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There they stood, ranged along the hillsides, met
To view the last of me, a living frame

For one more picture! In a sheet of flame
I saw them and I knew them all. And yet
Dauntless the slug-horn to my lips I set,

And blew. ’Childe Roland to the Dark Tower came.’
Robert Browning (1855)

Childe Roland to the Dark Tower came (34)
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Résumé

Les tendons représentent une forme unique de tissu conjonctif au sein du système muscu-
losquelettique. Ils sont composés d’une matrice dense de fibrilles de collagène de type I,
organisées de façon à supporter les forces générées par les contractions musculaires et trans-
mises à l’os. Bien que le collagène de type I soit le principal composant structural et fonction-
nel des tendons, il est aussi exprimé dans de nombreux autres tissus. Ainsi, il ne peut servir
seul de marqueur de la différentiation tendineuse et il doit être analysé en parallèle d’autres
marqueurs de tendon. À ce jour, les meilleurs marqueurs tendineux sont Scleraxis (Scx),
un facteur de transcription bHLH et Tenomodulin (Tnmd), une protéine transmembranaire.
Le développement, l’homéostasie et la réparation du tendon reposent sur des combinaisons
de paramètres moléculaires et aussi mécaniques, régulant la production et l’assemblage des
fibres de collagène (Gaut et Duprez, 2016).

Notre objectif est de comprendre quelles sont les voies de mécanotransduction sous-
jacentes à la différentiation tendineuse et quels sont en ce sens les rôles de deux (co-)facteurs
de transcription : EGR1 (Early Growth Response 1) et YAP (Yes-Associated Protein).
EGR1, le facteur de transcription à doigts de zinc, est encodé par un gène mécanosensitif
et est impliqué dans la régulation de la transcription des gènes Col1a1 et Col1a2 au cours
du développement et de la réparation des tendons (Guerquin et al., 2013). YAP est un
co-facteur de transcription activé par les signaux mécaniques arrivant à la cellule (Dupont et
al., 2011). Au cours de ce projet et en utilisant des approches in vivo et in vitro, nous avons
testé l’hypothèse selon laquelle YAP et EGR1 joueraient le rôle de relais intracellulaire des
forces mécaniques pour réguler la différentiation tendineuse.

Nous avons montré que l’expression du gène de tendon SCX était réduite dans les ten-
dons de membres de fœtus de poulet immobilisés à partir de E7 entre 5H et 48H. Le gène
mécanosensitif EGR1 et la protéine YAP ont aussi montré une réduction de leur expression
dans des conditions d’immobilisation. De plus, nous avons montré par marquage en im-
munofluorescence que la protéine YAP était exprimée dans les noyaux des cellules de tendon
contrôles, mais pas dans les tendons des membres paralysés. Ceci renforce l’hypothèse selon
laquelle YAP agit dans les tendons au cours de leur développement. Malgré une réduction de
l’expression des marqueurs de tendon en contexte d’immobilisation, nous avons montré que
des noyaux étaient toujours présents après immobilization dans des zones de type tendineuses
définies par un marquage du COLXII. De plus, la reprise des contractions musculaires après
24H ou 48H d’immobilisation a conduit a une récupération de l’expression des gènes de ten-
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don comparable à celle des fœtus n’ayant jamais été immobilisés. Ceci montre que la perte
d’expression de gène de tendon en contexte d’immobilisation est réversible.

La mécanobiologie du tendon a été étudiée grâce à des constructions cellulaires en 3-
dimensions (3D) à base de gel de fibrine ou de collagène et composées de cellules souches
mésenchymateuses reproduisant la formation des tendons. Une perte de tension de ces con-
structions 3D a induit une chute de l’expression de Egr1 et des gènes de tendon. Une
surexpression de Egr1 dans les constructions 3D en gel de fibrine a permis d’éviter la chute
d’expression des gènes de tendon en condition de perte de tension (Gaut et al., 2016). Dans
les constructions 3D en gel de collagène, les cellules et leurs noyaux ont montré un alignement
le long de l’axe principal de la construction 3D dans les constructions contrôles et étirées.
Cependant, cet alignement est complètement perdu dans les constructions 3D sans tension,
témoignant d’un changement d’organisation interne de ces constructions 3D en rapport avec
leur état mécanique. L’activité de YAP a diminué dans les constructions 3D sans tension et
a augmenté lorsque ces constructions ont été étirées, comme en témoignent les changements
d’expression des gènes cibles de YAP et de la proportion de cellules avec des noyaux YAP+.
L’activité de YAP a aussi été corrélée avec l’expression de Scx ainsi que la proportion de
cellules avec des noyaux SCX+. Une inactivation chimique de l’activité de YAP par traite-
ment à la verteporfin (VTPF) a aussi permis d’établir un lien entre la chute de l’activité
de YAP et une diminution de la proportion de cellules avec des noyaux SCX+, sans affecter
celle des cellules avec des noyaux YAP+. De plus, nous avons montré que dans les construc-
tions cellulaires en 3D, une proportion significative des noyaux était YAP+ et SCX+. Nous
avons aussi montré que les changements dans la proportion de noyaux SCX+ induits par
différentes conditions mécaniques ou par la VTPF se produisaient dans des cellules exhibant
déjà des noyaux YAP+. Ce dernier résultat suggèrerait que YAP serait en partie impliqué
dans le contrôle de SCX. De plus, l’expression d’aucun des gènes de tendon n’a été restaurée
lorsque des construction 3D traitées à la VTPF ont été étirées. Ceci renforce l’hypothèse
selon laquelle YAP agirait comme relai intracellulaire des signaux mécaniques pour réguler
l’expression des gènes de tendon.

Ensemble, les résultats de ce projet montrent l’importance de YAP et EGR1 en aval des
signaux mécaniques pour réguler la différentiation des cellules tendineuses.
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Abstract

Tendons are unique forms of connective tissue of the musculoskeletal system. They are
composed of a dense extracellular matrix of type I collagen fibrils that are hierarchically
organized to withstand tensile forces transmitted from muscle to bone. Even though type
I collagen is the main tendon structural and functional component, it is also expressed in
many tissues and organs. To date the bHLH transcription factor Scleraxis (Scx) and the
transmembrane protein Tenomodulin (Tnmd) are the best-known tendon markers. Tendon
development, homeostasis and repair rely on specific combinations of mechanical param-
eters and molecular factors that regulate the production and assembly of collagen fibers
(Gaut and Duprez, 2016). Our objective is to decipher the mechanotransduction pathways
underlying tendon cell differentiation, notably through the activity of two transcription (co-
)factors, EGR1 (Early Growth Response 1) and YAP (Yes-Associated Protein). The zinc
finger transcription factor EGR1 is a mechanosensitive gene involved in Col1a1 and Col1a2
transcription during tendon development and repair (Guerquin et al., 2013). YAP is a co-
factor of transcription activated upon a mechanical input in the cell (Dupont et al., 2011).
During this project, we tested the hypothesis that YAP and EGR1 act as intracellular relays
of mechanical forces during tendon cell differentiation using in vivo and in vitro approaches.

We showed that the expression of the tendon gene SCX was downregulated at the tran-
script levels in limb tendons of chicken fetuses immobilized from 5Hh to 48H at E7. The
mechanosensitive gene EGR1 and YAP activity also displayed decreased expression in im-
mobilization conditions. Besides, we showed by immunofluorescent staining that the YAP
protein is expressed in the nucleus of tendon cells of chicken fetuses, but not in tendons of
paralyzed limbs. This strengthens the hypothesis that YAP is acting during in vivo tendon
development. Despite the molecular downregulation of tendon markers after immobiliza-
tion, nuclei were still observed in tendons, defined by COLXII immunostaining. Moreover,
restored muscle contraction after 24H or 48H of immobilization led to a recovery of tendon
gene expression comparable to that of fetuses that were never immobilized. This showed
that the loss of tendon gene expression was reversible.

Tendon mechanobiology was studied in vitro in fibrin-based or collagen-based 3-dimensional
(3D) constructs made of mesenchymal stem cells and mimicking tendon formation. Tension
release in fibrin and collagen 3D-constructs induced a drop of the expression of Egr1 and
tendon genes. Forced-expression of Egr1 was able to prevent the downregulation of tendon
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gene expression in de-tensioned fibrin 3D-constructs (Gaut et al., 2016). Cell and nucleus
orientations have been studied in collagen 3D-constructs and showed an alignment of both
cell and nucleus along the construct long axis, under static and dynamic tension. How-
ever, this alignment was completely disrupted in the de-tensioned constructs, attesting for a
change in their organization depending on the mechanical conditions.

YAP activity was decreased in de-tensioned collagen 3D-constructs and was upregulated
in constructs on which a dynamic stretch was applied, as shown by changes in Yap target
gene expression and in YAP+ nuclei proportion. The YAP activity was also paired with
the expression of the tendon gene Scx as well as with the number of Scx+ nuclei in the 3D
constructs. Chemical knock-down of YAP activity was also paired with a decrease in the
proportion of Scx+ nuclei, but not in the one of YAP+ nuclei.

Besides, we showed that in collagen 3D-constructs, a significant part of the nuclei was
positive for both YAP and Scx. We also showed that the variation previously observed in
the proportion of Scx+ nuclei in different mechanical conditions, or under VTPF-treatment,
happened in a population of cells already exhibiting YAP+ nuclei. This last result would
suggest that YAP is at least partly involved in the control of Scx in the cells. Furthermore,
none of the tendon genes had their expression restored when a dynamic stretch was applied
in VTPF-treated tendon constructs. This strengthens the hypothesis that YAP acts as an
intracellular relay of mechanical cues regulating tendon gene expression.

All together, these results highlight the importance of EGR1 and YAP downstream of
mechanical forces during tendon cell differentiation.
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I. Introduction

“The man in black fled across the desert and the gunslinger followed”
The Gunslinger – Stephen King

This scene of pursuit is how we enter the quest of Roland of Gilead, in the famous
Stephen King’s novel “The Gunslinger” from its saga “The Dark Tower”. Besides laying the
groundwork for the whole series in one sentence, King also sets the reader directly into the
action by depicting one of the most common things in the animal kingdom: two bodies in
motion in an act of flight and pursuit. In the body, form, movements, stability and balance
are supported by the musculoskeletal system, which is composed by muscles, bones, carti-
lage, tendons, ligaments and other connective tissues. These tissues are all arranged to work
together in order to achieve these functions and their particular organization is set up since
developmental life. Among these tissues, the tendons link muscles to bones to transmit forces
generated by muscle contractions to the bones, resulting in a movement. During my PhD
project, I tried to understand how this tissue was impacted by its mechanical environment,
either by muscle-generated forces or by a lack of tension, at the developmental, cellular and
molecular levels. In that aim, I used the chick fetus as an in vivo developmental model and a
murine cell line of mesenchymal stem cell cultured in 2-dimension (2D) or 3-dimension (3D)
to mimick tendon cell differentiation.

In this introduction, I wish to present the tendon in relation to its musculoskeletal coun-
terparts in order to better understand how they shape its role in this system. I will first
give an overview of muscle, bone and cartilage tissues before giving a description of tendon
structure and its interface with these tissues.

I will then explain how these tissues develop, with a particular interest on what is cur-
rently known about tendon development, at the embryological, cellular and molecular levels.

The understanding of tendon cell differentiation is also studied outside of its in vivo
paradigm, in cell culture systems. As such, I would like to describe what are the main
biological sources used as a “starting point”and the biochemical and molecular cues driving
the specification of a naive cell into the tenogenic lineage.

Then, as the tile of this PhD thesis indicates, the chemical and molecular factors are
not the only parameters to take into account in Biology. Thus, I will explain how the
mechanical parameters generally affects developmental and cellular systems and what are
the main molecular actors integrating them in the cells. I will give a specific description of
one of these factors as it was studied during my PhD project, the Yes-Associated protein
(YAP). Finally, I will give an overview as how tendons and tendon cells are studied in the
context of the mechanobiology. This will be done both for understanding the development
of this tissue as for inducing tendon cell differentiation.
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I.1 Overview of the musculoskeletal system

I.1.1 Skeletal muscle

Skeletal muscles constitute, with cardiac muscles, a form of striated muscles representing 40%
of the human body weight and the most abundant type of tissue in the vertebrate body . (Yin
et al., 2013). The best-known feature of the skeletal muscle is to contract and cause movement
through its interaction with the other components of the musculoskeletal system, but it also
has a role in general metabolism (Trovato et al., 2016). Histologically, each skeletal muscle
includes various tissues: the muscle fibers, blood vessels, nerves and connective tissues. These
connective tissues compartmentalize the skeletal muscle. Each muscle is thus wrapped into a
sheath of dense irregular connective tissue termed the epimysium, maintaining its structural
integrity. Inside each skeletal muscle, the muscle fibers are bundled together into fascicles by
an intermediate layer of connective tissue called the perimysium. Finally, inside each fascicle,
a thin layer of collagen and reticular fibers, called the endomysium isolates the muscle fibers
(Figure I.1) (Trovato et al., 2016). This connective tissue has numerous roles with regard to
the skeletal muscle development, homeostasis and regeneration (Nassari et al., 2017; Trovato
et al., 2016; Webster et al., 2016). The muscle fibers enwrapped by the endomysium are
differentiated and multinucleated contractile cells called the myofibers.

Fig. I.1 Histological organization of skeletal muscles. The skeletal muscles
are linked to tendons at both ends and surrounded by the epimysium, a dense sheat
of connective tissue. They are then hierarchically compartimentalized into fascicles
by the perimysium and into muscle fibers by the endomysium. The endomysium
will delimit the immediate environment of the muscle fibers, with blood capillaries,
junction of motor neurons or extracellular fluids. Adapted from the Open Textbook
“Anatomy and Physiology - Chapter 10: Muscle Tissue” from the Oregon State
University.
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A single myofiber originates from the fusion of a large number of muscle progenitors
and are thus multinucleated. Their sarcoplasm, containing all the cytoplasmic organelles,
consists mainly of myofibrils that are all aligned to the longitudinal axis of the fiber and push
the nuclei at its periphery. All these myofibrils are specifically arranged to allow contraction
of the myofiber (Trovato et al., 2016).

Voluntary control of muscle contractions by the central nervous system is dependent of
the effective innervation of the skeletal muscles and of the efficiency of the neuromuscular
junction (NMJ) (Figure I.2). The NMJ is a chemical synapse formed by the motoneuron on
one side and the muscle fiber on the other side. Upon the arrival of action potentials, the
nerve terminal will release acetylcholine (ACh) that will then activate their ACh receptros
(AChR) located on the near muscle fiber. The activation of the AChR will trigger the
depolarization of the muscle fiber through an entry of Na+ ions, driving an action potential
to an invagination of the muscle fiber called the T-tubule. This phenomenon will initiate
subsequently Ca2+ release from the sarcoplasmic reticulum that will act on the myosins and
their associated molecules to initiate muscle contraction (Figure I.2) (Darabid et al., 2014;
Purves et al., 2004). Ultimately, the pre- and post-synaptic parts of this system become
tuned with one another, the level of pre-synaptic transmitter released being adapted to the
capacity of the post-synaptic activation.

Fig. I.2 The neuromuscular junction. (A) Acetylcholine (ACh) vesicles in the
moto neuron will be released in the synaptic cleft. (B) ACh molecules (red dots)
will bind their receptors (AChR), resulting in their opening. (C) Upon opening of
these receptors Na+ will enter the muscle fiber. (D) This will create a membrane
depolarization and an action potential (yellow strike). (E) The action potential
will be transmitted all along the T-tubule to the sarcoplasmic reticulum, releasing
Ca2+ ions in the muscle fiber. (F) Ca2+ will act on the myosins and their associated
molecules, resulting in the muscle fiber contraction. Self-made illustration
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Interestingly, it is possible to chemically act on this complex to induce a paralysis of the
muscle fibers. The decamethonium bromide (DMB) is such an agent, among others, that
is used to induce rigid paralysis of organisms. DMB is an AChR agonist, that will bind to
these receptors but that will not be degraded and thus will continuously activate them. This
technique is of particular interest when it comes to study the effects of muscles contractions,
as it allows to block them (Esteves de Lima et al., 2016; Hall and Herring, 1990; Nowlan et
al., 2010).

I.1.2 Specialized connective tissues : bone and cartilage

The skeleton is a complex organ consisting in more than 200 distinct skeletal elements, all
with different shapes, sizes and locations. The bones are linked to the tendons and will
receive the force generated by muscle contraction in order to allow movement. Bones are
divided with regard to their morphological appearance into flat and long bones. Flat bones
include skull, scapula and mandible while long bones compose the appendicular skeleton,
i.e. humerus, tibia and femur. The long bones possess an architecture enabling them to
bear weight and accomplish their metabolic and protective functions (Winding et al., 1999).
They can be divided into three compartments: two wide extremities termed the epiphyses,
separated from the long cylindrical diaphysis by a developmental zone called the metaphysis.
The epiphyses are also separated from the metaphyses by the growth plate, a cartilaginous
area responsible for the longitudinal growth of the long bone (Figure I.3). The periphery of
the diaphysis is made of a compact layer of calcified matrix called the cortical bone and its
function is mainly mechanical and protective. In the metaphysis, before the growth plate,
the interior part of the bone is filled with a thin and calcified trabecular network termed the
trabecular bone, which is highly metabolic and confers a high mechanical strength (Winding
et al., 1999).

Long bones also contain two different tissues (cartilage and bone) as well as three different
cell types: the chondrocytes for the cartilage and the osteoblasts and osteoclasts for the bones
(Karsenty et al., 2009). The osteoblasts and osteoclasts will be involved in the process of
bone remodeling. The osteoblasts form new bone while the osteoclasts will be responsible
for its resorption, both of them continuously renewing the bone. The bone extracellular
matrix (ECM) contains types I collagen and has the particularity of being mineralized by
hydroxyapatite crystals, conferring to the bone its high resistance (Karsenty et al., 2009;
Murshed, 2018).

The cartilage ECM is produced by the chondrocytes and is characterized by its elasticity
and resistance, which is due to its composition in fibrillar collagen II, with type XI and IX
collagens (Assis-Ribas et al., 2018; Karsenty et al., 2009). Besides, this ECM is also rich in
proteoglycans such as Aggrecan (Lauing et al., 2014).
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Fig. I.3 Anatomy of a long bone. Adapted from the Open Textbook “Anatomy
and Physiology - Chapter 06: Bone Tissue and the Skeletal system” Oregon State
University.

I.1.3 Tendon : a dense regular connective tissue

a) Tendon structure in vertebrates

Tendons can be defined as a dense regular connective tissue connecting muscle and bone
and transmitting the force generated by the contraction of the first to the second, enabling
posture or motion (Figure I.4A). The ligaments are similar to tendons, except that they link
bones in order to stabilize joints.

Tendons are highly organized hypocellular connective tissues that are made of collagen,
up to 70-80% of their dry weight (Mienaltowski and Birk, 2014). They also display a hierar-
chical fibrillar arrangement of type I collagen fibers that are all parallel to the bone-muscle
axis (Figure I.4B) (Nourissat et al., 2015). The triple-helical molecules of type I collagen
are assembled into fibrils that will themselves form fibers and fascicles that form the ten-
don unit (Figure I.4B) (Screen et al., 2015). Parallel collagen fascicles are separated by the
endotenon, a loose connective tissue that also contains fibroblasts as well as blood vessels
and nerves (Benjamin and Ralphs, 2000). The whole tendon is surrounded by the epitenon
and then by a synovial sheath, the paratenon, composed of collagen fibers organized in a
perpendicular direction to those of tendon (Benjamin and Ralphs, 2000; Screen et al., 2015).
The collagen fibrils are the main structural and functional component of the tendon as they
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are responsible for the transmission of the force generated by muscle contractions. Collagen
molecules are synthesized by tendon fibroblasts or tenocytes, which display an elongated
shape lying between the collagen fibers and forming a 3-dimensional network of cells linked
by gap junctions (Figure I.4B) (Benjamin and Ralphs, 2000; McNeilly et al., 1996).

While making up to 95% of all the collagens in the tendon, type I collagen is not the
only one involved in its composition and function, as other collagens include type III, V, VI,
XII and XIV (Mienaltowski and Birk, 2014). Types III, V and VI collagens belong to the
Fibril-Forming class of collagens, involved in regulation of fibril assembly. Types XII and
XIV belong to the class of Fibril-associated Collagen with Interrupted Triple helix (FACIT),
which closely interact with fibril-forming collagens to affect the surface properties of fibrils
and fibril packing (Mienaltowski and Birk, 2014). Altogether, these other types of collagen
provide to the tendon ECM a cohesion necessary to accomplish its function correctly. Besides,
there is also an important role played in the tendon function by the non-collagenous matrix
that is interspersed between all the collagens. These molecules are primarily glycoproteins
: proteoglycans, collagen oligomeric matrix proteins, lubricin, tenomodulin (Tnmd) and
tenascin-C (TnC) (Thorpe et al., 2013). Among these proteoglycans, a small amount of
versican and aggrecan can be found in tendons, this last one being also strongly expressed
in cartilage, but the majority of the proteoglycans are the small leucine-rich proteoglycans
(SLRPs) such as decorin (Dcn), biglycan, fibromodulin (Fmod) and lumican (Lauing et
al., 2014; Rees et al., 2000; Thorpe et al., 2013). The role of these molecules is still not
completely well understood, yet some differences in matrix composition have been observed
between compressive and tensile regions in the tendon. For example, they are more abundant
in regions experiencing compressive loads. An explanation for this phenomenon being that
the high concentration of these proteins, such as aggrecan, allows an increase in water content
and thus a better resistance to compressive loads (Thorpe et al., 2013; Yoon and Halper,
2005).
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Fig. I.4 Tendon architecture. (A) Tendon links muscle to bone and is fixed
to bone by the enthesis and to muscle by the myotendinous junction. (B) Type
I collagen, the functional and structural component of tendon, is depicted at dif-
ferent scales. Col1a1 and Col1a2 code respectively for collagen α1(I) and α2(I)
polypeptides. Type I collagen triple-helical molecules containing two α1(I) and one
α2(I) chains assemble into fibrils that combine to form fibres. Tendon fibroblasts
reside between collagen fibres. Fibres are surrounded by a connective tissue, the
endotenon, which also contains fibroblasts. Fibres combine to form fascicles. Ten-
dons are ensheathed by an outer layer of connective tissue, the epitenon, which is
surrounded by another layer of connective tissue, the paratenon. The epitenon and
paratenon compose the peritenon. Adapted from Nourissat et al., 2015
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b) Tendon and muscle interface : the myotendinous junction

The myotendinous junction (MTJ) is the region where the tendon is attached to the mus-
cle. The attachment between tendon and muscle consists of inderdigitations of the plasma
membranes of both tendon and muscle cells, named finger-like processes (FLPs), which dra-
matically increase the interface area between both cell types (Tidball and Lin, 1989). The
FLPs consist in interdigitation of sarcolemma where the actin filaments extending from the
last Z line in the muscle fiber are indirectly connected to extracellular components through
subsarcolemmal proteins (Figure I.5) (Charvet et al., 2012). This allows an efficient function
of these FLPs in transmitting muscle contraction forces to the tendon. At a molecular level,
collagen fibrils produced by tendon cells bind to laminin or integrins present at the level of
sarcolemma and produced by muscle cells (Bökel and Brown, 2002).

Fig. I.5 Structure of the myotendinous junction. Schematic representation
of adult myotendinous junction (MTJ). Muscle is colored in pink and tendon in grey.
The collagen fibers, produced by tenocytes (Tc), are anchored perpendicularly to
the sarcolemma of the finger-like processes (FLPs). The sub-sarcolemmal densities
(Ssd) present at the tips of FLPs correspond to the muscle side of the MTJ. These
Ssd result from the massive recruitment of protein linkage-complexes that connect
actin filaments (actF, green arrays) from the last Z-band (Zb) to the tendinous
extracellular matrix. Sm: Sarcomer; StC: Satellite cell. Adapted from Charvet et
al., 2012

c) Tendon to bone attachment : the enthesis

The region where tendon attaches to bone is known as the osteotendinous junction, or the
enthesis. The region of the bone where the tendon will attach forms an eminence providing a
stable anchoring. Depending on the attachment sites, fibrous and fibrocartilaginous entheses
have been described (Benjamin et al., 2002). This fibrocartilage presents physical properties
in between those of cartilage and tendons. The complexity of this structure lays in the
establishment of a proper transition of a bone-like and stiff ECM to a less rigid, more
cartilage-like ECM closer to the tendon in order to minimize stress concentrations and allow
for load transfer (Subramanian and Schilling, 2015; Zelzer et al., 2014). In addition, the
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development of this structure obeys to a gradation in both mineral concentration and collagen
fiber orientation (Genin et al., 2009; Schwartz et al., 2012; Thomopoulos et al., 2003, 2006).
The maturation of this interface continues after birth and the mice display a mineral gradient
at this interface a week after birth (Schwartz et al., 2012).

Histologically, the fibrocartilaginous enthesis is characterized by different cellular zones,
proceeding from tendon to bone: tenocytes, uncalcified fibrocartilage cells, calcified fibrocar-
tilage cells and osteocytes (Benjamin and Ralphs, 2000). This cellular arrangement yields a
direct connection between soft tissue (tendon) and hard tissue (bone). The part of the bones
where the tendons will attach are termed “bone eminence”, according to their form. They
consist in a protuberance, a broad elevation of the bone, a tubercle, being a small eminence,
or a tubercle, a sharp and pointed eminence (Zelzer et al., 2014). All of these bone eminences
provide a stable anchoring for tendons and an efficient point for muscle force transfer and
dissipation of stress at the interface.

I.2 Muscle, bone and cartilage development

I.2.1 Muscle development

Skeletal muscle formation involves successive and overlapping waves of embryonic, fetal, peri-
natal and adult myogenesis. While the establishment of the basic muscle pattern takes place
during embryonic myogenesis, fetal myogenesis will be notably critical for muscle growth
(Biressi et al., 2007; Hutcheson et al., 2009; Kassar-duchossoy et al., 2005), while perinatal
and adult myogenesis allow for growth and repair of damaged muscles.

At the molecular level, the formation of skeletal muscle is controlled by a family of tran-
scription factors called the Myogenic Regulatory Factors (MRF) (Figure I.6) (Buckingham
and Rigby, 2014; Moncaut et al., 2013). This family comprises MYOD, MYF5, MRF4 and
Myogenin (MYOG)and all four belong to the basic helix-loop-helix superfamily of proteins.
While MYOD, MYF5 and MRF4 are all three required as myogenic determination factors,
without which no muscle can be formed, MYOG, MYOD and MRF4 are considered as dif-
ferentiation factors. Two other transcription factors, PAX3 and PAX7, are critical during
myogenesis as they define the pool of muscle stem cell in all the successives waves of myo-
genesis (Gros et al., 2005; Kassar-duchossoy et al., 2005). PAX3 and PAX7 both belong to
the Pax family of paired domain transcription factors. While they have expression pattern
when it comes to embryonic and fetal myogenesis, they are both upstream regulators of the
MRFs and thus of the myogenesis (Buckingham and Rigby, 2014).
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Fig. I.6 Simplified representation of muscle cell differentiation and the
myogenic regulatory factors. Illustration showing the specification of Muscle
progenitors (light pink) into Myoblasts (pink) and their subsequent differentiation
into Muscle fibers (dark pink). Below each type of muscle cell is indicated the
MRFs expressed at that stage. From Nassari et al., 2017

Myogenesis is established in different regions of the organism during development. While
all skeletal muscles derive from the mesoderm, in amniotes, there are clear differences between
cranial and trunk myogenesis (Buckingham and Mayeuf, 2012; Sambasivan et al., 2011). For
clarity purposes, we will here only focus on the trunk and limb myogenesis.

In the trunk, the paraxial mesoderm will divide into somites, epithelial balls expressing
Pax3 and whose ventral part give rise to the sclerotome (Figure I.7A). The dorsal part of
the somite, called the dermomyotome, retain an epithelial identity and give rise to dorsal
dermis and all the skeletal muscles of trunk and limbs (Buckingham and Rigby, 2014; Christ
and Ordahl, 1995). The formation of the myotome from the dermomyotome starts at em-
bryonic day 8 (E8) in mice and E2.5 in chicken embryo (Endo, 2015). Cells expressing Pax3
will delaminate from different areas of the dermomyotome and will start expressing MYF5
and MYOD (Figure I.7A). They will move under the dermomyotome to form the primary
myotome, composed of elongated and mononucleated myocytes (Gros et al., 2004). These
cells will extend from the rostral and caudal ends of each myotomal segment in the trunk.
Another set of cells will migrate from the hypaxial dermomyotome to a further location in
limbs (Figure I.7B). These cells will start to express MyoD and Myf5 and will be deter-
mined as myoblasts and will give rise to the skeletal muscles. By E10.5 in mouse embryos
and E4 in chicken embryos, the dermomyotome loses its epithelial structure and a subset of
Pax3+/Pax7+ cells enters the myotome. These cells either differentiate upon activation of
MYF5 and MYOD or will provide a reserve population for further growth during develop-
ment (Buckingham and Mayeuf, 2012; Endo, 2015).
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Fig. I.7 Origin of skeletal muscles of the trunk and limbs. (A) Somites
are formed by the segmentation of paraxial mesoderm. Initially they have an ep-
ithelial structure and then their ventral part undergoes an epithelial-mesenchymal
transition giving rise to the Pax1+ sclerotome (light yellow). The epithelium is
maintained in the dorsal part of the somite, as the dermomyotome (dark blue),
where all cells express Pax3. The first skeletal muscle, the myotome (in green), is
progressively established by delamination of PAX3+ progenitor cells (Red arrows),
which have activated MYF5/MRF4. Myotome (green) and Sclerotome (light yel-
low) give rise to the Scx+ Syndetome (pink), containing tendon progenitors. The
Myotome subsequently grows to give rise to all trunk muscles. Illustration from
Sophie Gournet. (B) At the level of the limb buds, PAX3+ progenitors, present
in the hypaxial lip of the dermomyotome (pink), delaminate and migrate to the
limbs (pink cells) where they form skeletal muscles. This process occurs from E9
to E11.5. (E, Embryonic day of mouse development). From Nassari et al., 2017.
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Once all the muscle primordia are set, secondary myogenesis or fetal myogenesis takes
place (Figure I.8). This phase is characterized by muscle growth and the establishment of
sensory innervation but also neuromuscular junction, including excitation-contraction cou-
pling (Buckingham and Mayeuf, 2012; Harris, 1981; Kelly and Zacks, 1969). Around the
same time, there will be a wave of proliferation of progenitors molecularly distinct from
primary embryonic progenitors. These progenitors were already present at embryonic stages
and were shown to co-express Pax3 and Pax7 (Gros et al., 2005; Kassar-duchossoy et al.,
2005; Relaix et al., 2005). They are thought to be the source of all the cells of the myogenic
lineage. Fetal myoblasts fuse either with each other or with embryonic muscle fibers and
form thinner secondary muscle fibers form around the primary muscle fibers (Biressi et al.,
2007; Buckingham and Mayeuf, 2012).

Fig. I.8 Embryonic and fetal myogenesis. Myocytes, first myotubes and
primary myofibers produced during embryonic myogenesis are colored in yellow.
Secondary myofibers produced during Fetal myogenesis are colored in green. E,
Embryonic day of mouse development. Adapted from Buckingham et al., 2012

I.2.2 Cartilage and bone development

Mammalian skeleton presents distinct origins during embryonic life (Figure I.9). While the
craniofacial skeleton originates from Neural Crest Cells (NCCs) and prechordal mesodermal
cells, bone and cartilage elements of the trunk and the limbs originate from the parax-
ial mesoderm (somites) and the lateral plate mesoderm respectively (Berendsen and Olsen,
2015). We will here only focus on the skeletogenesis of the axial and appendicular skeleton.

Skeletogenesis begins with the growth of a limb bud in which mesenchymal cells aggre-
gate and form condensations of a higher cellular density, without an increase in cellular
proliferation, and with the shape of the future bones (Berendsen and Olsen, 2015; DeLise et
al., 2000; Hall and Miyake, 1992). By E10.5, most mesenchymal condensations have formed
and a template of the skeleton exists. The mesenchymal cells in these structures express an
ECM made of type I collagen (Karsenty et al., 2009). This aspect of skeletal development is
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commonly referred as “skeletal patterning” and will be critical to lay down the proper field
for subsequent cartilage and bone development.

Fig. I.9 Embryonic origins of bone and cartilage. Bone and Cartilage tissues
are depicted in E14.5 embryos. The color code corresponds to their embryological
origins, which differ depending on their location in the body. Bone and Cartilage
of the head mainly derive from neural crest cells (green) but also paraxial meso-
derm, while in the trunk they arise from the somites (orange) and those from the
limbs arise from the lateral plate mesoderm (pink).E, Embryonic day of mouse
development. Adapted from Nassari et al., 2017

Following condensation, the mesenchymal cells differentiate either into chondrocytes or
osteoblasts, giving rise respectively to cartilage or bone. Osteogenesis, namely the process of
ossification, can occur through two different mechanisms: intramembraneous or endochondral
ossification. Intramembraneous ossification consists in a direct transition of undifferentiated
mesenchymal cells of the condensations into osteoblasts. The other mechanism, endochon-
dral ossification, occurs sequentially, following the establishment of chondrocytes, the car-
tilage cells (Figure I.10). We will here only focus on endochondral ossification that we will
describe in its chronological order, showing the link between cartilage and bone development.

Chondrocytes are the first skeleton-specific cells to appear from the undifferentiated mes-
enchymal cells of the center of the condensations. They have multiple roles: allowing bone
formation, participating in longitudinal bone growth and forming joints. Chondrocytes are
round cells that stop producing the type I collagen ECM of the mesenchymal condensations,
to replace it with type II collagen and the proteoglycan aggrecan (Karsenty et al., 2009;
Lauing et al., 2014). Cells in the periphery of the condensation do not differentiate into
chondrocyte and continue to produce a type I collagen ECM, to form a structure called the
perichondrium. At E13.5, chondrocytes in the center of the condensations will elongate and
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become prehypertrophic chondrocytes and will eventually exit the cell cycle to become hyper-
trophic chondrocytes. These hypertrophic chondrocytes are genetically and morphologically
distinct from non-hypertrophic chondrocytes and produce a type X collagen ECM instead
of type II collagen. At the same time, cells of the perichondrium start to express Runx2, a
master gene for osteoblast differentiation (Ducy et al., 1997). This cortical structure is the
precursor of the bone collar.

A vascular invasion coming from the bone collar will allow for blood vessels to bring
cells of the osteoblast lineage in the cartilage anlagen that are responsible for mineralization.
Meanwhile, hypertrophic chondrocytes will enter apoptosis and die. Becoming osteoblasts,
the cells brought by the blood vessels will produce type I collagen ECM on top of the type
X collagen ECM that was produced by the now-dead hypertrophic chondrocytes. The or-
chestrations of this serie of events requires the activity of Indian Hedgehog (IHH) signaling
in cartilage (Colnot et al., 2005). This process occurs first in the center of the longitudinal
bones and goes on centrifugally. The chondrocytes, both proliferating and hypertrophic,
are now arranged into columns and are adjacent to the ossification front. They continue to
proliferate and to produce their ECM as the ossification process will progressively consume
most of it. Together all these chondrocytes form a structure called the growth plate, that
is responsible for the longitudinal growth of the skeleton, when followed by the sequence of
the ossification events (reviewed in Karsenty et al., 2009).

Fig. I.10 Schematic representation of endochondral bone formation.
(A)Condensations of Mesenchymal cells (blue) at the location of the future bone.
(B) Mesenchymal cells differentiate into Chondrocytes and start to proliferate. (C)
Hypertrophic chondrocyte differentiation (H). (D) Perichondrial cells differentiate
in osteoblasts, forming bone collar (pink). Hypertrophic chondrocyte apoptosis
favors matrix mineralization and blood vessel invasion (red). (E) Osteoblasts ac-
company vascular invasion, forming the primary spongiosa (PS). (F) Chondrocytes
continue to proliferate, lengthening the bone. Osteoblasts of primary spongiosa
form trabecular bone, while at the bone collar osteoblasts form cortical bone. (G)
The secondary ossification center (SOC) forms through cycles of chondrocyte hy-
pertrophy, vascular invasion and osteoblast activity. Adapted from Karsenty et al.,
2009

At the molecular level, mechanisms leading to cartilage and bone formation are well
understood. Regarding the chondrogenic lineage, the SOX (SRY-related HMG-box) family
of transcription factors have been shown to be key players. Indeed, Sox9 is required for
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specification and differentiation of the cartilage cells. Sox9 controls the expression of Sox5
and Sox6 and the three of them are involved in Col2a1 and Acan gene expression (Lefebvre
et al., 2001; Nassari et al., 2017). Concerning the osteogenic lineage, the known master
regulator is the Runt-related transcription factor 2 (Runx2 ) (Ducy et al., 1997; Komori et
al., 1997). This gene is involved in osteogenic specification, but not differentiation as this
role is devoted to the zinc finger containing transcription factor Osterix (Osx) (Nakashima
et al., 2002; Takarada et al., 2013).

