3K27me3 (chromatin repression marker)
labelling was significantly lower in myotubes compared to MuSCs, whereas nuclear H3K9me3
and H3K4me3 (chromatin active marker) intensities were higher in myotubes compared to
MuSCs, thereby showing that myogenic differentiation is modulating the accessibility of the

transcriptional machinery.

Myotubes were silenced for LMNA expression with silencing mRNA strategies and submitted
to a cyclic stretch (10%,4hours) to investigate A-type lamin’ roles in nuclear shape and
chromatin organization during mechanical stress. A-type lamin deficient myotubes had
abnormal nuclear shape in static conditions and nuclear deformations further increased after
cyclic stretch. Cyclic stretch was associated with a significant increase in nuclear volume in
control myotubes that was abolished in A-type lamin deficient myotubes. In addition,
stretching increased the intensity of the H3K27me3 and reduced H3K4me3 and H3K4ac
intensities of labelling in nuclei from control myotubes. Importantly, A-type lamin deficiency
was associated with higher intensity in chromatin active markers at baseline and a paradoxical
increased in H3K4me3 after stretch. Consistent modifications in histone modifications were
obtained by western-blots in control and A-type deficient myotubes. Interesting, stretch reduced
H3K4me3 intensity both in SUN2 or SUN1-deficient myotubes while the increase in the
nuclear intensity of the H3K27me3 was abolished in stretched SUN2-deficient myotubes.
Transcriptomic changes associated with A-type lamin deficiency support these results.
Trichostatin A (TSA) is a powerful and specific Class | and Il histone deacetylase inhibitor
(HDACI), widely used to increase the expression of genes silenced by chromatin condensation,
thereby favoring chromatin decompaction. TSA increased nuclear volume without affecting
nuclear shape both in static and stretched conditions. In addition, TSA decreased H3K27me3
and H3K9me3 intensities in static myotubes but did not prevent the stretch-induced increase in
H3K27me3 intensity.

Overall, our study highlights crucial changes of histone post-translational markers during

muscle differentiation and upon mechanical challenge. A-type lamins appear crucial to prevent
150



abnormal activation of chromatin active markers in mechanically challenged myotubes.
Moreover, our results suggest that the nuclear mechano-response is tightly regulated by nuclear

envelope proteins in skeletal muscle.
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Abstract: Skeletal muscle is composed of multinucleated, mature muscle cells (myofibers) responsible
for contraction, and a resident pool of mononucleated muscle cell precursors (MCPs), that are main-
tained in a quiescent state in homeostatic conditions. Skeletal muscle is remarkable in its ability to
adapt to mechanical constraints, a property referred as muscle plasticity and mediated by both MCPs
and myofibers. An emerging body of literature supports the notion that muscle plasticity is critically
dependent upon nuclear mechanotransduction, which is transduction of exterior physical forces
into the nucleus to generate a biological response. Mechanical loading induces nuclear deformation,
changes in the nuclear lamina organization, chromatin condensation state, and cell signaling, which
ultimately impacts myogenic cell fate decisions. This review summarizes contemporary insights
into the mechanisms underlying nuclear force transmission in MCPs and myofibers. We discuss
how the cytoskeleton and nuclear reorganizations during myogenic differentiation may affect force
transmission and nuclear mechanotransduction. We also discuss how to apply these findings in the
context of muscular disorders. Finally, we highlight current gaps in knowledge and opportunities for
further research in the field.

Keywords: mechanotransduction; muscle disorders; nucleus; nucleo-cytoplasmic coupling; mechanics

1. Introduction

Skeletal muscle is a highly organized tissue designed to produce force and move-
ment. It is composed of differentiated, multinucleated and aligned myofibers responsible
for contraction, and also contains a population of mononucleated muscle cell precursors
(MCPs), that are maintained in a quiescent state under homeostatic conditions. Fusion of
tens of thousands of differentiated MCPs (myocytes) produces multinucleated myotubes
which mature into myofibers, composed of a regular array of contractile elements, the
sarcomere [1]. Skeletal muscle is remarkable in its ability to adapt in response to the
demands imposed on it, a property referred to as muscle plasticity. Low physical activ-
ity and some disease conditions lead to the reduction in myofiber size, called atrophy,
whereas hypertrophy refers to the increase in myofiber size induced by high physical
activity or intrinsic factors such as anabolic hormones/drugs. Molecular mechanisms that
regulate changes in skeletal muscle mass in response to mechanical load have been de-
tailed [2-5]. In post-mitotic muscle cells, mechanical loading impacts translational events,
thereby regulating the rate of protein synthesis leading to changes in myofibrillar protein
content [2]. In addition, mechanical loading triggers changes in the cell cycle rate [6,7]
and MCP proliferation [5]. The fusion of MCPs to the growing fiber allows the addition
of new myonuclei, which are likely to contribute to sustained and harmonious muscle
growth [8]. Finally, the nucleus triggers diverse cell responses in response to nuclear
envelope deformation: nuclear accumulation of the transcription factors yes-associated pro-
tein (YAP)/transcriptional co-activator with PDZ-binding motif (TAZ) [6,9,10], activation
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of the ataxia telangiectasia and Rad3-related protein kinase [11,12], calcium release [13],
activation of the calcium-dependent cytosolic phospholipase A2 [14] and rupture of the
nuclear envelope (NE) associated with DNA damage [15,16].

The nucleus is generally the stiffest element of all eukaryotic cells [17]. In addition
to being the site for storage of genetic material and gene transcription, the nucleus plays
crucial roles in mechanotransduction, which is the transduction of exterior physical forces
to generate a biological response [18]. Nuclear mechanotransduction is likely to play
important roles in skeletal muscle physiology and adaptation. Force transmission from the
cell periphery to the nucleus involves the cytoskeleton, the LINC complex (Linker of Nu-
cleoskeleton and Cytoskeleton) and the proteins associated with the NE, including emerin
and lamins. Mechanical force induces changes in nuclear lamina polymerization and chro-
matin condensation state, thereby regulating translational capacity and efficiency, nuclear
elasticity, and deformability [2,19-23] and in turn, the cell response to mechanical stress.

Nuclear mechanotransduction is essential to help the muscle to adapt in response
to changes in physical activity [4,24] or in mechanical stimuli arising from the surround-
ing extracellular matrix or from neighboring cells [25]. Numerous studies have gained
insights into the molecular mechanisms associated with muscle mechanotransduction and
their role in skeletal muscle growth [26-31]. The role of the cytoskeleton in regulating
nuclear shape via interaction with the NE has been detailed in different cell types including
muscle cells [32-34]. Interestingly, cytoskeleton and nuclear architectures are dynamically
regulated. They respond to the mechanical environment and differ according to the myo-
genic state [34]. In addition, signaling molecules and transcription factors such as YAP,
TAZ, and serum responsive factor have emerged as important signaling pathways to relay
mechanical signals and regulate dynamics of cytoskeleton, gene expression, and in turn
myogenic development of striated muscle [28,31,35-38]. Importantly, because intracellular
structures and signaling pathways are developmentally regulated, the myogenic process is
likely to modulate in turn the nuclear mechanotransduction, thus differentially modulating
the force response on MCPs, myotubes and terminally differentiated myofibers. Finally,
direct or indirect mechanisms responsible for defective cytoskeleton and nuclear architec-
tures are likely to impact the nuclear response and contribute to muscle dysfunction in
muscle diseases.

In this review, the cellular and molecular mechanisms regulating nuclear mechan-
otransduction in skeletal muscle are updated, and findings regarding nuclear force trans-
mission and nuclear response to mechanical forces in MCPs and multinucleated myofibers
are summarized. Based on data from diverse cell types including myogenic cells, we will
focus on how myogenic differentiation can affect force transmission to the nucleus. Finally,
we will discuss how to apply these findings in the context of muscular disorders.

2. Cytoskeletal Components Relevant for Force Transmission to the Nucleus

The cytoskeletal components relevant for force transmission to the nucleus include
actin filaments (F-actin), microtubules (MTs) and intermediate filaments (IFs), whose
structural and functional organization, including assembly sites, dynamics, turnover
and integration with other cell components, determine function [39-41]. The perinuclear
cytoskeleton provides a structural network to transmit and focus pushing or pulling
forces onto the nucleus [40,42] through specialized proteins that comprise the LINC
complex [43-45]. The amount and organization of the cytoskeletal and LINC components
are tissue-specific and developmentally regulated (see below).

Major reorganization of the cytoskeleton network occurs during the process of muscle
differentiation (Figure 1), with functional consequences on force transmission to the nuclear
envelope and thus on the nuclear response. Although force transmission to the nucleus is
crucial for MCP fate, a major contribution of the distribution of the cytoskeleton in mature
striated muscle fibers could be to transmit force to the extracellular matrix (ECM) while
protecting myonuclei from the axial contractile force generated by the contractile apparatus.
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Figure 1. Schematic representation of cytoskeleton and force transmission in the myoblast and
myofibril. (A) Radial distribution of the actin, microtubule and intermediate filament (IF) networks
in myoblast favors the transmission of extra- and intra-cellular forces (red arrows) to the nucleus.
Direct connections between focal adhesions and the actin cytoskeleton transmit the force along actin
fibers towards the nucleus. Reciprocally, intracellular forces can be transmitted from the cell interior
to the extracellular matrix (ECM). Perinuclear cytoskeleton is tethered to the nucleus via Linker
of Nucleoskeleton and Cytoskeleton (LINC) complex. (B) Paraxial arrays of F-actin, microtubules
and IFs in myofibrils. Main directions of force transmission from the contractile apparatus to the
ECM are indicated (red arrows). In skeletal muscle, contractile force can be transmitted laterally
between the z-disks of neighboring myofibrils to the ECM through specific cell-matrix adhesions
called costameres.

2.1. The Perinuclear Actin Network and Muscle Differentiation

In different cell types, perinuclear actin emerges as a critical component for proper
nucleo-cytoskeletal connections [39,40,46]. On the dorsal side of the nucleus of cells grown
in 2D culture, perinuclear actin comprises the actin cap formed by dorsal stress fibers [47]
(Figure 2A) and the so-called transmembrane actin-associated nuclear (TAN) lines [48]
(Figure 2B,C). The actin cap is composed of thick parallel and highly contractile acto-myosin
filaments, tightly connected to the nucleus, and attached to basal focal adhesion sites on
both extremities [47,49-51]. The perinuclear actin cap accumulates upon mechanical
stimulation [49,50] and has important roles in nuclear mechanotransduction [50,52].
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Figure 2. Components of the perinuclear actin network in muscle cell precursors (MCPs). (A) Actin cap formed by dorsal

stress fibers. (B) transmembrane actin-associated nuclear (TAN) lines. (C) Illustration of the molecular composition of a

TAN line.

The actin cap is developmentally regulated, being present in myoblasts but absent in
undifferentiated embryonic stem cells [53] and terminally differentiated muscle cells [27].
The structural and functional organization of actin cytoskeleton in the perinuclear region of
myotubes remain partly unknown. During skeletal myofiber formation, nuclei are initially
in the center of the myofiber and then move towards to myofiber periphery [54]. It has been
shown that amphiphysin-2/BIN1, which is mutated in centronuclear myopathies, triggers
peripheral nuclear positioning to the periphery of myofibers via N-WASP and actin, thus
implicating the actin cytoskeleton in nuclear movement [55]. In addition, perinuclear
actin may significantly alter the nuclear shape [27]. However, nuclear positioning to the
myofiber periphery is mediated by centripetal forces arising from myofibril contraction
around the nucleus [27]. Furthermore, it has been proposed that a nucleus—cytoskeleton
connection is not required for peripheral nuclear movement [27]. Future work should
address how structural and functional connections between perinuclear actin network
and nuclei are modified during skeletal myofiber formation. In addition to extensive
cytoskeletal reorganization, shifts in expression of actin components from non-muscle to
muscle isoforms occur during skeletal myogenesis [56-58]. The muscle-specific isoform
a-actin becomes the predominant actin in terminally differentiated myofibers and localizes
to the sarcomeric thin filaments, where it interacts with myosin to produce a contractile
force [59,60]. The non-muscle actins y and {3 that are present around the nucleus in my-
oblasts [61] are downregulated during terminal differentiation of myoblasts into myotubes.
In terminally differentiated myofibers, y- and (3-actins reside in the cortical cytoskeleton
and at costameres [62-65]. The costameric F-actin network is thought to contribute with
other proteins to the radial transmission of contractile force outward from the sarcomere to
the extracellular matrix, adjacent muscle fibers, and beyond [64]. Therefore, non-muscle
F-actin could serve opposite force transmission direction according to the state of myogenic
differentiation. The direction could be predominantly external to internal, toward NE in



Cells 2021, 10, 318

50f18

myoblasts, but predominantly internal and sarcomeric to external, toward extracellular
matrix, in myofibers (Figure 1).

2.2. The MTs

MTs are three orders of magnitude stiffer than actin, IFs being the softness among
the three major types of cytoskeleton filaments [65]. Their radial, centrosome-dominated
distribution in myoblasts [66,67] may favor the transmission of external mechanical forces
to the NE and influence nuclear shape [68] and function [69] (Figure 1A). During the
differentiation process, there is a large reorganization of the centrosome proteins: myoblasts
possess a morphologically recognizable centrosome with characteristic marker proteins
concentrated in the pericentriolar material, whereas myotube differentiation requires
relocalization of centrosome proteins to the surface of the nucleus [67,70,71]. Centrosome
proteins are critical for MT nucleation and/or anchoring; therefore, MT orientation is
extensively redistributed into a more ordered paraxial array in myotubes [66,67,72,73]
(Figure 1B). Mature myofibers also exhibit a perinuclear network of MTs, comprising a
cage-like structure of a high-density meshwork that may be responsible for nuclear shaping
and mechanical protection, and a circular and radial-anisotropic MTs, which are either
polarized in the direction of contraction or in the lateral direction [74]. MT post-translational
modifications such as increased detyrosinated [75,76] and binding of MTs to MT-associated
proteins (MAPs), including EB1 and spectraplakin [74], confers stability to the MTs and
has been shown to be essential for maintaining myonuclear morphology [74]. Additionally,
it has been proposed that the spectrin domains of nesprin confers elastic features of the
MT-spectraplakin—EB1 perinuclear network during the contraction of striated muscle [74].
As a consequence, primary defects in the nuclear-associated networks of MTs have been
implicated in strain-induced myonuclear damage [27,74,77].

2.3. Cytoplasmic IFs

IFs have emerged as a perfect candidate for maintaining proper nuclear mechano-
response because they are able to resist high mechanical stresses, i.e., bending and stretch-
ing, to a considerable degree [65]. IFs are surprisingly flexible [78-82] and can undergo
strain-stiffening [83-85]. This is due to the short persistence length of intermediate fila-
ments (1-3 um) [65]. In the cytoplasm, they can form mechanically relevant links to each
other, to other cytoskeletal filaments, to membrane complexes, and to internal organelles
including the nucleus [82,86] (Figure 1). These mechanical properties and interconnec-
tions enable the IFs to serve as mechanical stress absorbers that protect the cytoplasm
and organelles, including the nucleus, against large deformations [51,87,88]. This idea is
supported by the fact that IFs can withstand deformations of up to 300% of their initial
length without rupturing [89]. Several IFs are expressed and developmentally regulated in
human skeletal muscle cells [90-93]. Non muscle-specific proteins vimentin and nestin are
expressed in MCPs and myoblasts and are downregulated during later differentiation [94].
Desmin, the muscle-specific IF protein, is expressed at low levels in MCPs and its expres-
sion continuously increases to become the prominent IF in mature myofibers [94,95]. It
can form copolymers with synemin, another non-muscle specific IF, around the x-actinin-
rich Z-lines [92]. In undifferentiated myoblasts, vimentin and desmin are stably linked
to the outer nuclear membrane [96] via plectin [97], thus contributing to the perinuclear
cage-like structure. During terminal muscle differentiation, desmin accumulates and
forms a three-dimensional network between the contractile apparatus, the extracellular
matrix, and other cell organelles such as mitochondria, T-tubules, and nuclei [95,98-100]
(Figure 1). Close to the nucleus, desmin filaments extend from the Z-lines of striated
muscles towards the NE, where they interact with plectin. Terminal differentiation-induced
desmin redistribution is associated with post-translational modifications such as phospho-
rylation and ADP-ribosylation [101], which in turn regulate IF assembly and disassembly
as well as interactions between IFs and other cell components and structures [102]. In
mature muscle fibers, the primary role of desmin is to link adjacent myofibrils to each
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other and to the extracellular matrix, via costameres [39,103-105]. Consequently, a func-
tional reduction in desmin is associated with structural instability of the sarcomeres [106].
Accumulating evidence indicates that desmin is also crucial as a stress-transmitting and
stress-signaling network [98,107-110]. Desmin interactions with the nucleus are required to
maintain nuclear architecture in cardiomyocytes [111] and to prevent nuclear and muscle
damage in response to mechanical challenges [111,112]. Future studies will determine the
contribution of desmin scaffolds in myonucleus architecture and function.