I.3 Tendon development

I.3.1 Tendon markers to study tendon development in vertebrates

a) Scleraxis

The main structural and functional tendon component, type I collagen, is expressed in many
tissues and organs. Consequently, tendon development cannot be studied just by following
type I collagen expression. To date, the only early tendon marker in vertebrates is the bHLH
transcription factor Scleraxis (SCX) (reviewed in Huang et al., 2015a; Schweitzer et al., 2001).
SCX has been shown to regulate positively Col1a1 transcription in mouse tendons an in vitro
in human mesenchymal stem cells (Alberton et al., 2012; Léjard et al., 2007; Murchison et
al., 2007). However, SCX is not the unique transcription factor driving Col1a1 transcription
in tendons, since in Scx-deficient mice Col1a1 transcription is diminished but not abolished
in developing tendons (Murchison et al., 2007). Scx/SCX is recognized to be a powerful
marker for tendons during chick, mouse and zebrafish development (Brent et al., 2003; Chen
and Galloway, 2014; Schweitzer et al., 2001). It is also expressed in post-natal tendons but is
restricted to epitenon from 4 months postnatally (Figure I.11) (Mendias et al., 2012; Pryce
et al., 2007). At early stages, Scx is expressed in tendon presumptive regions at the level
of branchial arches, somites and limbs (Brent et al., 2003; Grenier et al., 2009; Schweitzer
et al., 2001). It also labels tendon progenitor cells and the Scx+ cell population gives rise
to tendons (Blitz et al., 2013; Sugimoto et al., 2013). All together these data clearly show
how important is Scx as a tendon marker in a broad range of species and stages of life.
However, Scx is not a master regulatory gene of the tendon lineage as the MRFs are for
the skeletal muscle lineage, since tendons retain their capacity to attach muscle to bone in
Scx mutant mice, which are viable and mobile (Murchison et al., 2007; Yoshimoto et al.,
2017). It is possible that SCX needs one or several partners to fulfill the function of master
gene for tenogenesis. Nonetheless, in the absence of SCX activity, force-transmitting tendons
(limb and tail tendons) and intermuscular tendons are severely disrupted, while anchoring
tendons (back tendons) are moderately affected (Murchison et al., 2007; Yoshimoto et al.,
2017). The first tendon defects are observed from E13.5 in mouse limbs and the expression
of differentiation markers Col14a1 and Tnmd is completely lost in tendons from E16.5 in
Scx mutant mice (Murchison et al., 2007). Overall, loss of Scx causes loss of tenogenic
differentiation markers such as Tnmd and defective maturation of tendons, ligaments and
other dense connective tissues (Murchison et al., 2007;Yoshimoto et al., 2017). In summary
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Scx is the unique early tendon marker that provides a powerful tool to study early stages of
tendon development.

Fig. I.11 Representation of Scx expression in developmental, postnata-
land adult tendons. Scx+ cells are schematized in green. During development,
Scx Scx expression is expressed in all tendon cells. During tendon maturation at
postnatal stages, is expressed in the tendon proper, endotendonand external sheaths
including epitenon and paratenon, but is restricted to the epitenon by the fourth
postnatal month. From Gaut and Duprez, 2016.

b) Tenomodulin

Tenomodulin (Tnmd) is a gene highly expressed in tendons, involved in their maturation and
necessary for tendon stem and progenitor cells (reviewed in Dex et al., 2016). Tnmd is a 7-
exon gene located on the X chromosome and encoding a type II transmembrane glycoprotein
with a highly conserved cleavable C-terminal cystein-rich domain (Brandau et al., 2001;
Shukunami et al., 2001). Tnmd is considered a highly specific marker of differentiated
tenocytes, but its expression can also be found in other dense connective tissues such as
ligaments, muscle sheet epimysium, as well as in skin and tendon-like structures of the
heart, eyes and other tissues (reviewed in Dex et al., 2016; Huang et al., 2015a; Jelinsky et
al., 2010; Sugimoto et al., 2013).

Tnmd mutant mice display an altered structure of collagen fibrils (shift toward large
diameters) in tendons at postnatal stages (Docheva et al., 2005). Also, Tnmd-deficient mice
display reduced self-renewal and increased senescence properties of tendon progenitors (Al-
berton et al., 2015). In the opposite way, overexpression of Tnmd in a murine cell line of
mouse embryonic fibroblasts, the C3H10T1/2 cells, enhanced their proliferation, as well as
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their morphology (Jiang et al., 2016). TNMD was revealed to be an important factor in the
functional performance of tendons (Dex et al., 2017). Mice lacking Tnmd were shown to have
significantly inferior running performances and their tendons exhibited disturbed structural
and biomechanical properties of type I collagen fibers (Dex et al., 2017). Interestingly, acti-
vations of the Tnmd promoter and TNMD mRNA levels of human Tendon Stem/Progenitor
Cells (TSPCs) were observed upon a 5% axial cyclic strain of these cells (Dex et al., 2017).
These data also establish Tnmd as a mechanosensitive gene.

Finally, the transcription factor SCX has been known to be a transcriptional activator of
Tnmd, as it contains binding sequences for SCX in its 5’ flanking region and its expression
is lost in vivo in the absence of Scx (Murchison et al., 2007; Shukunami et al., 2006, 2018;
Yoshimoto et al., 2017). Conversely, it was also shown in vitro that human mesenchymal
stem cells overexpressing SCX presented a remarkable upregulation of Tnmd expression
(Alberton et al., 2012). All together these data show how important Tnmd is as a marker
of tendon cell differentiation but also as a fundamental actor in tendon functionality and
tendon cell adaptation to its physical environment.

c) Mohawk

The role of the transcription factor Mohawk (Mkx) in tendon differentiation was highlighted
several years after the identification of Scx. The Mkx gene codes for a three-amino-acid
loop superclass of atypical homeodomain transcription factor, that is expressed in several
tissues but notably at E13.5 in mouse limb and tail tendons (Anderson et al., 2006; Huang
et al., 2015a; Liu et al., 2010). Also, Mkx is expressed in early somites, in progenitor cell
populations of skeletal muscle, tendon, cartilage and bone (Anderson et al., 2006). Mkx-/-

mutant mice exhibit smaller tendons than wild-type mice and display defects in postnatal
growth of tendon collagen fibrils and outer annulus fibrosus collagen fibrils diameter (Ito et
al., 2010; Kimura et al., 2011; Liu et al., 2010; Nakamichi et al., 2016). The first tendon
defects in Mkx-/- mice are observed at E16.5 fetal stages (Ito et al., 2010). In addition to
the reduction of Col1a1 gene expression, Mkx-/- mice display significant reduction in Tnmd,
Fmod and Dcn gene expression in neonatal tendons (Liu et al., 2010).

Mkx overexpression in cells activated the transcription of multiple tendon and ligament
genes, among them Scx, Col1a1, as well as in human bone marrow derived mesenchymal stem
cells (reviewed in Liu et al., 2015a; Nakamichi et al., 2016; Otabe et al., 2015; Suzuki et
al., 2016). Also, Mkx overexpression in C3H10T1/2 cells also upregulated the expression of
genes coding for components of the protenogenic TGFβ2/ SMAD2/3 signaling pathway, such
as Smad2 and Smad3 (Nakamichi et al., 2016). This could account for the promoted signal
response of this pathway in this model of mesenchymal stem cells. Besides, MKX directly
activates the expression of the TGFβ2 gene by binding to its promoter (Liu et al., 2015a).
MKX has been shown to inhibit muscle differentiation in mouse cell cultures and to impair
muscle development in zebrafish embryos by directly repressing MyoD transcription (Ander-
son et al., 2009, 2012; Chuang et al., 2014). However, Mkx mutant mice do not display any
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obvious skeletal muscle defects (Kimura et al., 2011). Besides, Mkx deficiency accelerated
chondrogenic and osteogenic differentiation, while its overexpression had the opposite effect,
consistent with a role in repressing other lineages and promoting the tendon lineage (Liu et
al., 2015a; Suzuki et al., 2016).

Scx and Mkx expression in developing tendons appears to be normal in Mkx-/- and Scx-/-

mutant mice, respectively, suggesting that Scx and Mkx act in different genetic cascades
during tendon development (Kimura et al., 2011; Liu et al., 2010). Added to the other data
about MKX, this shows its importance in regard of the other main transcription factors
acting on tendon differentiation.

d) Early Growth Response 1

Early Growth Response 1 (EGR1) is a zinc finger transcription factor belonging to the EGR
family of genes. The Egr1 gene was discovered as being rapidly and transiently activated in
mouse 3T3 cells and expressed in many organs and tissues such as the brain and the thymus
(Christy et al., 1988). Egr1 is also known to be a target of the Serum Response Factor
(SRF), notably through the mitogen-activated protein kinase-ERK kinase (MEK) signaling
(Bahrami and Drabløs, 2016; Esnault et al., 2014; Gineitis and Treisman, 2001). EGR1
shares a three-zinc-finger sequence in the DNA binding domain with the other members of the
EGR family, however among those members only EGR1/Egr1 and EGR2/Egr2 are expressed
in chick and mouse tendons during development (Léjard et al., 2011; Veyrac et al., 2014).
Phosphorylation of EGR1 by the casin kinase II was shown to inhibit its transcriptional
activity in vitro (Jain et al., 1996). It has to be noted that EGR1 expression domain is close
to muscle attachments (Léjard et al., 2011; Orgeur et al., 2018).

During fetal development, EGR1 is sufficient for the expression of Scx, Tnmd and tendon-
associated collagen genes (Cola1, Col5a1, Col12a1 and Col14a1 ) (Léjard et al., 2011). Also,
Egr1-/- mice display defects in collagen fibril organization in tendons at fetal and post-
natal stages (Guerquin et al., 2013; Léjard et al., 2011). Tendons of these mutant mice
also show a mechanical weakness and a deficiency in their capacity to heal following injury
(Guerquin et al., 2013). In addition, Egr1-/- mice also displayed significant reductions in the
expression of tendon-associated collagens genes (Col3a1, Col5a1, Col12a1 and Col14a1 ) and
tendon-associated molecules genes (Tnmd, Fmod and Dcn) in fetal limbs and adult tendons
(Guerquin et al., 2013; Léjard et al., 2011). Also, Scx expression is downregulated, while
Mkx is not modified in Egr1 -deficient tendons, strengthening a possible relation with Scx
but not with Mkx (Guerquin et al., 2013; Léjard et al., 2011). Conversely, it was shown that
Egr1 overexpression in C3H10T1/2 cells increased the expression of Scx and several other
tendon-associated genes, but not that of Mkx (Guerquin et al., 2013). In addition, EGR1
overexpression in a chicken micromass (cMM) explant model showed an increase of TNMD
expression (Orgeur et al., 2018). Besides, Egr1 -overexpressing C3H10T1/2 cells also lost
their capacity to differentiate into bone and fat lineages, strengthening a role of EGR1 in
tendon differentiation (Guerquin et al., 2013).
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Several studies have pointed out the capacity for EGR1 to be activated by mechanical
signals, both at the gene expression and transcription factor activity levels (Joshi et al., 2012;
Ogata, 2008; Schwachtgen et al., 1998; Wu et al., 2010). Besides, Egr1 expression, as well
as other tendon genes, was reduced in adult tendons with limited movements (Gaut et al.,
2016). Its expression was upregulated in healing tendons of adult mice, but not in Egr1-/-

mice or when the tendons healed with a reduced load condition (Gaut et al., 2016; Guerquin
et al., 2013). These data show that EGR1 is not only involved in tendon development and
repair but is responding to mechanical stimulations of tendons in vivo.

In Drosophila, the transcription factor stripe, homolog of the EGR family in vertebrates,
is the key gene for tendon development (Becker et al., 1997; Frommer et al., 1996; Volk and
VijayRaghavan, 1994). The stripe gene produces two isoforms stripeA and stripeB. StripeB
has been shown to be involved in tendon progenitor induction, while stripeA is involved at a
later muscle-dependent stage of tendon differentiation (Becker et al., 1997; Frommer et al.,
1996; Volohonsky et al., 2007).

I.3.2 Embryological origins of tendons

a) Multiple origins

Tendons can be organized into three main groups according to their position in the body:
head, trunk and limb tendons (Figure I.12). Even if functionally similar, tendons of the
different parts of the whole organism have distinct embryological origins, which have been
studied mainly using the quail and chick chimera system (Dupin and Le Douarin, 2014).
Using this technique, it has been shown that vertebrate tendons originate from mesoderm or
NCCs. The craniofacial tendons originate from NCCs, in mouse, chick and zebrafish (Chen
and Galloway, 2014; Crane and Trainor, 2006; Grenier et al., 2009). Axial tendons derive
from a somitic compartment, named the syndetome, while the limb tendons originates from
the limb lateral plates (Brent et al., 2003; Kieny and Chevallier, 1979). Independently of their
anatomical location, tendons share the same embryological origins with skeletal tissues such
as cartilage and bone and have origins distinct from those of skeletal muscles. However, it
should be noted that in the head, tendon progenitors migrate into muscle-containing regions,
whereas in limbs, muscle progenitors undergo a migration step toward the limb lateral-plate
containing skeleton and tendon progenitors.
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Fig. I.12 Embryonic origins of tendons. Tendons are depicted in E14.5 em-
bryos. The color code corresponds to their embryological origins, which differ de-
pending on their anatomical location. Tendons of the head derive from neural crest
cells (green), while in the trunk they arise from the somites (orange) and those
from the limbs arise from the lateral plate mesoderm (pink). E, Embryonic day of
mouse development. Adapted from Nassari et al., 2017

b) Cranofacial tendons

The NCCs are a pluripotent cells population derived from the lateral ridges of the neural
plate during embryogenesis. The NCCs will migrate into the branchial arches of the embryo,
the more rostral of them being involved in the formation of the musculosketal structures of
the jaws (Chai et al., 2000). The branchial arches are formed by a pharyngeal endoderm
and a surface ectoderm both surrounding two cell populations: the NCCs and the cranial
mesoderm cells. The NCCs were originally thought to be co-distributed with the paraxial
mesoderm cells in the branchial arch but with a distinct segregation, by just surrounding
it (Trainor and Tam, 1995). It has then been shown that NCCS are actually extensively
mixed with the myogenic precursors of the mesoderm during branchial arch development
(Grenier et al., 2009). The NCCs then proliferate around the myogenic core and later within
the arch muscles, this latter proliferation being correlated with an appearance of tendon
progenitor expressing Scleraxis (Grenier et al., 2009). Despite this intermingling between
the mesodermal cells and the NCCs both populations initiate their respective differentiation
independently. However, in the absence of one, the other cannot achieve its differentiation. It
is the case for example in the Tbx1-/- mice where the myogenic fate is severely impaired in the
head. In these mice Scx expression is normally established in the absence of differentiated
muscles in the first branchial arch of E12.5 but is lost at E15.5 (Grenier et al., 2009).
Interestingly, Mkx also seems to play a role in this interplay since it has been shown in the
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zebrafish to be necessary for the maintenance of the NCC pool –and then the establishment
of the tendon lineage- and the repression of the myogenic differentiation of the mesodermal
cells (Chuang et al., 2010, 2014). The Mkx-/- mice are viable but present defects in tendon
differentiation, including those of the head, confirming in part its role in craniofacial tendon
formation (Kimura et al., 2011). In zebrafish, sox9a-sox9b-deficient zebrafish embryos display
abnormal craniofacial tendons based on scxa and tnmd expression, suggesting that cartilage
is necessary for the proper organization of craniofacial tendon cells (Chen and Galloway,
2014). However, it is difficult to dissociate tendon and cartilage defects.

c) Axial tendons

The skeletal muscles and the bones of the vertebrate body are all derived from the somites
(Ordahl and Douarin, 1992). The ventral part of the somite will give rise to the sclerotome
from which will originate all the axial bones. A group of PAX3+ cells from the dermomy-
otome will delaminate and migrate underneath the dermomyotome to form the myotome
(Figure I.7). This last compartment will be composed of the precursors of the future axial
muscle (Brent and Tabin, 2002). Another compartment form from the interaction between
the Myotome and the sclerotome and giving rise to all the connective tissues of the axial
musculoskeletal system: the syndetome (Figure I.7) (Brent et al., 2003). The syndetome is
marked by the expression of the bHLH transcription factor Scx and is derived from a dorso-
lateral domain of the early sclerotome. The FGF signaling pathway produced by the central
postmitotic cells of the adjacent myotome will be responsible, through the activation of its
effectors Etv4, for inducing Scx expression in cells of the sclerotome in which the expres-
sion of the sclerotomal marker Pax1 will be consequently lost in chicken embryo (Brent and
Tabin, 2004; Brent et al., 2003). Even if there are two distinct populations of mesenchymal
cells, one expressing Scx in the syndetome and the other Pax1 in the sclerotome, there is
no morphological distinction between them. However the tendon and cartilage fates of these
mesenchymal cells are mutually exclusive and overexpression of PAX1 (known to promote
cartilage formation) in sclerotome inhibits SCX expression in chick somites (Brent et al.,
2003, 2005). Also, the expression of Tnmd will follow that of Scx in the syndetome all along
the craniocaudal axis, marking the differentiated tenocytes (Shukunami et al., 2006).

d) Limb tendons

Tendon cells originate from the lateral plate mesoderm and tendon progenitors are mixed
with the PAX3+ myoblasts in the developing limb (Chevallier et al., 1977; Christ et al., 1979;
Schweitzer et al., 2001). These mixed populations form two premuscle masses surrounding
a prechondrogenic core region (Schramm and Solursh, 1990).

In a first step, the early expression of Scx in the tendon progenitor population in limb
is induced by signals from the near ectoderm (Schweitzer et al., 2001). Interestingly, the
formation of tendon primordia expressing Scx is autonomous regarding muscle formation.
Tendon primordia can form in muscleless limbs resulting either from surgical alterations or
genetic alterations in Pax3 or Myf5/MyoD mutant mice (Bonnin et al., 2005; Brent et al.,
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2005; Kardon, 1998; Kieny and Chevallier, 1979).
In a second step, the expression of Scx will develop from proximal to distal regions of

the forming limb. In the mouse, after the induction of Scx in tendon progenitors and until
E12.5 spatial rearrangements will occur between muscle, cartilage and tendon primordia.
The tendon primordia will be organized and individualized in loose cellular aggregations
between the nascent muscles and cartilages (Edom-Vovard and Duprez, 2004; Kardon, 1998;
Schweitzer et al., 2001, 2010).

For the third step of limb development, the tendon primordia will be completely distinct
from the other tissues in formation in both mouse and chick (Kardon, 1998; Schweitzer et
al., 2010). By E12.5 in the mouse and E7.5 in the avian model, the tendons progenitors will
be more aggregated and condensed and form structurally distinct tendons that will attach
the muscle to the cartilage (Edom-Vovard and Duprez, 2004; Schweitzer et al., 2010). This
third phase of tendon development is completely muscle-dependent (Figure I.13). Indeed,
the absence of muscle eventually prevents further tendon development and leads to a loss
of Scx expression in limb but also head tendons, in mouse, chick and zebrafish embryos
(Bonnin et al., 2005; Chen and Galloway, 2014; Grenier et al., 2009; Schweitzer et al., 2001).
This demonstrates that muscles are not required for the initiation but are necessary for the
maintenance of Scx expression in both limb and craniofacial tendons (FigureI.13).

Developing tendons in the distal limbs, in the future digits, will also derive from lateral
plate mesoderm cells starting to express Scx (Schweitzer et al., 2001). However, the forma-
tion of distal tendons will also benefit from the induction of the Apical Ectodermal Ridge
(AER) at the apex of the early limb bud. The distal region of the limb bud under the AER
contains mesodermal progenitors and is termed the “progress zone” (PZ). During digit for-
mation PZ progenitors will group to form radial chondrogenic aggregates, constituting the
future phalanges of the developing digit. The interdigital regions will undergo massive cell
death, delimiting the forming digits (Lorda-diez et al., 2014). The first tendon blastemas will
appear after the formation of the chondrogenic aggregates and they have been described to
benefit from signals from both the forming cartilage and the adjacent ectoderm for their own
development (D’Souza and Patel, 1999; Hurle et al., 1990; Mérino et al., 1998; Schweitzer
et al., 2001; Yamamoto-Shiraishi and Kuroiwa, 2013). Tendons can develop autonomously
from muscles in the digits but the differentiating tendons need to be attached to the mus-
cles to be maintained (Brand et al., 1985; Huang et al., 2013; Kardon, 1998; Kieny and
Chevallier, 1979). Besides, the tendon progenitors of this area show the same requirement
in Scx expression than for the other tendons of the organism. The Scx-/- mutant mice will
exhibit an absence of flexor activity due to a loss of the flexor digitorium profundus (FDP)
and flexor digitorium superficialis (FDS) tendons (Murchison et al., 2007). This phenotype
is due to a failure in differentiation and condensation of tendon progenitors (Murchison et
al., 2007).
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Fig. I.13 Muscle-dependency for head, limb an axial tendon develop-
ment. Muscle and tendon are schematized in red and green, respectively. In the
head (A) and limbs (B), tendons initiate their development independently of mus-
cle, but further tendon development requires the presence of muscle. In contrast,
the initiation of axial tendon development requires the presence of muscle (C). From
Gaut and Duprez, 2016

e) Development of tendon interfaces

Development of the myotendinous junction

To date, the development of the MTJ has been best studied in the zebrafish model. During
initial establishment of the MTJ, ECM from both muscle and tendon cells might play im-
portant roles. During embryogenesis the muscles first attach to intersegmental boundaries
(ISBs) before the appearance of tendon progenitor cells (TPCs) (reviewed in Subramanian
and Schilling, 2015). They bound to these regions where the ECM is similar to that of
tendons during a first tendon-independent phase. Myoblasts will then synthesize a “pre-
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tendon” ECM that will accumulate without tendon cells and which includes Fibronectin
(FN), laminin-alpha 2 (Lama2) and thrombospondin 4 (Thbs4 / Tsp4) (Figure I.14) (re-
viewed in Subramanian and Schilling, 2015). In zebrafish, tsp4 was shown to be required to
maintain muscle attachment at the ISB (Subramanian and Schilling, 2014). This molecule
might be a crucial actor in the establishment of MTJs as it is also expressed in mammalian
myoblasts and play an important role in the formation of the Drosophila MTJ (Subrama-
nian and Schilling, 2015; Subramanian et al., 2007). In a second tendon-dependent phase,
an ECM will be produced by the now-present TPCs on site, particularly rich in collagens
I, XII and XIV. These mature TPCs , which also benefited from the presence TGFβ2 in
the ECM, will then also extend processes and attach to the muscle cells through the FLPs
(reviewed in Charvet et al., 2012; Subramanian and Schilling, 2015).

Fig. I.14 Formation of the myotendinous junction. (A) In the initial tendon-
independent phase in vertebrates, myoblasts (green cells) synthesize a ‘pre-tendon’
ECM including Tsp4 and Lama2. This ECM accumulates in the absence of TPCs
(brown cells). (B) A later tendon-dependent phase relies on the production of ECM,
particularly Col1a1, Col1a2, Col12a1 and Col14a1, by more mature TPCs, which
extend processes into the ECM to then form the finger-like processes. Adapted
from Subramanian et al., 2015

24



Development of the enthesis

The development of this structure at the cellular level remains quite unclear. The appearance
of bone eminences takes place after the differentiation of chondroprogenitors from which
they are clearly distinct (Blitz et al., 2013; Zelzer et al., 2014). However, the existence of a
specific pool of ”eminence progenitors” responsible for the tendon-to-bone junction has been
confirmed (Blitz et al., 2013; Sugimoto et al., 2013). These cells express both SCX and SOX9
(Scx+/Sox9+), two main transcription factors respectively involved in tendon and cartilage
differentiation. They will give rise to the differentiated cells composing the cartilaginous
bone eminence, but also to tenocytes in the closest part to the bone of the tendon (Blitz et
al., 2013; Sugimoto et al., 2013). These double-positive cells progressively disappear as the
expression of both Sox9 and Scx become mutually exclusive and by E13.5 the Scx+/Sox9+

cells are not present anymore (Blitz et al., 2013).
The specification of the eminence progenitors is influenced by TGFβ signaling, establish-

ing the cartilaginous side of tendon attachment (Figure I.15) (Blitz et al., 2013; Zelzer et al.,
2014).Then the bone ridge formation also requires the action of Scleraxis, that will stimulate
the expression of Bmp4 and the subsequent protein secreted will be interpreted by near
chondrocytes as the initiation signal (Blitz et al., 2009). The Scx/Bmp4 axis will then con-
trol the differentiation of eminence progenitor cells into eminence-forming cells (Figure I.15)
(Blitz et al., 2009, 2013). The mineralization of the tendon-bone attachment unit requires
the action of the IHH/PTHrP signaling : IHH will stimulate the synthesis of PTHrP, which
will in turn downregulate the expression of Ihh, providing a fine control chondrocytes pro-
liferation (Zelzer et al., 2014). Besides, PTHrP is also present at the site of tendon-to-bone
attachment, as well as Ihh, (Blitz et al., 2009; Chen et al., 2006, 2007b). PTHrP will play a
role in modeling cortical bone surfaces at these sites and in fibrochondrogenic differentiation,
confirming its crucial role for the mineralization and the formation of the tendon-to-bone
attachment (Han et al., 2014; Wang et al., 2013). This role is also reinforced by the fact that
the defect of cortical bone modeling was induced by a conditional deletion of the PTHrP
gene in Scx-expressing cells (Wang et al., 2013).

Concerning IHH, this molecule is also present at this junction site (Blitz et al., 2009; Liu
et al., 2012) and is required for the normal differentiation of the fibrocartilaginous insertion
site and the expression of its markers (Liu et al., 2013). Besides, it has been shown that
the enthesis fibrocartilage cells all originate from a population of hedgehog-responsive cells
modulated by the mechanical environment (Schwartz et al., 2015). This result is concordant
with other studies concerning the variation of PTHrP expression regarding its mechanical
environment (Chen et al., 2007b; Han et al., 2014; Wang et al., 2013).
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Fig. I.15 The developing eminence and enthesis. (A, B) A modular model
for bone eminence development as presented in Blitz et al., 2013.The formation
of bone eminences is illustrated in the context of limb development (A) and of
musculoskeletal development (B). Two distinct pools of progenitor cells form the
cartilaginous template of the long bone in a modular fashion. The first pool of Sox9+

progenitors forms the cartilaginous anlage. Then a second pool of Sox9+/Scx+

progenitors forms the module of the bone eminence. TGFβ signaling controls the
specification of eminence progenitors, whereas SCX-BMP4 signaling mediates their
differentiation. (C) The enthesis is delimited by the small-dotted line. In wild-type
embryos, different subsets of Scx-expressing cells are found in the enthesis, from
tendon to bone: Scx+/BMP4+ (green and red cells), Scxhigh/Sox9low (purple and
blue cells) and Sox9high/Scxlow (orange and blue cells). Adapted from Subramanian
et al., 2015

I.3.3 Signaling pathways

a) Tendon cell specification

In addition to intrinsic regulators of tenogenesis, the Transforming Growth Factor β (TGFβ)
and Fibroblast Growth Factor (FGF) signaling pathways have been shown to be involved
in tendon development in mouse and chick embryos (Brent and Tabin, 2004; Brent et al.,
2003, 2005; Edom-Vovard et al., 2002; Pryce et al., 2009). Bioinformatics analysis of a tran-
scriptome of tendon cells also highlighted that these two were the main pathways displaying
significant regulation during mouse limb development (Havis et al., 2014).

TGFβ ligand is a potent inducer of Scx/SCX expression in embryonic mouse and chick
limbs, tendon progenitors and mesenchymal stem cells. The genes coding for TGFβ2 and
TGFβ3 are expressed in early chick and mouse limbs to fulfill a role in Scx/SCX induction
(Havis et al., 2014; Lorda-Diez et al., 2010; Pryce et al., 2009). In mice, TGFβ2 is sufficient
to increase Scx expression in E10.5 limbs, tendon progenitors and mesenchymal stem cells
(Havis et al., 2014; Maeda et al., 2011; Pryce et al., 2009). A similar result can be observed
in chick limbs grafted with TGFβ2 beads (Havis et al., 2016). Moreover, the canonical TGFβ
intracellular pathway, SMAD2/3, has been shown to be required for Scx expression in E10.5
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mouse limbs during the muscle-independent phase of limb tendon formation, as well as in
the chick between E3 and E4 (Havis et al., 2014, 2016). Also at E16.5, tendons of Smad3-/-

mice exhibited a disturbed architecture as well as a reduction in Col1a1 and TnC expression
(Berthet et al., 2013). This same study also showed that SMAD3 was able to physically
interact with SCX and MKX (Berthet et al., 2013).

Blocking classical TGFβ intracellular pathway using chemical inhibitors also decreases
scx expression in zebrafish embryos (Chen and Galloway, 2014). However, Scx expression
appears to be normal in E11.5 limbs of Tgfβ2-/-; TGFβ3-/- double mutant mouse embryos,
suggesting that other TGFβ ligands might be responsible for the initiation of Scx expression
in mouse limbs (Pryce et al., 2009). Another TGFβ ligand, myostatin (GDF-8), is a puta-
tive candidate to be involved in tendon development, since tendons are small, brittle and
hypocellular in Mstn-/- mice (Mendias et al., 2008). Moreover, myostatin treatment of pri-
mary culture of mouse tendon fibroblasts increases cell proliferation, in addition to increasing
Scx and Tnmd expression (Mendias et al., 2008). BMP ligands that signal via the intracel-
lular Smad1/5/8 pathway have the opposite effect from TGFβ and restricts Scx expression,
while inhibition of BMP signaling using the antagonist Noggin increases SCX expression in
early chick limbs (Schweitzer et al., 2001). Myostatin is a potent negative regulator of muscle
growth, while BMP positively regulates muscle progenitors during embryonic development
(Manceau et al., 2008; Wang et al., 2010). The antagonist roles of TGFβ and BMP signaling
pathways in tendon cell specification is consistent with their antagonist role in the regulation
of fetal muscle progenitors.

The FGF pathway has been shown to be required and sufficient for the initiation of SCX
expression in somites during chicken axial tendon development. An ectopic source of FGF
induces ectopic expression of SCX/Scx in chick and mouse somites and chick limbs, while
inhibition of FGF signaling prevents SCX expression (Brent et al., 2003, 2005; Edom-Vovard
et al., 2002). Two members of the ERK/MAPK pathway, ETV4 (effector) and SPROUTY2
(modulator) are both expressed in tendon progenitor regions in chick syndetome and FGF
has been shown to act on somitic tendon progenitors via the ERK/MAPK intracellular
pathway (Brent and Tabin, 2004; Smith et al., 2005). Besides, implantation of FGF4-beads
in developing chick limbs resulted in an increase of EGR1 and SCX genes expression, showing
again the positive effect of the FGF pathway on tendon development in chick (Havis et al.,
2016; Léjard et al., 2011). The FGF pathway also seems to respond to mechanical signals
during chick limb development in order to induce SCX expression in developing tendons
(Havis et al., 2016). However in mouse limbs, the ERK/MAPK signaling pathway appears
to have a different effect, since a downregulation of ERK/MAPK was sufficient to increase
Scx expression in mouse limb explants and in mouse mesenchymal stem cells (Havis et al.,
2014). Consistent with this result, FGF inhibited Scx expression in mouse mesenchymal
stem cells (Havis et al., 2014).
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b) Tendon cell differentiation

In addition to being involved at early stages of tendon induction, the TGFβ and FGF extra-
cellular signals have been shown to be involved in tendon differentiation during the muscle-
dependent phase of limb tendon formation (Edom-Vovard et al., 2002; Havis et al., 2014,
2016; Pryce et al., 2009). In the absence of TGFβ2 and TGFβ3 function, there is a complete
loss of Scx expression in head, axial and limb tendons and subsequently tendons are lost
(Pryce et al., 2009). TGFβ gain-of-function experiments in E12.5 mouse limbs lead to an
upregulation of Scx and Tnmd expression (Havis et al., 2014; Pryce et al., 2009). TGFβ
gain-of-function experiments in a high-density cell culture system of HH25 chick hindlimbs
(micromass) also lead to an up regulation of SCX and TNMD expression via the SMAD2/3
intracellular pathway (Lorda-Diez et al., 2009). TGFβ-interacting factor (Tgif1) has been
shown to promote the fibrogenic effect of TGFβ2/SMAD2/3 intracellular pathway in chicken
micromass cultures (Lorda-Diez et al., 2009). It has to be noted that the addition of TGFβ
ligands in 2D cell culture systems activates Scx, but drastically inhibits Tnmd expression
(Brown et al., 2014; Guerquin et al., 2013; Liu et al., 2015a). This indicates that TGFβ
ligands cannot induce complete tenogenesis in 2D stem cell cultures, in contrast to ex vivo
experiments, where TGFβ activates Tnmd in addition to increasing Scx expression in mouse
limb explants (Havis et al., 2014). FGF has been shown to increase the number of SCX+ cells
at the expense of muscle cells in chick limbs during fetal development (Edom-Vovard et al.,
2001, 2002). The expression of the ERK effector ETV4/Etv4 and modulator SPRY2/Spry2
is observed in both muscle and tendon and is increased at the muscle-tendon interface in
chick and mouse limbs (Eloy-Trinquet et al., 2009). However, despite similar expression in
fetal chick and mouse tendons of FGF signaling components, FGF appears to have a distinct
effect in mouse fetal tendon development compared to that in chick. FGF has been shown
to downregulate Scx and Tnmd expression in mouse tendon cells isolated from E13 mouse
embryos at the limb or axial levels (Brown et al., 2014). FGF appears to be crucial for SCX
induction and maintenance in chick but not in mouse embryos.

Other signaling pathways might also be involved in tendon cell specification or dif-
ferentiation. The WNT pathway is significantly regulated in mouse tendon cells during
limb development, according to bioinformatics analysis of a tendon transcriptome (Havis
et al., 2014). Moreover, Wnt3a has been shown to positively regulate Six2, another puta-
tive tenogenic transcription factor, in autopod tendons of developing chick limbs (Liu et al.,
2015b; Yamamoto-Shiraishi and Kuroiwa, 2013). In another study, WNT3a was able to in-
duce a re-specification of chondrogenic progenitors toward soft connective tissues progenitors
(ten Berge et al., 2008). In the same way, the WNT pathway positively regulated TNMD
expression in equine mesenchymal stem cells (Miyabara et al., 2014). Also, a genome-wide
study identified WNT4 as a downstream target of EGR1 in a cMM explant model over-
expressing EGR1 (Orgeur et al., 2018). However, the WNT/β-catenin signaling pathway
was also shown to be a potent repressor of tenogenic gene expression. Activation of Wnt/β-
catenin signaling in rat tendon-derived cells suppressed the expression of Scx, Tnmd and Mkx
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(Kishimoto et al., 2017). The activation of this pathway also antagonized the upregulation
of Scx by the TGFβ/SMAD2/3 signaling pathway (Kishimoto et al., 2017).

I.4 Achieving tenogenic differentiation in cell cultures through bio-
chemical treatments

I.4.1 Starting with a model: mesenchymal stem cells, adipose-derived cells and
tendon stem/ progenitor cells

Directing tendon cell differentiation is of crucial importance both for fundamental and applied
research to understand tendon development and tendon tissue engineering. However, there
is still a lack of specific protocol for tenogenic differentiation coupled with a great diversity
of cell types used to achieve tenogenesis in vitro. Indeed, Mesenchymal Stem Cells (MSCs),
Bone Marrow Stromal Cells (BMSCs), Tendon Stem/Progenitors Cells (TSPCs) or other
cellular models can be used to that aim (Bi et al., 2007; Bianco, 2014; Docheva et al., 2015;
Shearn et al., 2011). In this way, it seems necessary to define the major types of cells used,
those aforementioned, before going any further in the effects of the chemical treatments that
could be applied to them. Only then will we be able to take a closer look at the current
strategies employed to direct tenogenic differentiation through biochemical cues.

a) Mesenchymal stem cells

The idea of bone marrow-derived fibroblasts involved in wound healing was first envisioned
in the nineteenth century (Conheim, 1867). BMSCs were first isolated from bone marrow
when their osteogenic potential was proven upon its transplantation in a diffusion chamber
allowing for diffusion of nutrients while barring cell migration in and out of the chamber
(Friedenstein et al., 1966, 1968). The “Mesenchymal” stem cell concept first originated
from this discovery of an osteogenic potential in bone marrow, residing in fibroblast-like
adherent cells. This concept was also extended as MSCs were thought to give rise to a broad
spectrum of mesenchymal lineages specificated through different pathways, notably including
osteocytes, chondrocytes and adipocytes (Figure I.16) (Caplan, 1991; Pittenger et al., 1999;
Prockop, 1997; Wachtler, 1981). in vivo, these cells are thought to be the pericytes, located
on the abluminal side of the blood vessels (Bianco, 2014; Caplan and Correa, 2011). The
pericytes would give rise to MSCs in long-term culture, with a multilineage differentiation
potential at the clonogenic level. Also and independently of their origin in the organism, the
pericytes display a large panel of markers known to be MSCs markers, such as CD44, CD105
or CD146, (Crisan et al., 2008). However, they were also shown to retain the expression
of the markers displayed in their tissue of origin (Crisan et al., 2008). Keeping a trace
of their origin, combined with the important number of extraction protocols could be a
major point in the apparent diversity of MSCs (Caplan and Correa, 2011; Sharma et al.,
2014).Thus, MSCs can be harvested from a wide variety of tissues, even if they might retain
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some of these tissues characteristics. This particularity alone is already a great advantage
for research, but they were also shown to possess trophic, paracrine, anti-inflammatory
and immunomodulatory functions (Murphy et al., 2013; Sharma et al., 2014). C3H10T1/2
cells are a multipotent murine cell line with a fibroblast-like morphology harboring MSCs
characteristics as they are able to differentiate into chondrocytes, osteocytes and adipocytes
when cultured under appropriate differentiation culture media (Guerquin et al., 2013; Ji et
al., 2010; Kim and Jang, 2017; Lee et al., 2017). However, these immortalized cells are
not strictly adult multipotent stem cells as they were first isolated from mouse embryos
(Reznikoff et al., 1973). They constitute a fair example of the versatility expected from such
a model of MSCs. All the possibilities offered by the MSCs establish them as a powerful
biological material, but this concept is also challenged precisely because of this incredible
versatility (Bianco, 2014).

Fig. I.16 The differentiation potential of mesenchymal stem cells.
Schematic representation of the differentiation potential of MSCs, as envisioned
by Caplan and colleagues. Here we can see that the MSCs come from the pericytes
and can give rise to several lineages, notably tendon cells (in green). Adapted from
Caplan et al., 2011

b) Adipose-derived mesenchymal stem cells

Other cell types are also used such as MSCs derived from adipose tissue (ADSCs) and are
attractive notably due to their easy isolation in addition to the properties aforementioned
such as multidifferentiation. However, compared to BMSCs these cells are less prone to
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osteogenic and chondrogenic differentiation, while they are really efficient when it comes to
adipogenesis (Docheva et al., 2015). These cells are also able to express tenogenic markers,
proliferate faster in cell culture and to respond to biochemical and topographical cues in order
to differentiate into tendon cells (Docheva et al., 2015; Kryger et al., 2007; Madhurakkat
Perikamana et al., 2018; Park et al., 2010).

Altogether, these studies show that ADSCs might be established as a good source to
model tendon cell differentiation as they are able to achieve multidifferentiation, but less
toward osteogenesis, while being relatively easy to harvest.

c) Tendon stem / progenitor cells

Another major source to study the tendon cell differentiation in culture would be the Tendon
Stem/Progenitor Cells (TSPCs). We decided to group under this acronym the tendon-
derived stem cells, tendon progenitor cells and generally all the naïve cells derived from
tendons, with characteristics and properties of stem or progenitor cells of this tissue, namely
self-renewal and tenogenic differentiation.

A definitive TSPC population was first identified in vivo in mouse and human tendons by
Bi et al. in 2007 (Bi et al., 2007). In this paper, they generated and cultured single-cell sus-
pensions from wild-type C57BL/6 mouse patellar tendon or human hamstring tendon. These
cells were first quiescent and then formed adherent colonies. These TSPCs were molecularly
distinct from BMSCs, notably through higher expression of Scx, TNMD, Runx2/RUNX2
and Sox9/SOX9. TSPCs also displayed multidifferentiation potential toward osteogenesis,
chondrogenesis and adipogenesis. Besides, they showed self-renewing capacities and formed
tendon-like tissues upon subcutaneous transplantation in nude mice (Bi et al., 2007). This
unique pool of progenitors reside within a unique niche, mainly controlled by Fmod and
biglycan and playing a role in the tenogenic efficiency of TSPCs (Bi et al., 2007). In double
mutants for these molecules, TSPCs responded more effectively to BMP signaling and fa-
vored the osteogenic lineage (Bi et al., 2007). It appears that the environment of these cells
is also critical for correct maintenance and differentiation.

Other studies demonstrated the existence of TSPCs in human tendons, or even generated
tendon cell lines (Kohler et al., 2013; Salingcarnboriboon et al., 2003; Tempfer et al., 2009).
One of them showed that perivascular cells from tendon capillaries were indeed such pro-
genitors, which would be concordant with the Pericyte-MSCs hypothesis mentioned above,
although tendons are really poorly vascularized (Crisan et al., 2008; Tempfer et al., 2009).

Another study showed the existence of TSPCs in tendon proper and peritenon, both
population harboring stem cell, fibroblast and perivascular markers (Mienaltowski et al.,
2013). Besides, cells harvested from tendon proper showed higher tenogenic -differentiation-
properties than those of the peritenon (Mienaltowski et al., 2013, 2014).

These inherent tenogenic properties, the expression of early and late tenogenic markers,
make of the TSPCs a really relevant model, even if some challenges are still going on regarding
the standardization of their extraction, characterization and final differentiation in culture
(Docheva et al., 2015; Yan et al., 2018).
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I.4.2 Biochemical cues driving tenogenic differentiation

Directing tendon cell differentiation in vitro is of crucial importance for the understanding
of the molecular processes involved, the cellular changes the cells are going through, but also
to better explain what is happening in vivo both during development and healing process.
We will here see how biochemical treatments are used for that aim, in vitro.

TGFβ signaling pathway

The TGFβ signaling is known in vivo to participate in tendon development to induce Scx
expression (Havis et al., 2014, 2016). Regarding in vitro tenogenic differentiation, TGFβ
also plays important role. TGFβ2 is able to induce Scx and Col1a1 expression in cultures
of C3H10T1/2 cells, adult MSCs and embryonic TSPCs with TGFβ2-supplemented medium
(Brown et al., 2014, 2015; Havis et al., 2014; Pryce et al., 2009). Interestingly, this treatment
also downregulated the expression of the cartilage gene Sox9/SOX9 in C3H10T1/2 cells and
cMM culture, indicating that TGFβ signaling would really favor the tenogenic differentiation
(Havis et al., 2014; Lorda-Diez et al., 2009). Similar effects can be found for type I collagen
production in MEFs isolated from SCX-GFP cells and cultured in 3D constructs in fibrin
gel, which have been treated with TGFβ2 (Chien et al., 2017). This indicates that TGFβ
effects go from the activation of gene expression to matrix production.

Also, TGFβ1 had similar effects in BMSCs, but it also enhanced the expression of Tnmd
and Egr1, especially when used in combination with Connective Tissue Growth Factor
(CTGF) (Yin et al., 2016). This last study showed that initial treatment with TGFβ1
was able to initiate tendon-associated gene expression, while its combination with CTGF
allowed its maintenance during several days of culture. TGFβ3 was also shown to play a
role in in vitro models of tenogenic differentiation. In 3D-engineered tendon constructs of
fibrin gel, it is required for the proper formation of the constructs and the expression of
TNC and COL1A1, but never for SCX (Barsby et al., 2014). However, in cell cultures of
human ADSCs, TGFβ3 treatment in combination with a proper ECM scaffold upregulated
SCX and TNC expression (Yang et al., 2017b). It was also able to upregulate tendon gene
expression and collagen I content in rabbit BMSCs and C3H10T1/2 cultures (Bottagisio et
al., 2017; Havis et al., 2014).

TGFβ signaling could be effective for tenogenic differentiation through its intracellu-
lar SMAD2/3 pathway. It was shown by co-immunoprecipitation in C3H10T1/2 cells that
SMAD3 physically interacts with SCX and MKX (Berthet et al., 2013). Besides, a treatment
of tendon fibroblasts with Myostatin (GDF-8, member of the TGFβ superfamily) induced
the activation of the SMAD2/3 signaling pathway, as well as Scx, Tnmd and Col1a2 expres-
sion (Mendias et al., 2008). Finally, the beneficial effect of TGFβ2 treatment in C3H10T1/2
cells and cMM culture was abrogated when they were co-treated with an inhibitor of the
SMAD2/3 pathway, confirming once more the role of this intracellular pathway (Havis et
al., 2014; Lorda-Diez et al., 2009).

Interestingly, the effects of the TGFβ signaling are also very effective regarding tenogenic
initiation in other cell types. Indeed, in C2C12 cells, a murine myoblast cell line, treated with
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Myostatin showed an increase in Scx and Tnmd expression in a time- and dose-dependent
manner (Uemura et al., 2017). Also, its effects were abrogated when a siRNA knockdown of
Smad3 was operated in these cells, confirming once more the role of the SMAD2/3 pathway
(Uemura et al., 2017).

Connective tissue growth factor

Ctgf belongs to the CCN (Cyr61/Ctgf /Nov) gene family and is also known as Ccn2. It
was discovered and named as such because of its mitogenic activity in connective tissue
(Bradham et al., 1991). CTGF and the proteins of this family belong to the matricellular
proteins, which are proteins present in the ECM but that regulate cell function rather than
ECM structure (Murphy-Ullrich and Sage, 2014). CTGF is considered a positive regulator
of adhesion, migration, survival and apoptosis (Malik et al., 2015). The CCN proteins act
either by interacting with cell surface receptors or ligands. This last mode of action could
explain the interaction observed (and described previously) that CTGF in combination with
TGFβ1 was able to upregulate and maintain tendon-associated gene expression (Yin et al.,
2016).

Alone, CTGF has been demonstrated to induce the differentiation of human BMSCs into
fibroblasts with an increase in synthesis of type I collagen and tenascin-c. This came along a
reduced capacity for these cells to differentiate into osteocytes, chondrocytes and adipocytes
(Lee et al., 2006, 2010). However, it is suggested that CTGF could have a biphasic role,
promoting either fibroblastic or osteoblastic differentiation depending on its environment and
its combinatorial effect with other molecules (Zhang et al., 2018). In rat TSPCs cultures
and in combination with ascorbic acid, it also enhanced tendon-associated genes expression
while downregulating that of chondrogenic and osteogenic markers (Lui et al., 2016; Ni et
al., 2013). In cultures of mice TSPCs, cells treated at confluence with CTGF in combination
with ascorbic acid were able to form cell sheet which, once hooked between two anchors,
produced models of 3D-engineered tendons (Wang et al., 2018a).

When overexpressed in rat TSPCs, Ctgf promoted the tenogenic differentiation and the
expression of related genes Scx, Tnmd, ColI and TnC and its knockdown had the opposite
effect (Liu et al., 2015c). Its effect was shown to promote the tenogenic differentiation
induced by the BMP12 treatment of these cells (Liu et al., 2015c).

Bone morphogenetic proteins

The Bone Morphogenetic Proteins (BMPs) and their subfamily of Growth Differentiation
Factors (GDFs) play important roles in skeletal tissue development, notably BMP12, 13 and
14 (respectively GDF-7, -6 and -5) (Wolfman et al., 1997). In vitro, these factors also play on
tenogenic differentiation as we will next see. GDF-5 was demonstrated to lead to an increase
of tenogenic (Scx, Tnmd, TnC ) and ECM (Col1a1, Dcn, Acan) markers, ECM synthesis and
proliferation in ADSCs cultured or not on biomaterials (James et al., 2011; Park et al., 2010;
Shen et al., 2013). In human MSCs or BMSCs in 2D or 3D cultures, GDF5 also induced an
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upregulation of tendon genes expression, as well as collagen expression and an elevated ratio
of type I to type III collagen, a marker of tendon cells (Govoni et al., 2017; Tan et al., 2012).

Regarding other GDF members, GDF-6 treatment has similar effects. It upregulates
Thbs4 in C3H10T1/2 cultures and Scx expression, as well as Tnmd/TNMD both at the levels
of gene and protein expression (Berasi et al., 2011; Zhang et al., 2018). GDF-7 (BMP12) also
induces tenogenic differentiation, as it was previously shown when used in combination with
CTGF for example (Liu et al., 2015c). Treatments of GDF-7 in ADSCs cultures induced the
expression of tendon genes such as Scx, Tnmd, notably via the SMAD1/5/8 pathway and
more potently than GDF-5 in the same conditions (Shen et al., 2013). All together, these
studies clearly show that the trio GDF-5, -6, -7 have a particular role in inducing tenogenic
differentiation.

Fibroblasts growth factors

FGFs are crucial in vivo during chicken limb tendon development (Gaut and Duprez, 2016;
Havis et al., 2014, 2016). In human BMSCs, FGF-2 (also known as bFGF) enhanced matrix
production through tenogenic-ECM genes expression (COL I, COL III, FN) in late stages
(Hankemeier et al., 2005). Also, FGF-2 upregulated Scx expression in cultures of C3H10T1/2
cells, but also in C2C12 myoblasts and primary muscle-derived stem cells (Ker et al., 2011).
However not all the FGF ligands have the same effect, since FGF-4 was shown to inhibit
Scx and Tnmd expression on mouse TSPCs and C3H10T1/2 cultures (Brown et al., 2014;
Havis et al., 2014). Conversely, FGF inhibition by PD18 treatment -an inhibitor of the ERK
MAPK signaling pathway- activated the expression of Scx and Col1a1 (Havis et al., 2014).
Interestingly, FGF-4 has the opposite effect on tendon gene expression in chick limb explant
culture and show a species-specific role notably between chick and mouse (Havis et al., 2016).

Together, these studies show how powerful are growth factors to drive tendon cells differ-
entiation in vitro (Figure I.17). The biochemical cues are potent by themselves but should
also be used in combination with mechanical cues to see how their effects can be improved
(Zhang et al., 2018). Although these treatments are not able to completely achieve a terminal
differentiation, as well as others that have not been presented here, they show promising re-
sults in regard to clinical application and understanding of the molecular pathways involved
in tenogenesis (Docheva et al., 2015; Zhang et al., 2018).
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Fig. I.17 Summary of the biochemical cues inducing tenogenesis in vitro.
Schematic representation of the biochemical cues inducing in vitro tendon cell dif-
ferentiation, tendon marker expression or tendon-ECM production. The purple
arrows and lines indicates the combinatory treatments in which CTGF has been
used, with (1) Acid Ascorbic (AA), (2) TGFβ1 and (3) GDF-7. Green brackets and
arrows indicate a positive effect of these molecules on tenogenesis in cell cultures.
The red arrow indicates a negative effect on in vitro tenogenesis. FGF-4 is beneficial
or not depending on the species (chick or mouse). Inside the green or black squares
are indicated the intracellular pathways activated by their respective biochemical
treatments. Self-made illustration.

I.5 Mechanobiology and development

In the previous chapters, we reviewed how the components of the musculoskeletal system,
particularly tendons, developed during embryogenesis and fetal life. We also presented what
were the biochemical signals and the intracellular molecular factors known to date to regulate
these processes, both in in vivo and in vitro contexts. Thus, we showed how important these
biochemical signals could be in modulating tenogenesis.

However, this presentation is far from being complete in that it does not include the
involvement of the physical forces in all these biological processes. Mechanobiology focuses
on how physical forces and changes in the mechanical properties of cells and tissues will be
involved in cell differentiation, development, but also physiology and disease.

This field has drawn a lot of interest since the beginning of the XXth century and par-
ticularly since the second half of this same century (Figure I.18). The idea of coordination
between different branches of science was already mentioned at the beginning of the XXth

century. It concerned notably the need for physiologists and biologists to make a better use
of mathematics and physics to describe living matter (D’Arcy, 1945; Forbes, 1920). D’Arcy
already started to describe the form and shapes of living matter from a mathematical point
of view and to consider forces such as surface tension acting on cells in his book “On Growth

35



and Forms” in 1917 (and in revised editions of 1942, 1945) (D’Arcy, 1945). To date, with
the evolution of technology and science, we are better able to understand how these physical
forces shape the living matter and how they are interpreted and dealt with at the molecular
level by the cells.

Fig. I.18 Number of publications per year related to the PubMed search
“Mechanobiology” between 1920 and 2017

In this chapter, we will go through an overview of how the mechanical signals step
in developmental mechanisms. Also, we will see that the ECM is deeply involved in this
paradigm by conveying the forces from the environment to the cells in the tissues, to act
during morphogenesis. Then, we will pay attention to the means used by the cells to sense
these mechanical signals and to transduce them in intracellular molecular events, all the way
down to their nuclei and the regulation of their genomes. Finally, we will take some time to
introduce the Yes-Associated Protein (YAP), as one of the intracellular molecular effectors
of mechanical signals. Various physical and mechanical concepts and terms might be used
in the following chapters, as mechanobiology can be studied from physical, engineering and
biological point of views. Also, please refer to the following table for a brief description of
the terms used.
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Terms Definition
Stress Measure of force intensity, given as “force per area” and expressed in

newton per square meter (N/m2), also called pascal (Pa). As a reference,
1nN/μm2 = 1kPa

Strain Normalized measure of deformation, indicating changes in lengths or
angles within a material under applied stresses. The strain is dimen-
sionless; however, it can be expressed as a percent of change (%)

Stiffness The stiffness (k) of a body is a measure of the resistance offered by an
elastic body to deformation. For an elastic body with a single degree
of freedom (e.g. stretching or compressing of a rod), the stiffness is
defined as k=F/δ where F is the force applied to the body and δ the
displacement produced by the force (the change in length, for example)

Material stiffness Measure of resistance to deformation: how stress changes in response to
strain. An ideal material with an infinite material stiffness is said to be
rigid and presents a infinite Young’s modulus (see below).

Strength Measure of resistance to material damage or failure reflecting the maxi-
mal values of stress that can be tolerated before failure.

Elastic Mechanical behavior that does not dissipate energy. An elastic material
returns to its original geometry when unloaded. The elasticity is defined
as the Young Modulus (see below).

Young’s Modulus (E) The Young’s modulus (E) also known as the elastic modulus, is a mea-
sure of the stiffness of a solid material. It defines the relationship be-
tween stress and strain in a material. As mentioned above, an elastic
material will deform when a load is applied to it and returns to its origi-
nal shape after the load is removed. In the range where the ratio between
load and deformation remains constant, the stress–strain curve is linear.
Not many materials are linear and elastic beyond a small amount of de-
formation (typically 1-5% strain). As explained above, a stiff material
needs more force to deform compared to a soft material and an infinite
force would be needed to deform a perfectly rigid material, implying that
it would have an infinite E. E is the ratio of stress (units of pressure) to
strain (dimensionless) and so is expressed in units of pressure, therefore
in Pa. The practical units used are megapascals (MPa or N/mm2) or
gigapascals (GPa or kN/mm2).

Table I.1: Introduction to terms and concepts in mechanobiology. Sources:
Humphrey et al., 2014; Vining et al., 2017; Wikipedia page on Young’s modulus
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I.5.1 Mechanical forces in development

a) Intrinsic mechanical cues and early development

The growth, differentiation and morphogenesis during development are dependent on the
interaction between biochemical cues and intrinsic and extrinsic mechanical forces, driving
cell assembly and growth into higher-order structures. This starts from the very earliest step
of fertilization. The penetration of the extracellular zona pellucida (ZP) by the sperm to
go through the oocyte membrane will trigger a cortical reaction that will harden the ZP by
crosslinking its molecular filaments to block the entry of other sperm (Boccaccio et al., 2012).
The presence of these cells-generated forces was first demonstrated by macro-scale dissection
of embryos of Rana temporaria (Beloussov et al., 1975). In this study, embryos have been
dissected and shape alterations of different parts of the embryo were analyzed. A part
of the deformations observed could be inhibited either by temperature or by cytochalasin
B treatment -an inhibitor of actin filament formation-, which led to the conclusion that
these processes resulted from active work of intracellular contractile systems. These internal
forces are generated by non-muscle myosin II in actomyosin complexes. Together, they form
a contractile cytoskeletal network spanning from the nucleus to the cell cortex. Myosin
II and the contractile actomyosin network are required for elastic properties of the cells
and for junction remodeling during planar cell intercalation during axis elongation in the
Drosophila embryo (Bertet et al., 2004; Fernandez-Gonzalez et al., 2009; Kumar et al.,
2006; Rauzi et al., 2008). The mechanical strain resulting from morphogenetic movements
will continue to act during embryogenesis, activating several molecular pathways and in all
species. In Drosophila, studies demonstrated the mechanical induction of the expression
of Twist, mesoendodermal transcription factor, in response to convergence-extension cell
movements and mediated by the β-catenin pathway (Desprat et al., 2008; Farge, 2003). Also,
the specification of early mesoderm was shown to be a conserved mechanism in Bilateria. A
common mechanosensitive pathway mediated by the phosphorylation of β-catenin is involved
in early mesoderm specification at gastrulation both in zebrafish and Drosophila (Brunet et
al., 2013).

Similar mechanosensitive mechanisms were also demonstrated in the shoot apex of the
plant Arabidopsis thaliana. Its morphogenesis is dependent on the microtubule cytoskeleton,
its own coordinated patterns of arrays being regulated by mechanical stress (Hamant et al.,
2008). These studies show how important, diverse and conserved are the mechanical cues
during development.

That sort of cell-generated events are also observed as soon as the first steps of mouse
embryogenesis, where cell contractility drives compaction in the embryo (Maître et al., 2015,
2016). At the 8-cell stage, this compaction involves the development of cell-cell contacts, the
cell-medium interface and relies on the actomyosin cortex, giving rise to cellular contractions
(Maître et al., 2015). The difference of contractility between each blastomere will impact
their localization into inner or outer positions, which will have a direct influence on their
lineage specification (Maître et al., 2016).
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Inside these cells, the cytoskeleton is a crucial element influencing their shape, inter-
nal components, reaction to their environment, coordinated movements and indirectly such
phenomenon as symmetric vs asymmetric divisions. As such, a brief description of this ap-
paratus should be given to clarify its structure and role inside the cells, in order to provide
a better understanding of the events exposed in this chapter.

The cytoskeleton consists in an adaptable web of filaments spread all over the cell, with
a highly dynamic structure. Cytoskeletal structures can change or persist according to the
cell needs. However, the individual molecular components making up these structures are in
a constant state of flux. It is composed by intermediate filaments, microtubules and actin
filaments (Figure I.19).

Fig. I.19 The three major types of protein filaments forming the cy-
toskeleton. Intermediate filaments(blue) extend across the cytoplasm and around
the nucleus (brown), giving mechanical strength. Microtubules (green) are long
and straight and all have one end attached to the centrosome. Actin filaments
(red) are dispersed throughout the cell and mostly concentrated below the plasma
membrane. Adapted from Alberts and Johnson, Molecular Biology of the Cell, 5th
ed., 2007

Intermediate filaments

Intermediate filaments provide mechanical strength to the cell, they are rope-like filaments
with a 10 nm diameter. They support the nuclear envelope and are spread all over the cyto-
plasm and often linked to the plasma membrane at intercellular junctions by desmosomes.
They are particularly present in the cytoplasm of cells subjected to mechanical stress and
play an important role in providing mechanical strength (Alberts and Johnson, 2007). Inter-
estingly, the nuclear lamins are related to these filaments, they form a meshwork underlying
the inner nuclear membrane, thus providing anchorage for chromosomes and nuclear pores.
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Microtubules

The microtubules possess a crucial role in the organization of eukaryotic cells. They are long
and relatively rigid tubes of 25 nm diameter. Their walls are composed of parallel filaments
of polymerized tubulin, the basic unit of tubulin being itself a dimer of α and β subunits.
They are structurally strong but constantly dynamic: they expand and contract in length
and can sometimes completely depolymerize. They originate from a structure called the
centrosome and spread in a star-like cytoplasmic array from that point in interphase cell.
Microtubules can also form permanent structures on the surface of the cell called cilia. Cilia
are efficient motility machines that beat quite synchronously in a whip-like motion. An-
other type of cilia is the primary cilium, which is found on the surface of many different cell
types, including fibroblasts, bone cells and chondrocytes (Alberts and Johnson, 2007). The
interesting point is that they concentrate many signaling proteins, notably mechanosensitive
calcium channels that open when the fluid flow bends the primary cilia (Corrigan et al., 2018).

Actin filaments

Finally, the third major component of the cytoskeleton are the actin filaments, which are
required for the determination of the shape of the cell’s surface as well as for locomotion.
They are helical polymer of the globular G-actin that associate to form strong and flexible
structures. The F-actin filament consist of two parallel protofilaments twisting around each
other in a helix (Alberts and Johnson, 2007). Actin filaments are dispersed throughout the
cells where they have various functions, but they are highly concentrated in the cortex, be-
neath the plasma membrane where they form a meshwork involved in regulating cell shape
and movements. Subcortical actin fibers have also been shown to exert some influence on
mitotic spindle positioning, relaying the effects of external forces in that process (Fink et
al., 2011). These filaments however are very unstable and display a highly dynamic behav-
ior. Under their G- or F-actin forms, they can be associated with other proteins, such as
MAL, a co-factor of transcription acting with SRF, or F-actin capping/severing proteins,
thus making their state of polymerization important for other types of signaling (Aragona
et al., 2013; Posern and Treisman, 2006).

In the context of the blastocyst, the changes in forces and mechanical properties of the
ECM applied to the cells complete the intrinsic forces generated by the cells and contribute to
the change in gene expression driving different cell fates. This can go through the adaptation
of the cytoskeletal elements modulating molecular factors sensible to the cell mechanical
state, such as YAP (Mammoto et al., 2013). Contractile forces induced by the cytoskeleton
were also shown to be involved in Drosophila development. Here, they are required for
closure of the dorsal epidermal opening at the end of the gastrulation (Kiehart et al., 2000).
This is rendered possible by actin cables in the dorsal epidermis migrating cells, but also by
the underlying amnioserosal cells pulling the above cells by apical constriction-driven forces
(Figure I.20).
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Generally speaking, all these studies and the tremendous number of others that were
not presented here all show how mechanical forces generated by the cells thanks to their
cytoskeleton play key roles during multiple, or all, developmental processes.

Fig. I.20 Epithelial tissue closure. Epithelial tissue closure as described in
Kiehart et al., 2000. Migrating cells at the edge of the epidermis extend their
filopodia to interact with each other through cell-cell junctions (in green). The
underlying amnioseral cells pull the cells above by using apical constriction-driven
forces rendered possible by the modulation of they actin filaments at their apical
side. Adapted from Mammoto et al., 2013.

b) Extrinsic mechanical cues: extracellular matrix and external factors in mor-
phogenetic control

We previously reviewed the effects of intrinsic forces generated by the cells during contrac-
tions and morphogenetic movements. The cells are able to change their own fate through
these mechanical cues they exert on each other and within themselves. During development,
progenitor cells will differentiate and produce the ECM to which they will adhere. Morpho-
genetic movements also involve constant remodeling of the ECM, which connects cells within
tissues and act as a 3D elastic scaffold. By doing so, the ECM will distribute forces among
its cells, altering their own traction forces and even modifying their shapes (Mammoto et
al., 2013). It was demonstrated in vivo in early mouse embryos that mechanical strains
developed by the external environment was able to regulate the distal visceral endoderm
formation and its intrinsic transcriptional program (Hiramatsu et al., 2013). This is only
an example of the broad range of functions that is affected by forces conveyed by the ECM,
including growth, apoptosis, cell migration, specification and differentiation, etc.

The composition of the ECM is continuously modulated by the cells attached, which
in turn can affect the morphogenetic movements. Adherent cells and their traction forces
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can remodel the ECM and its collagen fibers, creating or strengthening bundles between
cells in vitro (Kim et al., 2017). This is also the case in vivo for FN modulation in matrix
by cell-cell and cell-ECM adhesions. In Xenopus laevis, changes in cadherin adhesion and
cell-cell junction impact tissue cohesivity and its response to the tension applied, resulting in
deficient FN assembly (Dzamba et al., 2009). On the opposite, FN is required in the ECM
to affect cells during developmental processes, such as the establishment of the asymmetric
gene expression pattern in mouse embryos (Pulina et al., 2011). Also, the ECM’s stiffness
is able to induce lineage specification, as it was demonstrated with naïve MSCs cultured on
substrates of different stiffness mimicking either -from soft to rigid- brain, muscle and bone.
When cultured on these matrices, cells were specified to the lineage mimicked. Namely,
cells on soft ECM gels differentiated into a neuronal-like lineage, those on stiff gels into
osteoblasts and in myoblasts for MSCs cultured on ECM of intermediate stiffness (Engler
et al., 2006). Thus, the cell-ECM interactions are of crucial importance for cell fate and
development in general. Integrins are important actors of this interaction between cells and
their ECM, especially in the context of mechanical forces transduction (Sun et al., 2016).
These transmembrane proteins allow binding to the ECM components through their external
parts, such as laminin or FN and transduce the mechanical or biochemical signals to the in-
tracellular molecular components on which they are (in)directly linked, notably the F-actin
fibers (Alberts and Johnson, 2007). There are many types of integrins, each with a specific
activity, that also each have different ligand-binding specificities depending on the cell type
in which they are expressed. Thus, they constitute a major tool for the cells to bind and
respond to the tremendous diversity of ECM types encountered and a single mechanical cue
could then have different impacts depending on these environments (Alberts and Johnson,
2007; Gasiorowski et al., 2013; Sun et al., 2016).

The loads, tensile forces or the strain then imposed by the ECM will promote the assem-
bly of the cytoskeleton into actin stress fibers or focal adhesions, activating several signaling
pathways of molecular factors, such as YAP or SRF (Aragona et al., 2013; Humphrey et al.,
2014; Posern and Treisman, 2006; Yang et al., 2000). This is a typical mechanism through
which cells can adapt and respond on the molecular level to the mechanical signals coming
from their environment.

The cues coming from the ECM represent a vast catalog of biomechanical signals for the
adherent cells. However, they are not the only external mechanical signals the cells are sub-
jected to. Shear forces generated by the flow of the fluids surrounding the cells are also sensed
and trigger several responses (Figure I.21A). For example, fluid shear stress is able to acti-
vate the transcription of EGR1 gene in human endothelial and epithelial cell culture systems
(Schwachtgen et al., 1998). Blood flow is also required during heart valve morphogenesis in
zebrafish embryos and are required for both the proper migration and mechanotransduction
response of endocardial cells (Boselli et al., 2017; Goddard et al., 2017). Also this kind of
stress is able to bend the primary cilia on the cells, thus enabling the activation of several of
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the signaling proteins concentrated there, or the opening of mechanosensitive Ca2+ channels
(Alberts and Johnson, 2007).

Fig. I.21 Extrinsic mechanical cues applied on the cells. (A) Brief summary
of the mechanical cues to which cells can be subjected. Extrinsic forces (Fe) are
applied by tension or compression of the cells, shear stress, mechanically gated
ion channels, deformation of the primary cilium or by the ECM. Intrinsic forces
(Fi) are also depicted here through the cell-cell junctions. Picture adapted from
Vining et al., 2017. (B) Focus on the area delimited by the black square in (A).
Schematic of the adhesion of the cells on stiff (left panel) or soft (right panel)
substrates through integrin-binding. In all cases integrins are coupled to F-actin
filaments via linker proteins (violet discs). These proteins and the integrins will
move accordingly to the forces generated by actin polymerization and/or Myosin
II contractions. On stiff substrates the integrins remain immobile and resist these
forces, on soft substrates they follow the forces and move backward, altering cellular
responses. Picture adapted from Humphrey et al., 2014.

I.5.2 Mechanical signal transduction at molecular level

Mechanical forces exerted by the cell through cell-cell junction and contraction, or on the cells
through cell-ECM adhesions are critical for morphogenesis and developmental processes. The
process by which the cells sense changes in physical force balance is termed “mechanosensing”
and is realized through multiple ways as we will see in this part. Then the intracellular process
by which the mechanical signals detected by mechanosensing are transduced into changes in
biochemistry and gene expression is termed “mechanotransduction”.
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a) Mechanosensing: how cells detect forces

Integrin-mediated adhesions are stabilized under force and they constitute a way for the cell
to detect and respond to the biophysical properties of the external environment. They truly
are a bridge between the ECM and the F-actin cytoskeleton (Figure I.21B). Integrins are the
principal receptors in animal cells for binding the majority of ECM proteins. They are very
various, but all share common features. An integrin molecule is made up by two glycoproteins
subunits, α and β, that are noncovalently associated. They are transmembrane subunits with
short intracellular C-domain and large N-terminal extracellular domains (Alberts and John-
son, 2007). The C-terminal portion is responsible for the binding of a complex of proteins
linking the integrin to the cytoskeleton, such as focal adhesion kinase (FAK), talin, vinculin
(VCL), paxillin, kindlin and others (Figure I.22A). The N-terminal part binds ECM struc-
tural proteins such as laminins or FN, or other ligands (Figure I.22A). Integrins are subjected
to allosteric regulation, meaning that as an integrin binds or detaches to its ligand, it will
undergoes conformational changes that will have a similar impact to its binding properties
at the other end of the molecule, enabling signal propagation in both ways (Alberts and
Johnson, 2007; Sun et al., 2016). Upon ligand binding, different proteins will be recruited
to the site of the short intracellular C-terminal end of the integrin, composing an adhesion
structure. This structure changes over time in size and composition and is influenced by both
chemical and mechanical properties of the ECM substrate (Schiller and Fässler, 2013). This
adhesion-mediated rigidity sensing induces the reorganization of cell-matrix adhesions. Thus,
for example in a migrating cell, nascent adhesion will first form on its leading edge, that are
able to transmit pushing forces from the actin cytoskeleton polymerization (Figure I.22B).
Then, as most nascent adhesion will be quickly disassembled, some of them will grow in size
along F-actin bundles into focal adhesions. In these focal adhesion, where the traction force
is the most important, the link between integrins and F-actin, via linker proteins, is rein-
forced (Figure I.22B). The maturation into large focal adhesion requires myosin II -mediated
cell contractility (Schiller and Fässler, 2013). In the end, focal adhesion will disassemble for
the majority and some of the integrins will be translocated into central fibrillar adhesion
points, with relaxed actin bundle (Figure I.22B) (Sun et al., 2016). Thus, on stiff substrates,
adhesion maturation accelerates and consequently decreases on soft substrate (Figure I.21B).

The mechanical loads will trigger conformational changes into the focal adhesions. Talin
for example, undergoes stress-dependent unfolding, thus exposing a cryptic binding site for
VCL. This will in turn trigger a clustering of other integrins, enhancing the transduction of
the mechanical signal on the focal adhesion site (del Rio et al., 2016). This phenomenon is
not specific to talin and VCL and also happens between other proteins at these sites, such as
the actin-binding protein filamin A (FLNA), that reveals a cryptic binding site for integrins
when it is mechanically deformed by the actin cytoskeleton (Ehrlicher et al., 2011).
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Fig. I.22 Integrins and adhesion points. (A) Schematic representation of
the integrins with their adhesion complex. The α subunit (light green) and the β
subunit (blue) are in an active state and bind the ECM protein (yellow). They
both span the plasma membrane and the β subunit is linked the actin cytoskeleton
(red) by linker proteins, as talin (dark green) and vinculin (brown) that are here
represented. Picture from Alberts et al., 2007 (B) Formation of adhesion points
in a motile cell. At the leading edge (on the right), nascent adhesion will first
assemble by mobilization of actin filaments and the formation of catch bond between
active integrins (green and violet) and ECM proteins (black), these bonds are force-
stabilized and durable. Some nascent adhesion will grow into focal adhesion where
the traction force is highest, with a higher mobilization of actin cytoskeleton and
greater force transmission between ECM and actin cytoskeleton. Starting from
the fibrillar adhesion (FA) belt, F-actin will less strongly bind talin, resulting in a
progressive demobilization of the actin cytoskeleton concomitant to a reduction in
the traction force. This will give rise to smaller fibrillar adhesion, mainly forming
slip bond, whose lifetimes are shortened by application of forces, leading to loosened
interactions. Adapted from Sun et al., 2016.
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Traction forces are also exerted on cell-cell adhesions and are mainly transmitted along
the cells in tissues through cadherin-based intercellular junctions (Mammoto et al., 2013).
These adhesions work, in a way similar to the integrins, as force transmitters and mechanosen-
sors able to induce several cell behaviors. Cadherins form a superfamily of transmembrane
proteins mainly requiring Ca2+ to achieve their extracellular binding and keep adjacent cells
together. Cadherins bind on their extracellular part by homophilic binding, meaning with
cadherins of the same -or close- subtype and on their intracellular part they are indirectly
anchored to the cytoskeleton (Alberts and Johnson, 2007). This anchorage is mediated by
several proteins, among which the catenins are the main components. In general, β-catenin
is involved with p120- or α-catenin and intracellular anchor proteins to link the cadherin to
the cytoskeleton (Figure I.23A).

When activated, cadherin adhesions promote the local assembly and new branching of
F-actin filaments, more efficient in producing contractility and recruitment of non-muscle
myosin II (Figure I.23B). These recruitments and polymerization will also activate several
signaling pathways such as RHOA (Charras and Yap, 2018). In a similar way to its role in
focal adhesion, myosin II will increase intercellular tension that will induce conformational
changes at the cadherin-catenin complex. It was already demonstrated that under such a
force, α-catenin at this complex will expose a cryptic binding site recruiting VCL to cell-
cell contacts (Figure I.23C) (Charras and Yap, 2018; Yonemura et al., 2010). Also, forces
applied to E-cadherin complex activated the AMP-activated protein kinase signaling, as well
as favoring the recruitment and phosphorylation of VCL (Bays et al., 2014, 2017). These
studies offer a good view on how the cell-cell junction complexes enable each cell to sense
the force spread among all of them and a way to respond to this force.
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Fig. I.23 Cell-cell junction at the cadherin complex. (A) Structure of the
cadherin complex, with cadherin, α-, β- and p120-catenin, F-actin filaments and
Myosin II. (B) Prolonged cadherin adhesion will reinforce the cadherin complex
and promote the recruitment of Myosin II and polymerization/new branching of
F-actin notably through Arp2/3 and formin. (C) Conformation change of α-catenin
upon application of force promotes recruitment of vinculin to the complex. Adapted
from Charras et al., 2018.

By itself, the cytoskeleton is also able to sense alterations in cell shape and to reorganize
itself to better adapt. This is notably the case when cells are subjected to cyclic loading, they
will actively remodel and reorient their cytoskeleton (Dhein et al., 2014; Liu et al., 2014).
Also, RHO GTPase activity is a consequence of cell shape distortion. When cells are round
and the actin cytoskeleton is disrupted and RHOA is activated through a cascade of molecular
events and inversely in the opposite case (Mammoto et al., 2013). Through RHO GTPases
and actin cytoskeleton remodeling, several molecular factors involved in mechanotransduc-
tion will then relay the information to the cell nucleus and enable the cell to respond, which
is notably the case for SRF and YAP (Dupont et al., 2011; Posern and Treisman, 2006).