3. Mechanical Linkages between the Cytoskeleton and the Nucleoskeleton

LINC complexes provide direct physical nucleo-cytoskeletal coupling between the
cytoskeleton network and the NE [113,114] (Figure 3). The LINC complexes comprise outer
nuclear transmembrane proteins, called nesprins (NE Spectrin-Repeat Proteins) defined
by the Klarsicht-ANC1-Syne-homology (KASH) domain. This domain directly interacts
with the luminal domain of the inner nuclear membrane proteins Sad1l and UNC-84 (SUN)
proteins 1 (SUN1) or 2 (SUN2) [44,113] within the perinuclear space of the nuclear envelope.
SUN proteins form trimers and span the inner nuclear membrane, with their N-amino-
terminal nucleoplasmic domains interacting with lamins and lamin-associated proteins
within the nucleoplasm [115]. By crossing the outer nuclear membrane, nesprins provide a
mechanical link from the cytoskeleton to the nucleoskeleton.

cytoplasm

nucleus

R 8 ‘ |
&%
[
.t

% SUN1/2 = nesprin 1-02-2al @ ABD
.. emerin 9 Kinesin »# KASH domain

i, plectin '6’0 dynein = spectrin repeat

Figure 3. LINC complexes in skeletal muscle. LINC is a complex of proteins including SUN1/2 and nesprins that connect
the cytoskeleton to the nucleoskeleton. Different nesprin isoforms are expressed during myogenesis: in MCPs, nesprin-1G
and -2G can interact with actin and microtubules in the cytoplasm and with SUN1/2 proteins, emerin and lamins, on
the inner nuclear membrane. Shorter nesprin-1x2 and nesprin-21 are expressed during myotube differentiation and
can bind with microtubules in the cytoplasm via kinesin and other proteins such as A-kinase anchoring protein. Short
nesprin-1«2 can also interact with intranuclear proteins such as lamins and emerin. INN: inner nuclear membrane; ONM:
outer nuclear membrane.
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To date, six genes encoding for different nesprins (-1,-2,-3,-4, lymphoid-restricted
membrane protein (LRMP) and KASHS5) have been identified in mammals [97,116,117].
Giant nesprins-1 and -2 are ubiquitously expressed with highest representation in striated
muscle [118,119]. The SYNE-1 and SYNE-2 genes encode the nesprin-1G (1008 kD) and
nesprin-2G (792 kD), respectively, with calponin domains at their N-termini that bind the
actin cytoskeleton [116]. Nesprins-1G and -2G also bind to the MT motors dynein and
kinesin via their C-terminal cytoplasmic stretch [113,120-122]. Kinesin-1 interacts with
nesprin-1G and -2 via their LEWD motifs [119,120].

SYNE-1 and SYNE-2 have multiple internal promotors giving rise to shorter nesprin
isoforms which lack the actin-binding domain [119,123] (Figure 3). Alternative splicing also
generates short isoforms that lack the C-terminal KASH domain as well as short isoforms
that lack both the KASH domain and CH domains [124].

In contrast to SUN proteins, nesprins-1 and -2 switch localizations and isoforms dur-
ing myogenesis [118,119]. Nesprin-1 increases at the nuclear rim during early myogenesis
but is partially replaced by nesprin-2 at later stages of muscle development [118,119]. How-
ever, nesprin-1 appears to be critical in synaptic and non-synaptic myonuclear anchoring
in skeletal muscle [125,126], due to its ability to form interactions between myonuclei
and actin cytoskeleton [125-127]. Expression of two shorter « isoforms, nesprin-1«2 and
nesprin-2«1, is switched on during myogenesis [121,122,128] and becomes dominant in
mature skeletal muscle [118]. They are found almost exclusively in skeletal and cardiac
muscle [122,128] and form a complex with emerin and A-type lamins at the inner nuclear
membrane [129,130]. At the outer nuclear membrane, nesprin-1x2 and nesprin-2«1 can
interact with kinesin and microtubules [119,123] (Figure 3). Nesprinl-«2 is the main short
form of nesprin-1 in skeletal muscle [131]. It is located mainly at the nuclear rim in early
myotubes and immature muscle fibers, but then declines in most mature, adult muscle
fibers [131], being restricted to neuromuscular junction nuclei [116,119]. Nesprinl-a?2 is
required for the correct positioning of myonuclei [77,120,132,133] and MT nucleation from
the NE [119], by recruiting A-Kinase Anchoring Protein-450 to the NE [77]. Nesprin-3
lacks actin-binding domains but can indirectly connect to the cytoskeleton by binding to
another protein with tandem actin-binding calponin homology domain [134]. Although
nesprin-3 exists as two isoforms, nesprin-3 and nesprin-3f3, only nesprin-3« can at-
tach to the cytoskeleton. For instance, nesprin-3cc can anchor IFs to the NE through
plectin [121-123,126], a plakin family member that can also interact with actin filaments
and MTs [97,135-137]. This plectin—nesprin interaction requires the dimerization of plectin
and takes place between the N-terminal actin-binding domain of plectin and the first
spectrin repeat of nesprin-3« [135]. Nesprin-33 does not interact with IFs because it lacks
this spectrin-like repeat of nesprin-3« [135].

The different components of the LINC complexes have been associated with a number
of pathogenic modifications in humans as well as in animal models. Perturbation of LINC
complexes induces defective signal transduction across the NE [138,139], and prevents
centrosome reorientation [48], chromatin organization [77,140-143], and abnormal nuclear
positioning [116,121,131,144-146]. It has been shown that mutations in nesprins-1 and
-2 cause Emery-Dreifuss muscular dystrophy [77,125,147-150] and dilated cardiomyopa-
thy [149]. It has been proposed that the giant nesprin-1 regulates a feedback loop by which
MCPs adapt their intracellular tension to the softness of their native extracellular microenvi-
ronment through nucleo-cytoskeletal connections [150]. In addition, nesprin mutations can
impair the interaction of nesprin with lamins, emerin and/or SUN proteins, thus affecting
diverse functions including gene expression, nuclear shape and positioning [149]. As yet,
no mutation in nesprin-3 has been found to be responsible for skeletal muscle diseases.
However, acute depletion of nesprin-3 does lead to rapid shrinkage and unfolding of
nuclei in a microtubule-dependent manner in rat ventricular cardiomyocytes [111]. Loss
of nuclear integrity is concomitant with compromised contractile function and has been
proposed to contribute to the pathophysiological changes observed in desmin-related
myopathies [111]. Further investigations are required to elucidate the complex mecha-
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nisms behind LINC-mediated nucleo-cytoskeletal linkages in skeletal muscle. Finally,
although LINC complexes are critical for force transmission across the NE, alternative
LINC-independent mechanisms have also been proposed [151]. For instance, it has been
proposed that cell boundaries can drive nuclear flattening during cell spreading on rigid
substrates [152]. It was shown that a direct compressive force by LINC-anchored apical
actin cables is not required for nuclear flattening [152]. According to this model, the
overall nuclear shape is primarily dictated by passive forces generated within the actin cy-
toskeleton, with cell spreading and forces transmitted by the actin cap or LINC complexes
contribute to a lesser degree [151,153].

4. The Nuclear Lamina

The nuclear lamina is a filamentous network of proteins mainly composed of the
type V IF lamin proteins that assemble into a meshwork underneath the inner nuclear
membrane [154,155]. The lamina is composed of lamins and lamin-associated proteins
and provides structural support to the NE [156]. Lamins can be categorized as A-type
(lamin A/C) or B-type (lamin B1, B2) lamins. They are key components of the nuclear envi-
ronment and interact with a large number of proteins [140,157-159], the nuclear membrane,
and chromatin [157,160] to influence mechanical cues and signaling pathways crucial for
cellular proliferation and differentiation [161]. In addition, lamins are involved in the
epigenetic regulation of chromatin with drastic consequences for gene regulation [162].