The primary cilium is another way for the cell to sense its mechanical environment and
especially fluid shear stress. This structure concentrate many signaling proteins and is able to
bend under sufficient force produced by shear stress. Thus, the primary cilium acts as a single
sensory cellular extension. It was demonstrated that it had a pro-osteogenic mechanosensory
role, notably in MSCs stimulated by oscillatory fluid flow (Hoey et al., 2012; Stavenschi et
al., 2017). It was also shown that primary cilium could work with the TRPV4 ion channel
(Corrigan et al., 2018). This receptor belongs to the family of Transient Receptor Potential
(TRP) and its subfamily V, from which it is the 4th member. These ion channels display di-
verse stimulatory mechanisms including mechanical activation (Nilius and Owsianik, 2011).
The bending of the primary cilium induced by shear stress is able to open TRPV4 localized
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on it, enabling the entry in the cell of Ca2+ ions and subsequent osteogenic gene expression
(Corrigan et al., 2018).

All the mechanisms presented above are crucial for the cell to properly sense the me-
chanical signals. However, numerous other receptors and strategies of mechanosensing exist
and have not been presented here, notably regarding the mechanically activated ion channels
(Murthy et al., 2017). Subsequently to these first modifications elicited in the cells, various
biochemical signaling pathways and other molecular factors will be triggered, all the way to
gene expression, to achieve a proper response of the cell.

b) Mechanotransduction and gene expression

After the detection of mechanical signals, cells will have to transduce this information into
an intracellular biochemical signal. The transition of a mechanical signal into a biochemical
information is termed mechanotransduction. There are already numerous mechanosensing
processes adopted by the cells and the possibilities are multiplied intracellularly. We will
here focus only on SRF, EGR1 and YAP, since they will be of particular interest in the
context of this thesis and to give a good view of some of mechanotransduction strategies.

b).1 Serum Response Factor SRF is a transcription factor that is involved in the
control of many cytoskeletal, muscle specific genes and “immediate-early” genes (Esnault
et al., 2014; Posern and Treisman, 2006). SRF recruits two families of coactivators, the
myocardin-related transcription factors (MRTFs) and the ternary complex factors (TCFs)
in order to achieve proper gene transcription. It does so regarding the biochemical context
and the signaling pathway triggered to elicit a specific response in the cell. To properly
activate its context-dependent transcriptional program, SRF form a complex with one of its
coactivators, TCF or MRTF-A (also known as MAL or MKL1) (Figure I.24). However, SRF
can activate common targets of these two coactivator families (Esnault et al., 2014). While
TCF activity is controlled by RAS-ERK signaling, MRTF-A activity is controlled by RHO
GTPases and actin polymerization (Miralles et al., 2003; Posern and Treisman, 2006). As we
saw before, this second family of signal involving RHO GTPases and actin polymerization
is typically involved in the mechanosensing process of the cells. This makes of SRF an ideal
mechanosensitive transcription factor able to achieve a proper mechanotransduction. In turn,
SRF-MRTF-A mediated transcription regulates the expression of actin- and cytoskeleton-
regulatory proteins, transcription and cell growth (Esnault et al., 2014). Besides, MRTF-A-
mediated transcriptional activity was linked to cell geometry (Jain et al., 2013).
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Fig. I.24 The two principal pathways regulating SRF activity. (On the left)
Mechanical stimuli -among others- activate the Rho-family of GTPases (squares
with black dots for GTP), that will promote the polymerization of F-actin filaments
from G-actin subunits. By doing so, the G-actin subunits will free the coactivator
MAL (MRTF-A) that will be able to bind SRF to activate their transcriptional
program. (On the right) External stimuli will activate the MAP kinase pathway
through Ras, Raf, MEK and ERK. This last one will phosphorylate TCFs (such as
Alk-1, SAP-1 and Net) that will then be able to bind its own DNA recognition site
and SRF in what is called the “grappling hook” model. Picture from Posern and
Treisman, 2006.

b).2 EGR1 as a mechanosensitive transcription factor As previously explained,
EGR1 belong to a group of genes able to respond very quickly to a broad range of regulatory
signals and known as immediate-early genes (Bahrami and Drabløs, 2016). Interestingly,
Egr1 is also a target gene of SRF, but through the SRF-TCF activation and independent
of MRTF-A activity (Bahrami and Drabløs, 2016; Esnault et al., 2014). However, it does
not prevent it from being transcribed in response to fluid shear stress and through MAPK
signaling (Ogata, 2008; Schwachtgen et al., 1998). Mechanosensitivity to fluid flows of Egr1
transcription was also shown in vitro in cultures of osteoblasts (Hamamura et al., 2008) Also,
Egr1 expression was reduced in adult tendons with limited movements, showing that at least
its transcription results from a mechanosensitive process (Gaut et al., 2016). Besides, in vitro
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in 3-dimensional (3D) cell cultures of MEFs, the transcription of Egr1 is dependent of the
static tension in these constructs (Gaut et al., 2016). However, if Egr1 expression is forced
in de-tensioned constructs, the tendon gene expression is restored, showing that EGR1 act
downstream of the mechanical signals in the cell to control tendon gene expression (Gaut et
al., 2016). In compressed 3D cultures of primary chondrocytes, Egr1 expression was once
again upregulated.

EGR1 activity is also linked to focal adhesion dynamics and caveola biogenesis, since un-
der a mechanical stress pCAV1 will phosphorylate EGR1, thus preventing it from inhibiting
the transcription of the Cav1 and Cavin-1 genes (Joshi et al., 2012). Also, after a stretch
in C2C12 cells, EGR1 activates the transcription of the Sirt1 gene, leading to regulation of
the Reactive Oxygen Species levels in the cells.

All the studies presented above show how fast is the transcription of Egr1 in response
to mechanical signals and also confirm its role downstream of mechanical signals in the
regulation of transcription of several genes. However, to this day there is not a well-defined
modus operandi of EGR1 in response to mechanical signals, as it can be activated by stretch,
focal adhesions and fluid shear stress. Nonetheless, it constitutes a really good example of
versatility in regard to the mechanosensitive context.

b).3 The Yes-Associated Protein as a molecular effector of mechanical signals
in cells

YAP and the Hippo pathway The YAP was first discovered to be an effector of the
Hippo pathway that was described in Drosophila melanogaster to suppress cell proliferation,
tumor growth and to regulate organ size (Zhao et al., 2011). Hippo is a Serine/Threonine
kinase whose mammalian homologs are called MST1/2. When MST1/2 are phosphorylated,
they are activated and phosphorylate the LATS1/2 kinases (mammalian homolog of Wts
in Drosophila). Once phosphorylated, LATS1/2 will themselves phosphorylate YAP/TAZ
(both being mammalian homologs of Yki in Drosophila) (Huang et al., 2005). However, the
phosphorylation of YAP by the Hippo signaling pathway will lead to its sequestration in the
cytosol by the 14-3-3 protein, which will prevent it for activating its transcriptional program
(Figure I.25).

Upstream of the Hippo pathway, it is known that MST1/2 can be activated by binding to
Ras association domain family proteins (Zhao et al., 2011). However, the other mechanisms
leading to their activation are poorly understood. Multiple proteins in the Hippo pathway
interact through WW domains that bind to proline-rich motifs. This is notably the case
between MST1/2 and its auxiliary SAV1 or with LATS1/2 that binds the WW domain of
YAP/TAZ (Wackerhage et al., 2014). Also, LATS1/2 have been shown to be negatively
regulated by G-protein coupled receptors (GPCR) signaling, thus enhancing YAP activity
in the cells (Yu et al., 2012).YAP/TAZ and angiomotin (AMOT) proteins were also shown
to interact, which promotes the YAP/TAZ localization to tight junctions and its inhibition
through phosphorylation (Zhao et al., 2011).
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YAP is a transcriptional co-activator that is unable by itself to bind DNA. In order to
exert its trans-activator function, it must interact with transcription factors such as those of
the TEAD family (Stein et al., 2015; Zanconato et al., 2015). TEAD transcription factors
recognize and bind MCAT elements (CATTCC) in promoters or enhancers of genes to reg-
ulate their transcription. Direct targets of YAP/TEAD complex have been identified, like
Ctgf, Cyr61, Inhibin beta-A (Inhba). Interestingly, YAP-TEAD share a lot of common target
genes with SRF-MRTF-A and both pathways can be dependent on each other for activating
some of these genes (Esnault et al., 2014; Foster et al., 2018).

Increased YAP activity is observed in cancers and Yap1 overexpression in the liver in-
creases its size and leads to tumor formation. A similar phenotype is observed in mutant
mice which are deficient for Mst1/2 (Zhao et al., 2011). In stem and progenitor cell models,
YAP is beneficial for stem cell proliferation and in certain cases an inhibitor of differentia-
tion. Concordant with that role, YAP was also found to be required in several regeneration
processes (Zhu et al., 2014).

Fig. I.25 Yap activity is influenced by the Hippo signaling pathway and
mechanical cues. Illustration from Sophie Gournet
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YAP as a mechanotransducer In this chapter, we saw that cells perceive their mi-
croenvironment through mechanical cues and that they are able to respond to it through
mechanotransduction systems. Apart from its roles in cell proliferation, organ size control
and as a target of the Hippo pathway, YAP is also known to be a major actor in mechan-
otransduction processes in multiple type of cells (Panciera et al., 2017). In cells, YAP (as
well as TAZ) was shown to be a nuclear relay of mechanical signals exerted by ECM rigid-
ity and cell shape (Dupont et al., 2011). This mechanotransduction process is independent
of the Hippo pathway and requires RHO GTPase activity and tension of the actomyosin
cytoskeleton. On small areas or soft substrates, YAP will be inactive, while it will be the
opposite on large area, stiff substrates, low cell density or other mechanical stimulations
(Panciera et al., 2017) (Figure I.26). Also, mechanical regulation of YAP subsequent to
changes in physical and architectural features happening in multicellular sheets are able to
affect cell behavior. This is notably going through the polymerization of the actin cytoskele-
ton, as F-actin-capping and -severing proteins act as YAP inhibitors (Aragona et al., 2013).
Besides, as F-actin competes with YAP for the binding of YAP-inhibitor protein AMOT,
the polymerization of F-actin cytoskeleton will free YAP from this interaction, enabling it
to pursue its activity (Figure I.25) (Mana-Capelli et al., 2014). The mechanosensing focal
adhesion complexes have also been involved in YAP and TAZ regulation, establishing again
their role as effector of the mechanical signals (Panciera et al., 2017).

Regarding its role in stem cell mechanobiology, it was shown that YAP was strongly
involved in MSCs differentiation regulation by multiple mechanical signals. YAP promotes
the osteogenic fate in MSCs on stiff substrates and also on soft substrates when Yap1 is
overexpressed (Panciera et al., 2017). Generally speaking, YAP will be activated along
an increase in substrate stiffness and in cells cultured in vitro in 3D gels it will be the
relay of the particular mechanical signals of this environment, to promote stiff substrate
(Panciera et al., 2017). However, some studies suggest that YAP would be an inhibitor of
chondrocyte differentiation, even if this lineage is favored on stiff substrates (Yang et al.,
2017a; Zhong et al., 2013). While no study clearly establish a link between YAP activity
and tenogenic differentiation, a transcriptome analysis, notably of YAP/TAZ target genes, in
chick fibroblasts embedded in different 3D gels established that collagen gels might desensitize
this type of mechanotransduction pathway (Yeung et al., 2015).

Altogether, these studies establish YAP as a potent relay of the mechanical cues to induce
gene expression allowing the cell to offer a proper response to its physical environment.
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Fig. I.26 Mechanical stimuli influencing YAP activity and subcellular
localization. From Panciera et al., 2017

I.6 Tendon mechanobiology

I.6.1 Mechanical properties of tendons and response to mechanical loading

The study of tendon mechanical behavior allows for a better understanding of the mechanical
loads applied on tendon cells. Tendons adapt to the load generated by muscle contractions
to transmit forces to bone but also to improve locomotion efficiency by acting like springs.
Tendons display a hierarchical fibrillar arrangement of type I collagen fibers that are the
fundamental force-transmitting elements of the tendon. The parallel orientation of these
fibers along the muscle-to-bone axis promotes very high tensile strength in that direction
and account for tendon’s viscoelastic response (Khayyeri et al., 2015) (Figure I.4). When
observed under the microscope, longitudinal sections of tendons present a periodic striation,
termed “crimp”. This crimp results from the spatial arrangement of collagen fibrils in tendon
fascicle sheats (endotenon, epitenon and paratenon) and is thought to be a shock-absorber
and to play a role in elastic recoil (Wang, 2006).
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Fig. I.27 Generic changes observed in tendon structure upon strain. (A)
Tendon with the crimp pattern (1) and uncrimped tendon (2). Image from Connizzo
et al., 2013. (B) Typical Stress-Strain curve of tendons. Stress values are tendon-
and species-dependent, as indicated in Table2. Image from Wang et al., 2006.

The collagen fibers arrangement defines a structure that is seen as a “crimp-pattern”
under longitudinal sections of tendons and often seen in the non-linear regions of the tendon
strain-stress curve (Figure I.27). Upon mechanical stretch, the fibers rearrange consequently,
contributing to the mechanical behavior of the tendon. This can be visualized in the stress-
strain curve depicting typical changes occurring in tendons upon mechanical loads (Figure
I.27). The stress-strain curve has an initial “toe region”, up to 2% strain, representing the
crimp-pattern stretching-out. The crimp-pattern is lost in the linear region, between 2%
and 4% strain and the slope in this region defines the Young’s modulus of the tendon. In
this range of strain, the uncrimped collagen fibrils extend but also slide past one another.
Above 4% and up to 8% of strain, microscopic damages to fibrils occur, which become major
between 8% and 10% of strain and lead to tendon rupture at further stretches (Figure I.27)
(Wang, 2006). However, the failure can happen at higher strain values, between 10% and
18% in tendons from young donors or 14% in avian flexor tendons (Table I.2) (Butler et al.,
1978; Devkota and Weinhold, 2003).
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Species Tissue E (MPa) UTS (MPa) US (%)
Chicken Flexor digitorum profundus tendon 600 - 1200 120 14
Human Patellar tendon 504 - 680 54 - 65 12 - 15
Human Gracilis tendon 590 - 1734 111 - 112 7 - 19.4
Human Semitendinous tendon 540 - 1081 89 - 124 8 - 23
Human Achilles tendon 819 79 +/- 22 9
Mouse 1-month-old tail tendon 473.87 - 748.33 17.57 - 48.40 6.30 - 8.33
Mouse 2-month-old tail tendon 1137 86.2 17.3
Mouse 8-month-old tail tendon 855.25 - 1112.17 56.03 - 87.60 10.19 - 11.41

Table I.2: Mechanical properties of various tendons. E: Young’s Modulus; UTS:
Ultimate Tensile Strain; US: Ultimate Strain (Guerquin et al., 2013; Jung et al., 2009; Liu
et al., 2009)

Other collagen types are found in tendons that strengthen ECM structure and reduce
stress concentrations (Wang, 2006). Also, Achilles tendons from Dcn- and biglycan-null
mouse models were found to have altered mechanical and structural properties (Gordon et
al., 2015). Tendon cells produce the ECM components enabling tendon to sustain mechanical
load, which, in turn also influence tenocytes production of these components (Kjær, 2004;
Shwartz et al., 2013).

Apart from ECM content, ECM structure plays an important role in the capacity of
tendons to withstand mechanical loads. Tendon mechanical properties seem to be also
improved by ECM collagen cross-linking. Inhibition of this cross-linking by the alteration of
the lysyl oxidase impairs tendon elastic modulus during chick development (Marturano et al.,
2013). Cell-ECM interactions and their adaptations to the loads imposed to tendons in vivo
also play a role in overall tendon structure and functions in vivo. For example, Tnmd-null
mice displayed a significantly inferior endurance-running performance and inadequate type
I collagen fiber thickness and elasticity (Dex et al., 2017). Besides in rat Achilles tendons,
loading was shown to regulate the expression of several genes, among which genes coding for
the ECM (Eliasson et al., 2012, 2013). Furthermore, loading of tendons are also required for
an efficient healing process, inducing the expression of several tendon-ECM and -transcription
factor genes, such as Egr1 (Andersson et al., 2012; Eliasson et al., 2008, 2009, 2012, 2013;
Gaut et al., 2016). In addition, mechanical forces were demonstrated to positively regulate
Scx in tendon cells through the SMAD2/3 intracellular pathway in adult mouse Achilles
tendon (Maeda et al., 2011). Importantly, the downregulation of Scx in tendon cell induced
by the loss of tensile loading is reversible as recovering of the movements in mice restore its
expression and other tendon markers (Maeda et al., 2011). All of these results truly show
that in vivo the mechanical state of the tendon is crucial for tendon genes expression.

I.6.2 Mechanobiology of tendon development

During embryogenesis, the musculoskeletal system develops in a coordinated manner. We
saw how the signaling pathways and different transcription factors were involved in the
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regulation of specification and differentiation for each component. However, this system also
functions as development proceeds, as muscles will exert a mechanical load on their neighbors
(Hamburger et al., 1965).

Genetic and chemical manipulations on animal models have contributed in the under-
standing of how mechanical forces regulate the development of the musculoskeletal system
(Table I.3). The mouse and chick models have their own interests but both present a great
advantage in that their musculoskeletal structures and development are similar to those of
humans. Chick development occurring externally within an egg, which it is of great in-
terest for a direct mechanical perturbation or measurements during developmental stages.
Immobilization can be easily induced by the application of pharmaceutical agents altering
the neuromuscular junction (Table I.3). For example, DMB is an agonist of the AChR that
strongly binds and activates the post-synaptic AChR, causing prolonged paralysis (Macharia
et al., 2004). Treatments enabling hypermotility also exist and have some effects on skeletal
development. For example reserpine induces hypermotility or paralysis in a dose-dependent
manner (Ruano-Gil et al., 1985). Mouse is a widely spread model organism and even if
the application of neuromuscular blocking agents is impaired by the internal mammalian
gestation, it benefits from an extended set of genetic tools. For example, in Splotch (Sp) or
Splotch-delayed (Spd) mutant models, migration of muscle progenitors is impaired and the
developing limbs are therefore muscleless. Also, mutations targeting MRFs such as Myod
and Myf5, or the mdg model for muscular dysgenesis impair muscle differentiation or muscle
contractions and present a similar effect on musculoskeletal development (Table I.3).

Regarding the mechanical regulation of tendon development, it is important to remember
that the first phase of tendon development is muscle independent, except for axial tendons
(Figure I.13) (Gaut and Duprez, 2016; Kardon, 1998). However, tendon maintenance and
elongation during development are likely due to mechanical loads, as the presence of an
adjacent contracting muscle is required during development (Kardon, 1998; Schweitzer et
al., 2001). This phenomenon is also seen during translocation of the FDS muscles during
development. These muscles will relocate to their final position in the arm, while being
attached to their tendons that will elongate accordingly following muscles movements and
contractions (Huang et al., 2013). The process attests for the capacity of tendons to with-
stand mechanical load and evolve and adapt according to them during development of the
musculoskeletal system. It was shown that in Spd and mdg mutant embryos, with muscleless
limbs or non-contractile muscles respectively (Table I.3), autopod tendons were formed but
not properly elongated (Huang et al., 2015a). However, as tendons were not dramatically
smaller in mdg as they could be in Spd mutants, it suggests that muscle activity is necessary
to provide an additional independent signal to regulate tendon size. Autopod tendons from
Spd embryos were significantly smaller than in wild-type embryos. Apart from regulating
tendon size, muscle contractions were also shown in this same study to impact tendon pat-
terning and fusion in the zeugopod, establishing the requirement of muscle contractions for
a proper tendon development in vivo (Huang et al., 2015a). Similarly during chicken limb
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development, muscle contraction are required to maintain SCX, TNMD and other tendon-
associated genes, especially in the zeugopod (Havis et al., 2016). Besides, the same study
also showed that the maintenance of tendon-genes subsequent to muscle contraction was go-
ing through the independent activation of the TGFβ and FGF pathways. This is concordant
with what seems to happen in adult tendons, where it was also demonstrated that mechani-
cal forces were converted into TGFβ-mediated signals to maintain Scx expression (Maeda et
al., 2011). However, other molecular actors could be activated in the mechanotransduction
process leading to tendon cell maintenance during development. For example, in adult ten-
dons, both Egr1 and Mkx gene expression is increased in presence of mechanical load and
physical treadmill exercises (Gaut et al., 2016; Kayama et al., 2016).

Genetic Chemical Phenotype Reference
manipulation manipulation or Effect
/ Decamethonium Rigid Drachman and Sokoloff, 1966;

bromide paralysis Hall and Herring, 1990
/ Botulinum toxin Flaccid paralysis Drachman and Sokoloff, 1966
/ Pancuronium Flaccid Esteves de Lima et al., 2016

bromide paralysis
/ Reserpine Hypermotility Ruano-Gil et al., 1985
/ 4-aminopyridine Hypermotility Pollard et al., 2016
Splotch and / Lack of limb muscle Bober et al., 1994;
Splotch delayed mutants Vogan et al., 1993
(1) Myod1-/- ; Myf5-/- / (1) Lack of muscle Rudnicki et al., 1993
and formation and
(2) Myod1-/- ; Myf5-/+ (2) reduced muscles
mdg/mdg / Noncontractile muscles Pai, 1965
Sox9 flox/flox; Prx1-Cre / Skeletal-less limbs Akiyama et al., 2002;

Huang et al., 2015b

Table I.3: Examples of genetic and chemical manipulations enabling the study of
the mechanoregulation of musculoskeletal formation and homeostasis.

Regarding its interactions with its adjacent muscle, the tendon also has to adapt in that
end. The first stage of MTJ development is independent of mechanical loads, as seen previ-
ously. As we saw, tsp4 is crucial in zebrafish model, for the proper attachment of muscles to
tendons in the MTJ (Subramanian and Schilling, 2014). This might reflect the importance
of the ECM at that point of force-transmission. This is notably seen as alteration in the
expression of ECM genes all disrupt the MTJ and its function, as it is the case with col22a1
and tsp4 (Charvet et al., 2013; Subramanian and Schilling, 2014, 2015).

Another potential regulator of tendon growth is also the skeleton itself and its growth,
notably through the tendon-to-bone attachment. Indeed, apart from its role in linking ten-
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don and bone, the enthesis is also mechanically important and gradually attenuates stresses
from bone to tendon, as explained previously (Subramanian and Schilling, 2015; Zelzer et
al., 2014). Most importantly, the second phase of formation of the enthesis is known to be
sensitive to mechanical signals. Yet, the precise signals involved and the precise adaptation
of the tendon part is not known (Blitz et al., 2009; Felsenthal and Zelzer, 2017). However,
some clues indicate that the Hedgehog (Hh) signaling could be involved in this process, as
it is already known to be involved in mineralized fibrocartilage formation as well as being
mechanoresponsive (Jahan et al., 2014; Schwartz et al., 2015). For reasons similar to those
involving the Hh signaling pathway, PTHrP is also a potential actor. Indeed, its specific
ablation in Scx+ cells impairs fibrous enthesis formation and PTHrP expression is mechani-
cally regulated (Chen et al., 2007b; Wang et al., 2013).

Together, these studies show numerous examples of the impact of mechanical forces in
tendon development and how tendons adapt in consequence to those signals in vivo.

I.6.3 Tendon cell behavior in regard with its physical environment

a) Importance of the environment: 2D vs 3D

The ability to properly model and control tendon cell differentiation in vitro would be a key
factor in both fundamental and applied research. We already took a look at the diversity
of biochemical cues involved in this process. In this chapter and the previous one, we also
saw that mechanical cues were crucial in developmental processes and notably for tendon
formation. As such, modulating mechanical signals in cell cultures would have some effects
regarding tendon cell differentiation.

As seen before, cell behavior is regulated by the extracellular matrix mechanics, as the
cells sense the stiffness of their microenvironment. This also impacts cell differentiation
potential, as soft substrates drive naive cells to neurogenesis and stiff ones to osteogenesis
(Engler et al., 2006). Since this study, it was demonstrated that naive cells could be directed
toward a lot of different lineages just by modulating the stiffness of the material they adhered
to (Figure I.28) (Discher et al., 2009; Smith et al., 2018). Manipulations of ECM stiffness
also proved to influence cell behavior, notably their migration ability (Rehfeldt et al., 2012).
Besides, several methods allow for production of specific materials varying in their stiffness
and composition and allowing for a proper control of a simple 2-dimensional (2D) cell culture
system. It was shown that cells are specified to tendon lineage in presence of an increased
matrix stiffness, with aligned fibers or fibers of a higher diameter (Baudequin et al., 2017;
Islam et al., 2017). However, no precise range of elasticity inducing tendon cell differentiation
has been defined as it was for other lineages (Figure I.28) (Discher et al., 2009; Islam et al.,
2017).

Although numerous studies keep uncovering the tendon cell response to various mechan-
ical stimuli, over simplification of tendon cell culture in 2D models is still an obstacle in
that way. As for other tissues, tendon cells are to be considered in their 3-dimensional
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Fig. I.28 Tissue elasticity scale. Picture from Discher et al., 2009

(3D) environment, but in that case this parameter is even more crucial that it concerns a
mechanoresponsive tissue. The 3D cell culture system will allow a better simulation of what
is happening to the cells in vivo, regarding the way the mechanical cues are applied and how
cells behave and interact with their ECM in this regard. The 3D in vitro models typically
contain cells homogeneously embedded within a 3D material. Depending on the technique
used, these constructs can be placed in a bioreactor for in vitro loading of the samples (Figure
I.29).

Hydrogels are generally preferred to porous or fibrous scaffolds, as they homogeneously
transfer strains to the cells (Wang et al., 2018b). Tendon cells cultured within hydrogels
showed a histological organization similar to the one of in vivo tendon, with longitudinally
aligned tenocytes and an epitenon-like layer (Garvin et al., 2003; Wang et al., 2018a). Also,
the effects of the 3D model might vary depending on its composition, not only regarding the
mechanical properties of its structure but also the chemical compounds retained in it and
supplied to the cells. Indeed, administration of TGFβ2 in 3D tendon constructs induced a
tenogenic phenotype depending on their timing of formation (Chien et al., 2017). The cells
also seem to be “better served by themselves”, as chicken tendon fibroblasts were shown to
exhibit a behavior and gene expression closer to what it is in vivo when embedded in fibrin-
gel allowing them to synthesize their own collagen matrix (Yeung et al., 2015). This study
showed that compared to their 2D counterparts, cells in 3D fibrin gels showed numerous genes
differentially regulated. Among those upregulated genes could be found those coding for the
ECM, biological adhesion and skeletal system development. In collagen-gels, the difference
was less striking and the authors suggested that this gel impaired the mechanosensing ability
of the cultured cells. Another study confirmed that TSPCs seeded in fibrin constructs
exhibited improved tenogenic gene expression patterns compared to their collagen-based
counterparts (Breidenbach et al., 2015). However, in that same study they also showed that
collagen constructs showed improved tenogenic expression in the presence of mechanical
stimulation, attesting again for differences of ECM properties in vitro. Nonetheless, these
studies among others highlight the need for a cell-culture system as close to what the cells
experience in vivo. In that way, the 3D cell culture systems seem to fit this requirement.
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Fig. I.29 Examples of 3D culture systems. (A) TSPCs at passage 4 (P4) are
grown to confluence and then cultured with CTGF and Ascorbic Acid (AA) for 6
days to promote cell sheet formation through ECM production. The resulting ECM
sheet is then wrapped and anchored around tissue hooks to form a 3D construct
(bottom left panel) that can be stretched if loaded on a proper device (bottom right
panel). Adapted from Wang et al., The FASEB Journal, 2018. (B) 3D-engineered
tendons made of fibrin gels. Cells are embedded in fibrin and thrombin gel (green
gel) and seeded in a cell culture well filled with silicon (grey in the bottom right
panel) and where two silk anchors were pinned on both sides. Upon 10 days of
culture in culture medium supplemented with AA (orange in bottom right panel),
the gel rolls up on itself and around the anchors to finally be suspended between
them, forming the in vitro 3D-engineered tendon. Protocol used by Guerquin et
al., 2013 (C) Formation of bioartificial tendons (BATs) in the FlexCell bioreactor
(FlexCell Inc.). Cells are embedded in a collagen gel loaded in a special cell culture
plate whose silicon bottom is stretched by vacuum to form an elongated mold
between two anchor stems. After polymerization, vacuum is released and medium
supplemented in AA is added and the BAT is forming between the two anchors.
Image adapted from FlexCell Inc. and depicting the protocol used in Garvin et al.,
2003.

b) Stretching the cells as a way to direct tendon differentiation

A great diversity of mechanobiological models has been used in the study of tendon mechanobi-
ology to direct tendon cell differentiation. As we saw in the previous part, the environment
in which the cells are seeded is of a great interest in terms of fidelity to the in vivo situation.
This is true for the ECM all around the cell in 2D or 3D models, but also for the loads that
are applied to them. The stretching models add in physiological relevance as they allow for
a better understanding of the relationship between cells and their mechanical environment.
Other loadings are applied in vivo to the cells, notably minor shear force and compression,
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generated by the collagen structure, but will not be taken into account here, as we decided
to focus on the stretch, the main component of mechanical stress. Tendon cells mainly re-
ceive uniaxial stretch, between 4% and 6% strain in a physiological context (Wang et al.,
2018b). Stretching above this threshold is not physiologically relevant anymore but could
be of interest in the case of traumatism or overuse models. In 2D in vitro loading models,
the mechanical strain is applied to a flexible substrate on which grows a monolayer of cells.
This substrate is either directly stretched by pulling on it or by a vacuum-generated force,
as it is the case in the FlexCell system (FlexCell Inc.). The advantage of this model is the
homogeneity of the strain between the substrate and the cells and the easiness of studying
the response upon several loading protocols. However, as previously seen, it does not take
into account the interactions occurring between cells and ECM during mechanical loads.
In this model, the cells can be stretched in uniaxial or biaxial way. Uniaxial loading, also
known as longitudinal loading, means that the strain will happen on one axis only. In biaxial
loading, the strain will be applied on two axes and the cells will be stretched on their whole
circumference. In 3D models, cells are embedded in hydrogels suspended between two anchor
points. When confined in a specifically designed bioreactor, these models will be uniaxially
stretched.

In order to better understand tendon cell response to its mechanical environment, nu-
merous tendon cell cultures and loading protocols have been studied. A part of these studies
presenting variations in tendon gene or protein expression is summarized in Table I.4. We
can focus on the studies showing an increase in Scx expression to better appreciate the effects
of different environments and loading protocols for tendon cells. Cell cultures expressing Scx
are subjected to either uniaxial or biaxial stretches, in a range of strain between 0.1 and
10%. This range is wider than the 4-6% strain range previously established for physiolog-
ical relevance (Wang et al., 2018b). However, a direct comparison of uniaxial and biaxial
stretches showed that uniaxial stretch was more beneficial for tendon gene expression (Wang
et al., 2018a). Among the studies presenting an increase in Scx expression, the frequency
used to stimulate the cells can be narrowed down to a range of 0.1-0.5Hz, independently of
2D or 3D environments. There is, however, a huge diversity in the duration of the protocols
used, between few hours of stimulation to several days or weeks. Yet, even if the protocols
are really different, all of those inducing an increase in Scx expression include rest periods
for the cells, during which they are not at all stimulated, again independently of their 2D
or 3D environments. Altogether, these studies and those on which we did not focus here
show a great diversity of loading protocols. They show how essential it is to establish a good
mechanobiological model for tendon cell differentiation, taking into account the direction
and strength of the loads as well as the environment in which they are applied.

Table I.4 is displayed below

Table I.4: Stretch protocoles modulating tendon-genes expression in vitro. FX:
FlexCell; CSD: Custom Stretch Device; TSPCs: Tendon Stem/Progenitor Cells; Uniaxial:
Cells are stretched in a single axis; Biaxial: Cells are stretched on 2 axes; 2D: 2-dimensional
cell culture system; 3D: 3-dimensional cell culture system (Bioartificial tendon). Entries are
indexed in alphabetical order of the references used.
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II. Aims and objectives

Tendon development is controlled by a wide variety of cellular and molecular signals that act
together to form a tissue whose primary function involves mechanical signals transmission
(reviewed in Gaut and Duprez, 2016; Huang et al., 2015). The importance of mechanical
signals in numerous processes is largely recognized and their role in early embryonic ten-
don development has already been pinpointed (Havis et al., 2016). However, the effects
of mechanical signals on fetal stages of tendon development and the mechanotransduction
pathways during tendon differentiation have to be further elucidated.

During my PhD project, I have tried to understand and hierarchize the relationships
between mechanical signals, transcription (co-)factors and signaling pathways in the context
of fetal tendon development and tendon cell differentiation.

This project tackled the following aspects of tendon development:

Aim 1 – Role of mechanical signals during tendon development in chicken
fetuses

• Analyze tendon gene expression in the absence of muscle contractions

• Assess tendon cell behavior in the presence or absence of mechanical signals

• Compare the effects of mechanical signals on the development of tendon and other
tissues in the limb

Aim 2 –Define a mechanical environment favoring tendon gene expression
and differentiation in vitro

• Characterize the fate of naive cells in 2D and 3D culture systems with their mechanical
environment

• Define tendon gene behavior depending on mechanical state
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Aim 3 – Characterization of the mechanosensitive transcription (co-)factors
YAP, EGR1 and SRF as intracellular relays of mechanical signals involved in the
control of tendon development in vivo and tendon cell differentiation in vitro

• Potential role of YAP, EGR1 and SRF in the regulation of tendon development

• Role of mechanotransduction pathways involving YAP and EGR1 in tendon cell dif-
ferentiation in vitro

To address the questions raised above, I used in vivo and in vitro models. I took advantage
of paralyzed chicken fetus as an in vivo model to study the effect on tendon development. I
also used C3H10T1/2 cells in 2D- and 3D-cultures to assess in vitro the relationship between
mechanical signals and tendon cell differentiation. The results of these experiments are
presented below in three distinct but interconnected parts. At the end of each part, I will
discuss the results I obtained in my experiments and I will compare them to the current
scientific knowledge. After exposing all of my results, I will discuss them in regard of each
other in order to highlight a putative model and to open other perspectives. The results are
presented as such:

1. Muscle contractions are required to maintain tendon identity and mechanosensitive
gene expression in tendons of chicken fetuses.

2. Effect of mechanical constraints and TGFβ2 on the tendon differentiation potential of
mouse mesenchymal stem cells.

3. Role of mechanical constraints, EGR1 and YAP in a 3-dimensional culture system of
C3H10T1/2 cells mimicking tendon formation.
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III. Muscle contractions are required to maintain
tendon development and mechanosensitive gene
expression in tendons of chicken fetuses

III.1 Context

Genetic and chemical manipulations on animal models have contributed to the understand-
ing of how mechanical forces regulate development, notably for the musculoskeletal system
(reviewed in Nowlan et al., 2010). Because chicken development occurs externally within an
egg, it is easy to introduce mechanical perturbations in chicken embryos and fetuses. The
blockade of muscle contractions can be induced with the administration of pharmaceutical
agents altering the neuromuscular function, such as DMB. DMB is an agonist of the AChR
that acts as a depolarizing agent, causing rigid paralysis of muscles (Macharia et al., 2004).
Muscle contractions are required to maintain tendon gene expression during embryonic de-
velopment (Havis et al., 2016). In the context of my PhD project we hypothesized that
mechanical cues generated by muscle contractions are also important for tendon formation
during fetal stages of chicken development. DMB administration during fetal development
has been shown to perturb limb muscle formation in chicken fetuses (Esteves de Lima et al.,
2016). However, the consequences of DMB-induced rigid paralysis for tendon development
during chicken fetal development have not been studied so far.

III.2 Results

III.2.1 Immobilization of chicken fetuses is deleterious for limb tendon formation

Mechanobiology of tendons and other components of the musculoskeletal system was studied
in vivo during chicken fetal development between E7 and E9. We analyzed limb development
of chicken fetuses immobilized at E7 for 5H, 12H, 24H or 48H compared to naturally and
rhythmically moving fetuses harvested at the same time points (Figure III.1A). Rigid paral-
ysis was induced by treatment of DMB while control fetuses were treated with Hank’s saline
solution. Hank’s and DMB solutions were changed at E8 to ensure their efficiency. Analysis
of gene expression by RT-qPCR on whole limbs revealed a decrease in SCX expression at
5H, 12H, 24H and 48H in paralyzed limbs compared to control limbs (Figure III.1B). How-
ever, TNMD and COL1A2, two downstream markers of tendon cell differentiation showed
no variation at these times of treatment (Figure III.1B).
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Fig. III.1 DMB-induced paralysis between E7 and E9 affects SCX ex-
pression in limbs of chicken fetuses (A) Schematic representation of the exper-
imental procedure to induce paralysis. All fetuses were treated at E7 and E8 with
either Hank’s saline solution (control group) or DMB (paralyzed group). Limbs of
both groups were harvested at 5H, 12H, 24H and 48H following treatment applica-
tion (B) Analysis of tendon mRNA levels by RT-qPCR of control groups (in black)
versus DMB-treated groups at 5H (blue), 12H (green), 24H (orange) and 48H (red)
between E7 and E9. Each dot represents an independent biological sample. Sam-
ples were analyzed with the non-parametric Mann-Whitney test and stars indicate
significant p-values under 0.05.