The B-type lamins, lamins B1 and B2, coded for by the LMNB1 and LMNB2 genes,
are expressed in all somatic cells. B-type lamins have an important role in nuclear
shape [86,163] and structure [155,164,165] and may provide nuclear elastic resistance [164],
particularly in cells with low A-type lamins [86,163,166]. However, B-type lamin expression
differs minimally across solid tissues or in response to matrix stiffness [167] and does not
appear to play a major role in nuclear stiffness [86], In contrast, A-type lamins, encoded
for by the LMNA gene, are critical for the appropriate nucleus stiffening [166] and dictate
the nuclear strain stiffening that dominates nuclear resistance to large deformations [20].
Indeed, upon nuclear mechanostimulation, nucleoplasmic domain of the inner nuclear
membrane protein emerin becomes phosphorylated by the protein proto-oncogene ty-
rosine protein kinase Sarcoma (Src) [168,169]. The Ig fold domain of lamin A is able to
partially unfold, leading to stretching of the protein [170]. A-type lamins undergoes de-
phosphorylation of the S22 residue, associated with relocalization of the nucleoplasmic
fraction to the nuclear lamina [166,168,171]. This in turn reinforces the nuclear lamina
by stabilization and assembly of A-type lamins and increases nuclear stiffness [161,166].
Conversely, in reduced mechanical constraints, the mobility and turnover of A-type lamins
increases [166,171,172]. It has also been shown that, under compression, the coiled coils
in the rod domains of A-type lamin polymers are able to slide over each other to contract
the length of the rod, behaving as a compression spring able to absorb pressure [173]. The
expression of A-type lamins can be correlated with tissue stiffness [166], stiff tissues such
as muscle having higher A-type lamin expression and stiffer nuclei than those in softer
tissues such as brain [166]. Moreover, the expression and stability of A-type lamins increase
during myogenic differentiation [86], leading to nuclear stiffening [174].

Importantly, force-induced remodeling of the nuclear lamina may affect gene transcrip-
tion by changing the binding properties of NE proteins and transcription factors. Indeed, it
is known that chromatin containing actively transcribed genes exists in a less condensed
state (i.e., euchromatin) compared to the more compact regions (i.e., heterochromatin)
that contain silent genes. Chromatin contained in lamin-associated domains (LADs) is
generally heterochromatin [175]. Force changes trigger rapid reorganization of the hete-
rochromatin at the nuclear lamina and are associated with changes in global patterns of
gene expression [176]. Nuclear stretch decreases the levels of repressive histone H3K9me3
at the nuclear periphery and increases chromatin mobility [177]. According to studies
from Wickstrom’s lab, this chromatin response relies on ER Ca®* release [22]. A-type lamin
levels and nuclear stiffness determine the sensitivity of the ER calcium release, where
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stiffer nuclei are more prone to respond [22]. Interestingly, myogenic differentiation is
associated with specific developmental gene repositioning to and from the nuclear periph-
ery, generally associated with the repression of genes inhibitory to myogenesis and the
activation of genes required for myotube differentiation [178]. Muscle-specific NE trans-
membrane proteins (NETs), including NET39, Transmembrane Protein 38A, and wolframin
ER transmembrane glycoprotein, direct specific myogenic genes to the nuclear periphery
to facilitate their repression and their combined knockdown almost completely blocks
myotube formation [178]. There is also evidence that the disrupted tethering of myogenic
genes with NE [169,170] and muscle-specific NETs [178] could underlie muscle pathology
in NE-linked diseases. Alternatively, NET-directed gene repositioning may contribute to
nuclear stiffening during differentiation.

In line with these physiological roles of A-type lamins, mutations in the LMNA
gene cause laminopathies, a heterogeneous group of disorders, including skeletal mus-
cle dystrophies and cardiomyopathies [156,179-182]. The severity of the muscle disease
is highly variable, the most severe form being the LMNA-related congenital muscular
dystrophy [183,184]. Although the physiopathology of the disease still requires further
studies, there is clear evidence that impaired integrity of the nucleus [184-188], aber-
rant positioning of myogenic genes [178,189,190] and defective mechanotransduction
signaling [29,31,185,191,192] all contribute to the muscle diseases related to LMNA muta-
tions. Future studies will precisely determine how the combination of mechanical uncou-
pling/epigenic factors and a signaling defect could drive these skeletal muscle disorders.

5. Chromatin-Mediated Mechanoresponse

Whereas the lamina has been recognized for many years as a major contributor to
nuclear stiffness, there is now evidence that chromatin and its histone modification state
also contribute to nuclear mechanics independently of A-type lamins [20,23,193-196]. It
has been proposed that chromatin dominates nuclear force responses at short extensions
of <30% strain [20]. Chromatin-based nuclear rigidity operates by inducing changes in
histone modification state. Alterations that produce more euchromatin or heterochromatin
result in decreased or increased small extension nuclear stiffness, respectively [20].

Upon mechanical stimulation, untethering LADs from the nuclear lamina could
initiated gene repositioning and transcription. Mechanical forces could also decondense
gene loci at the nuclear periphery, thus allowing better access for transcription machinery
and increased transcription. However, it is important to remember that genes located at the
nuclear envelope are not necessarily silent [197-199], and that untethering from the lamina
is not sufficient to induce changes in gene transcription [200,201]. Taking into account these
limitations, there is evidence that force can induce chromatin rearrangement and gene
activation. Indeed, the activation and transcription of many genes has been associated with
effective force transmission to the nucleus and/or to nuclear deformations [184,202-205].
In addition, force-induced chromatin reorganization could play a critical role in stem
cell differentiation [178,206,207]. Interestingly, data show that forces propagate through
lamina—chromatin interactions to directly stretch the chromatin and induce transcription
upregulation in a living cell [208]. How the altered chromatin-mediated mechanoresponse
contributes to mechanical load-mediated adaptation in normal and pathological skeletal
muscle remains open for future studies.

6. Nuclear Positioning and Mechanotransduction

Skeletal muscle fibers contain hundreds of flattened myonuclei evenly distributed
at the periphery of each cell, with 3-8 nuclei (synaptic nuclei) anchored beneath the
neuromuscular junction. How nuclei properly position themselves within each muscle
fiber remains partly obscured, especially in tissues. Myonuclear positioning in skele-
tal muscle cells is an active process that occurs during the differentiation and matura-
tion process, as well as during regeneration [209]. It involves the cytoskeletal network
of MTs, F-actin and/or IFs as follows: MTs in the initial translocation/spacing of nu-
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clei along the fiber [54,55,77,138,210], and F-actin and desmin in their movement to the
fiber periphery [27]. Mislocalization of myonuclei has been associated with a variety of
muscle disorders, characterized by muscle atrophy, muscle weakness, and reduced muscle
performance [209,211].

The unique distribution of myonuclei at the muscle fiber periphery raises questions
about the amount of intracellular force transmitted from the cytoskeleton to NE. Misposi-
tioned myonuclei within individual multinucleated muscle fibers are a hallmark of many
muscle  diseases, including  congenital = myopathies and  muscular
dystrophies [55,125,138,210,212]. Abnormal nuclear positioning is likely to affect indi-
vidual myonuclear activity by affecting force and strain transmission across the NE [74].
It has been proposed that centrally located myonuclei may experience higher contractile
forces exerted by the myofibrils around the nucleus than peripheral nuclei which could
disturb nuclear stability. However, whether or not mispositioned myonuclei are a cause or
consequence of muscle disease states still remains to be determined.

7. Conclusions and Future Directions

An increasing number of studies focusing on the importance of appropriate nuclear
mechanotransduction for muscle homeostasis, regeneration, and plasticity have appeared
in the literature since 2010. Advances in deciphering the molecular mechanisms con-
tributing to nuclear mechanotransduction strongly support the idea that defects in nuclear
mechanotransduction contribute to human muscle disorders. However, an understanding
of the mechanistic and physiological outcomes for nuclear mechanical stress response
mainly arises from studies conducted in embryonic and/or mononucleated cells and may
depend on the specific cell lines used. The majority of nuclear and cytoskeletal components
involved in nuclear mechanotransduction are developmentally regulated and largely reor-
ganized during muscle differentiation, which complicates the understanding of nuclear
mechanotransduction defects in muscle disorders.

We anticipate that future research efforts will provide new insights into how the
terminal differentiation of MCPs into multinucleated muscle fibers affects nuclear mechan-
otransduction. In addition, we foresee the elucidation of the contributive role of stress- and
strain-induced nuclear response in normal and diseased striated muscles in the future.
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Abstract: Mutations in the LMNA gene, encoding the nuclear envelope A-type lamins, are responsible
for muscular dystrophies, the most severe form being the LMNA-related congenital muscular
dystrophy (L-CMD), with severe defects in myonucleus integrity. We previously reported that
L-CMD mutations compromise the ability of muscle stem cells to modulate the yes-associated protein
(YAP), a pivotal factor in mechanotransduction and myogenesis. Here, we investigated the intrinsic
mechanisms by which lamins influence YAP subcellular distribution, by analyzing different conditions
affecting the balance between nuclear import and export of YAP. In contrast to wild type (WT) cells,
LMNAPX32 mutations failed to exclude YAP from the nucleus and to inactivate its transcriptional
activity at high cell density, despite activation of the Hippo pathway. Inhibiting nuclear pore import
abolished YAP nuclear accumulation in confluent mutant cells, thus showing persistent nuclear
import of YAP at cell confluence. YAP deregulation was also present in congenital myopathy related
to nesprin-1 KASH mutation, but not in cells expressing the LMNAH?22" mutation, the adult form of
lamin-related muscle dystrophy with reduced nuclear deformability. In conclusion, our data showed
that L-CMD mutations increased YAP nuclear localization via an increased nuclear import and
implicated YAP as a pathogenic contributor in muscle dystrophies caused by nuclear envelop defects.