Since this gene expression analysis by RT-qPCR is based on mRNA samples extracted
from whole limbs of paralyzed and control chicken fetuses, it does not provide the information
on variation of gene expression in one given tissue. Thus, we performed in situ hybridization
to wholemounts and tissue sections to assess tendon gene expression in the absence of muscle
contractions.

In limbs that were paralyzed for 24H or 48H, we observed a global decrease of SCX
expression as compared to stage-matched control limbs by in situ hybridization to whole-
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mounts (Figure III.2). The wholemount in situ hybridization analysis is consistent with the
RT-qPCR analysis and both experiments show that SCX expression is downregulated in
paralyzed limbs.

Fig. III.2 Wholemount hybridization to SCX in limbs of chicken fetuses
from control or paralyzed groups. SCX staining appears in blue in limbs of
E8 chicken fetuses in control (A) and paralyzed (B) groups and of E9 control (C)
and paralyzed (D) groups. Abbreviations: HSS: Hank’s Saline Solution, used for
treatment of the controls; DMB: Decamethonium bromide.

A decrease of SCX expression was also observed in paralyzed limbs for 24H with in
situ hybridization to transverse limb sections, compared to SCX expression in the control
group (Figure III.3A). However, no obvious decrease was observed for TNMD and COL1A1
expression in 24H-paralyzed limbs (Figure III.3B, C), which is consistent with RT-qPCR
analysis (Figure III.1B).
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Fig. III.3 (Caption next page.)
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Fig. III.3 (Previous page) In situ hybridization to limb transverse sections
with SCX, TNMD and COL1A1 of 24H DMB limbs. In situ hybridization
with (A) SCX, (B) TNMD and (C) COL1A1 (blue) probes to transverse sections of
E8 control limbs at E7 + 24H HSS (left panels) and E8 paralyzed limbs at E7 + 24H
DMB (right panels). In all sections, immunohistochemistry was performed after in
situ hybridization with MF20 antibody to label muscles. Abbreviations: HSS:
Hank’s Saline Solution, used for treatment of the controls; DMB: Decamethonium
bromide.

At 48H of paralysis, we observed a pronounced decrease of SCX, TNMD and COL1A2
expression in DMB-treated limbs compared to control limbs, by in situ hybridization (Figures
III.4, III.5); although discrete remaining signals could be observed for SCX and COL1A2
in ventral tendons (Figures III.4A, III.5A, B, arrows). The absence of obvious decrease of
mRNA levels of COL1A1 and TNMD by RT-q-PCR in paralyzed limbs (Figures III.1B) can
be explained by the other sites of COL1A1 and TNMD expression. Indeed, COL1A1 is also
expressed in bone and dermis (Karsenty and Park, 1995), while TNMD is also expressed
in muscle sheet epimysium, skin and adipose tissue (Oshima et al., 2003; Sato et al., 2014;
Senol-cosar et al., 2016). As already observed (Esteves de Lima et al., 2016), the muscle
splitting, normally occurring between E6 and E8 (Shellswell, 1977; Tozer et al., 2007), was
affected as muscles were not well individualized in paralyzed limbs (Figures III.4, III.5).

Altogether these results show that the SCX tendon gene expression is impaired by rigid
paralysis induced by DMB-treatment during fetal development. Regarding the expression of
TNMD and COL1A1, there was an obvious change in their expression only at 48H of DMB
treatment, but not at 24H.
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Fig. III.4 In situ hybridization to limb transverse sections with SCX
and TNMD probes of 48H DMB limbs. In situ hybridization with (A) SCX
and (B) TNMD probes (blue) to transverse limb of E9 control limbs at E7 +
48H HSS (left panels) and E9 paralyzed limbs E7 + 48H DMB (right panels). In
all sections, immunohistochemistry was performed after in situ hybridization with
MF20 antibody to label muscles. Red arrows indicate remaining signals in ventral
tendons of paralyzed limbs. Abbreviations: HSS: Hank’s Saline Solution, used for
treatment of the controls; DMB: Decamethonium bromide.
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Fig. III.5 In situ hybridization to limb transverse sections with SCX and
COL1A1 probes of 48H DMB limbs. In situ hybridization with (A) SCX and
(B) COL1A1 probes (blue) to transverse limb of E9 control limbs at E7 + 48H
HSS (left panels) and E9 paralyzed limbs at E7 + 48H DMB (right panels). In
all sections, immunohistochemistry was performed after in situ hybridization with
MF20 antibody to label muscles. Red arrows indicate remaining signals in ventral
tendons of paralyzed limbs. Abbreviations: HSS: Hank’s Saline Solution, used for
treatment of the controls; DMB: Decamethonium bromide.

III.2.2 Immobilization of chicken fetuses increases cartilage gene expression,
while decreasing muscle gene expression in limbs

We also analyzed cartilage gene expression by RT-qPCR (Figure III.6A) and in situ hy-
bridization (Figure III.6B-D) in immobilized chicken fetuses. We observed an overall in-
crease in cartilage gene expression upon DMB treatment. Cartilage gene expression varied
depending on the time of DMB treatment, SOX9 and ACAN, as cartilage specification and
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differentiation markers respectively, showed an increased expression in paralyzed limbs at
E7+5H and +48H, as well as COL2A1 at E7+48H. These results have been confirmed at
E7+48H of rigid paralysis by in situ hybridization on wholemounts and sections (Figure
III.6B, C). ACAN was increased in limbs of immobilized fetuses, notably in the autopod
(Figure III.6B arrows) and in the elbow (Figure III.6C). We also observed an increase in
pSMAD1/5/8 signal in cartilage elements of paralyzed limbs, indicating an increase of BMP
activity in cartilage elements of DMB-treated fetuses (Figure III.6D).

Regarding muscle gene expression, we studied the expression of PAX7 and MYF5, an
upstream regulator of myogenesis and a myogenic determination factor, respectively. We
observed a decrease in PAX7 and MYF5 expression by RT-qPCR in whole limbs of the
E7+24H and +48H of DMB treatment (Figure III.7), similarly to what was previously
shown by Esteves de Lima and colleagues (Esteves de Lima et al., 2016). Interestingly, in
these experiments, the first decrease in muscle gene expression was observed at 24H (Figure
III.7), while the decrease of SCX expression was observed as soon as 5H of paralysis (Figure
III.1B).

Fig. III.6 (Figure next page) Cartilage gene expression is modified in para-
lyzed limbs. (A) Relative mRNA levels of cartilage genes in control limbs (black)
and DMB-treated limbs (in green) between E7 and E9. Each dot represents an bio-
logical independent sample. Samples were analyzed with the non-parametric Mann-
Whitney test and stars indicate significant p-values (under 0.05). (B) Wholemount
hybridization of ACAN (blue) in E7+48H HSS limbs (left panel) and E7+48H
DMB limbs (right panel). Red arrows indicate regions with noticeable differences
in ACAN expression between control and DMB-treated groups. (C) in situ hy-
bridization of ACAN (blue) to transverse sections of control limbs at E7 + 48H
HSS (left panel) and paralyzed limbs at E7+48H DMB (right panel) at the level
of the arm. MF20 antibody labels muscles. (D) Immunofluorescent staining to
transverse limb sections of E7+48H HSS (left panel) and E7+48H DMB (right
panel) limbs, with pSMAD1/5/8 (green), MF20 (red) and DAPI (blue). Abbre-
viations: HSS: Hank’s Saline Solution, used for treatment of the controls; DMB:
Decamethonium bromide.
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Fig. III.6 (Caption previous page)
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Fig. III.7 Muscle gene expression is impaired in paralyzed limbs for 24H
and 48H. Relative mRNA levels of muscle genes by RT-qPCR in control limbs
(black) and in DMB-treated limbs at 5H (blue), 12H (green), 24H (orange) and
48H (red) between E7 and E9. Each dot represents an independent biological
sample. Samples were analyzed with the non-parametric Mann-Whitney test and
stars indicate significant p-values (under 0.05).

III.2.3 Mechanosensitive genes are affected by limb paralysis

We also studied the expression of mechanosensitive factors in limbs. EGR1 is known in
vivo to be involved in tendon development and homeostasis (Guerquin et al., 2013; Léjard
et al., 2011), as well as being regulated by mechanical signals (Gaut et al., 2016). Analysis
of gene expression by RT-qPCR and in situ hybridization on whole limbs revealed that
EGR1 expression was downregulated in paralyzed limbs in tendons, near the myotendinous
junction, after 12H, 24H and 48H of DMB treatment (Figure III.8A, B).
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Fig. III.8 Rigid paralysis impairs EGR1 gene expression in tendons. (A)
EGR1 gene expression in whole limbs of control (in black) and in DMB-treated at
5H (blue), 12H (green), 24H (orange) and 48H (red) between E7 and E9. Each dot
represents an independent sample. Samples were analyzed with the non-parametric
Mann-Whitney test, and stars indicate significant p-values under 0.05. (B) in situ
hybridization to transverse section with EGR1 probe (blue) of control (left panel)
and E7+48H DMB limbs (right panel). MF20 stains for muscles. Abbreviations:
HSS: Hank’s Saline Solution, used for treatment of the controls; DMB: Decametho-
nium bromide.

YAP is known to be activated upon mechanical signals (Dupont et al., 2011; Panciera et
al., 2017). We tested YAP activity in tendons of immobilized chicken fetuses by analyzing
the expression of transcriptional readout of YAP activity. The YAP target gene INHBA is
expressed in tendons (Orgeur et al., 2018). It appears that the YAP target gene INHBA
showed a downregulated expression in paralyzed limbs at 24H and 48H, while YAP1 mRNA
levels were not affected (Figure III.9).
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Fig. III.9 YAP signaling is impaired by rigid paralysis in limbs of par-
alyzed chicken fetuses. (A) YAP1 and YAP target gene INHBA expression
in whole limbs of control (in black) and in DMB-treated groups at 5H (blue), 12H
(green), 24H (orange) and 48H (red) between E7 and E9. Each dot represents an in-
dependent sample. Samples were analyzed with the non-parametric Mann-Whitney
test, and stars indicate significant p-values under 0.05.

In order to visualize a change in YAP activity in tendons, we analyzed YAP protein on
limb sections. The YAP protein is expressed in tendons in E9 control limbs, tendons being
visualized with SCX expression on adjacent sections (Figure III.10A). YAP signals were also
detected in nucleus of tendon cells (Figure III.10B). YAP is known to be translocated into cell
nucleus upon activation (Panciera et al., 2017), indicating that it is probably active in control
limb tendons of E9 chicken fetuses. In paralyzed limbs, YAP expression is lost in tendons as
SCX expression (Figure III.10C). We conclude that YAP activity is downregulated in limb
tendons in immobilized fetuses.

Fig. III.10 (Figure next page) YAP is expressed in tendons and is impaired
by rigid paralysis.. (A) Upper panel: in situ hybridization of SCX (in blue) in E9
control limb, MF20 stains for muscles. Lower panel: Immunofluorescent staining
on adjacent sections for YAP (in green). MF20 (in red) and DAPI staining (in
blue) in E9control limbs. (B) Zoom in the area delineated by the yellow square in
the lower panel of (A). Upper panel is a merge of immunofluorescent staining on
adjacent sections for YAP (in green), MF20 (in red) and DAPI staining (in blue),
middle panel is the channel for YAP signal, lower panel is the channel for DAPI
signal. Yellow arrowheads point at YAP- nuclei in corresponding panels and yellow
arrows at YAP+ nuclei. (C) Left panel: in situ hybridization of SCX (in blue)
in E7+48H DMB limb, MF20 stains for muscles. Right panel: Immunofluorescent
staining on adjacent sections for YAP (in green), MF20 (in red) and DAPI staining
(in blue) in E7+48H DMB limb. Abbreviations: HSS: Hank’s Saline Solution, used
for treatment of the controls; DMB: Decamethonium bromide.
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Fig. III.10 (Previous page)
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III.2.4 The mechanosensitive factor SRF is not expressed in limb tendons of
chicken fetuses

SRF-MRTFA is another mechanosensitive pathway, linked to EGR1 and YAP pathways
(Esnault et al., 2014; Foster et al., 2018). ACTA2 and VCL genes are recognized target
genes of SRF-MRTFA and code for Smooth Muscle Actin and a component of focal adhesion,
respectively (Esnault et al., 2014; Posern and Treisman, 2006). We studied the activity of
the SRF-MRTFA signaling pathway using ACTA2 and VCL gene expression as readout of
SRF-MRTFA activity in limbs of paralyzed chicken fetuses. The relative mRNA levels of
ACTA2 and VCL did not show any variations in paralyzed versus control limbs of chicken
fetuses (Figure III.11A). The relative mRNA levels of the components of the SRF-MRTFA
pathway, MRTFA and SRF did not display any change in paralyzed and control limbs (Figure
III.11A).

SRF has been described to display an ubiquitous expression and is involved in many
tissues (Posern and Treisman, 2006). We looked at the endogenous expression of SRF in
chicken limbs of E9 chicken fetuses. In situ hybridization experiments to limb sections showed
SRF expression in muscles but not in tendons visualized by SCX expression in E9 chicken
limbs (Figure III.11B). These results show that the mechanosensitive factor SRF is not
expressed in tendons of E9 chicken fetuses. However, consistent with the mechanosensitivity
of the SRF-MRTFA pathway, SRF expression was decreased in limb muscles of chicken
fetuses treated for 48H with DMB, but we did not observe any SRF expression related to
tendon locations (Figure III.11B). Variations of SRF expression in 48H-DMB-treated limbs
was observed only with in situ hybridization, while it was not with RT-qPCR analysis (Figure
III.11A, B). This could be due to the expression of SRF in several other tissues (Posern and
Treisman, 2006), notably in dermis (Figure III.11B).
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Fig. III.11 SRF is not expressed in limb tendons of chicken fetuses. (A)
Relative mRNA levels of components of SRF-MRTFA signaling pathway in whole
limbs of control (black) and in DMB-treated (red) groups between E7 and E9 by
RT-q-PCR. Each dot represents an independent sample. Samples were analyzed
with the non-parametric Mann-Whitney test and stars indicate significant p-values
under 0.05. (B) In situ hybridization to transverse limb sections with SCX probe
of control (upper left panel) and E7+48H DMB limbs (lower left panel). In situ
hybridization to transverse limb sections with SRF probe of control (upper right
panel) and E7+48H DMB limbs (lower right panel). MF20 antibody labels myosins
in muscles. Red arrows indicate sites of SCX expression, where SRF is not ex-
pressed. Abbreviations: HSS: Hank’s Saline Solution, used for treatment of the
controls; DMB: Decamethonium bromide.
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III.2.5 Residual tenogenic-like niches persist in paralyzed limbs

The rigid paralysis induced by DMB treatment led to a downregulation of tendon gene
expression as well as mechanosensitive genes in tendons. However, the loss of tendon marker
in paralyzed limbs does not allow us to discriminate between the persistence of cells that
would not express any tendon genes or the disappearance of tendon cells. To test this, we
compared the expression of the tendon marker SCX (in situ hybridization) with that of
COLXII (immunohistochemistry), a marker of tendon ECM, in control and paralyzed limbs
(Figure III.12). The tendon-ECM marker COLXII was observed at the SCX -expressing
sites in control limbs of E9 fetuses (Figure III.12A). We also observed persistence of COLXII
staining in tendon-like areas exhibiting a residual expression of SCX in limbs that were
paralyzed for 48H (Figure III.12B, red square). These COLXII-staining areas presented a
tendon-like structure, at the extremity of the muscle, as defined by MF20 staining, and
close to an adjacent bone (Figure III.12B, C). These structures also contain cells, assessed
by DAPI staining in the COLXII+ area, as defined by the yellow outline (Figure III.12C).
These results show that cells are still present in tendon-like structures labeled with COLXII
in paralyzed limbs.

Fig. III.12 (Figure next page) Persistence of COLXII staining, a tendon-
ECM marker, in E7+48H DMB limbs.(A) Left panel: in situ hybridization to
limb transverse sections of E9 control limbs with SCX probe (blue) and immunohis-
tochemistry with MF20 (light brown) antibody. Right panel: Immunohistochem-
istry with COLXII (green) and MF20 (red) antibodies with DAPI (blue) labeling
nuclei of adjacent transverse sections of E9 control limbs. (B) Left panel: in situ hy-
bridization to transverse sections of E7+48H DMB limbs with SCX probe (blue) and
with MF20 antibody. Right panel: Immunohistochemistry with COLXII (in green)
and MF20 (in red) antibodies with DAPI (blue) of adjacent transverse sections
of E7+48H DMB limbs. In both panels, the red squares indicate the tendon-like
areas with no SCX expression but with a persistence of COLXII. (C) Zoom on the
areas defined by the red squares in (B). Left panel is and immunohistochemistry
with COLXII (in green) and MF20 (in red) antibodies and DAPI (in blue). Right
panel: DAPI staining channel is singled in black and white. In both panels, the
yellow outlines define the areas of COLXII expression, where nuclei (DAPI) can be
observed. Abbreviations: HSS: Hank’s Saline Solution, used for treatment of the
controls; DMB: Decamethonium bromide.
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Fig. III.12 (Previous page)
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III.2.6 Restored muscle contractions after 24H of immobilization is paired with
recovery of tendon gene expression

Since we observed persistent staining of COLXII in paralyzed limbs with DMB treatment
for 48H (Figure III.12), we assessed the potential of the remaining cells to re-express tendon
genes after paralysis. To that aim, we restored muscle contraction after 24H of immobiliza-
tion and analyze the expression of the SCX tendon gene. The experimental design is the
following, we compared 3 groups of chicken fetuses at E9 with different regimes of muscle
contractions (Figure III.13A).

The first group is the control group of E9 chicken fetuses that were never treated by DMB.
The second group is the group of E7+48H DMB treated fetuses, for which we observed a
drastic decrease in tendon gene expression (Figures III.1B, III.2C, D, III.4). The third group
is the “24H recovery group”, we blocked muscle contractions during the first 24H starting at
E7, then washed the DMB at E8, allowing for the recovery of muscle contractions between
E8 and E9 and the subsequent rhythmic movements of the fetus (Figure III.13A). We had
observed that E7+24H of DMB treatment induced a downregulation of SCX expression, as
observed by RT-qPCR and in situ hybridization to whole mount and tissue sections (Figures
III.1B, III.2A, B and III.3A). Analysis of gene expression by RT-qPCR of whole limbs show
that the “24H Recovery” displayed a rescue of SCX expression similar to the E9 control
group (Figure III.13B). No changes of mRNA levels were observed for TNMD and COL1A2
genes between the 3 groups, consistent with the absence of changes in the expression of
both genes after 24H DMB treatment (Figures III.1, III.3). Lastly, for the EGR1 and YAP
mechanosensitive pathways, EGR1 and INHBA displayed a significant downregulation of
mRNA levels in limbs after 24H of DMB treatment (Figures III.8A, III.9). Restored muscle
contractions for 24H induced a recovery of EGR1 and INHBA expression (Figure III.13C,
D). Consistently with the absence of modification of YAP1 mRNA levels after 24H and 48H
DMB treatments (Figure III.9), there were no change for YAP1 expression among the 3
groups (Figure III.13D).

We concluded that the restored muscle contractions after 24H of immobilization (for 24H)
led to a significant recovery of the expression of the tendon gene SCX and to a tendency of
recovery for the mechanosensitive genes, EGR1 and INHBA, in limbs.
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Fig. III.13 Reintroduction of muscle contractions after 24H of rigid
paralysis induces a recovery of SCX expression. (A) Schematic representa-
tion of the experimental design to modulate muscle contractions in the 3 groups.
All the chicken fetuses were treated at E7 with either Hank’s saline solution (Con-
trol group), DMB for 48H (paralyzed group) or DMB for 24H and Hank’s saline
solution for 24H (recovery group), in order to allow recovery of muscle contractions
between E8 and E9. Limbs of the three groups were harvested at E9. (B-D) Anal-
ysis of gene expression by RT-qPCR for tendon genes (B), the mechanosensitive
gene EGR1 (C) and YAP signaling genes (D). Each dot represents an independent
sample. Samples were analyzed with the non-parametric Mann-Whitney test and
stars indicate significant p-values under 0.05.
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The recovery of SCX mRNA levels in 24H DMB limbs after 24H of restored muscle con-
tractions (Figure III.13B) was confirmed by in situ hybridization experiments (Figure III.14).
In situ hybridization with SCX probe to limb transverse sections of the control (III.14A)
or the recovery (III.14B) groups showed similar SCX expression in tendons (III.14A, B). In
addition, muscles were shaped similarly in both control and recovery groups (III.14A, B),
unlike the disrupted muscle organization in 24H DMB limbs (Figure III.3) and 48H DMB
limbs (Figure III.4).

Altogether, these results show that a 24H-period of reintroduction of movements is able
to reinitiate SCX expression in E8 limbs that were paralyzed for 24H.

Fig. III.14 Reintroduction of muscle contractions for 24H is sufficient to
recover SCX expression in limbs paralyzed for 24H. in situ hybridization to
transverse sections of E9 (A) and 24H recovery (B) limbs with SCX probe (blue)
followed by an immunohistochemistry with MF20 antibody for muscles. (A, B) left
panels are pictures of limbs taken at 5x magnification, while the right panels are
10x magnification of the dorsal regions of the same limbs. Abbreviations: HSS:
Hank’s Saline Solution, used for treatment of the controls; DMB: Decamethonium
bromide.
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III.2.7 Restored muscle contractions after 48H of immobilization enables a partial
recovery of tendon formation based on SCX expression

As a 24H-period of muscle contraction after 24H of paralysis from E7 was sufficient to recover
normal SCX expression at E9, we extended the recovery experiment to 48H of paralysis
followed by 48H of recovery. We previously observed a drastic loss of tendon gene expression
in paralyzed limbs for 48H in E7+48H DMB-treated chicken fetuses (Figure III.4, III.5 and
III.12).

In this 48H recovery experiments, we compared two groups of chicken fetuses: the first
one was administered Hank’s saline solution at E7 and E8, then nothing until the harvesting
time at E11; the second group was administered DMB at E7 and E8 (48H treatment), then
nothing until E11 in order to allow for movement recovery during 48H and was named “48H
Recovery” (Figure III.15A). Analysis of mRNA levels of tendon genes by RT-qPCR in the
48H Recovery group revealed a recovery for SCX, which harbored a 0.70-fold expression
compared to control (Figure III.15B). SCX expression in the 48H Recovery group is close to
the 0.60-fold SCX expression in limbs of 48H DMB-treated chicken fetuses (Figure III.1B)
but is not significantly decreased when compared to E11 control limbs (Figure III.15B).
No changes were observed for TNMD and COL1A2 mRNA levels between the two groups
(Figure III.15B); consistent with the absence of decrease in the TNMD and COL1A2 mRNA
levels in E7+48H DMB-treated chicken fetuses (Figure III.1B).

Fig. III.15 (Caption next page.)
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Fig. III.15 48H reintroduction of muscle contractions after 48H of paral-
ysis. (A) Schematic representation of the experimental procedure for the 48H
recovery experiment. The control group was administered Hank’s saline solution
at E7 and E8, then nothing until the harvesting time at E11; the “48H recovery”
group was administered DMB at E7 and E8 (for 48H), then nothing until E11 in
order to allow movement recovery after 48H of paralysis. (B) Analysis of mRNA
levels of tendon genes by RT-qPCR in the control group (black) versus the 48H
recovery group (green) at each time point. Each dot represents an independent
biological sample. Samples were analyzed with the non-parametric Mann-Whitney
test but did not show any significant difference.

Histological analysis by in situ hybridization with SCX probe to limb sections allowed
us to observe a partially restored tendon structures that expressed SCX as compared to the
control group (Figure III.16B). The drastic diminution of SCX expression in E7 + 48H DMB
group compared to control E9 limbs is shown as reference (Figure III.16A). Although the
recovery is not complete, muscles visualized with MF20, in the 48H recovery group, clearly
adopted a shape resembling those of control muscles (Figure III.16B). While the recovery of
muscles and tendons subsequent to the 48H recovery of muscle contractions seems incomplete,
it has to be taken into account that at E9, after 48H of paralysis, both muscles and tendons
almost completely failed to form properly (Figure III.16A).
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Fig. III.16 48H reintroduction of muscle contractions after 48H of paral-
ysis allows for a partial reformation of tendon structures and SCX ex-
pression. (A) In situ hybridization to transverse sections of control E9 (left panel)
and E7+48H DMB (right panel) limbs. (B) In situ hybridization to transverse sec-
tions of control E11 (left panel) and E7+48H DMB + 48H recovery (right panel)
limbs. In situ hybridization with SCX probe (blue) followed by an immunohisto-
chemistry with MF20 antibody for muscles. Abbreviations: HSS: Hank’s Saline
Solution, used for treatment of the controls; DMB: Decamethonium bromide.

89



III.3 Discussion

In this first part, we show that immobilization of chicken fetuses at E7 leads to a drastic
downregulation of tendon marker expression and tendon structure disappearance in two days.
We found that, similarly to tendon markers, EGR1 and YAP expression in tendons was also
loss in limbs immobilized for 48H. Interestingly, we observed that nuclei were present in
tendon regions, which have lost tendon gene expression. Restored muscle contractions after
24H and 48H of paralysis led to recovery of SCX mRNA levels and to a partial-to-complete
recovery of tendon structures and muscle splitting. Altogether, these results show that muscle
contractions are required for tendon maintenance in limbs during chicken fetal development
and that the phenotype induced by paralysis of chicken fetuses is reversible.

III.3.1 Paralysis differentially affect lineage markers in limbs

Regarding the effect of paralysis by DMB treatment, we showed that the decrease in SCX
expression occurred as soon as 5H of paralysis, while 24H of paralysis was required for a
decrease of PAX7 and MYF5 expression (Figure III.1B and III.7).

Regarding cartilage, we observed an overall increase in cartilage gene expression in 48H
DMB-treated limbs (Figure III.6A) which mirrors the downregulation of tendon genes expres-
sion observed in the same condition (Figure III.1B). The increase of cartilage gene expression
is consistent with the increase of BMP activity (Figure III.6D), which is known to promote
cartilage differentiation (Karsenty et al., 2009). Together, these results highlight an oppo-
sition between tendon and cartilage fates, which is concordant in the context of enthesis
development in vivo. During the formation of the enthesis, SCX+/SOX9+ enthesis-forming
cells will differentiate either in SCX+ or SOX9+ cells, with SCX and SOX9 expression
becoming mutually exclusive (Blitz et al., 2013).

We observed that cartilage gene expression was decreased in 24H DMB-treated limbs,
which is not consistent with the overall increase of cartilage gene expression that we ob-
served at other time points (Figure III.6A). However, we know from the study of Esteves
de Lima and colleagues that DMB-induced limb paralysis is responsible for a decrease of
Notch signaling pathway activity (Esteves de Lima et al., 2016). Furthermore, a study by
Kohn and colleagues established a Notch-dependent SOX9 expression in vivo (Kohn et al.,
2015). Thus, one possibility in our model of paralyzed chicken fetuses is that at 24H of DMB-
treatment, the downregulation of Notch signaling would be responsible for the decrease in
cartilage gene expression. Since prolonged Notch signaling suppresses SOX9 transcription
(Kohn et al., 2015), the downregulation of Notch signaling at 48H of DMB-treatment could
then explain the increase of cartilage gene expression at that time point.

In paralyzed fetuses, we observed an overall increase of cartilage gene expression (Figure
6). However, another study performed in immobilized zebrafishes and Spd mutant mice
showed that mechanical loads generated by muscle contractions were required for skeletal
development (Shwartz et al., 2012). The difference that we observed might be due to our
timing of development or is possibly specific to the chicken model.
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III.3.2 Defective muscle splitting in immobilized chicken fetuses

Muscle masses undergo a splitting process between E6 and E8 during chicken limb devel-
opment (Tozer et al., 2007). Since we applied DMB-treatment from E7, we induced rigid
paralysis during this specific period of muscle patterning in chicken wing forearm. Interest-
ingly, we observed misshaped muscles in limbs with 24H or 48H of DMB-treatment. The
same defect in muscle shape was also observed in the study of Esteves de Lima and colleagues,
using the same model at similar times of development (Esteves de Lima et al., 2016). Our
observation of misshaped muscles in limbs of immobilized chicken fetuses is concordant with
the study of Kardon (Kardon, 1998). Our results showed a mispatterning of muscle concomi-
tant with a defect in tendon maintenance due to the lack of muscle contractions and Kardon
showed that proper muscle patterning requires the presence of tendons (Kardon, 1998).

It could be so that the loss of tendons in paralyzed chicken fetuses drove the defect in
muscle splitting that we observed. This idea is supported by the effects of restored muscle
contractions. In the 48H Recovery group, we observed reappearance of tendon structures,
marked by SCX expression, concomitant with a restoration of muscle shape. Yet, the muscle
patterning observed in the 48H Recovery group was not completely similar to that of control
fetuses.

III.3.3 Remaining tenogenic niches in limbs of paralyzed chicken fetuses and
recovery of muscle contractions

Interestingly, even with the gradual loss of tendon markers along the 48H period of paralysis,
we were still able to detect the tendon-ECM component COLXII (Figure III.12). This
collagen belongs to the family of Fibril-Associated Collagens with Interrupted Triple helices
(FACITs) (reviewed in Mienaltowski and Birk, 2014). The COLXII staining allowed us to
visualize remaining tenogenic niches in paralyzed limbs. This result indicates that tendon
cells are still present in paralyzed limbs induced by DMB treatment. Yet, this assumption
has not been clearly assessed by analysis of putative apoptotic phenomenon induced by
paralysis. Nonetheless, the fact that we were able to restore SCX gene expression in limbs
that were previously paralyzed would be in favor of the hypothesis that cells are not dying in
the absence of mechanical cues. We favor the idea that naïve cells express tendon genes upon
mechanical cues. Yet, as we could see in the 24H and 48H recovery groups, the recovery of
tendon structures and the profiles of tendon gene expression were similar but not identical
to those of the control group. These results attest for the link between tendon development
and mechanical cues during fetal stages.

However, recovery experiments made in our team showed that a 48H period of recovery
following 48H of DMB treatment initiated at E5.5 was not sufficient to recover tendon gene
expression (data not shown). These results indicate that tendon recovery is not possible at
earlier developmental stages.
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III.3.4 YAP and EGR1 expression is correlated to mechanical signals in the limb

We were also interested in the behavior of mechanosensitive factors such as EGR1 and
YAP. As expected, EGR1 expression varied similarly to that of the other tendon genes
regarding the mechanical cues (Figure 8). YAP also displayed a similar pattern of expression.
Interestingly, YAP seems to be strongly expressed in tendon (Figure III.9). We did not
perform any YAP functional study in fetal tendons. Nonetheless, we hypothesize that YAP
acts as a mediator of the mechanical cues in order to favor tendon development. Yet, gene
expression analysis by RT-qPCR for EGR1 and YAP target gene INHBA showed a decrease
in their expression after that of SCX. However, we did not assess their expression by in
situ hybridization on sections of limbs treated at earlier time points. Thus, it could be so
that we did not observe a decrease in EGR1 and INHBA expression before that of SCX
expression because EGR1 and INHBA are also expressed in other tissues. Indeed, INHBA
is also expressed in bone and cartilage (Kim and Lee, 2014; Melas et al., 2014), while EGR1
is also expressed in vascular smooth muscle cells and skeletal muscle (Lee et al., 2013; Pardo
and Boriek, 2012). Another possibility would be to verify the absence of YAP in tendon
nuclei of limbs treated with DMB at earlier time points. The molecular factors relaying
mechanical cues might indeed be EGR1 and YAP, but several experiments are needed to
confirm this hypothesis.

III.3.5 SRF does not appear to be involved in limb tendon development of chicken
fetuses

We did not observe any expression of the mechanosensitive factor SRF in limb tendons of
E9 chicken fetuses (Figure III.11B), which would indicate that SRF would not be involved
in the development of limb tendons. However, SRF is involved in a wide variety of cellular
processes (Esnault et al., 2014). Also, SRF and YAP share common target genes, and these
pathways exhibit mutual dependence in cancer associated fibroblast (Esnault et al., 2014;
Foster et al., 2018). MRTFA was shown in certain contexts to associate with TAZ, another
target of the Hippo pathway similar to YAP (Speight et al., 2016). SRF acting through the
actin/MRTFs is also known to be a key mechanotransduction pathway in muscle (Collard et
al., 2014). Thus, its role in mechanotransduction events regulating tendon gene expression
would be consistent with what is already known in other tissues. Besides, SRF-MRTFA was
shown to regulate mechanosensitive TnC expression (Asparuhova et al., 2011). Our data
alone do not allow us to rule out the possibility that SRF might be involved at earlier or
latter stages of tendon formation, or in adult tendon homeostasis.

III.4 Conclusion

Together, our results show that mechanical loads generated by muscle contractions are re-
quired for tendon maintenance in chicken fetuses, mainly based in SCX gene expression.
Mechanical signals enable tendon gene expression and allow for a recovery of SCX gene ex-
pression and tendon formation after paralysis. Also, we show that YAP is expressed in limb
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tendons of chicken fetuses and that its expression is dependent of the same mechanical loads
controlling tendon gene expression.
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IV. Effect of mechanical constraints and TGFβ2 on
the tendon differentiation potential of mouse
mesenchymal stem cells

This part of the results has been written for a paper soon to be submitted

IV.1 Abstract

Mesenchymal stem cells present the ability to self-renew and differentiate into multiple lin-
eages in cultures under different cues ranging from chemical treatment to physical constraints.
The optimum culture conditions that favour tendon cell differentiation are not known. We
analysed the tendon differentiation potential of a murine cell line of mesenchymal stem cells
upon different culture conditions. C3H10T1/2 cells were cultured at confluence on two dif-
ferent substrates, plastic and silicone, which display different stiffness on the rigidity scale.
We observed that upon confluence C3H10T1/2 cells cultured on silicone substrate were more
prone to tendon differentiation based on the expression of the tendon markers Scx and Tnmd
as compared to cells cultured on plastic substrate. Interestingly, the expression profile of
the tendon differentiation gene Tnmd was inversely correlated with that of Smad7, a tran-
scriptional readout for the TGFβ/SMAD2/3 signalling pathway in C3H10T1/2 cells upon
confluence. Consistently, C3H10T1/2 cells treated with TGFβ2, to chemically activate this
signalling pathway, displayed a decrease of Tnmd, while displaying an increase of Scx expres-
sion, both in 2D cultures and 3D-engineered tendons. All together, our results provide us
with a better understanding of the effects of mechanical constraints induced by confluence
and substrate rigidity on the tendon differentiation potential of mesenchymal stem cells. We
also identified TGFβ2 as a negative regulator of tendon differentiation based on Tnmd ex-
pression in C3H10T1/2 2D and 3D cell cultures. Our results confirm the importance of both
mechanical and molecular parameters for tenogenic differentiation of mesenchymal stem cells
culture.

IV.2 Introduction

Stem cells are multipotent cells that can be induced by various molecular or mechanical cues
to differentiate in tissue-functional lineages. Mesenchymal stem cells (MSCs) are stromal cells
that were first isolated from bone marrow as a non-hematopoitic population with stem cell
properties (Friedenstein et al., 1966). MSCs present the ability to self-renew and differentiate
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into multiple lineages when cultured in appropriate conditions (Pittenger et al., 1999). MSCs
are most studied for their multidifferentiation potential, comprising bone, cartilage and fat
lineages, as well as their immunomodulatory capacities (reviewed in Caplan and Correa,
2011; DiMarino et al., 2013). Based on specific lineage markers and identified master genes,
established protocols are now recognized to drive specific differentiation towards osteocytes,
chondrocytes and adipocytes. Although studies highlight tendon cell differentiation upon
molecular and mechanical cues from MSCs (reviewed in Nourissat et al., 2015; Wang et al.,
2018; Zhang et al., 2018), tendon lineage is less studied as compared to other tissue-specific
lineages. In addition, there is no master gene known to initiate the tenogenic program in
cell cultures as there are for cartilage (Sox9 ), bone (Runx2 ) and muscle (MyoD) programs
(reviewed in Buckingham and Mayeuf, 2012; Karsenty et al., 2009). Moreover, there is
no established protocol with external inducers to differentiate MSCs to tendon phenotype.
Another limitation is the limited number of specific tendon markers. The main structural
and functional component of tendon, the type I collagen is not specific to tendon and is
expressed in many other connective tissues (reviewed in Gaut and Duprez, 2016). Type I
collagen one of the most abundant protein in the body relies on two collagen genes, Col1a1
and Col1a2. One of the main challenges in tendon differentiation relies in the understanding
of the intrinsic and extrinsic regulators of type I collagen production and spatial organisation
by the tenocytes.

To date, the bHLH transcription factor Scleraxis (Scx) is the best and specific marker
for tendon and ligaments (Schweitzer et al., 2001, 2010). Although being a powerful tendon
marker, the exact function of Scx in tendon development, homeostasis and repair is not fully
understood (Murchison et al., 2007; reviewed in Schweitzer et al., 2010, Huang et al., 2015).
The type II transmembrane protein Tenomodulin, encoded by the Tnmd gene, is recognized
to be a tendon differentiation marker with potential roles in tenocyte proliferation and dif-
ferentiation, in addition to type I collagen fibril adaptation to mechanical loads (Alberton
et al., 2015; Dex et al., 2017; Docheva et al., 2005, reviewed in Dex et al., 2016). Scleraxis is
required for Tnmd expression in tendons (Murchison et al., 2007; Yoshimoto et al., 2017) by
direct binding on Tnmd promoter (Shukunami et al., 2018). Other putative tendon markers
have been identified via transcriptomic analysis during mouse development (Havis et al.,
2014).

The main extracellular signal known to promote tendon development is the TGFβ lig-
and and the associated SMAD2/3 intracellular signalling pathway (Havis et al., 2014, 2016;
Maeda et al., 2011; Pryce et al., 2009). TGFβ ligands are recognized to have a tenogenic
effect based on the increase of Scx transcription in cell cultures (Guerquin et al., 2013; Havis
et al., 2014, 2016; Lorda-Diez et al., 2009; Pryce et al., 2009). The increase of Scx expression
upon TGFβ2 exposure is abolished in the presence of TGFβ inhibitors, which block TGFβ
transduction at the level of the receptors or at the level of the SMAD2/3 intracellular path-
ways in C3H10T1/2 cells (Guerquin et al., 2013; Havis et al., 2014).

In addition to chemical signals, physical/mechanical signals are important parameters to
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consider when studying tendon cell differentiation. Because tendons transmit forces from
muscle to bone in the musculoskeletal system, tendon cells are continuously subjected to
variations in their mechanical environment (reviewed in Schiele et al., 2013). Physical pa-
rameters have been shown to be important for developmental processes and during adult
life (Mammoto et al., 2013). It is recognized that substrate stiffness controls many cellular
processes such as cell fate, migration, proliferation and differentiation in culture systems of
stem cells or progenitor cells (reviewed in Bellas and Chen, 2014; Smith et al., 2018). MSCs
are particularly responsive to matrix stiffness in term of lineage commitment, ranging from
neurogenic phenotype for soft substrates to osteogenic when cultured on rigid substrates
(Engler et al., 2006). Based on the seminal work of the Discher laboratory, it is established
that MSC differentiation towards osteogenic, chondrogenic, myogenic or adipogenic lineages
can be oriented by different substrate stiffness that proportionally scale with the tissue stiff-
ness. The universal scale of micro-stiffness for tissues and substrates is established to be 100
kPa for bone, 20 kPa for cartilage, 10 kPa for muscle and 1 kPa for fat (reviewed in Discher
et al., 2009; Smith et al., 2018). Mechanotransduction pathways have been identified in
stem cells and translate mechanical signals into molecular signals all the way down to the
nucleus (Ning Wang, 2017). The forces sensed by the cell have proven to be critical for
cell differentiation potential. The forces transmitted through cell contacts upon confluence
is another parameter that mechanically constrains cells in culture dishes and influence cell
differentiation (Abo-Aziza and Zaki, 2016; Ren et al., 2015).

The optimum culture conditions that drive tendon cell differentiation from mesenchymal
stem cells have not been yet identified. In the present study, we analyzed the tendon dif-
ferentiation potential of C3H10T1/2 cells with different mechanical constraints induced by
confluence and two different substrates, plastic and silicon, which both display distinct rigid-
ity. We also analyzed the effect of the confluence on the activity of the TGFβ2/SMAD2/3
pathway and the role of this signalling pathway in tendon cell differentiation.

IV.3 Results

In order to investigate the tendon differentiation potential, we used the multipotent murine
cell line, the C3H10T1/2 cells (Reznikoff et al., 1973). C3H10T1/2 cells are known to dif-
ferentiate into chondrocytes, osteocytes and adipocytes when cultured under appropriate
differentiation culture media (Guerquin et al., 2013; Ji et al., 2010; Kim and Jang, 2017;
Lee et al., 2017). These cells have the ability to display a tendon phenotype under inductive
molecular cues, such as the transcription factors EGR1 and MKX (Guerquin et al., 2013;
Otabe et al., 2015). The ability to differentiate into different cell lineages related to the mus-
culosketal system makes of the C3H10T1/2 cells an ideal tool to study tendon commitment
and differentiation under different mechanical constraints such as confluence and substrate
stiffness.

To assess tendon differentiation, we used the Scx and Tnmd markers in addition to
Col1a1. We also used one of the tendon genes identified in transcriptomic analysis of mouse
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tendon cells (Havis et al., 2014), the aquaporin1 (Aqp1 ) gene coding for a water channel
protein. Regarding the other lineages, we used well-established differentiation markers. For
the cartilage we used the Sox9 gene coding for the Sox9 transcription factor, which is required
for cartilage formation and cartilage cell differentiation (Akiyama et al., 2002; Takimoto et
al., 2012). The chondroitin sulphated proteoglycan aggrecan, encoded by the Acan gene,
is known to be highly upregulated during chondrocyte differentiation and to be essential
for cartilage structure and function (Lauing et al., 2014). To assess the bone differentiation
potential, we used the master gene for osteogenesis, Runx2 (Runt-related transcription factor
2) (Ducy et al., 1999; Komori et al., 1997) and the Dlx5 (distal-less homeobox 5) gene known
to play a key role in skeletal development (Robledo et al., 2002) and recently shown to be a
master regulator of osteogenic differentiation in mesenchymal stem cells (Heo et al., 2017).
The Bglap gene encodes the most abundant non-collagenous bone matrix protein (also known
as Osteocalcin) and is used as a late differentiation marker for osteogenesis (Boskey et al.,
1985; Tsao et al., 2017). To assess adipocyte differentiation, we used the expression of two
early and late adipogenic regulators, Cebpb and Pparg, respectively (Cristancho and Lazar,
2011). We assessed muscle differentiation with the expression of the myogenic differentiation
factor Myogenin (Myog) (Buckingham, 2017).

IV.3.1 The initial cell number did not change the expression of tendon genes in
C3H10T1/2 cells, 16H after plating.

We first tested whether the initial cell number interfered with the expression of tendon
genes. Different cell numbers (0.5x105, 105 and 2x105 cells) were seeded in 10 cm culture
plates (plastic substrate) and left for 16H in culture. After 16H of culture, C3H10T1/2 cell
density was illustrated for the initial plating of 0.5x105 cells (Figure IV.1A), 105 cells (Figure
IV.1B) and 2x105 cells (Figure IV.1C). The relative mRNA levels of tendon-associated genes
were assessed for the 3 different plating conditions (Figure IV.1D). The relative mRNA levels
for each gene were normalized to those observed in the plating condition with 105 cells. The
expression of tendon genes, Scx, Tnmd, Col1a1 and Aqp1 did not display any obvious change
in different cell density conditions (Figure IV.1D). This shows that the initial cell number at
seeding time does not have any major influence on the expression of tendon genes after 16H
of culture. We also compared the expression levels of tendon genes at the 105 cells density
condition, 16H after plating. The expression levels of each tendon gene were reported to
the Rplp0 gene (19.5 of Ct for 250ng of mRNAs) (Figure IV.1E). Col1a1 gene displayed
very high levels of expression compared to those of Scx, Tnmd and Aqp1 in C3H10T1/2
cells cultured on plastic substrate (Figure IV.1E). For a preparation of 250 ng mRNAs, we
found that the Col1a1 gene (17.6Ct) displayed 9 cycles less than Scx (26.5Ct) and 10 less
than Tnmd (27.6Ct). Even with consideration for the fact that Ct are also dependent of
GC composition of amplified fragments and oligonucleotides primers, these data led us to
conclusions about the expression of tendon genes 16H after plating. We conclude that Col1a1
display a massive expression as compared to Scx and Tnmd genes in C3H10T1/2 cells 16H
after plating.
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Fig. IV.1 The initial cell number at the plating time does not change
tendon gene expression, 16H after plating. (A-C) Photographs of cell density
16H after plating 0.5 105 (A), 105 (B) and 2 105 (C) C3H10T1/2 cells on plastic
culture plates. (D) RT-q-PCR analyses of the expression levels of tendon markers,
Scx, Tnmd, Col1a1 and Aqp1, in C3H101/2 cells 16H after initial plating of 0.5 105,
105 and 2 105 cells. The relative mRNA levels were calculated using the 2-ΔΔCt
method using the 105 plating condition as control. For each gene, the mRNA levels
of the 105 plating condition were normalized to 1 (green spots). Graph shows
means +/- standard deviations of six biological samples. The p-values calculated
with the Mann-Whitney test did not show any significant variation between different
conditions. (E) RT-q-PCR analyses of the expression levels of tendon markers, Scx,
Tnmd, Col1a1 and Aqp1, in C3H101/2 cells 16H after initial plating of 105 cells.
mRNA levels were reported to the Rplp0 gene (2- ΔΔCt x 1000). Graph shows
means +/- standard deviations of six biological samples. The means of the initial
Cts (obtained from 250 ng of mRNAs) are indicated in brackets for each gene.
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IV.3.2 Substrate effects on the expression of cell lineage and differentiation
markers in C3H10T1/2 cells cultured for 16H

We compared the expression levels of tendon genes with those of other cell lineages at the
105 cells density condition. The same number (105) of C3H10T1/2 cells was plated on classic
culture plates (plastic substrate). This type of plastic substrate displays a Young modulus
of GPa order of magnitude and is considered extremely rigid. Cells were harvested 16H after
(Figure IV.2A, B). Tendon genes displayed the same expression profile than that shown in
Figure 1E. For a 500ng RNA preparation, we generally found around one cycle less than
with 250ng preparation as a gage of reproducibility. Tendon genes displayed higher levels
of expression as compared to other differentiation markers for other lineages such as Bglap
(bone), Acan (cartilage), Myog (muscle) and Pparg (fat) (Figure IV.2B). Acan and Pparg
displayed cycles above 31/32 cycles indicating an absence of expression of these genes in
C3H10T1/2 cells in this culture condition. We next analysed whether the substrate affected
tendon gene expression. The same number (105) of C3H10T1/2 cells was plated on Uniflex
Flexcell plates (silicone substrate coated with type I collagen), which displayed a stiffness
estimated to 5MPa by the company. The silicone plates displayed a lower stiffness than that
of plastic plates. Cells were harvested 16H after (Figure IV.2C, D). The expression pattern
of lineage markers in C3H10T1/2 cells cultured in silicone substrate was very similar to that
observed with plastic substrate (Figure IV.2B compared to Figure IV.2D). Here again, the
tendon genes (Scx, Tnmd, Col1a1 and Aqp1 ) displayed higher expression levels than those of
differentiation markers for the other lineages (Figure IV.2D). These results were not obtained
with the same reference gene (Rn18S for cells seeded on plastic and Rplp0 for cells cultured
on silicon substrate), but their similarity tends to confirm that C3H10T1/2 cells cultured for
16H on either substrate behaved in a similar manner for gene expression. This quantification
of mRNA levels showed that tendon genes were expressed at higher levels than the other
differentiation markers in C3H10T1/2 cells cultured for 16H on plastic or silicone substrates
after initial plating at 105 cells.
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Fig. IV.2 The nature of the substrate does not modify the initial ex-
pression profile of tendon genes in C3H10T1/2 cells 16H after plating.
(A, C) Photographs of C3H10T1/2 cells, 16H after plating at 105 density condition
on plastic culture plates. (A) and on Uniflex culture plates (FlexCell Int) made of
silicon coated with type I collagen (C). (B, D) RT-q-PCR analyses of the expression
levels of tendon gene markers, Scx, Tnmd, Col1a1, Aqp1, Acan (cartilage), Bglap
(bone), Myog (muscle) and Pparg (fat), in C3H101/2 cells 16H after initial plating
at 105 density condition on plastic (B) and silicone (D) substrates. (B) The rela-
tive mRNA levels were reported to the 18S gene (2- ΔΔCt x 1000) for the plastic
substrate. Graph shows means +/- standard deviations of four biological samples.
The means of the initial Cts (obtained from 500 ng of mRNAs) are indicated in
brackets for each gene. (D) The relative mRNA levels were reported to the Rplp0
gene (2- ΔΔCt x 10000) for the silicone substrate. Graph shows means +/- standard
deviations of six biological samples. The means of the initial Cts (obtained from
500 ng of mRNAs) are indicated in brackets for each gene.
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IV.3.3 Effect of confluence on the differentiation potential of C3H10T1/2 cells
cultured on plastic substrate

In order to investigate the effect of confluence on the tendon differentiation potential of
C3H10T1/2 cells cultured on plastic substrate, 105 cells were plated on classic culture plates
and left for 16H to define the T=0. C3H10T1/2 cells were let to grow from this time (T0)
for up to 14 days with no passage. C3H10T1/2 cells were harvested at 24H, 7 days, 10
days and 14 days of culture (Figure IV.3A). The cell density of C3H10T1/2 cells at each
harvesting time point was illustrated in Figure IV.3A. After confluence was reached at 24H,
C3H10T1/2 cells adopted a non-oriented and rather anarchic/random arrangement (Figure
IV.3A).

Lineage-specific gene expression analysis was conducted at different time points in or-
der to assess the differentiation behaviour of C3H10T1/2 cells cultured on plastic substrate
overtime. The global expression pattern of the tendon-associated genes indicated a general
decrease of expression, although being different between each tendon gene (Figure IV.3B).
Scx expression displayed a drastic and continuous downregulation from 24H to 14 days.
Col1a1 and Aqp1 genes displayed a decrease of expression at the beginning of the culture
until 7 days and then reached a plateau (Figure IV.3B). In contrast, the tendon differenti-
ation marker Tnmd displayed a 2-fold increase during the first 24H to reach a plateau and
then decreased from 7 days of culture (Figure IV.3B). This result indicated that tendon genes
displayed a tendency to decrease overtime in C3H10T1/2 cells cultured on plastic substrate.

We also analyzed the expression of differentiation markers for the components of the
musculoskeletal system, ranging from high to soft intrinsic tissue stiffness: bone, cartilage,
muscle and fat. The differentiation markers for the other cell lineages did not display the
same expression profile as compared to tendon genes in C3H10T1/2 cells cultured on plastic
substrate overtime. The early bone markers (Dlx5 and Runx2 ) did not displayed any major
changes of expression overtime (Figure IV.3D). However, the bone differentiation marker
Bglap displayed a 26-fold increase at 7 days to reach a 41-fold increase at 10 days (Figure
IV.3D). It has to be noticed that the bone markers were not expressed at early time point (Ct
above 33 cycles Figure IV.2). The expression of the specification and differentiation markers
for cartilage, Sox9 and Acan was not changed overtime, except for a 4-fold drop of Acan
expression at 10 days (Figure IV.3C). The expression of the muscle differentiation marker
Myog did not change much overtime although displaying a 2-fold increase at 10 days (Figure
IV.3E). Lastly, the expression of the early fat marker Cebpb did not change overtime, while
that of the late differentiation fat marker Pparg displayed an impressive 148-fold increase
after 14 days of culture (Figure IV.3F). However, as bone markers, it has to be noticed
that Pparg gene was not expressed in C3H10T1/2 cells at T=0 (Ct above 33 cycles, Figure
IV.3B). These results showed that confluence did not affect the expression of the cartilage
and muscle markers. However, it drastically increased the expression of bone and fat differ-
entiation markers, in C3H10T1/2 cells cultured on plastic substrate overtime. This result is
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intriguing since bone and fat tissues are located at both ends on the intrinsic tissue stiffness
scale high for bone and soft for fat and their differentiations are generally mutually exclusive.

We conclude that cell confluence has a global negative effect on tendon lineage, while
promoting bone and fat differentiation in C3H10T1/2 cells cultured on plastic substrate over
14 days of culture.

Fig. IV.3 (Figure next page)Effect of cell confluence overtime on tendon
gene expression in C3H10T1/2 cells cultured on plastic substrate (A)
Photographs of C3H101/2 cells cultured on plastic culture plates at different time
points. 105 C3H101/2 cells were plated on plastic culture plates and left for 16H
to define the T=0 time point. Cells were then fixed at 24H, 7 days, 10 days and
14 days for RT-q-PCR analyses. (B) RT-q-PCR analyses of the expression levels of
tendon markers, Scx, Tnmd, Col1a1 and Aqp1 genes. The relative mRNA levels were
calculated using the 2- ΔΔCt method using the T=0 condition as controls. For each
gene, the mRNA levels of the T=0 condition were normalized to 1. Graph shows
means +/- standard deviations of four biological samples for T=0, 1 day/24H, 7
days and 14 days and of five biological samples for 10 days. The expression of tendon
genes displayed a tendency to decrease overtime on plastic substrate. (C-F) RT-q-
PCR analyses of the expression levels for other cell lineage markers: bone-associated
genes, Dlx5, Runx2 and Bglap (C); cartilage-associated genes, Sox9, Acan (D); the
muscle-associated gene, Myog (E); and the fat-associated gene Cebpb, Pparg, (F),
in C3H101/2 cells cultured on plastic culture plates at different time points. The
relative mRNA levels were calculated using the 2-ΔΔCt method using the T=0
condition as controls. For each gene, the mRNA levels of the T=0 condition were
normalized to 1. Graph shows means +/- standard deviations of four biological
samples for T=0, T=1day/24H, 7 days and 14 days and of five biological samples
for 10 days. (C-D) The scales of the y-axes have been standardized to facilitate
comparison of gene expression profile overtime. The standard deviations are so
tiny that they are not visible on the graphs. The p-values were calculated using
the Mann-Whitney test.
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Fig. IV.3 (Previous page)
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IV.3.4 Effect of confluence on the differentiation potential of C3H10T1/2 cells
cultured on silicon substrate overtime

We investigated the effect of confluence on the differentiation potential of C3H10T1/2 cells
cultured on silicon substrate. The silicon substrate is 200-fold less rigid (5 MPa) compared
to plastic substrate (1GPa) but is still considered as rigid on the tissue scale (Discher et al.,
2009). Similarly to cultures on plastic substrate, 105 cells were plated on the Uniflex Flexcell
plates (made of silicon coated with type I collagen) and left for 16H, which defined the T=0.
Cells were then cultured for 24H, 48H, 4 days, 7 days and 11 days with no passage (Figure
IV.4A). C3H10T1/2 cells cultured on silicon substrate reached confluence at 48H. At 4 days,
cells seemed to exhibit an alignment becoming robust after 7 days of culture showing that
C3H10T1/2 cells would probably arrange in a less random manner in silicon than on plastic
substrates. However, we had to stop the experiment at 11 days of culture, since cells started
to detach from that time point. Lineage-specific gene expression analysis of C3H10T1/2 cells
cultured on silicon substrate showed that the expression of the tendon genes, Scx, Col1a1
and Aqp1 remained unchanged overtime (Figure IV.4B). However, the mRNA levels of the
differentiation tendon gene Tnmd. started to increase at 48H, to reach a plateau with a
3-4 fold increase between 4 and 7 days (Figure IV.4B). This showed that the confluence
had a transient beneficial effect on Tnmd expression in C3H10T1/2 cells culture on silicone
substrate, while not affecting that of Scx. As for plastic substrate, the bone marker Bglap
displayed a massive increase in C3H10T1/2 cells cultured on silicone substrate overtime
(16-fold increase) with a peak of 35-fold increase at 7 days of culture (Figure IV.4C). The
expression of the representative markers of differentiation for cartilage (Acan), muscle (Myog)
and fat (Pparg) displayed a slow increase to reach 4-fold at 11 days of culture (Figure IV.4D-
F). We conclude that confluence has a positive effect on the tendon differentiation potential
of C3H10T1/2 cells cultured on silicone substrate overtime. Confluence on silicon substrate
also has a positive effect on bone differentiation.
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Fig. IV.4 (Caption next page)
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Fig. IV.4 (Figure previous page)Effect of cell confluence overtime on ten-
don gene expression in C3H10T1/2 cells cultured on silicone substrate
(A) Illustration of C3H101/2 cells cultured on silicone substrate at different time
points. 105 C3H101/2 cells were plated on Uniflex Flexcell plates (made of sil-
icone and coated with type I collagen) and left for 16H to define the T=0 time
point. Cells were then fixed at 24H, 48H, 4 days, 7 days and 11 days for RT-q-PCR
analyses. (B) RT-q-PCR analyses of the expression levels of tendon gene markers,
Scx, Tnmd, Col1a1 and Aqp1. The relative mRNA levels were calculated using the
2- ΔΔCt method using the T=0 condition as controls. For each gene, the mRNA
levels of the T=0 condition were normalized to 1. Graph shows means +/- stan-
dard deviations of five biological samples for T=0 and of six biological samples for
1day/24H, 2days/48H, 4 days, 7 days and 11 days. The expression of tendon genes
did not show any obvious changes overtime, except for Tnmd gene, which increased
at 4 and 7 days. (C-F) RT-q-PCR analyses of the expression levels of the bone-
associated gene Bglap, (C); cartilage-associated gene Acan (D); muscle-associated
gene Myog (E) and fat-associated gene Pparg (F), in C3H101/2 cells cultured on
silicone substrate at different time points. The relative mRNA levels were cal-
culated using the 2- ΔΔCt method. For each gene, the mRNA levels of the T=0
condition were normalized to 1. (C-D) The scales of the y-axes have been stan-
dardized to facilitate comparison of gene expression profile overtime. The p-values
were calculated using the Mann-Whitney test.

IV.3.5 Inverse correlation between active TGFβ signalling pathway and Tnmd
expression in C3H10T1/2 cells in 2D cell cultures and 3D-engineered
tendons

The canonical TGFβ2/SMAD2/3 pathway is recognized to have a protenogenic effect in cell
cultures based on Scx expression (Guerquin et al., 2013; Havis et al., 2014, 2016; Lorda-Diez
et al., 2009; Pryce et al., 2009). There are not many recognized transcriptional readout
of TGFβ2 activity, but Smad7 is a negative-feedback regulator that is considered to be a
general SMAD2/3 transcriptional target gene (Massagué, 2012). We assessed the activity of
TGFβ2/SMAD2/3 signalling pathway with Smad7 expression in C3H10T1/2 cells cultured
with plastic and silicon substrates overtime. The initial cycle number for Smad7 gene with
both substrates (Ct=23.9 for plastic and Ct = 24.7 for silicone) indicated that Smad7 gene
was expressed in C3H10T1/2 cells, 16H after plating in both substrate culture conditions.
This suggested that TGFβ2/SMAD2/3 signalling pathway was active in C3H10T1/2 cells.
The expression profile of Smad7 displayed a similar shape (decrease and slight re-increase) in
cells cultured on both substrate conditions overtime. Smad7 expression reaching its lowest
mRNA levels around (0.125-fold) at 7 days of culture for plastic (Figure IV.5A) and around
(0.25-fold) at 4 days for silicone (Figure IV.5B). This result indicated that the activity
of TGFβ2/SMAD2/3 signalling pathway was decreased overtime in C3H10T1/2 cells upon
confluence.
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The expression profiles of Scx, Tnmd and Col1a1 genes shown in Figures IV.3B, IV.4B
was added on Figure IV.5A, B to compare tendon gene expression profiles with that of
Smad7 overtime. We observed that Smad7 expression profile displayed a mirror image to
that of Tnmd in cells cultured on plastic or silicon substrates (Figure IV.5A, B), while Smad7
expression followed that of Scx and Col1a1 in C3H10T1/2 cells cultured in both substrate
culture conditions (Figure IV.5A, B). We also analysed the expression of Tgfb2 gene coding
for the TGFβ2 ligand and observed that Tgfb2 expression did not follow that of Smad7, but
rather followed that of Tnmd expression in C3H10T1/2 cells in plastic or silicone culture
conditions (Figure IV.5A, B). These results showed that Tnmd expression was upregulated
when the activity of TGFβ2/SMAD2/3 signalling was decreased. The fact that the activity
of TGFβ2/SMAD2/3 signalling pathway followed that of Scx expression in C3H10T1/2 cells
under confluence whatever the culture substrates was consistent with the recognized posi-
tive regulation of Scx expression by the TGFβ2/SMAD2/3 signalling pathway in C3H10T1/2
cultures (Guerquin et al., 2013; Havis et al., 2014, 2016).

The opposite direction of Tnmd and Smad7 expression profiles in C3H10T1/2 cells under
confluence (Figures IV.5A, B) suggested that active TGFβ2/SMAD2/3 signalling pathway
downregulated Tnmd expression. In order to test this, we analysed the TGFβ2 effect on
Tnmd expression in C3H10T1/2 cells (Figure IV.5C). C3H10T1/2 cells were treated with
TGFβ2 ligand for 24H and then grew for an additional 24H without any TGFβ2 supplemen-
tation in culture medium. TGFβ2 treatment drastically decreased (down to 0.06-fold) Tnmd
mRNA levels, while increasing those of Scx up to 9-fold in C3H10T1/2 cells compared to no
treatment (Figure IV.5C, D). These results showed that TGFβ2 abolished Tnmd expression
in C3H10T1/2 cells. Other tendon markers such as Col1a1, Aqp1 and Thbs2 did not display
any significant variations upon TGFβ2 exposure, indicating a specific and differential effect
on this signalling pathway on Scx and Tnmd expression in C3H10T1/2 cells.

In order to test if the negative effect of TGFβ2 on Tnmd expression was inherent to the
2D culture system, we also applied TGFβ2 in C3H10T1/2 cells cultured in 3D fibrin gel
(Guerquin et al., 2013). TGFβ2 was added in the culture medium of tendon constructs for
24H and compared to non-treated constructs harvested at the same time. No apparent dif-
ferences could be observed in the general morphology of the TGFβ2-treated constructs when
compared to controls (Figure IV.5F). Consistent with the results obtained in 2D cultures
(Figure IV.5C-E), we found an increase in the expression of Scx and Col1a1 (2.6- fold and
1.5-fold, respectively) and a concomitant 0.26-fold decrease in Tnmd expression in TGFβ2-
treated tendon constructs compared to control tendon constructs (Figure IV.5G). This shows
that TGFβ2 has a similar negative effect on Tnmd expression, while having a positive effect
on Scx expression in C3H10T1/2 cells cultured in 2D and 3D culture conditions. However,
in contrast to the 2D conditions, the relative expression levels of Aqp1 and Thbs2 genes
(0.55-fold and 0.68-fold, respectively) were decreased in TGFβ2-treated compared to control
tendon constructs (Figure IV.5G).
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We conclude that the activity of TGFβ2/SMAD2/3 signalling pathway follows Scx ex-
pression and anti-mirror that of Tnmd in C3H10T1/2 cells in plastic and silicon substrates
upon confluence overtime. Moreover, TGFβ2 is a negative regulator of Tnmd expression in
C3H10T1/2 cells in 2D and 3D culture systems.

Fig. IV.5 (Figure next page)Correlation between TGFβ2 activity and Scx
and Tnmd expression and dual effect of TGFβ2 on Tnmd and Scx ex-
pression in C3H10T1/2 cells cultured in 2D or 3D-engineered tendon.
(A,B) RT-q-PCR analyses of the expression levels of Smad7 and TGFβ22 genes in
C3H10T1/2 cells cultured at different time upon plastic (A) or silicone substrates
(B). The relative mRNA levels were calculated using the 2- ΔΔCt method. For each
gene, the mRNA levels of the T0 conditions were normalized to 1. (A) Graph shows
means +/- standard deviations of four biological samples for T=0, 1 day/24H, 7
days and 14 days and of five biological samples for 10 days. (B) Graph shows
means +/- standard deviations of five biological samples for T=0 and of six biolog-
ical samples for 1day/24H, 2days/48H, 4 days, 7 days and 11 days. The expression
profiles of Scx and Tnmd genes have been plotted again on panels A and B to facil-
itate comparison between tendon gene and Smad7 gene. (C-E) RT-q-PCR analyses
of the expression levels of tendon gene expression in C3H10T1/2 cells cultured in
control or TGFβ2 supplemented media. The relative mRNA levels were calculated
using the 2- ΔΔCt method. For each gene, the mRNA levels of control conditions
were normalized to 1. Upon TGFβ2 exposure, the relative mRNA levels of Tnmd
displayed a drastic decrease (C), while those of Scx was significantly increased (D)
compared to control conditions. The expression levels of Col1a1, Aqp1 and Thbs2
genes did not changed in the presence of TGFβ2 as compared to control. (F-G)
3D-engineered tendon constructs in control or TGFβ2 supplemented media. Im-
ages showing no significant variations in the morphology of the treated constructs
(below) compared to the control (above). (G) Graph shows mean +/- standard
deviation of RT-qPCR analysis of the expression of tendon-associated genes in con-
structs treated or not with TGFβ2. The relative mRNA levels were calculated
using the 2- ΔΔCt method. TGFβ2 treatment had a similar effect than observed
in 2D cultures for Scx and Tnmd expression (C-D and G). This time, Col1a1 was
slightly upregulated and Aqp1 and Thbs2 slightly downregulated. For each gene,
the mRNA levels of control conditions were normalized to 1. The p-values were
calculated using the Mann-Whitney test.
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IV.4 Discussion

IV.4.1 Comparison of the tendon differentiation potential for C3H10T1/2 cells
cultured on plastic and silicon substrates in confluence conditions

We found that silicone substrate was more prone to favour tendon differentiation compared to
plastic substrate of C3H10T1/2 cells upon confluence and overtime (Figures IV.3,IV.4,IV.6).
Although the range/scale of substrate stiffness promoting the tendon phenotype in cultured
stem cells has not been established yet, it has been proposed to be close to the scale of rigid
substrates promoting bone differentiation. This assumption is based on the tissue elasticity
of tendons (1GPa for Achilles tendons) and ligaments (100 MPa) that is close to that of
bone 10 GPa (Maganaris and Paul, 1999). The design of our study allowed us to compare
the effect on tendon gene expression of two substrates with a 200-fold difference in stiffness
on the rigid scale. The extreme rigidity of plastic substrate (of GPa magnitude) decreases
the expression of Scx, while a relatively less rigid substrate (5 MPa) does not modify Scx ex-
pression in C3H10T1/2 cells under confluence overtime (Figure IV.6). The silicon substrate
favours the expression of the tendon differentiation marker, Tnmd (Figure IV.6). Based on
Scx and Tnmd expression, we conclude that a substrate of 5 MPa rigidity favours the tendon
phenotype in C3H10T1/2 cells overtime.

Fig. IV.6 Comparison of cell expansion effect on gene expression be-
tween the plastic and substrate culture conditions. Relative mRNA levels
of selected lineage markers shown in Figures IV.3 and IV.4 in C3H101/2 cells cul-
tured on plastic substrate (A) and silicone substrate (B) overtime. Graphs were
shown at the same scale for the Y-axis (relative mRNA levels) to facilitate visual
comparison of gene expression between both substrate culture conditions. Plastic
substrate has an estimated E of 1 GPa, while Silicone substrate has an E= 5MPa.

Although the stiffness values of both substrates display a 200-fold difference between
plastic (GPa magnitude) and silicone (5 MPa), these two substrates are still in the rigid
scale favourable for bone differentiation (Discher et al., 2009). Consistently, the C3H10T1/2
mesenchymal stem cells cultured on these two substrates (plastic and silicone) display a
significant and drastic increase in the expression of the bone differentiation marker (Bglap)
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overtime. Because there is no addition of bone differentiation medium in the culture con-
ditions, we believe that confluence favours bone differentiation of C3H10T1/2 cells cultured
on these two rigid substrates. The dramatic increase in the expression of the differentiation
fat marker Pparg in plastic substrate (high stiffness) is counter-intuitive with the range of
soft stiffness known to promote fat differentiation (Discher et al., 2009). We interpret the
ability of C3H10T1/2 cells to differentiate towards the fat lineage under a stiff substrate with
the fact that C3H10T1/2 cells makes multilayers upon confluence. One obvious hypothesis
is that cells expressing Pparg at 14 days of culture could be those not in contact with the
plastic substrate, but with a soft environment created by cells the superficial multilayers.

IV.4.2 TGFβ2 is a negative regulator of Tnmd expression in C3H10T1/2 cells in
2D and 3D culture systems

Our work identifies a striking inverse correlation between Tnmd expression and TGFβ ac-
tivity (assessed with Smad7 expression) in C3H10T1/2 cells cultured on both plastic and
silicone substrates overtime. Consistently, TGFβ2 drastically decreases Tnmd expression,
while promoting that of Scx in C3H10T1/2 cells cultured in 2D and 3D cell culture systems.
The opposite behaviour of Scx and Tnmd expression upon TGFβ2 application in cell cul-
tures could reflect different steps of tenogenesis. Scx would reflect a more progenitor step
than Tnmd. During development, Scx is expressed before Tnmd and Scx is required and
sufficient for Tnmd expression in developing tendons (Murchison et al., 2007; Shukunami et
al., 2006). Moreover, Scx has recently been shown to directly regulate Tnmd transcription
in C3H10T1/2 cells and in primary tendon cells (Shukunami et al., 2018). The absence of
Tnmd activation following Scx increase upon TGFβ2 application indicates that TGFβ2 pre-
vents achieved tendon differentiation in C3H10T1/2 cells in 2D and 3D culture conditions.
It has to be noted that TGFβ2 activates the expression of both Scx and Tnmd genes in chick
and mouse limb explants (Havis et al., 2014, 2016), in high density cultures of chick limb
cells (Lorda-Diez et al., 2009) or in 3D culture systems of human tendon cells (Bayer et al.,
2014). We cannot exclude that the negative regulation of TGFβ2 on Tnmd expression is
cell-type specific.

However, another possibility would be that confluence plays a dominant role in this
system by preventing cells to achieve tenogenic differentiation even in presence of a tenogenic
agent like TGFβ2. We showed that cell confluence on plastic substrate prevented an increase
in Tnmd expression in C3H10T1/2 cells, so this effect could potentially override that of
TGFβ2.

IV.5 Conclusion

This study shows that culture conditions such as confluence and substrate affect the differ-
entiation potential of a murine cell line of mesenchymal stem cells, C3H10T1/2 cells. We
identify a substrate of 5 MPa stiffness that favours tendon differentiation in addition to bone
differentiation upon confluence. We also identify TGFβ2 as a negative regulator of Tnmd
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expression in C3H10T1/2 cells in 2D and 3D culture systems. The identification of the op-
timum conditions that induce tendon cell differentiation in a dish is of particular interest
in order to optimize tendon cell culture protocols that can be used as grafting for tendon
repair.
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V. Role of mechanical constraints, EGR1 and YAP
in a 3-dimensional culture system of C3H10T1/2
cells mimicking tendon formation

V.1 Context

Numerous studies use 2D-cell-culture systems to understand tendon cell differentiation in-
duced either by biochemical or mechanical cues (reviewed in Wang et al., 2018a; Zhang et
al., 2018). However, 3D-culture systems, in which cells are embedded in hydrogels, offer
an environment closer to those experienced by tendon cells in vivo than in 2D-cell-culture
systems. Hydrogels allow for a homogeneous transmission of the strains to the cells and thus
facilitate the control of experimental conditions.

In this study, we took advantage of fibrin- and collagen-based 3D-cell-culture systems
mimicking native tendons to better understand the relationship between mechanical signals
and tendon cell differentiation. Since tendon is a tissue with a role in the transmission of
mechanical signals from muscle to bone, we were interested in putative intracellular molecular
relays of the mechanical cues, such as YAP and EGR1. We hypothesize that YAP and EGR1
act as intracellular relays of mechanical signals in order to direct tendon cell differentiation.

V.2 Results

V.2.1 Egr1 overexpression prevents the decrease of tendon gene expression in
fibrin-based 3D-constructs after tension release

Fibrin-based 3D cell cultures recapitulate tendon formation based on tenogenic marker ex-
pression and tendon-like collagen fibrillogenesis (Bayer et al., 2010; Breidenbach et al., 2015;
Kapacee et al., 2008, 2010; Yeung et al., 2015). This in vitro engineered tendon system
involves tension (Bayer et al., 2010; Kapacee et al., 2010). Forced expression of Egr1 in
fibrin-based 3D C3H10T1/2 cell cultures increases Scx, Col1a1 and Col1a2 expression levels
compared to control fibrin-based 3D C3H10T1/2 cell cultures (Guerquin et al., 2013). We
now show that the expression of the tendon differentiation marker Tnmd was also increased
in the presence of Egr1 in 3D constructs (Figure V.1A). The Tgfb2 mRNA levels were also
increased in Egr1 -producing 3D constructs compared to 3D constructs (Figure V.1A). The
tension release of the 3D constructs induces the appearance of immature collagen fibrils with
no preferred orientation in engineered chick tendons (Kapacee et al., 2008) and loss of Tnmd
expression in engineered human tendons (Bayer et al., 2014). The tension was released by

115



cutting one edge of the engineered mouse tendons made of C3H10T1/2 cells (Figure V.1B).
Tension release led to a decrease in the expression of Egr1 and tendon genes including Scx,
Tnmd, Col1a1 and Col1a2 (Figure V.1B). The expression of Tgfb2 was also decreased in
tension-released engineered tendons (Figure V.1B). Tension release in Egr1 -producing 3D-
constructs did not trigger any significant changes in tendon gene expression compared to
Egr1 -producing 3D constructs under tension (Figure V.1C). This shows that constitutive
Egr1 overexpression is able to activate tendon gene expression independently of tension in
engineered tendons. We conclude that Egr1 expression is sensitive to tension in fibrin-based
engineered mouse tendons and Egr1 -forced expression prevents the downregulation of tendon
gene expression in the absence of mechanical input. These results are included in a paper
(Gaut et al., 2016) that is provided in the annexe part of this manuscript.