Keywords: lamins; congenital myopathy; nucleo-cytoskeletal translocation; nuclear envelope

1. Introduction

The nuclear lamins A/C are type V intermediate filament proteins encoded by the LMNA gene.
Lamins form complexes with other proteins of the nuclear membrane to influence mechanical cues and
signaling pathways crucial for cellular proliferation and differentiation [1]. Mutations in the LMNA
gene cause laminopathies, a highly heterogeneous group of disorders, including muscular dystrophies
and cardiomyopathies [2,3]. The disease mechanisms underlying LMNA-related muscular dystrophy
remains somewhat elusive.

There is clear evidence that A-type lamins and nuclear envelope proteins play a critical role in
responding to mechanical cues from the extracellular matrix by adjusting the cytoskeleton and nuclear
stiffness with the stiffness of the tissue microenvironments [4,5]. Structural changes in lamin A/C can
also affect several signaling pathways, by altering either direct or indirect interactions of signaling
molecules with A-type lamins [6,7]. Lamins A/C have already been shown to regulate the nuclear
translocation and downstream signaling of the mechanosensitive transcription factor megakaryoblastic
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leukemia 1 (MKL1), a myocardin family member pivotal in cardiac development and function [8].
In muscle stem cells (MuSCs) from patients carrying A-type lamin mutations, we recently reported an
impaired ability to sense matrix stiffness [9] and to withstand mechanical stretching of the extracellular
matrix, causing aberrant regulation of the yes-associated protein (YAP) [10].

YAP is a transcriptional co-regulator that is modulated by diverse biomechanical signals and
transduces them into cell-specific transcriptional responses, regulating cell proliferation and survival,
organ growth, stem-cell renewal, and cell differentiation [11]. A major mechanism of YAP regulation
occurs at the level of its subcellular localization, as YAP nuclear accumulation promotes target gene
transcription and cell proliferation (reviewed in [11,12]). After phosphorylation by LATS1/2 kinase,
YAP binds to 14-3-3 proteins, leading to its cytoplasmic retention and degradation (reviewed in [11,12]),
and favoring skeletal muscle differentiation [12].

A-type lamins influence the localization and transcriptional activity of YAP [10]. It has been shown
that lamin-A overexpression decreases both total YAP levels and nuclear localization in mesenchymal
stem cells [5]. In contrast, increased YAP nuclear localization and activity in combination with reduced
lamin levels is observed in cancers of many organ types (reviewed in [13]), as well as in LMNA mutant
MuSCs cultured on soft matrices [10]. However, it remains unclear as to how mutant lamins cause
defects in the YAP signaling pathway. Abnormal nuclear shape is observed in diseases where the A-type
lamins are altered, including cancer [14,15] and laminopathies [16]. Altered nuclear morphology can
in turn increase the rate of YAP import [17,18], by opening up nuclear pores [17]. One can hypothesize
that A-type lamin mutations, responsible for severe skeletal muscle laminopathies, will cause an
increase YAP nuclear localization because of an increased nuclear import.

To test this hypothesis, we investigated YAP subcellular distribution/activity in MuSCs with
A-type lamin mutations responsible for severe congenital muscle dystrophy (L-CMD) in different
conditions affecting the balance between nuclear import and export of YAP. Our study provides
evidence that A-type lamin mutations impair YAP regulation by increasing the nuclear import of YAP.
Intriguingly, we also found YAP nuclear accumulation in cells with nesprin-1 mutation responsible
for a congenital myopathy and associated with defects in nuclear morphology [9,19], but not in cells
carrying the LMNAH?222P
nuclear envelope structural defects. These findings support a causative role of nuclear envelope
defects in abnormal YAP signaling and implicated YAP as a pathogenic contributor in the severity
of muscle dystrophies caused by nuclear envelop mutations. Overall, our study gains insight into
broader questions of how lamins and nuclear shape impact cellular function.

mutation responsible for a less severe form of the disease and much milder

2. Materials and Methods

2.1. Human Cells and Cell Culture

We obtained muscle biopsies from the Bank of Tissues for Research (Myobank, a partner in the
EU network EuroBioBank) in accordance with European recommendations and French legislation.
All patients provided written informed consent and experimental protocols were approved by our
institution (INSERM) (approval number AC-2013-1868, 28 May 2014 and AC-2019-3502, 2 Dec 2019).
Experiments were performed using immortalized L-CMD human myoblasts carrying a heterozygous
LMNACc.94_96delAAG, p.Lys32del (referred to as AK32), LMNA p.Arg249Trp (referred to as R249W),
or LMINA p.Leu380Ser (referred to as L380S) mutation. Immortalized human myoblasts carrying
SYNE-1 homozygous ¢.23560 G<T, p.E7854X leading to a stop codon in exon 133 and deletion of
the carboxy-terminal KASH domain (referred to as nesprin-12X45K) were also analyzed, given that
this mutation alters the nuclear shape of MuScs [9,20]. Immortalized myoblasts, obtained from two
healthy control subjects without muscular disorders, were used as controls (hereafter referred to
wild-type, WT).

We also analyzed myogenic cells derived from fibroblasts obtained from a patient with classical
form of EDMD and carrying the LMNA p.H222P mutation (LMNAM222P), and from a control
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patient [21]. Fibroblasts were obtained from skin biopsies and immortalized as previously described [22].
Doxycycline-inducible Myod1 lentivirus was used to induce myogenic conversion [23].

Following muscular biopsy, MuSCs were immortalized and cultured in growth medium consisting
of 1 vol 199 Medium /4 vol DMEM (Life Technologies, Carlsbad, CA, USA) supplemented with 20%
fetal calf serum (Life Technologies), 5 ng/mL hEGF (Life Technologies), 0.5 ng/mL BFGF, 0.1 mg/mL
Dexamethasone (Sigma-Aldrich, St. Louis, MO, USA), 50 ug/mL fetuin (Life Technologies), 5 pg/mL
insulin (Life Technologies), and 50 mg/mL Gentamycin (GibcoTM, Life Technologies, Carlsbad, CA,
USA). MyoD-transfected fibroblasts were cultured in a proliferation medium consisting of DMEM,
supplemented with 10% fetal bovine serum (Life Technologies) and 0.1% gentamycin (Invitrogen,
Carlsbad, CA, USA).

All cells were cultured on classic glass or plastic substrates. In addition, micro patterned glass
slides with round islands of 700 um? (4D Cell, Montreuil, France) were coated with fibronectin and
cells were seeded in a 200 uL drop at the center of the dish. After attachment, the wells containing the
micro patterned slides were filled with proliferative medium for 24 h.

2.2. Drug Treatments

Importazole, a drug that blocks importin-f3-dependent nuclear import [24], Leptomycin B, a drug
that blocks CRM1-dependent nuclear export [25] or Dasatinib, Src-family kinase inhibitor drugs were
diluted to final concentration of 40 pM, 100 nM, or 100 nM, respectively, for 24, 24, or 1 h. Latrunculin-A
(Lat A, Sigma-Aldrich) or Cytochalasin D (Sigma-Aldrich) were diluted to final concentration of 2.0
and 1 puM, respectively, for 20 or 30 min. Vehicle control experiments using appropriate doses and time
of dimethylsulfoxyde (DMSO) were used to assess the effects of specific drugs.

2.3. Luciferase Reporter Assays

MuSCs were transfected with Lipofectamine® 2000 (Invitrogen) reagents in growth media
without antibiotics according to manufacturer’s instructions. TBS (Tead binding sequence: 14 times
GGAATG)-Firefly Luciferase reporter constructs were used at a 1:5 ratio to the co-reporter vector for
the weak constitutive expression of wild-type Renilla luciferase (pRL-TK, Promega GmbH, Mannhein,
Germany). Transfected cells were seeded onto 24-, 48-, or 96-well plates and recovered overnight
in growth medium. For the luciferase assay, cells were cultivated for 24 h after transfection under
the stated conditions. The cells were lysed with passive lysis buffer (PJK GmbH, Kleinblittersdorf,
Germany) and activity of the reporter was quantified by addition of firefly Luciferase substrate Beetle
Juice (PJK GmbH). The activity of Renilla luciferase was quantified by addition of Renilla Juice (PJK
GmbH) and measuring luciferase activity with Mithras LB940 Luminometer (Wildbad, Germany).
Three separate experiments were performed per condition.