Fig. V.1 Caption next page
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Fig. V.1 Egr1 overexpression prevents the downregulation of tendon-
associated gene expression in tension released engineered tendons. (A)
Two weeks-old fibrin gel constructs made of mouse C3H10T1/2 cells or C3H10T1/2-
Egr1 cells were analyzed for tendon gene expression by RT-q-PCR analyses. The
mRNA levels of C3H10T1/2 constructs were normalized to 1. Errors bars represent
standard errors of the mean of 5 C3HT101/2 constructs and 7 C3H10T1/2-Egr1
constructs. The p values were calculated using the Mann-Whitney test. The mRNA
levels of Egr1, Scx, Tnmd and Tgfb2 genes were increased in C3H10T1/2-Egr1 con-
structs compared to those of C3H10T1/2 constructs. (B) Tension was released in
C3H10T1/2 constructs by sectioning one end of the construct. Transcript levels
were analyzed by RT-q-PCR analyses in tension-released C3H10T1/2 constructs
and compared to C3H10T1/2 constructs. The mRNA levels of C3H10T1/2 con-
structs were normalized to 1. Errors bars represent standard errors of the mean
of 7 C3H10T1/2 constructs and 7 tension-released C3H10T1/2 constructs. The
p-values were calculated using the Mann-Whitney test. We observed a decrease
in the transcript levels of Egr1, Scx, Tnmd, Col1a1, Col1a2 and Tgfb2 genes in
tension-released C3H10T1/2 constructs (TR) compared to tensioned C3H10T1/2
constructs (T). (C) The mRNA levels of tendon genes were analyzed in tension-
released C3H10T1/2-Egr1 constructs and compared with tensioned C3H10T1/2-
Egr1 constructs by RT-q-PCR analyses. The mRNA levels of C3H10T1/2-Egr1
constructs were normalized to 1. Errors bars represent standard errors of the
mean of 7 C3HT101/2-Egr1 constructs and 5 tension-released C3H10T1/2-Egr1
constructs. The p values were calculated using the Mann-Whitney test. There was
no significant change in tendon gene expression in tension-released C3H10T1/2-
Egr1 constructs (TR) compared to tensioned C3H10T1/2-Egr1 constructs (T). T,
Tension, TR, Tension release.

V.2.2 Collagen 3D-constructs made of C3H10T1/2 cells harbor a tendon-like
structure

The collagen 3D-constructs made of C3H10T1/2 cells consists in cells homogeneously em-
bedded in a type I collagen-gel tube anchored at both extremities. Compared to their fibrin
counterpart, collagen 3D-constructs are made with the FlexCell FX-T5000 bioreactor, which
allows for both high reproducibility and mechanical stretch of these constructs.

We first studied the evolution of collagen 3D-constructs between the initial time of the
collagen-gel polymerization, termed T0, and up to 14 days of culture (Figure V.2A). We
observed a decrease overtime of the width of the collagen 3D-constructs (Figure V.2B), as it
has been reported in previous studies (Garvin et al., 2003).
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Fig. V.2 Width of collagen 3D-constructs reduces overtime. (A) Pictures
of collagen 3D-constructs at one of their anchor points, at the initial time of culture
T0 (upper panel) or at 14 days of culture (lower panel). (B) Reduction of the
Collagen 3D-constructs width over 14 days of culture. Mean and standard deviation
are indicated by dots and were calculated from 6 independent samples.

To compare with the collagen 3D-constructs, we analyzed the evolution of gene expression
in fibrin 3D-constructs between 3 and 21 days of culture (Figure V.3A). While Scx did not
present obvious variations between 3 and 21 days of culture, Col1a1 expression was upreg-
ulated at 2-fold until 21 days (Figure V.3A). Tnmd expression was strongly downregulated
to 0.125-fold decrease. In addition, we observed an important increase of Col2a1 expres-
sion overtime, a cartilage marker, in the fibrin 3D-constructs (Figure V.3A). The increase
in Col2a1 expression in fibrin 3D-constructs shows that cells in this type of construct ex-
press cartilage markers over tendon markers, which is not the case in collagen 3D-constructs
(Figure V.3B, C). We analyzed the evolution of gene expression in collagen 3D-constructs
between T0 and 14 days of culture (Figure V.3B-D). Compared to T0, both Scx and Col1a1
expression showed an increase overtime, reaching 8-fold and 2-fold peaks, respectively, at
14 days (Figure V.3B). Tnmd expression was overall decreased along the time of culture,
reaching a lowest level at 5 days of culture (0.25-fold) and then slightly increased up to
0.5-fold at 14 days (Figure V.3B). Concerning the cartilage genes, we observed a decrease
of Sox9 and Col2a1 expression, decrease especially marked for the differentiation cartilage
gene, Col2a1 (Figure V.3C). First decreased between T0 and 5 days, Acan expression was
then upregulated up to a 4-fold increase (Figure V.3C). Finally, we also showed that the
mechanosensitive genes all varied in 3D cell culture, with a decrease in the first 24H of cul-
ture for Egr1 and Cyr61, but all showing a trend to increase overtime until 14 days (Figure
V.3D). Together, these results place the collagen-based model over the fibrin-based model as
the collagen-based 3D-constructs favor the expression of tendon gene over that of cartilage
gene.

118



Fig. V.3 Evolution of gene expression overtime in fibrin and collagen
3D-constructs. (A) Evolution of gene expression overtime in fibrin 3D-constructs.
Experiment performed in the laboratory by Isabelle Cacciapuoti. (B-D) Analysis in
collagen 3D-constructs of tendon (B), cartilage (C) and mechanosensitive (D) gene
expression by RT-qPCR over 14 days of culture. Dots and bars represent mean
and standard deviation, respectively, calculated from 2-4 independent samples (A)
and from 6 independent samples (B-D). For each gene, results from each timepoint
were normalized to gene expression at 3 days (A) and T0 (B-D).

V.2.3 Modifications of mechanical parameters in the collagen 3D-constructs
affect cell organization

In order to assess the effects of the mechanical signals on tendon cell differentiation in the
collagen 3D-constructs, we induced changes in the mechanical state of the constructs between
T0 and 24H of culture (Figure V.4). Tension release was induced by cutting one anchor point
of the collagen 3D-constructs at T0 (Figure V.4). Consequences were analyzed during 24H
in de-tensioned condition at 24H of culture. To establish the stretched condition, collagen
3D-constructs were submitted at T0 to a loading protocol of 1% strain at 1Hz and during 1h
and were then allowed to rest for the following 23h before being harvested at 24H of culture
(Figure V.4). Both of these conditions were then compared to control collagen 3D-constructs
that were neither de-tensioned nor mechanically stimulate and harvested at 24H of culture.

We first analyzed cell organization of collagen 3D-constructs subjected to different me-
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Fig. V.4 Schematic representation of the different mechanical states ap-
plied to collagen 3D-constructs

chanical states on longitudinal sections (Figure V.5A). Phalloidin and DAPI staining, high-
lighting actin stress fibers and nuclei, respectively, allowed us to observe how cells were or-
ganized inside the collagen 3D-constructs in each condition (Figure V.5B-D). At first sight,
the signals obtained for Phalloidin staining are different in de-tensioned constructs when
compared to control and stretched conditions.

Fig. V.5 (Next page) Cell organization in collagen 3D-constructs.(A)
Schematic representation of a collagen 3D-constructs. (B-D) Phalloidin (in green,
for actin stress fibers) and DAPI (in blue, for cell nucleus) staining of longitudinal
section of control (B), tension release (C) and stretched (D) collagen 3D-constructs.
All the sections (B-D) are oriented as presented in (A).
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We next performed computer-based analysis of these stainings. We showed that the
distribution of the ellipse-shaped nucleus orientations, visualized with DAPI, indicated a
preferential orientation at 90◦ along the axis defined by the two anchor points (Figure V.5A),
for both control and stretched conditions (Figure V.6A). This indicated that nuclei were
aligned along the axis of the collagen 3D-constructs. In contrast, the nuclei in the tension
release condition did not display any preferential organization, but rather showed a random
organization (Figure V.6A). Regarding the Phalloidin staining, we were able to draw the
same conclusions than those for nucleus orientations. We found a similar alignment of cell
shapes in control and stretched conditions, while cells in tension release 3D-constructs were
randomly organized (Figure V.6B). Interestingly, in control and stretched conditions, cells
and nuclei were aligned along the axis of the in vitro tendon, as tendon cells in vivo (aligned
along the axis of native tendons), which strengthens the use of this model to study tendon
cell differentiation.
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Fig. V.6 Nucleus and cell orientations in collagen 3D-constructs in differ-
ent mechanical states. Histograms showing the distribution of nucleus (A) and
cell (B) orientation angles in longitudinal sections of collagen 3D-constructs from
Control (in green), Tension Release (in blue) and Stretched (in red) conditions.
For each condition, population are composed by date obtained from 5 samples for
Control and Tension Release condition and 4 samples for the Stretched condition.

We also assessed the proliferation status of the cells in collagen 3D-constructs upon differ-
ent mechanical conditions by Ki67 staining (Figure V.7A-C). Ki67 is a proliferation marker
that labels all cell cycle phases except the G0 phase (Scholzen and Gerdes, 2000). In the
control condition, 14% of the cells exhibit Ki67+ nuclei in transverse sections of the colla-
gen 3D-constructs (data not shown). The de-tensioned and stretched conditions exhibited
85.39% and 96.83%, respectively, when normalized to the control condition (Figure V.7D).
We thus did not detect any differences in the number of Ki67+ nuclei between the three
conditions, indicating that the lack of tension or the stretch condition was not affecting cell
proliferation in this model (Figure V.7D). Obviously, Ki67+ nuclei proportions were assessed
at 24H of culture and variations in these proportions at latter time points cannot be excluded.
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Fig. V.7 Alterations of mechanical states do not affect cell proliferation
in collagen 3D-constructs. Ki67 (in red) and DAPI (in blue) staining in trans-
verse sections of collagen 3D-constructs from Control (A), Tension Release (B) and
Stretched (C) conditions. (D) Proportion of cells with Ki67+ nuclei in collagen
3D-constructs from Control (in green), Tension Release (in blue) or Stretched (in
red) conditions. In the control condition, the 100% proportion indicated is nor-
malized to the absolute proportion of Ki67+ nuclei in the control condition, which
corresponds to 14% of the nuclei. Each dot represents an independent sample. Re-
sults were normalized to the control conditions. Samples were analyzed with the
non-parametric Mann-Whitney test but showed no statistical differences.
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V.2.4 Mechanical state affects the expression of tendon genes and other lineage
genes in collagen 3D-constructs

We assessed tendon gene expression in collagen 3D-constructs in de-tensioned and stretched
conditions compared to control condition. In this experiment, Scx expression was obtained
with an initial mRNA quantity of 200ng, and 27.4Ct in control 3D-constructs (data not
shown). De-tensioned collagen 3D-constructs displayed a decrease in Tnmd and Col1a1
expression, but not Scx (Figure V.8A). This results differs from the de-tensioned fibrin 3D-
constructs, since we observed a decrease of Scx expression compared to the control condition
(Figure V.1B, Gaut et al., 2016).

Stretched collagen 3D-constructs displayed an increase in Scx expression (Figure V.8B).
Tnmd expression was decreased in stretched condition, but the decrease was lower than that
observed in the tension released condition (Figure V.8B). These results show that tendon
gene expression is linked to mechanical signals in collagen 3D-constructs.

In order to highlight a link between SCX and mechanical signals imposed on collagen
3D-constructs, we performed SCX immunostaining on transverse sections of collagen 3D-
constructs in each condition (Figure V.8C-E). As SCX is a transcription factor, we assumed
that the proportion of SCX+ nuclei would reflect SCX activity in collagen 3D-constructs cells.
Counting SCX+ showed that the proportion of SCX+ nuclei was slightly but significantly
decreased in de-tensioned constructs and slightly increased in stretched condition compared
to controls (Figure V.8F). Thus, we concluded that SCX protein expression was linked to
the mechanical signals received by collagen 3D-constructs.

Fig. V.8 (Next page) Alteration of mechanical states induces changes in
tendon gene expression in collagen 3D-constructs.(A, B) Analysis of tendon
gene expression between Control and Tension Release collagen 3D-constructs (A)
or between Control and Stretched collagen 3D-constructs (B). Each dot represents
an independent sample. (C-E) SCX (in red) and DAPI (in blue) staining in trans-
verse sections of collagen 3D-constructs from Control (C), Tension Release (D) and
Stretched (E) conditions. (F) Proportion of cells with SCX+ nuclei in collagen 3D-
constructs from Control (in green), Tension Release (in blue) or Stretched (in red)
conditions. In the control condition, the 100% proportion indicated is normalized to
the absolute proportion of SCX+ nuclei in the control condition, which corresponds
to 70,2% of the nuclei. Each dot represents an independent sample.Results were
normalized to the control condition. (A, B, F) Samples were analyzed with the
non-parametric Mann-Whitney test and stars indicate significant p-values under
0.05.
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V.2.5 YAP and EGR1 mechanosensitive pathways in collagen 3D-constructs

EGR1 and YAP are known to be responsive to mechanical signals and to be involved in
mechanotransduction events in a lot of biological systems (Gaut et al., 2016; Panciera et
al., 2017). In order to assess the behavior of EGR1 and YAP in collagen 3D-constructs
under different mechanical states, we first looked at the expression of Egr1 and two YAP
transcriptional target genes, Cyr61 and Ctgf. Egr1 expression was significantly decreased
by 0.5-fold in de-tensioned collagen 3D-constructs (Figure V.9A) but not increased in me-
chanically stimulated collagen 3D-constructs (Figure V.9B). Both YAP target genes Cyr61
and Ctgf displayed a decrease of expression in de-tensioned condition (Figure V.9A) and an
increase in stretched 3D-constructs (Figure V.9B).

We next performed EGR1 and YAP immunostainings to transverse sections of collagen
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Fig. V.9 Mechanosensitive gene expression in collagen 3D-constructs in
de-tensioned and stretched conditions.(A, B) Analysis of tendon gene expres-
sion between Control and Tension Release collagen 3D-constructs (A) or between
Control and Stretched collagen 3D-constructs (B). Each dot represents an indepen-
dent sample. Samples were analyzed with the non-parametric Mann-Whitney test
and stars indicate significant p-values under 0.05.

3D-constructs transverse sections (Figures V.10, V.11). As EGR1 is a transcription factor
and is thus active in cell nucleus, we assumed that the proportion of cells in collagen 3D-
constructs with EGR1+ nuclei would mirror EGR1 activity. EGR1 immunostaining showed
that 23.5% of cells (data not represented) harbored EGR1+ nuclei in control collagen 3D-
constructs (Figure V.10A-C). The percentage of EGR1+ nuclei significantly decreased in de-
tensioned constructs compared to the controls, but did not change in stretched 3D-constructs
(Figure V.10D). This result is consistent with the changes in transcript levels obtained by
RT-qPCR (Figure V.9A, B).
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Fig. V.10 Tension release in collagen 3D-constructs induces a decrease
in the proportion of cells with EGR1+ nuclei.EGR1 (in green) and DAPI (in
blue) staining in transverse sections of Collagen 3D-constructs from Control (A),
Tension Release (B) and Stretched (C) conditions. (D) Proportion of cells with
EGR1+ nuclei in Collagen 3D-constructs from Control (in green), Tension Release
(in blue) or Stretched (in red) conditions. In the control condition, the 100% pro-
portion indicated is normalized to the absolute proportion of EGR1+ nuclei in the
control condition, which corresponds to 23.5% of the nuclei. Each dot represents
an independent sample.Results were normalized to the control condition. Sam-
ples were analyzed with the non-parametric Mann-Whitney test and stars indicate
significant p-values under 0.05.

The co-factor YAP is known to be translocated in the nucleus where it regulates tran-
scription with DNA binding proteins (reviewed in Panciera et al., 2017). We realized im-
munostaining for YAP in order to count the proportion of cells with YAP+ nucleus (Figure
V.11A-C). Counting revealed a significant decrease in YAP+ nuclei in de-tensioned collagen
3D-constructs (Figure V.11E), which is fully consistent with the decrease of mRNA levels
of Cyr61 and Ctgf (YAP target genes) observed in the same de-tensioned condition (Figure
V.9A). However, we did not observe any increase in the proportion of YAP+ nuclei proportion
in stretched constructs (Figure V.11E), despise an increase of YAP target genes expression
observed in the same condition (Figure V.9B). To assess a potential increase in YAP activity
in cells, we analyzed the intensity of YAP in each nucleus. We analyzed and compared the
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distribution of nuclei from each intensity scores to highlight differences between control and
stretched collagen 3D-constructs (Figure V.11E). We observed a high proportion of nuclei
with very low YAP intensity in control constructs, up to 30% of the total population. In the
stretched constructs, we observed a shift from low YAP intensity scores to middle-intensity
scores, which could reflect a high YAP activity (Figure V.11E).

Fig. V.11 (Next page) YAP activity in collagen 3D-constructs is linked
to mechanical signals.YAP (in green) and DAPI (in blue) staining in trans-
verse sections of collagen 3D-constructs from Control (A), Tension Release (B) and
Stretched (C) conditions. (D) Proportion of cells with YAP+ nuclei in collagen 3D-
constructs from Control (in green), Tension Release (in blue) or Stretched (in red)
conditions. In the control condition, the 100% proportion indicated is normalized
to the absolute proportion of YAP+ nuclei in the control condition, which corre-
sponds to 70,6% of the nuclei. Each dot represents an independent sample.Results
were normalized to the control condition. Samples were analyzed with the non-
parametric Mann-Whitney test and stars indicate significant p-values under 0.05.
(E) Distribution of the intensity of YAP signals in nuclei of Collagen 3D-constructs
for control (in green) and stretched (in red) constructs.
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V.2.6 Proportions of cells with YAP+ and/or Scx+ nuclei depend on collagen
3D-construct mechanical state

As we previously saw, Scx gene expression and the proportion of cells with SCX+ nuclei
are dependent on the mechanical state of collagen 3D-constructs (Figure V.8). Similarly,
YAP activity is correlated with levels of mechanical signals (Figure V.9 and V.11). In
order to highlight a potential link between YAP activity and SCX, we performed double
immunostaining for YAP and SCX along with DAPI staining, in regard with the mechanical
state of the collagen 3D-constructs (Figure V.12).

Fig. V.12 YAP/SCX double staining in collage 3D-constructs.YAP (green)
and SCX (red) immunostainings and DAPI (blue) staining in transverse sections
of collagen 3D-constructs in control (A), tension release (B) and stretched (C)
conditions.

Double YAP/SCX immunostaining allowed us to analyze changes in cell populations in
collagen 3D-constructs depending on their mechanical state. We defined four cell popu-
lations, YAP+-only nuclei, SCX+-only nuclei, double YAP+/SCX+ nuclei or YAP-/SCX-

nuclei. When compared to the controls, the de-tensioned constructs exhibited a significant
decrease in Scx+/YAP+ nuclei, along with an increase of SCX-/YAP- nuclei (Figure V.13).
As expected, we saw a significant decrease in the total number of YAP+ nuclei and of SCX+

nuclei (as also indicated in Figure V.11) in de-tensioned constructs compared to controls.
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We also observed an increase of cells with SCX+/YAP- nuclei that could be cells that have
“turned off” YAP signaling but not SCX expression yet. Conversely, in stretched collagen
3D-constructs we observed a significant increase in the total number of SCX+/YAP+ nuclei
and a concomitant decrease in SCX-/YAP+ (Figure V.13). This last result would indicate
an increase in the proportion of SCX+ nuclei in a population already exhibiting YAP+ nuclei.

Fig. V.13 Proportions of cells with YAP+ and/or SCX+ nuclei in colla-
gen 3D-constructs. Analysis of YAP and SCX double immunostaining allowed us
to define different cell populations depending on YAP and SCX signals in collagen
3D-constructs for each mechanical condition. Samples were analyzed and compared
to the control condition by the non-parametric Mann-Whitney test. Significant p-
values under 0.05 were indicated for each group compared to its counterpart in the
control condition by * (DAPI+/SCX-/YAP-, in blue), $ (DAPI+/SCX+/YAP-, in
red), £ (DAPI+/SCX-/YAP+, in green) and E (DAPI+/SCX+/YAP+, in orange).
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V.2.7 Verteporfin-induced YAP knock-down impairs tendon gene expression in
collagen 3D-constructs

In order to assess the putative role of YAP in tendon gene expression regulation, we in-
duced a chemical knock-down of YAP in collagen 3D-constructs. This was performed using
verteporfin (VTPF) a chemical inhibitor of the liaison of YAP and its associated transcrip-
tion factors, inhibiting YAP transcriptional program (Chen et al., 2015). We first tested the
effects of 24H treatment of different concentration of VTPF on 2D cultures of C3H10T1/2
cells in order to select the most efficient VTPF concentrations. Based on the expression
of YAP target genes Cyr61 and Ctgf, we observed that VTPF-treatment induced a loss
of Cyr61 expression at 2.5μM and Ctgf expression at 5.0μM (Figure V.14A). Both Cyr61
and Ctgf genes displayed a marked decrease of expression at 10.0μM of VTPF, and more
pronounced than that observed with the 5.0μM VTPF concentration (Figure V.14A). These
results led us to the conclusion that the 10.0μM concentration of VTPF is the more efficient
to induce a knock-down of YAP.

Regarding tendon gene expression, VTPF treatment did not change Scx expression inde-
pendently of VTPF concentration. However, the decrease of Tnmd and Col1a1 expression
was proportional to the VTPF concentration (Figure V.14B). These data show a regulation
of tendon gene expression by YAP activity in 2D cell cultures.
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Fig. V.14 VTPF-treatment induces changes in gene expression in 2D-
cultured C3H10T1/2 cells. Analysis of YAP target (A) and tendon (B) gene
expression between Control and VTPF-treated cells. Each dot represents an inde-
pendent sample. Samples were analyzed with the non-parametric Mann-Whitney
test and stars indicate significant p-values under 0.05.

Based on the efficiency of the 10.0μM of VTPF concentration was to induce a loss of
function of YAP in 2D cultures of C3H10T1/2 cells, we used the same concentration for col-
lagen 3D-constructs. At T0, we treated collagen 3D-constructs with 10.0 μM VTPF for 24H
before harvesting them and comparing them with DMSO-treated collagen 3D-constructs.
YAP target genes Cyr61 and Ctgf showed a decrease of expression in VTPF-treated 3D-
constructs (Figure V.15A), without any change in the proportion of cells with YAP+ nuclei
(Figure V.15B). This is consistent with the fact that VTPF does not prevent nuclear translo-
cation of YAP. Interestingly, we also observed that in a context of YAP loss-of-function, Egr1
exhibited a decreased expression of mRNA levels (Figure V.15A).
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Fig. V.15 24H VTPF-treatment in collagen 3D-constructs impairs the
expression of mechanosensitive genes but not the number of YAP+ nu-
clei. (A) Analysis of mechanosensitive gene expression between Control and VTPF-
treated collagen 3D-constructs. (B) Proportion of cells with YAP+ nuclei in Col-
lagen 3D-constructs from Control (in green) and VTPF (in purple) conditions. In
the control condition, the 100% proportion indicated is normalized to the absolute
proportion of YAP+ nuclei in the control condition, which corresponds to 70,6%
of the nuclei. Each dot represents an independent sample. Samples were analyzed
with the non-parametric Mann-Whitney test and stars indicate significant p-values
under 0.05.

We performed Phalloidin and DAPI staining in VTPF-treated collagen 3D-constructs
for 24H (Figure V.16A) and did not observe any change in cell organization compared with
control 3D-constructs (Figure V.5B). Regarding tendon phenotype, we observed a decrease of
gene expression for all tendon genes, namely Scx, Tnmd, Col1a1 and Aqp1 in VTPF-treated
collagen 3D-constructs (Figure V.16B). In addition, we observed a pronounced decrease
in the proportion of cells with SCX+ nuclei compared to control collagen 3D-constructs
(Figure V.16C). Together, these results establish a link between YAP knock-down tendon
gene expression.
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Fig. V.16 VTPF-induced YAP knock-down impairs tendon phenotype
in collagen 3D-constructs. (A) Phalloidin (in green, for actin stress fibers) and
DAPI (in blue, for cell nucleus) staining of longitudinal section of VTPF-treated
collagen 3D-constructs. (B) Analysis of tendon gene expression between Control
and VTPF-treated Collagen 3D-constructs. (C) Proportion of cells with SCX+

nuclei in collagen 3D-constructs from Control (in green) and VTPF (in purple)
conditions. In the control condition, the 100% proportion indicated is normalized to
the absolute proportion of SCX+ nuclei in the control condition, which corresponds
to 70,2% of the nuclei. Each dot represents an independent sample. Samples were
analyzed with the non-parametric Mann-Whitney test and stars indicate significant
p-values under 0.05.

In order to better understand the relationship between YAP and SCX, we analyzed
YAP/SCX double immunostaining in control and VTPF-treated collagen 3D-constructs (Fig-
ure V.17A, B). In VTPF-treated collagen 3D-constructs, we observed a marked decrease
in the proportion of SCX+/YAP+ nuclei and a concomittant increase in the proportion of
SCX-/YAP+ nuclei (Figure V.17C). This result indicates that the loss of SCX+ nuclei mainly
occurs in a cell population already exhibiting YAP+ nuclei and in which YAP is not active.
Thus it strengthens the hypothesis of a regulation of SCX by YAP.
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Fig. V.17 YAP knock-down in collagen 3D construct induces a decrease
in the proportion of SCX+ nuclei in cells already exhibiting YAP+ nu-
clei.(A, B) YAP (in green), SCX (in red) and DAPI (in blue) staining in trans-
verse sections of collagen 3D-constructs from Control (A) and VTPF (B) condi-
tions. (C) Analysis of YAP and SCX double immunostaining allowed to defined
different cell populations depending on YAP and SCX signals for each collagen
3D-construct condition. Samples were analyzed and compared to the control con-
dition by the non-parametric Mann-Whitney test. Significant p-values under 0.05
were indicated for each group compared to its counterpart in the control con-
dition by * (DAPI+/SCX-/YAP-, in blue), $ (DAPI+/SCX+/YAP-, in red), £
(DAPI+/SCX-/YAP+, in green) and E (DAPI+/SCX+/YAP+, in orange).
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V.2.8 Mechanical stimulation of Verteporfin-treated collagen 3D-constructs does
not rescue the downregulation of tendon gene expression

YAP activity is regulated in collagen 3D-constructs by mechanical signals (Figure V.9, V.11)
and YAP could be involved in the regulation of tendon gene expression and the proportion
of SCX+ nuclei (Figures V.16, V.17). We also showed that mechanical signals controlled the
expression of tendon genes at the mRNA level and the number of SCX+ cells (Figure V.8). In
order to define if YAP acts as an intracellular relay of mechanical signals to regulate tendon
gene expression, we decided to stretch collagen 3D constructs in a context of YAP loss-of-
function induced by VTPF treatment. According to our hypothesis, mechanical stimulation
of collagen 3D constructs would not be able to induce tendon gene expression since YAP
is not active. Indeed, we observed that compared to control collagen 3D-constructs that
were neither stretched nor treated with VTPF, the VTPF + Stretch collagen 3D-constructs
exhibited a decrease in tendon gene expression (Figure V.18A). This indicated that YAP
could be an intracellular relay downstream of mechanical signals that enables tendon gene
expression. It has to be noted that Egr1 expression showed no difference between control
or VTPF+Stretch collagen 3D-constructs (Figure V.18B), indicating that Egr1 expression
was rescued by mechanical signals in VTPF-treated 3D-constructs through an unknown
intracellular pathway.

Together, these results confirm that YAP serves as an intracellular relay of mechanical
signals in collagen 3D-constructs to enable tendon gene expression. Yet, other mechanotrans-
duction pathways could be involved as suggested by the recovery of Egr1 expression.

Fig. V.18 Stretch does not rescue gene expression in collagen 3D-
constructs with VTPF-induced YAP knock-down. Analysis of tendon (A)
and mechanosensitive (B) gene expression between control and stretched VTPF-
treated collagen 3D-constructs. Each dot represents an independent sample. Sam-
ples were analyzed with the non-parametric Mann-Whitney test and stars indicate
significant p-values under 0.05.

V.2.9 Chemical modulation of mechanotransduction pathways in collagen 3D-
constructs made of C3H10T1/2 cells

In order to further assess the role of YAP in tendon gene expression regulation, we took
advantage of the property of lysophosphatidic acid (LPA) to enhance YAP activity by in-

137



hibiting the Hippo pathway through the action of the G-protein-coupled receptors G12/13
(Yu et al., 2012). We treated collagen 3D constructs made of C3H10T1/2 cells with LPA
between T0 and 24H and compared them to controls treated with DMSO. LPA treatment
did not enhanced YAP activity in our collagen 3D-constructs, as no change was observed
in Cyr61 expression upon treatment (Figure V.19A), indicating a probable failure in LPA
treatment. Concomitantly, no changes were detected in tendon gene expression upon LPA
treatment of 3D constructs (Figure V.19B).

Fig. V.19 LPA treatment of collagen 3D-constructs made of C3H10T1/2
cells. Analysis of Cyr61 (A) and tendon (B) gene expression between control and
LPA-treated collagen 3D-constructs. Each dot represents an independent sample.
Samples were analyzed with the non-parametric Mann-Whitney test and stars in-
dicate significant p-values under 0.05.

In order to assess or rule out the action of another putative mechanotransduction pathway
in the regulation of tendon gene expression, we tested the possibility that the SRF-MRTF-A
complex could be involved in this process (Esnault et al., 2014; Posern and Treisman, 2006).
We took advantage of the property of the small molecule CCG-1423 to inhibit SRF-MRTF-
A-dependent transcription (Watanabe et al., 2015). We treated collagen 3D-constructs with
CCG-1423 between T0 and 24H and compared them to control 3D-constructs treated with
H2O. CCG-1423 did not have any effect on 3D-constructs when compared to controls, as
assessed by the similar mRNA level of Acta2, a SRF-MRTF-A target gene (Esnault et al.,
2014; Figure V.20A). This result indicates a probable failure of the CCG-1423 treatment in
collagen 3D-constructs. Concomitantly we did not observe any effect of CCG-1423 treatment
on tendon gene expression (Figure V.20B).
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Fig. V.20 CCG-1423 treatment of collagen 3D-constructs made of
C3H10T1/2 cells.Analysis of Acta2 (A) and tendon (B) gene expression between
control and CCG-1423-treated collagen 3D-constructs. Each dot represents an in-
dependent sample. Samples were analyzed with the non-parametric Mann-Whitney
test and stars indicate significant p-values under 0.05.

V.3 Discussion

In this part, we analyzed the behavior of C3H10T1/2 cells in fibrin or collagen 3D-constructs
mimicking native tendons and subjected to different mechanical conditions. We first used
a fibrin-gel method that allows the formation of engineered tendons (Guerquin et al., 2013;
Kapacee et al., 2010). We showed that EGR1 was a mechanotransduction transcription
factor whose overexpression was able to bypass the lack of mechanical signals in de-tensioned
3D fibrin-gel constructs (Gaut et al., 2016). However, the fibrin-gel 3D-culture system did
not allow the application of additional mechanical parameters. Consequently, we turned
to a 3D-culture system made of collagen-gel that could be subjected to different mechanical
conditions using the FlexCell FX-T5000 system. In collagen 3D-constructs, we observed that
cells displayed different spatial organizations upon different mechanical constraints. Cells
were aligned along the axis of control and stretched 3D-constructs, while they displayed a
random organization in de-tensioned collagen 3D-constructs. Among these conditions, we
did not observe any change in cell proliferation. We also linked mechanical states to tendon
gene expression. We also correlated YAP activity in cells with the mechanical state of the
3D-construct. We showed that YAP loss-of-function by chemical inhibition with Verteporfin
(VTPF) impaired the expression of tendon genes. Finally, mechanical stimulation did not
rescue the downregulation of tendon gene expression observed in 3D-constructs treated with
VTPF. This establishes YAP as an intracellular relay of mechanical signals to regulate tendon
gene expression. Altogether, our results establish a link between mechanical signals, YAP
and EGR1 activities and tendon gene expression in 3D-culture systems made of C3H10T1/2
cells.
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V.3.1 Tendon and cartilage gene expression in fibrin and collagen 3D-constructs
favors collagen over fibrin constructs as model to study tendon cell dif-
ferentiation

In collagen 3D-constructs between T0 and 14 days of culture, we observed a constant in-
crease in Scx and Col1a1 genes expression (Figure V.3B). However, we could also observe
a decrease in Tnmd expression during the first five days of culture, before a subsequent
increase after the fifth day (Figure V.3B). However, at the final day of culture, Tnmd ex-
pression was still decreased at around 0.5-fold compared to its initial expression at T0. Yet,
in fibrin-based 3D-constructs, Tnmd expression constantly decreased overtime, up to 21 days
of culture (Figure V.3A). These differences between fibrin- and collagen-based 3D-constructs
show that tendon gene expression seems to be favored in collagen versus fibrin gel. It has
to be noted that Tnmd was markedly decrease overtime in both fibrin and collagen 3D-
constructs, which mean that C3H10T1/2 cells never fully achieved tenogenic differentiation
in these models.

Interestingly, our conclusion here is in opposition to a study comparing fibrin- and
collagen-based 3D-constructs made of chicken tendon cells (Yeung et al., 2015). In this study,
they showed that cells in fibrin 3D-constructs synthesized their own ECM and consequently
reproduced more accurately tendon cells behavior. They also showed that mechanotransduc-
tion pathways such as YAP/TAZ, were desensitized from 2D to collagen gels. In addition,
fibers in fibrin-based constructs were aligned, while in collagen-based constructs they were
randomly organized. They hypothesized that chicken tendon cells in collagen 3D-constructs
are so adherent to randomly-organized collagen fibers that they cannot adapt to mechanical
constraints. Yet, we showed that in control and stretched collagen 3D-constructs, cells were
aligned along the long axis of the constructs defined by the two anchor points. The cellular
alignment observed in our collagen 3D-constructs could explain the differences between our
study and that of Yeung and colleagues (Yeung et al., 2015).

There is a marked decrease in the expression of the cartilage marker, Col2a1 in collagen
3D-constructs, while there is an important increase in the expression of Col2a1 expression in
fibrin 3D-constructs overtime. This result indicates that fibrin-gel constructs favor cartilage
differentiation, while collagen-gel would inhibit cartilage differentiation of C3H10T1/2 cells.

Also, we observed a steady increase of Acan after the fifth day of culture in collagen
constructs (Figure V.3C). Although Acan is described as a cartilage differentiation marker
(Lauing et al., 2014), it is also known to be expressed at fibrocartilaginous sites such as the
enthesis and in the tendon ECM (reviewed in Thorpe et al., 2013). Acan could also be a
possible marker of tenogenic differentiation. This explanation would fit with the evolution
of Acan pattern of expression that resembles more to that of tendon genes (Scx and Col1a1 )
than that of cartilage genes (Sox9 and Col2a1 ). The marked increase of Col2a1 expression
and the relative light increase of Scx in fibrin 3D-constructs could mark a preferential speci-
fication toward cartilage lineage, that would favor collagen 3D-construct as a model to study
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tendon cell differentiation.

V.3.2 Variation in the internal structure in 3D constructs is representative of
their mechanical state

We focused on the effects of the mechanical signals between T0 and 24H of culture in col-
lagen 3D-constructs. We first showed that collagen 3D-constructs mechanical state elicited
changes in their internal structure. Control and stretched collagen 3D-constructs had aligned
cells and nuclei along the axis of the construct, as compared to the random organization in
tensionless collagen 3D-constructs (Figure V.5). Differences were striking between control
and tensionless collagen 3D-constructs, but no obvious difference was observed between con-
trols and stretched constructs. I would have expected to observe higher proportions of cells
and nuclei parallel to the axis of the constructs (90◦) in stretched constructs compared to
controls. However, it was not the case and this would mean that the structure of the col-
lagen 3D-constructs cannot be further changed by the loading protocol, or that the loading
protocol was not efficient enough in that way. The proportion of proliferating cells (Ki67+

nuclei) does not show any significant difference in stretched and tensionless conditions com-
pared to control conditions (Figure V.7). However, it has to be noticed that only 14% of
cells exhibiting Ki67+ nuclei. We based our analysis on a 24H-period following T0 and we
cannot exclude further changes in cell proliferation at later stages in 3D-constructs. Since
our analysis is on a 24H-period, we can conclude that the observed changes of cell orientation
and gene expression are not due to difference in cell proliferation.

V.3.3 Scx expression is modulated by mechanical cues

Regarding tendon gene expression, Scx appears to be regulated by mechanical cues in 3D-
constructs. Scx expression was upregulated upon stretched conditions compared to control
collagen 3D-constructs. We also observed an increase in the proportion of SCX+ nuclei in
stretched conditions compared to control collagen 3D-constructs, indication of an increase
of SCX activity. The Scx upregulation is consistent with previous studies using different
loading protocols (Scott et al., 2011; Wang et al., 2018b). However, Scx expression was
not downregulated in absence of tension in collagen 3D-constructs, as observed in fibrin
3D-constructs (Gaut et al., 2016). However, the proportion of cells with SCX+ nuclei was
decreased in absence of tension in collagen 3D-constructs, indicating a possible decrease in
SCX activity, or a post-transcriptional regulation of Scx to rapidly adapt to load changes.
The difference between collagen and fibrin constructs could be due to the short culture time
(24H) with collagen 3D-constructs versus longer period in fibrin-gel constructs, due to the
difference of production between these models (Gaut et al., 2016). Another explanation
could be the difference of ECM in each model, collagen and fibrin gels could elicit different
cell responses, as it was already shown for chick tendon fibroblasts in 3D constructs (Yeung
et al., 2015).
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V.3.4 EGR1 and YAP act downstream of mechanical cues

For the YAP and EGR1 mechanosensitive factors, we showed that they were regulated by me-
chanical signals in collagen and fibrin 3D-constructs. EGR1 is already known to be involved
in tendon development and tendon cell (Guerquin et al., 2013; Léjard et al., 2011). Egr1
expression and activity are dependent on mechanical states of the 3D-constructs, and Egr1
overexpression was able to bypass the lack of mechanical signals in 3D fibrin-gel constructs
(Figures V.9, V.10,V.11). However, the mechanical stimulation of collagen 3D-constructs
does not induce an increase in Egr1 expression (Figure V.9B) or an increase in the propor-
tion of EGR1+ nuclei (Figure V.10D). This could mean that we did not find a loading protocol
able to elicit such changes or that EGR1 is responsive only to an absence of mechanical sig-
nals and that its activity cannot adapt above a certain upper threshold of mechanical signals.