2.4. Immunocytochemistry and Image Analysis

MuSCs were fixed for 5 min with 4% formaldehyde, permeabilized with 0.1%Triton X100, and
blocked with 10% bovine serum albumin (BSA) diluted in PBS. Cells were stained with Phalloidin-Alexa
568 to label F-actin (Interchim, Montlucon, France). The following primary antibodies were used for
immunostaining: anti- Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding
motif (TAZ) (Santa-Cruz, Dallas, TX, USA, sc-10119s), anti-phosphorylated Ser127 YAP (p5127—YAP)
(Cell Signaling, Danvers, MA, USA, cs-4911), and anti-phosphorylated Tyr357-YAP (p¥>*’-YAP)
(Abcam, Paris, France, ab62751). Secondary antibodies (Life Technologies, Saint-Aubin, France; 1/500)
were Alexa Fluor 488 donkey anti-mouse IgG or Alexa Fluor 488 donkey anti-rabbit IgG. Nuclei
were stained with Hoechst (ThermoFischer, Carlsbad, CA, USA) and Mowiol was used as mounting
medium. Confocal images were taken with an Olympus FV 1200 (Olympus, Hamilton, Bermuda) and
a laser-scanning microscopy Nikon Ti2 coupled to a Yokogawa CSU-W1 head (Nikon, Tokyo, Japan).

All image analyses were performed using Fiji software (NIH Image, version 1.51).
For immunostained cells, Z-stacks of images were acquired for each channel, and the middle confocal
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slice was chosen from the images of the nucleus detected in the Hoechst channel. On the corresponding
slice in the YAP channel, the average fluorescence intensity in the nucleus and just outside the nucleus
(cytoplasm) was measured to determine the nuclear/cytoplasmic ratio.

2.5. SDS-PAGE and Protein Analysis

Cells were lysed in total protein extraction buffer (50 mM Tris-HCI, pH 7.5, 2% SDS, 250 mM
sucrose, 75 mM urea, 1 mM DTT) with added protease inhibitors (25 pg/mL Aprotinin, 10 ng/mL
Leupeptin, 1 mM 4-[2-aminoethyl]-benzene sulfonylfluoride hydrochloride, and 2 mM Na3zVOy) or
directly in 2x Laemmli buffer. Protein lysates were separated by SDS-PAGE and transferred on PVDF
or nitrocellulose membranes. After blocking with bovine serum albumin, membranes were incubated
with anti-YAP (Santa-Cruz, CA, USA, sc-10119), anti-p3127—YAP (Cell Signaling, Danvers, MA, USA,
cs-4911), and anti—pY357—YAP (Abcam, Paris, France, ab62751) or anti-GAPDH (Cell Signaling, cs-2118).
Goat anti-mouse, goat anti-rat, or donkey anti-goat HRP conjugates were used for HRP-based detection.
Detection of adsorbed HRP-coupled secondary antibodies was performed by ECL reaction with
Immobilon Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA, USA). HRP signals
were detected using a CCD-based detection system (Vilber Lourmat, Marne-La-Vallée, France) or a
G-box system with GeneSnap software (Ozyme, Saint-Quentin, France). Membranes subjected to
a second round of immunoblotting were stripped with stripping buffer (62.5 mM Tris-HCL pH 6.8,
2% sodium dodecyl sulfate (SDS), 100 mM [3-mercaptoethanol) and incubated at 55 °C for 30 min with
mild shaking before excessive washing with deionized water and re-blocking. Quantification was
performed using Image] (NIH Image).

2.6. Quantification of Gene Expression

The mRNA was isolated from cell lysates using the RNeasy mini kit (Qiagen, Hilden, Germany)
with the Proteinase K step, according to the manufacturer instructions. The complementary DNA
(cDNA) was transcribed by Superscriptlll (ThermoFischer, Carlsbad, CA, USA). Gene expression was
quantified by using PerfeCTa-SYBR®Green SuperMix (Quanta, Biosciences, Gaithersburg, MD, USA)
with the help of LightCycler 480 II (Roche Diagnostics GmbH, Mannheim, Germany). The primers
were designed by Primer-BLAST (NCBI) and synthesized by Eurogentec (Liege, Belgium). Expression
of all target genes was normalized to the expression of the reference gene RPLP0. Primer sequences are
listed in Table 1.

Table 1. Primer sequences.

Gene name Abbreviation Forward/Reverse Sequence
Human hYAP1 fw GCTACAGTGTCCCTCGAACC
Yes-associated protein 1 rev CCGGTGCATGTGTCTCCTTA
Human h-CTGF fw ACCGACTGGAAGACACGTTTG
Connective tissue growth factor rev CCAGGTCAGCTTCGCAAGG
Human h-RPLPO fw CTCCAAGCAGATGCAGCAGA
Connective tissue growth factor rev ATAGCCTTGCGCATCATGGT
Human h-GAPDH fw TGC-CAT-GTA-GAC-CCC-TTG-AA
Glyceraldehyde 3-phosphate dehydrogenase rev TGG-TTG-AGC-ACA-GGG-TAG-TT
Human h-Myl19 fw CGA-ATA-CCT-GGA-GGG-CAT-GAT
Myosin light chain 9 rev AAA-CCT-GAG-GCT-TCC-TCG-TC

2.7. Statistical Analysis

Graphpad Prism (Graphpad Software, La Jolla, CA, USA) was used to calculate and plot mean
and standard error of the mean (SEM). Statistical significances were assessed by ANOVA followed by
Bonferroni or two-tailed unpaired t-tests. Differences between conditions were considered significant
at p < 0.05. Figures were plotted with Graphpad Prism.
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3. Results

3.1. Impaired Yes-Associated Protein (YAP) Nuclear Exclusion in Confluent LMNA Mutant Muscle Stem Cells
(MuSCs)

Wild-type (WT) MuSCs were plated either at low (10,000 cells/cm?) or high (40,000 cells/cm?)
density and stained for YAP localization (Figure 1A,B). At low density, YAP was predominantly
localized to the nucleus (Figure 1A,B). However, at high density conditions, WT cells showed
predominantly cytoplasmic YAP, confirming previous reports for other cell types [26-28]. Similar
YAP localization was observed in cells with the LMNAH222P mutation (Figure S1A,B) As expected,
inhibition of CRM1-dependent nuclear export using Leptomycin B maintained preferential YAP nuclear
distribution in confluent WT cells (Figure S2A).
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Figure 1. Modulation of yes-associated protein (YAP) localization in wild-type (WT) and mutant
muscle stem cells (MuSCs). (A) Confocal images of YAP (green) in WT and LMNA®K32 mutant MuSCs
cultured in low and high density conditions. Nuclei are stained with Hoechst (blue). Scale bar: 20 pm.
(B) Quantification of YAP nucleo-cytoplasmic (N/C) ratio in WT, LMNA®K32, LMNAL380S | [ MINARZ4OW,
and nesprin-1 ¥ASK mutant MuSCs. Pooled values of WT (WT1 and WT2) are presented. Values are
expressed as mean + SEM, n = 200 cells for each cell line. * p < 0.05 vs WT; $ < 0.05 vs. corresponding
sparse condition. (C) Micro-patterning modulation of YAP. Confocal images of YAP (green) in WT and
LMNA®K32 cells cultured on small ECM substrate that limits cell spreading. Nuclei are stained with
Hoechst (blue). Scale bar: 30 um. (D) Quantification of YAP nucleo-cytoplasmic (N/C) ratio on small
ECM substrates. Values are expressed as mean + SEM, n > 62 cells for each cell line. * p < 0.05 vs. WT.
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Interestingly, LMINA mutant cells plated at high density showed impaired density-dependent
YAP subcellular localization and failed to exclude YAP from the nucleus (Figure 1A,B and Figure S2B).

Lamin A/C’s are linked to the outer nuclear membrane protein nesprin-1 via SUN proteins in
the lumen of the nuclear membrane. Nesprin-1 XA mutation causes congenital myopathy and is
also known to affect the nuclear shape [9,19]. Interestingly, nesprin-1 KASK cells displayed preferential
nuclear YAP at high cell density (Figure 1B). Together, these finding revealed a striking correlation
between the YAP mislocalization observed in vitro and the severity of the diseases.

Apart from cell-cell contacts, mechanical environments characterized by cell morphology and
actin contractility regulate YAP nuclear localization [28]. Small cell surface adhesion is a known
determinant for YAP nuclear exclusion [28]. Accordingly, WT cells on round micro-patterned surfaces
of 700 um? displayed low nuclear staining of YAP (Figure 1C,D). In contrast, YAP was preferentially
nuclear in LMNA2K32 cells cultured on small ECM substrates (Figure 1C,D). However, at low density,
treatment with LatA induced YAP exclusion from the nucleus both in LMNA*32 mutant and WT cells
(Figure S2C), thus supporting a dominant regulation of YAP localization by actin polymerization.

3.2. Phosphorylated Ser127-YAP Accumulates in the Nucleus of LMNA Mutated Muscle Stem Cells (MuSCs)

YAP phosphorylation on Ser 127 residue by LATS1/2 allows interaction with 14-3-3 protein
and thereby nuclear exclusion of YAP [29]. We thus asked whether persistent nuclear localization in
LMNA®¥32 could be mediated by impaired LATS1/2 activity.

We found that under high density conditions LMNA®K32 cells accumulated pS!?’-YAP in the
nucleus, in contrast to WT cells (Figure 2A,B). Interestingly, cell treatment with cytochalasin D a
drug known to activate the Hippo pathway, increased the intensity of p'?” YAP staining (Figure S3),
thus supporting the specificity of the pS!?’-YAP staining.

low density high density

A

p?’YAP - Hoechst pZYAP - Hoechst

™

Figure 2. p>'%7-YAP accumulates in the nucleus of LMNA®K32 MuSCs. (A) Confocal images of p>1%7-YAP
(green), in WT and LMNA®K32 mutant MuSCs cultured at low and high density conditions. Nuclei are
stained with Hoechst (blue). Scale bar: 20 um. (B) Quantification of p5127-YAP nucleo-cytoplasmic
(N/C) ratio. Values are expressed as mean + SEM, n = 150 cells for each cell line. * p < 0.005 compared
with WT. (C) Representative Western-blot of YAP, p5'?’-YAP, and GAPDH in WT and LMNA*K32
MuSCs plated at low and high cell density. (D) Quantification of pS'27-YAP /YAP protein levels in low
and high density conditions, expressed in arbitrary units (a.u.). GAPDH was used as a loading control.
Pooled values of WT (WT1 and WT2) are presented. Values are mean + SEM, n > 4 per conditions.
*p < 0.005 compared with WT.
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At low density, the amount of p5'?7-YAP did not differ between WT and LMNA®K%2, and the level
of p>127-YAP and the p5'?’-YAP/YAP ratio significantly increase with cell density in both cell lines
(Figure 1C,D). This is in line with data reporting a cell density-dependent activation of the Hippo
pathway [26].

3.3. Src-Dependent Tyr Phosphorylation of YAP is Activated in LMNA®K32 MuSCs

Aside from p>'?7-YAP, tyrosine phosphorylation of YAP by Src-kinase family modulates the
transcriptional activity of YAP and indirectly its localization [30]. In both WT and LMNA®K32 cells,
pY3¥-YAP was predominantly localized to the nucleus in low density conditions (Figure 3A,B).
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Figure 3. Y357 phosphorylation of YAP in WT and LMNA mutated MuSCs. (A) Confocal images of
pY37-YAP (green) in WT and LMNA®32 mutant MuSCs cultured in low and high density conditions,
at baseline and after treatment with Dasatinib. Nuclei are stained with Hoechst (blue). Scale bar: 20 um.
(B) Quantification of pY3%”-YAP nucleo-cytoplasmic (N/C) ratio. Values are expressed as mean + SEM,
n = 150 cells for each cell line. (C) Representative Western-blot of YAP, p¥>’-YAP, and GAPDH in
WT and LMNA®K32 MuSCs plated at low and high cell density. (D) Quantification of p¥>*’-YAP/YAP
protein levels in low and high density conditions, expressed in arbitrary units (a.u.). GAPDH was
used as a loading control. Pooled values of WT (WT1 and WT2) are presented. Values are mean +
SEM, n > 4 per conditions. * p < 0.005, ** p < 0.01, *** p < 0.001 compared with WT. (E) Representative
Western-blot of YAP, p¥3%7-YAP, and GAPDH in WT and LMNA”K32 MuSCs treated with vehicle or
Dasatinib. (F) Quantification of YAP, p¥®*7-YAP, and p¥®*7-YAP /YAP protein levels after treatment
with Dasatinib. Values are expressed as percent change of values obtained without treatment. GAPDH
was used as a loading control. Pooled values of WT (WT1 and WT2) are presented. Values are
mean + SEM, n > 4 per conditions. * p < 0.005, ** p < 0.01, compared with WT. (G) Quantification of
pY3¥7-YAP nucleo-cytoplasmic (N/C) ratio after Dasatinib treatment expressed as a fraction of control
value obtained in sparse or dense conditions before treatment. Values are expressed as mean + SEM,
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n > 110 cells for each cell line.
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The nucleo-cytoplasmic ratio of p¥3%7-YAP significantly decreased at high densities in WT but
not in LMNA®K32 mutant cells (Figure 3A,B). However, at the protein level, the pY3*’-YAP/YAP ratio
did not differ between cell lines and decreased with cell density in both cell lines (Figure 3C,D).
Dasatinib, an Abl and Src-family kinase inhibitor, significantly reduced the amount of p¥>’-YAP
phosphorylation and the p¥**’-YAP/YAP ratio (Figure 3F,G) as well as the nucleo-cytoplasmic ratio of
pY3¥-YAP (Figure 3A,H).

3.4. Blockade of Nuclear Import Inhibits Nuclear Accumulation of YAP in Confluent LMNA®K32 MuSCs

It is clearly established that YAP localization depends on its dynamic shuttling between the
cytoplasm and the nucleus, and is maintained at a steady state by a balance between nuclear export
and import rates. To exclude the possibility of nonspecific permeabilization of the nuclear envelope
due to the lamin mutation, and generally to determine the exact pathway of nuclear import of YAP,
we used importazole, an importin 3-specific inhibitor [24]. In low density cultures, importazole
inhibited YAP nuclear localization in both WT and LMNA2K32 cells, with no significant difference in
YAP nucleo-cytoplasmic ratio between cell lines (Figure 4; each p < 0.001). In high density cultures,
importazole significantly reduced nuclear localization of YAP in LMNA®K32 cells (Figure 4A,B, each
p < 0.001), but not in WT cells, thus attesting to a persistent nuclear import of YAP in high density
LMNAK32 cell cultures.

A low density high density

YAP -Hoechst ~ YAP -Hoechst

Importazole

O wT
W aK32

A YAP N/C ratio

o

Figure 4. Importazole inhibits nuclear localization of YAP in WT and mutant MuSCs. (A) Confocal
images of YAP (green) in WT and LMNA*%32 mutant MuSCs cultured in low and high density
conditions. Nuclei are stained with Hoechst (blue). Scale bar: 20 pm. (B) Quantification of YAP
nucleo-cytoplasmic (N/C) ratio after importazole treatment. Values are expressed as mean + SEM, as a
fraction of value obtained before importazole treatment, n > 60 cell in each cell line.

3.5. Functional Consequences of YAP Nuclear Accumulation in High Density LMNA®K32 MuSCs

To characterize the consequences of altered YAP translocation, we assessed expression of
select YAP target genes and TEAD-dependent transcriptional activity using a luciferase reporter.
Confluent LMNA®K32 cells had an increased expression of YAP and YAP target genes CTGF and
MYL9 (Figure 5A). Moreover, LMNA®K32 cells show increased TEAD-dependent luciferase reporter
activity when compared to WT cells (Figure 5B), thus confirming elevated YAP transcriptional
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activity. Taken together, these data indicate that the LMNA*K32 mutation affects YAP localization and
density-dependent inactivation of YAP.
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Figure 5. Transcriptional activity of YAP. (A) Histogram represents mRNA transcripts of YAP, CTGF,
and Myl9 normalized to RPLPO and expressed as fold-changes. Values are + SEM, n = 3 separate
experiments. * p < 0.05 compared with WT. (B) Quantification of YAP activity using the TBE-Luciferase
(LUC)/Renilla reporter. Values are + SEM, n = 3 separate experiments. * p < 0.05 compared with
WT cells.

4. Discussion

In this study, we showed that A-type lamin mutations which are responsible for congenital muscle
disorders impacted the yes-associated protein (YAP) signaling pathway by increasing the nuclear
import of YAP through the nuclear pore complexes. More importantly, YAP was transcriptionally
active despite activation of the Hippo pathway, and thus may contribute to the impaired muscle
differentiation in congenital muscle dystrophies. In addition, our data revealed a striking correlation
between YAP deregulation, nuclear envelope defects, and disease severity, thus supporting a critical
role of nuclear morphology in regulating YAP nuclear import.

4.1. Canonical Regulation of YAP Nucleo-Cytoplasmic Localization Via the Hippo Pathway

In skeletal muscle, YAP/transcriptional coactivator with PDZ-binding motif (TAZ) are powerful
co-transcription factors which regulate muscle cell proliferation and differentiation [31,32] and play
critical roles in controlling muscle growth [32,33]. The nuclear presence and the transcriptional
activity of YAP/TAZ can be modulated by mechanical cues, such as substrate stiffness, cell spreading,
and stretching (review in [34]) as well as by non-mechanical cues [26,35]. In previous work [10],
we have shown that mutations in the LMNA gene associated to congenital muscle dystrophy cause
a loss of environmental mechanosensing with elevated YAP signaling despite the soft environment,
thus suggesting that A-type lamins modulate the mechanical regulation of YAP. Consistent with an
abnormal mechanical regulation of YAP, we found that reducing cell spreading was ineffective to
induce cytoplasmic relocalization of YAP in LMNAAK3Z mutant cells (Figure 1C,D). In addition, here
we also showed that cell-cell contact failed to inhibit YAP nuclear localization and activity in LMNA
mutant cells from LMNA-related congenital muscular dystrophy (L-CMD), contrary to what was
observed in our wild-type (WT) (Figure 1A,B) and LMNAH?222P (Figure S1) cells and in other non-cancer
cells [26-28]. Taken as a whole, these data showed that defective nucleo-cytoplasmic shuttling of
YAP was a hallmark of the most severe muscle dystrophies related to nuclear envelope mutations.
Moreover, abnormal YAP regulation in LMNA mutant cells from L-CMD involved both mechanical
and non-mechanical regulations of YAP nucleo-cytoplasmic shuttling. While our study mainly focused
on YAP, whether mutations in nuclear envelope proteins also affect the nucleo-cytoplasmic shuttling of
TAZ remain to be precisely determined.

The mechanisms by which cell density modulates YAP activation and nucleo/cytoskeletal shuttling
have been extensively studied during the last decade [11,36,37]. The Hippo signaling pathway critically
regulates cell-cell contact-mediated YAP cytoplasmic translocation [38—40]. In cells grown at low
density, YAP is primarily localized to the nucleus where it promotes target gene transcription
and proliferation. When cells reach a critical density, YAP translocates to the cytoplasm [26-28],
thus underlying the classical paradigm of the contact inhibition of proliferation [26]. The Hippo
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signaling pathway functions as a highly conserved canonical upstream regulator of YAP activity and
localization [41]. At the core of the Hippo pathway, LAT1/2 mediates serine phosphorylation on several
serine residues, including serine 127, thus mediating YAP nuclear export and subsequent cytoplasmic
association with 14-3-3 proteins [40,42-44]. In confluent cultures, loss of Ser127 phosphorylation
and LATS1/2 activity with persistent nuclear localization of YAP is a hallmark of cancer cells [30].
In contrast, the high density cultures of LMNA mutated cells exhibited high protein levels of pS!?/-YAP
and persistent nuclear localization of p5'?’-YAP (Figure 2), thus indicating activation of the Hippo
pathway signaling. This nuclear accumulation of YAP and pS'?’-YAP in LMNA®K32 cells suggests that
YAP nuclear export is insufficient to counterbalance YAP nuclear entry. Accordingly, it is known that
the presence of p5122-YAP is a prerequisite, but is not sufficient for nuclear exclusion of YAP [45,46].
Although the role of exportinl in YAP nuclear export has been clearly identified [29,47,48], however,
regulation of YAP nuclear export remains largely unknown.

Regulation of YAP localization is also modulated by other kinases, including NLK [35] and
Src-family kinases [47,49]. Whereas YAP phosphorylation on Ser residues are well-known negative
regulators of YAP stability, Src-mediated phosphorylation of tyrosine 357 has been correlated with
nuclear localization and increased YAP transcriptional activity [18,47,49]. Higher p¥>-YAP levels in
LMNAPK32 cells may thus contribute to the nuclear retention by promoting binding between YAP and
TEAD transcription factors. Whether increased nuclear p¥3-YAP at both low and high cell densities
could explain the increased transcriptional activity of YAP observed in LMNA®K3? cells (Figure 5)
remains to be determined.

4.2. Nuclear Import of YAP in LMNA®K32 Mutant Cells

YAP nuclear import is mediated by active translocation involving importins through nuclear
pores [50]. To interfere with active nuclear import, we used importazole, a drug known to inhibit
importin-dependent nuclear translocation [24] and YAP nuclear localization [18]. In low density
conditions, blocking nuclear entry considerably reduced nuclear localization of YAP in both WT and
LMNA mutant cells (Figure 4). Thus, in low density conditions, YAP nuclear entry was mediated by an
importin-dependent nuclear import in both WT and LMNA®K32 mutated MuSCs. Passive diffusion
across the damaged nuclear envelope [51,52], if any, was not a main contributor of YAP nuclear import
in LMNA®K32 mutant MuSCs. Moreover, importazole inhibited YAP nuclear localization in high
density LMNA®K32 but not in WT cells. Therefore, in WT cells, at high cell density active nuclear
import of YAP was inhibited and no further inhibition was observed after treatment with importazole.
In contrast, active nuclear import of YAP persisted in LMNA®K32 cells, a finding consistent with a
dominant active nuclear import of YAP at cell confluence (Figure S4). MuSCs carrying a mutation
in the gene encoding the nuclear envelope protein nesprinl, also failed to regulate YAP localization,
thus suggesting a nuclear envelope-related dysfunction.

Nuclear deformability is specific to LMNA and nesprin mutations rather than to muscular
dystrophy and specifically affected the most severe forms of muscle disorders related to nuclear
envelope defects [16,52]. Recent studies have reported that force-induced nuclear deformations
increase YAP nuclear translocation through the nuclear pore complex [17,18]. It is thus conceivable
that nuclear deformations per se drive nuclear translocation of YAP in LMNA and nesprin-14KASH
mutant MuSCs (Figure S4), regardless of how nuclear deformation can be caused [53].

4.3. Functional Consequence of YAP Deregulation in Myogenesis

Nuclear localization of the transcriptional co-activator YAP and activation of the TEAD family
transcription factors are required to promote proliferation but prevent differentiation of human stem
cells [54,55]. In myogenic cell precursors cultured in vitro, high YAP expression and activity promotes
proliferation of myogenic cell precursors whilst preventing their differentiation [31]. Therefore, one can
speculate that persistent activation of YAP in LMNA mutant MuSCs has additive negative effects on
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skeletal muscle differentiation. Further studies are needed to precisely determine their contribution in
the physiopathology of lamin-related muscle dystrophy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/4/816/s1,
Figure S1: (A) Confocal images of YAP (green) in confluent WT and LMNAH222P myogenic cells cultured in
low and high density conditions. Nuclei are stained with Hoechst (blue). Scale bar: 50 um. (B) Quantification
of YAP nucleo-cytoplasmic (N/C) ratio. Values are expressed as mean + SEM, n > 50 cells for each cell line,
Figure S2: (A) Confocal images of YAP (green) and nuclei (blue) in confluent WT MuSCs treated with Leptomycin

B (LB). Scale bar = 20 um; (B) Confocal images of YAP (green) and nuclei (blue) in WT and LMNA®K3Z mutant
MuSCs cultured in low and high density conditions. Nuclei are stained with Hoechst (blue). Scale bar: 20 um.
(C) Confocal images of YAP (green) and nuclei (blue) in confluent WT MuSCs treated with latrunculin A (LatA).
Scale bar = 20 um; (D) Quantification of YAP nucleo-cytoplasmic (N/C) ratio after Lat A treatment expressed as
a fraction of control value obtained in sparse conditions. Values are expressed as mean + SEM, n > 60 cells for

each cell line, *** p < 0.001 versus value obtained before LatA treatment, Figure S3: Confocal images of p127—YAP
(green) and nuclei (blue) in WT MuSCs treated with vehicle (DMSO) or Cytochalasin D (cyto D). Scale bar = 50 pm,
Figure S4: Proposed model of the mechanisms by which lamins influence YAP subcellular distribution at high cell

density. (A) In WT MuSCs plated at high cell density, the Hippo pathway is activated, and p'?’-YAP was excluded

from the nucleus. YAP nuclear entry was lower than YAP nuclear export. (B) In L-CMD and nesprin-1PKASH
mutations, YAP nuclear export is insufficient to counterbalance YAP nuclear entry despite activation of the Hippo
pathway. This results in persistent nuclear localization of p$'2”-YAP nuclear import. Potential mechanisms imply
increased nuclear deformability and/or dysfunctional LINC complex.
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