YAP activity changed accordingly to the mechanical state of collagen 3D-constructs
(Figures V.9 and V.11), which is concordant with what is known for other models in literature
(reviewed in Panciera et al., 2017). Yet, if changes for YAP activity were striking in tension
release conditions, they were more difficult to see in stretched collagen 3D-constructs as
YAP target genes Cyr61 and Ctgf showed increased expression but we could not detect an
increase in YAP+ nuclei (Figures V.9 and V.11). However, when we looked at the intensity of
YAP signal in nuclei, we could observe a difference between control and stretched conditions
(Figure V.11E). This difference consists in an increase of the nuclei exhibiting higher YAP
signal, suggesting that the number of YAP+ nuclei is not the only parameter to be taken
into account but also the intensity of YAP signal.

V.3.5 YAP is involved in the regulation of tendon phenotype

We showed that YAP was regulated by mechanical signals in collagen 3D-constructs. In or-
der to link YAP with tendon cell differentiation, we used VTPF treatment that inhibits the
binding between YAP and TEAD transcription factor, thus resulting in a chemical induction
of YAP loss-of-function (Chen et al., 2015). VTPF activity was confirmed by the decrease
in the expression of Cyr61 and Ctgf, two transcriptional readout of YAP activity. More-
over, there was no change in the proportion of YAP+ nuclei in VTPF treated collagen 3D-
constructs (Figure V.15). This is consistent with the fact that VTPF does not impair YAP
nuclear translocation but the YAP binding to TEAD transcription factor. In VTPF-treated
collagen 3D-constructs, we observed a decrease in tendon and cartilage gene expression, as
well as a decrease in the proportion of cells with SCX+ nuclei (Figure V.16). This would
indicate that YAP is effectively involved in the regulation of tendon gene expression. Yet
these results do not allow to determine if this regulation is direct or indirect. However, in
2D cultures of C3H10T1/2 cells treated with VTPF, Tnmd and Col1a1 expression shows a
decrease dependent on the VTPF dose, hence hinting at a putative direct regulation (Figure
V.14B). A way to answer this question would be to perform chromatin immunoprecipitation
(ChIP) with YAP antibody and transactivation tests to verify the binding and activity of
TEAD transcription factors on regulating sequences of tendon genes.
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Nevertheless, the counting of double YAP/SCX nuclei in collagen 3D-constructs in dif-
ferent conditions could offer us highlights. We observed that in the total cell population
with YAP+ nuclei, the proportion of cells with SCX+/YAP+ nuclei changed accordingly to
mechanical states of the collagen 3D-constructs (Figure V.13). Moreover, in VTPF-treated
collagen 3D-constructs, in which YAP was inactive, we observed a striking decrease in the
proportion of cells with SCX+/YAP+ nuclei, while the total amount of cells with YAP+

nuclei remained unchanged, indicating that the loss of SCX signal in nuclei occurred in only
in cells exhibiting YAP+ nuclei. These results strongly favor the hypothesis in which YAP
would be upstream of Scx expression and SCX activity in a molecular cascade initiated by
mechanical signals. The fact that we could not rescue tendon gene expression by enhanc-
ing the mechanical signals in a YAP- deficient context further confirms this model (Figure
V.18). Altogether, our results establish YAP as an intracellular relay of mechanical signals
regulating tendon gene expression.

V.3.6 Possible relationship between YAP and EGR1

Regarding the relationship between YAP and EGR1, we showed with the VTPF-treatment
that Egr1 expression was reduced in the absence of YAP function, which would be in favor of
YAP regulating Egr1 expression. However, the stretching of collagen 3D-constructs treated
with VTPF showed a rescued Egr1 expression back to the control levels (Figure V.18), this
indicates that another intracellular pathway than YAP regulates Egr1 transcription in this
context. SRF is known to be an activator of Egr1 expression (Esnault et al., 2014; Posern
and Treisman, 2006). However, this regulation is achieved through the ERK/MEK pathway
and the SRF-TCF complex, rather than the known mechanosensitive pathway involving the
actin cytoskeleton polymerization and leading to the activity of the SRF-MRTF-A complex.
Thus, the mechanosensitive regulation of Egr1 still remains unclear and further experiments
are required in that way. Since Egr1 expression is known to be sensitive to fluid shear stress
(Schwachtgen et al., 1998), maybe one putative mechanosensing element regulating of Egr1
expression would be the primary cilium, which is sensitive to that kind of mechanical signal
(Corrigan et al., 2018).

V.4 Conclusion

In this study, we analyzed the behavior of C3H10T1/2 cells in fibrin and collagen 3D-
constructs, mimicking native tendons. The collagen 3D-culture system was subjected to
different mechanical conditions. We observed that cells were organized depending on me-
chanical states of collagen 3D-constructs. We also linked mechanical states to tendon gene
expression and the activity of two mechanosensitive factors EGR1 and YAP. We also showed
that a pool of cells exhibiting YAP+ nuclei is responsible for the positive regulation of SCX
activity regarding mechanical cues. Finally, mechanical stimulation of collagen 3D-constructs
treated with VTPF was not sufficient to rescue tendon gene expression, except for Egr1 ex-
pression, establishing YAP as an intracellular relay of mechanical signals to regulate tendon
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gene expression. EGR1 was also shown to rescue tendon gene expression in tensionless fibrin
constructs, establishing it as another mechanotransduction factor regulating tendon gene
expression. Taken together, our results establish a link between mechanical signals, YAP
activity and tendon gene expression in cells of collagen 3D-constructs.
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VI. Discussion and Perspectives

VI.1 The tendon phenotype is sensitive to mechanical signals both
in in vivo and in vitro models

In chicken fetuses, mechanical signals are required for the tendon maintenance of tendon gene
expression. We showed that the expression of two key tendon markers, SCX and TNMD,
requires muscle contractions in chicken fetuses, as it was also observed in chicken embryos
earlier during development (Havis et al., 2016). However, these results have to be compared
with the observations made by Huang and colleagues (Huang et al., 2013, 2015b). They used
mdg mutant mice lacking excitation-contraction coupling in muscles and Spd mutant mice,
two models comparable to the DMB-treated chicken fetuses. Tendon patterning was similar
in mdg mutant mice and wild-type mice and tendons were formed in Spd embryos, although
they were shorter (Huang et al., 2013, 2015b). They suggested that muscle contractions
mainly played a key role in tendon growth.

Yet, we also showed that tendon gene expression is related to the mechanical state of
C3H10T1/2 cells in different 3D culture systems. A parallel can be established between
the immobilized chicken fetus model and the de-tensioned fibrin- and collagen-based 3D-
constructs, in which we observed a decrease in the expression of tendon genes. Yet, control
3D-constructs do not benefit from repetitive stretches as in vivo tendons experience thanks
to muscle contractions. As such, the in vitro model that would be the most representative of
in vivo tendons would be the stretched collagen-based 3D-constructs, that is both subjected
to a static tension between its two anchor points and to a mechanical stimulation similar to
what is occurring in in vivo tendons. In the stretched condition, we did observe an increase
in Scx expression and of SCX+ nuclei.

As we previously saw in the introduction, there is a large catalog of loading protocols that
can be applied to 3D-constructs. In our stretching experiments of collagen 3D-constructs, we
observed an increase of Scx expression and a slight but significant increase in the proportion
of Scx+ nuclei, indicating of a switch towards the tendon fate of C3H10T1/2 mesenchymal
stem cells. We also monitored changes in cell and nucleus organization upon mechanical
stimulation and we did not observe any change in nucleus orientation compared to controls.
One obvious explanation is that the nucleus orientation along the axis of the 3D-constructs
had reach it maximum in this 3D culture system. Alternatively, we cannot exclude the fact
that we might not have found the most efficient loading protocol. Indeed, we did not test
any other stretching parameters such as percentage of elongation, frequency of stimulation
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or protocol duration.

VI.2 How mechanical signals are sensed and interpreted by tendon
cells

VI.2.1 YAP acts as an intracellular relay of mechanical signals to regulate tendon
gene expression

The results we obtained argue in favor of a regulation of tendon gene expression by the
transcription co-factor YAP, probably via its binding to the TEAD transcription factors. In
chicken fetuses, we established a correlation between YAP and tendon gene expression in
limb tendons. We also showed that the expression of YAP and tendon genes was sensitive
to mechanical signals produced by muscle contractions. However, these results do not prove
that tendon gene expression is directly regulated by YAP signaling pathway. We were able
to link the mechanical state of 3D-constructs to YAP and tendon gene expression. We
obtained similar results in de-tensioned 3D-construct model and in the immobilized chicken
fetus model, i.e. a decrease in YAP target genes and tendon gene expression in de-tensioned
conditions. Besides, we further confirmed the link between YAP and mechanical cues in this
model thanks to the ability of the collagen 3D-constructs to be stretched, which showed an
increase in YAP activity (Figure VI.1).

Fig. VI.1 Link between mechanical signals, YAP activity and tendon
gene expression.Table on the right summarizes the positive (+) or negative (-)
output of gene expression regarding the mechanical signals in collagen 3D-constructs
(“Stretch” and “Tension Release”) and limb tendons of immobilized chicken fetus
(“Immobilization”). Self-made illustration.

Interestingly, VTPF-treatment gave more insights, as we could confirm that chemical
inactivation of YAP activity significantly affected tendon gene expression, as well as Egr1
expression. Counting cells with double YAP+/Scx+ nuclei in VTPF-treated 3D-constructs
also showed that YAP would be upstream of Scx in a molecular cascade since the variation
in the proportion of Scx+ nuclei occurred in cells exhibiting YAP+ nuclei. In addition,
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mechanical signals could not rescue the downregulation of tendon gene observed by VTPF
treatment, indicating that YAP could be a major intracellular relay of mechanical signals
regulating tendon gene expression (Figure VI.2). However, a direct regulation of YAP to
tendon gene expression have to be confirmed by ChIP experiments to evaluate the fixation
of TEAD transcription factor on genomic sequences regulating tendon genes.

Finally, other studies have identify a crosstalk or interference between YAP and TGFβ2/Smad2/3
signaling pathways (Grannas et al., 2015; Speight et al., 2016; Szeto et al., 2016) which could
then further strengthen a role for YAP in tendon gene expression regulation.

Fig. VI.2 Hypothetical model of tendon gene expression regulation by
mechanical signals through YAP activity.Red cross indicates the positive
effect of mechanical signals on tendon gene expression through YAP-TEAD -red
and purple squares) activity. Self-made illustration.

VI.2.2 Possible interactions between YAP and EGR1 in tendon cells

In contrast to tendon genes, stretching VTPF-treated 3D-constructs did rescue Egr1 expres-
sion (Figure VI.3), which argues in favor of another molecular mechanosensitive pathway
involved in the regulation of Egr1. Yet, it does not entirely rule out YAP as a regula-
tor of Egr1 gene expression, especially since another study found out that siRNA-induced
knock-down of YAP decreased EGR1 protein expression in endothelial cells (Yi et al., 2016).
However, the interaction between YAP and EGR1 might be considered at another level than
that of the regulation of Egr1 transcription by YAP. Indeed, YAP and EGR1 have been
shown to form a complex in order to activate the transcription of their target genes, in
endothelial cells and irradiated carcinoma cells (Yi et al., 2016; Zagurovskaya et al., 2009).

Other signaling pathways were shown to be activated by mechanical cues during tendon
cell differentiation, such as PI3K/AKT pathway (Wang et al., 2018), and could be involved
in the regulation of Egr1 expression in that context.
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Fig. VI.3 Egr1 mechanosensitive expression is also regulated by another
mechanotransduction pathway.Stretching of collagen 3D-construct does not
rescue YAP targets and tendon genes expression but does rescue that of Egr1.
Blackbox 1 indicates the unknown mechanosensing elements relaying mechanical
cues in the cell all the way down to unknown mechanosensitive transcription factors
regulating Egr1 expression and represented as Blackbox 2. Self-made illustration.

VI.2.3 How are mechanical signals sensed by cells achieving tenogenic differen-
tiation?

Our results identified YAP and EGR1 mechanotransduction pathways as intracellular relays
of the mechanical signals in order to regulate tendon gene expression. However, we did not
identify how the tension is converted from the cell membrane to YAP- and EGR1-mediated
transcriptional response in the nucleus.

It is possible that the actin cytoskeleton itself would be directly involved in mechanosens-
ing processes. Cytoskeleton directly sensing mechanical cues through its reorganization
would allow cells to sense topographical cues. Indeed, it has already been proposed that
in the case of biomaterials, fiber alignment sensed by the cells would be a major cue driving
tenogenic differentiation (Kishore et al., 2012). However, this idea is fairly discussed as fiber
alignment was also shown to as insufficient by itself to promote tenogenic differentiation
(Baudequin et al., 2017; Madhurakkat Perikamana et al., 2018). Yet, aligned fibers were
also shown to act synergistically with the deposition of PDGF, which would not discard the
importance of this topographical parameter in driving tenogenesis (Madhurakkat Perika-
mana et al., 2018). Also, in the study from Baudequin and colleagues, it was shown that
while the fiber alignment was not a parameter involved in tendon gene expression, the fiber
size would be important in tendon gene expression (Baudequin et al., 2017). If fiber size
is important, it would not rule out the possibility that the mechanosensing responsible for
tenogenic differentiation is partly directly achieved by the cytoskeleton. This possibility is
strengthened by the fact that YAP activity has been linked to actin cytoskeleton dynamics
(Panciera et al., 2017).

In the introduction of this thesis, we also saw that other cellular components played
crucial roles in mechanosensing, such as the primary cilia. Primary cilia of tenocytes are
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aligned to tendon native ECM (Donnelly et al., 2010). Besides, defects in primary cilia, such
as those caused by hypoxic conditions, affect tendon cell mechanoresponsiveness, confirming
their role as mechanosensory apparatus in tendon cells (Lavagnino et al., 2016). EGR1
could be a mechanosensitive factor benefiting from primary cilia mechanosensing activity,
since EGR1 mechanosensitivity has been linked to fluid shear stress that can be typically
sensed by primary cilia (Hamamura et al., 2008; Ogata, 2008; Schwachtgen et al., 1998).

Many other cellular mechanosensory components are known, some of them in the con-
text of tendon cells, such as connexins 32 and 43 that transmit Ca2+ waves in response to
mechanical loads (reviewed in Wall et al., 2016). However, the work I did during my thesis
did not allow to further explore this aspect of tendon cell behavior. It would then be very
interesting to understand how tendon cells sense mechanical cues before the activation of
mechanotransduction pathways such as those involving YAP and EGR1.

VI.3 Tnmd expression to assess tendon cell differentiation

VI.3.1 Consistent dichotomy in Scx and Tnmd expression independently of the
model

Along all our experiments, we frequently observed a differential behavior of Scx/SCX and
Tnmd/TNMD expression in different experimental contexts. when Scx expression was up-
regulated, Tnmd was not modified or was downregulated and vice versa. In C3H10T1/2
cells grown on plastic substrate we observed a first decrease of Scx expression, while Tnmd
exhibited a bell-shaped expression and started to decrease long after that of Scx. When
C3H10T1/2 cells are grown on silicon substrate, Tnmd expression is the only tendon gene
to be upregulated, while Scx expression does not vary overtime. Also, when treated with
TGFβ2, C3H10T1/2 cells displayed a significant increase in Scx expression and a concomitant
decrease of Tnmd expression, in both 2D- or 3D-culture systems. Finally, Tnmd expression
was decreased in de-tensioned and stretched collagen 3D-constructs while that of Scx was not
modified. The explanation for the dichotomy between Scx/SCX and Tnmd/TNMD expres-
sion is not clear. However SCX has been shown to be an upstream regulator of Tnmd/TNMD
expression (Murchison et al., 2007; Shukunami et al., 2006), which is consistent with the role
for Scx as a marker of tendon progenitors and for Tnmd in tenogenic differentiation. A recent
study recently reported that SCX acts as a direct transcriptional activator of Tnmd expres-
sion in mouse tenocytes and C3H10T1/2 cells in vitro (Shukunami et al., 2018). However,
in the same study they also observed a concomitant increase of Scx and decrease of Tnmd in
rat tenocytes cultured overtime, (Shukunami et al., 2018). Scx expression would be related
to a specification process toward tendon lineage, followed by a subsequent phase of tenogenic
differentiation marked by Tnmd expression. This is consistent with the coordinated SCX
and TNMD expression profiles in in DMB-treated fetuses.
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VI.3.2 Link between Egr1 and Tnmd expression

In our results, we also observed a link between Egr1 and Tnmd expression. Egr1 overexpres-
sion induces Tnmd expression in fibrin-based 3D-constructs or in cMM cultures (Guerquin
et al., 2013; Orgeur et al., 2018). De-tensioned fibrin-based 3D-constructs lead to a concomi-
tant decrease of Egr1 and Tnmd (Gaut et al., 2016). Egr1 forced-expression in de-tensioned
fibrin-based 3D-constructs prevents Tnmd downregulation. In VTPF-treated collagen 3D-
constructs, both Egr1 and Tnmd expression are downregulated. Also, in immobilized chicken
fetuses, EGR1 expression is downregulated at earlier time points than TNMD. In adult mice,
Egr1 overexpression in normal or injured Achilles tendons of immobilized mice is able to res-
cue tendon gene expression, including Tnmd (Gaut et al., 2016). Similarly, Egr1 -/- mice
display a decrease in Tnmd expression (Guerquin et al., 2013). These results indicate that
EGR1 could regulate Tnmd expression. Altogether, these results are in favor of a regula-
tion of Tnmd/TNMD by the transcription factor EGR1 but a direct regulation needs to be
confirmed through ChIP experiments

VI.4 Validity of cellular model

VI.4.1 MSC: what the acronym is all about

As stated in the introduction of this manuscript, the “Mesenchymal” stem cell concept
first originated from the discovery of an osteogenic potential in bone marrow, residing in
fibroblast-like adherent cells (Friedenstein et al., 1966). MSCs were also thought to give rise
to a broad spectrum of mesenchymal lineages and in vivo would correspond to the pericytes
(Bianco, 2014; Caplan, 1991; Crisan et al., 2008). Thus, MSCs can potentially be harvested
from a large set of tissues. On top of that, they were also shown to possess trophic, paracrine,
anti-inflammatory and immunomodulatory functions (Murphy et al., 2013; Sharma et al.,
2014).

However, this definition of MSCs is challenged because they are defined by in vitro
characteristics established by consensus. The “Multiple Significations-Code” that lies behind
the MSC acronym attests for this broad range of characteristics. Mesenchymal Stem Cells,
Multipotent Stromal Cells, Mesenchymal Stromal Cells and Medicinal Signaling Cells are
examples of the large set of characteristics adopted for MSCs (Bianco, 2014; Caplan and
Correa, 2011). All these properties seemed to have generated another stem cell population,
really different from the BMSCs that were first isolated in vivo (Friedenstein et al., 1966).
Besides, the MSCs are found in a large palette of tissues, most of them not having stromal
cells, as it is the case for some connective tissues. Also, it is really surprising to see that
one of their biggest interest lies in their immunomodulatory properties, which seem to be far
from a stem cell identity (Bianco, 2014; Caplan and Correa, 2011).

While all the possibilities offered by the MSCs make a really powerful biological material,
we also have to be careful with this concept and the results we draw from it. As such,
Bianco et al. proposed the term of Cultures of Connective Tissue cells, which should be
more adequate with the properties observed previously (Bianco, 2014). In that way, maybe
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we should think of the C3H10T1/2 cells (cells we used in our experiments), as a cell line
of Mouse Embryonic Fibroblasts (MEFs) rather than to strictly assimilate them to MSCs.
This simple change of term would be correct regarding their origin, while not impairing their
multidifferentiation and MSC-like properties. Besides, it does not invalidate our model in
the way that we are assessing the potential of a naïve cell to achieve tenogenic differentiation
and tendon gene expression.

VI.4.2 Naive cells or tendon cells?

In the introduction, I presented different cellular models used for the study of tendon cell
differentiation induced either by biochemical or mechanical cues. Among them are stem cell
models, such as ADSCs or MSCs, primary cell cultures or cell lines, but also TSPCs that
are directly harvested from tendons (Bi et al., 2007).

The use of stem cell models or TSPCs does not allow the study of tendon cell differen-
tiation in the same conditions. With stem cells, we start from naive cells with the idea to
reach a tenogenic phenotype. With TSPCs, we already are in a cell population exhibiting
tendon cell specification markers, such as Scx expression that is already often used for their
isolation. Thus, we already are in a tenogenic context that would certainly allow for a better
characterization of the cues driving final tenogenic differentiation.

Experiments realized in our laboratory by Isabelle Cacciapuoti indicate that the tendon
gene expression profiles are different in fibrin-based 3D-constructs made of mouse tail teno-
cytes (Figure VI.4) versus those made of C310T1/2 cells (Figure V.3A). We observed that
Tnmd expression displayed a striking increase overtime in fibrin-based 3D-constructs made of
mouse tail tenocytes. The increase of Tnmd was more important compared to that observed
in fibrin-based 3D-constructs made of C3H10T1/2 cells in 2D- or 3D-cultures, overtime.
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Fig. VI.4 Evolution of Scx and Tnmd gene expression overtime in fibrin-
based 3D-construct made of mouse tail tenocytes.Dots and bars represent
mean and standard deviation, respectively, calculated from 2-3 independent sam-
ples. Experiment performed in the laboratory by Isabelle Cacciapuoti.
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VII. Conclusion

Altogether, the results I presented in this manuscript show that mechanical signals are
involved in the control of tendon gene expression and tendon cell differentiation. This phe-
nomenon seems to be conserved between in vivo and in vitro models, in chicken fetuses and
in 2D-culture or 3D-construct made of C3H10T1/2 cells. EGR1 and YAP are already known
to be involved in tendon differentiation and in response to mechanical stress, respectively.
However, these results are the first to establish EGR1 and YAP as intracellular relays of
mechanical signals to regulate the tendon phenotype.
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VIII. Material & Methods

Experiments on chicken fetuses

Chicken eggs
Fertilized chicken eggs strain JA57 were obtained from commercial sources (Morizeau,

Dangers) and incubated at 37.5◦C. Chicken embryos and fetuses were staged according to
days in ovo.

Drug administration in ovo
The stock solution for decamethonium bromide (DMB) (Sigma, D1260) was prepared

at 10% in Hank solution (Sigma H9269). A DMB working solution was freshly prepared
before each experiment at 0.5% in Hank’s saline solution with Penicillin-Streptomycin at 1%
(Gibco, 15140). The control solution was prepared using Hank’s saline solution with 1% of
Penicillin-Streptomycin. 100μL of the working solution for DMB or Hank’s saline solution
was administrated in ovo at E7 and renewed every 24H when necessary at each of the time
points required (Figure 1A).

C3H10T1/2 cell cultures

The multipotent mouse mesenchymal stem cells, C3H10T1/2 cells (Reznikoff et al., 1973)
were cultured on plastic culture plates or Uniflex Flexcell plates (silicone substrate coated
with type I collagen, FlexCell Int.) in Dulbeccos Modified Eagles Medium (DMEM, Invit-
rogen) supplemented with 10% fetal bovine serum (FBS, Sigma) 1% penicillin-sreptomycin
(Sigma) 1% glutamin (Sigma) and incubated at 37◦C in humidified atmosphere with 5% of
CO2. C3H10T1/2 cells cultured on plastic substrate were cultured in 6-wells TPP Tissue
Culture Plates (Merck).

To study the effect of initial cell number on tendon gene expression, 0.5105, 105 and 2x105

C3H10T1/2 cells were seeded in 10 cm culture plates (plastic substrate) and left for 16H
in culture and analyzed for tendon gene expression by RT-qPCR. In all cases, the culture
medium was changed every 48H. For the study of the effects of the initial cell number, 6
samples (N=6) were analyzed in each condition of cell density. 250 ng of RNA were extracted
from each sample before proceeding with the RT-qPCR. The Rplp0 gene was used as the
reference gene.

Regarding the analysis of the differentiation potential of C3H10T1/2 cells seeded on
plastic substrate, 105 cells were seeded in 10 cm culture plates (plastic substrate) and left
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for 16 H in culture. This defined the T=0 (N=4) and then cells were cultured for another
24H (N=4), 7 days (N=4), 10 days (N=5) and 14 days (N=4). 500 ng of RNA were ex-
tracted from each sample before proceeding with the RT-qPCR. Regarding the analysis of
the differentiation potential of C3H10T1/2 cells seeded on silicon substrate coated with type
I collagen, 105 C3H10T1/2 cells were seeded in 6 cm Uniflex Flexcell plates and left for 16
H in culture. This defined the T=0 (N=5) and then cells were cultured for another 24H
(N=6), 48 H (n=6), 7 days (N=6), 11 days (N=6). 500 ng of RNA were extracted from each
sample before proceeding with the RT-qPCR.

3D-engineered tendons

Fibrin-based 3D-constructs

Mouse Embryonic Fibroblasts, C3H10T1/2 cells were used to establish fibrin-based 3D
tendon constructs. Tendon-like structures made of mouse C3H10T1/2 cells were performed
as previously described (Kapacee et al., 2008, Guerquin et al., 2013). Briefly, for each con-
struct, 400 μl of cell suspension (7.5x105 cells) were mixed with 20 mg/ml fibrinogen (Sigma,
St Louis, MO, USA) and 200 U/ml thrombin (Sigma, St Louis, MO, USA). The fibrin gels
containing cells were seeded in already prepared SYLGARD-covered wells (DowChemical,
Midland, MI, USA), in which two 8 mm- sutures (Ethican, Sommerville, NJ, USA) were
pinned 10 mm apart. Culture medium containing 200 μM of L-ascorbic acid 2-phosphate
was added to the wells and gels were scored every day for a proper contraction into a lin-
ear construct. After 7 days, the C3H10T1/2 cells formed continuous tendon-like constructs
between the 2 anchors. Each tendon construct was considered as a biological sample. The
mRNA levels of each construct were analyzed by q-RT-PCR.

Collagen-based 3D-constructs

Collagen-based 3D-constructs made of C3H10T1/2 stem cells were produced to apply
diverse mechanical conditions to the cells in a 3D environment. Cultured cells were detached
from the culture plates using 4mL of 0.25% Trypsin during 5-10min. Subsequently, detached
cells were resuspended in culture medium and counted with a hemocytometer. Each collagen
3D-construct is made of 6.0105 cells. Cells were resuspended in a solution made of 20% of
DMEM, 10% fetal bovine serum and 70% Type I collagen from Purecol EZ (Sigma- Aldrich,
Oakville, Canada). When required, the pH level of the collagen solution was adjusted with
0.1M NaOH solution to reach 7.0 pH prior to the seeding of the constructs. Tendon-like con-
structs were produced using a FlexCell Culture system FX-5000T (FlexCell International,
Hillsborough NC) in which a four-place base is assembled with Through loader 100 mold
(FlexCell International, Hillsborough NC). It consists in a cylinder containing a longitudi-
nal mold with vertical holes by which vacuum is applied along the elastic silicon membrane
of the TissueTrain plates (FlexCell International, Hillsborough NC). Vacuum induces the
silicon elastic surface of TissueTrain plate to acquire the shape of the mold where 150μl of
cell-collagen mixture containing 600.000 cells were deposited between the two nylon-anchor
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stems of each well, into according to manufacturer’s instructions. No culture medium was
added to the wells and the loading station was left under vacuum for 2H in a humidified
incubator at 37◦C and 5% of CO2 to let the collagen gel polymerize and bond to the anchor
stems. Afterwards, vacuum is released and the collagen gel constructs assumed a linear
cylindrical structure assembled to both anchor stems withstanding a static uniaxial load.
Then, each well was covered with 3mL of culture medium containing DMEM and 200 μM of
L-ascorbic acid 2-phosphate.

Before applying any change in mechanical load, engineered tendons containing C3H10T1/2
cells were left 48H after production to completely polymerize and bond the anchor stems
under static load, considering this time point as initial or T0. Control, stretched and de-
tensioned constructs were all harvested and compared 24H after T0. We used 6 independent
control samples for RT-qPCR analysis (N=6) and between 4 and 10 for image analysis on
immunostained sections (N=4 and N=10).

Regarding the stretched collagen 3D-constructs, they were uniaxially stretched installing
Arctangle Loading posts (FlexCell International, Hillsborough NC) beneath TissueTrain
plates in a gasketed baseplate through vacuum. FlexCell FX-5000T system provides a control
unit to define single variables such as strain, frequency and duration in cyclic loading regimens
that we used as follow:

• Frequency was defined at 1Hz to minimize the risk of detaching from the anchor stems

• Strain was specified at 1% of elongation

• Duration was set 1H per day, followed by a 23H-rest period.

We used 6 independent stretched samples for RT-qPCR analysis (N=6) and between 4 and
10 for image analysis on immunostained sections (N=4 and N=10).

Regarding the de-tensioned collagen 3D-constructs, static tension was released by cutting
one end of each construct thus detaching from the corresponding anchor stem. De-tensioned
collagen-3D constructs were let to grow during 24H before harvesting. We used 6 indepen-
dent de-tensioned samples for RT-qPCR analysis (N=6) and between 4 and 10 for image
analysis on immunostained sections (N=4 and N=10).

Chemical treatments applied on C3H10T1/2 cell cultures

TGFβ2 treatment
Regarding the TGFβ2 treatment of 2D cultures, 105 C3H10T1/2 cells were plated on

classic cultures plates (plastic) and grown for 40H. Then, human recombinant TGFβ2 (RD
System) was applied at 20 ng/ml to C3H10T1/2 cells for 24H. Cells were grown for another
24H without TGFβ2supplementation in the medium. Control cells were treated with Bovin
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Serum Albumin and HCl (BSA-HCl) in the same volume than that applied for TGFβ2 treat-
ment. TGFβ2-treated and non-treated C3H10T1/2 cells were then fixed and processed for
q-PCR assays to analyze gene expression. In each condition, 4 biological samples (N=4)
were used. For 3D tendon constructs were treated for 24H with TGFβ2 (the controls were
treated with BSA-HCl) at the 7th day of culture, when they form continuous tendon-like
constructs between the 2 silk anchors. In each condition, 5 biological samples (N=5) were
used.

VTFP treatment

Cell cultures were treated with VTPF (Sigma- Aldrich, Oakville, Canada) molecule to
chemically induce a knock-down of YAP activity. Regarding VTPF treatment of 2D cultures,
105 C3H10T1/2 cells were plated on classic cultures plates (plastic) and grown for 16H.
Then, cultures were treated with 2.5 μM, 5.0 μM or 10μM VTPF diluted in DMSO for 24H
and control C3H10T1/2 cultures were treated with the same volume of DMSO. We used 5
independent VTPF and control-DMSO samples for RT-qPCR analysis (N=4).

At T0, collagen 3D-constructs were treated with 10μM VTPF diluted in DMSO for 24H
and control collagen 3D-constructs were treated with the same volume of DMSO. We used
5 independent VTPF and control-DMSO samples for RT-qPCR analysis (N=5) and 4 inde-
pendent samples for image analysis on immunostained sections (N=4).

RNA isolation, Reverse transcription and quantitative real time PCR

Total RNA was isolated using the RNeasy mini kit (Qiagen) with 15 min of DNase I (Qia-
gen) treatment according to the manufacturer’s protocol. For RT-qPCR analyses, depending
on the experiment between 200 ng and 1000 ng RNA was Reverse-Transcribed using the High
Capacity Retrotranscription kit (Applied Biosystems). Quantitative PCR was performed us-
ing SYBR Green PCR Master Mix (Applied Biosystems) using primers listed in Table 1.
We used as housekeeping genes, the Rn18S (other named 18S), Rplp0 (other named 36b4)
and RPS17 genes, depending on the experiment. The relative mRNA levels were calculated
using the 2-ΔΔCt method (Livak and Schmittgen, 2001). The ΔCt values were obtained by
calculating the differences: Ctgene of interest – Cthousekeeping gene in each sample. ΔΔCt values
were obtained by calculating the differences between ΔCt (Experimental condition) and the
average of ΔCtcontrol values. The Rn18S, Rplp0 and RpS17 genes did not show any varia-
tion in the different experimental conditions.

Regarding our experiments quantifying gene expression levels, the Rplp0 gene is detected
around a Ct (threshold cycle) of 19.5 for 250 ng of RNA and around an 18 Ct of 18.5 Ct
for 500 ng of RNA. This result is consistent with the log2-linear plot of the PCR signal.
A decrease of one cycle corresponds to a fold-2 increase of RNA (Livak and Schmittgen,
2001). The Rn18S gene was detected around 7.5 Ct for 500 ng of RNA. For the analysis
of the relative mRNA levels of cells cultured in classic culture plates (plastic substrate) or
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Uniflex Flexcell plates (silicone substrate) over time, the values of the T0 time points were
considered as controls and were normalized to 1. For the relative mRNA level analysis in
TGFβ2-treated cells, the cells in the absence of TGFβ2 supplementation were considered as
controls and were normalized to 1. For the absolute quantification of gene expression, 16H
after plating 105 cells, we used 2- ΔCtx103 against the Rplp0 house keeping gene from 250 ng
of RNA (plastic substrate); 2- ΔCtx103 against the Rn18S house keeping gene from 500 ng
of RNA (plastic substrate) and 2- ΔCtx104 against the Rplp0 house keeping gene from 500
ng of RNA (silicone substrate).

Gene Forward primer Reverse primer Species Accession no.
Acan 5-CGCTGCAGTGATCTCAGAAGAAGT-3 5-TCACGCTCAGTGAGTTGTCATGGT-3 Mus musculus NM_001361500.1
ACAN 5-CGCTGCAGTGATCTCAGAAGAAGT-3 5-TCACGCTCAGTGAGTTGTCATGGT-3 Gallus gallus NM_204955.2
Acta2 5-ACCCACCCAGAGTGGAGAAG-3 5-TACAGAGCCCAGAGCCATTG-3 Mus musculus NM_007392.3
ACTA2 5-TGCTCCAAGAGCAGTTTTCC-3 5-CCCATACCAACCATCACACC-3 Gallus gallus XM_015288391.2
Aqp1 5-CAATTCACTTGGCCGCAATGACCT-3 5-TACCAGCTGCAGAGTGCCAATGAT-3 Mus musculus NM_007472.2
Bglap 5-GCCTTCATGTCCAAGCAGGA-3 5-GCGCCGGAGTCTGTTCACTA-3 Mus musculus NM_007541.2
Cebpb 5-CGCCTTTAGACCCATGGAAG-3 5-AGGCAGTCGGGCTCGTAGTAG-3 Mus musculus NM_009883
Col1a1 5-TGGAGAGAGCATGACCGATG-3 5-GAGCCCTCGCTTCCGTACT-3 Mus musculus NM_007742
Col1a2 5-CCAGCGAAGAACTCATACAG-3 5-GGACACCCCTTCTACGTTGT-3 Mus musculus NM_007743.3
COL1A2 5-GCAGTAACTTCATACCTAGCAACAAGC-3 5-TGCAGATGCCTCACTCACATG-3 Gallus gallus NM_204426.1
Col2a1 5-GGGCAACAGCAGGTTCACA-3 5-TGTTTCGTGCAGCCATCCT-3 Mus musculus NM_001113515.2
COL2A1 5-AGATTACTGGATTGACCCGAACC-3 5-ACTTTGATGGCGTCCAAGGT-3 Gallus gallus NM_204426.1
Ctgf 5-GTGTGCACTGCCAAAGATGG-3 5-TGCTTTGGAAGGACTCACCG-3 Mus musculus NM_010217.2
Cyr61 5-TCTGTGAAGTGCGTCCTTGT-3 5-CTGGTTCTGGGGATTTCTTG-3 Mus musculus NM_010516.2
Dlx5 5-CGTCTCAGGAATCGCCAACT-3 5-AGTCAGAATCGGTGGCCG-3 Mus musculus NM_198854
Egr1 5-CAGCGCCTTCAATCCTCAAG-3 5-GCGATGTCAGAAAAGGACTCTGT-3 Gallus gallus NM_007913.5
EGR1 5-CGGCAGACACTTTTCCTGAG-3 5-CTGGTTTCTGGCATGGTTTTC-3 Gallus gallus NM_204136.2
INHBA 5-TTGTGGAGCAAACCTCAGAA-3 5-CTGATAATTCGCTGCCTTCC-3 Gallus gallus NM_205396.1
MRTFA 5-GAATTGCACTTTGCTCACGA-3 5-TCAGCCAGATCCAAGGCTAT-3 Gallus gallus XM_416243.6
MYF5 5-ACCAGAGACTCCCCAAAGTG-3 5-TCGATGTACCTGATGGCGTT-3 Gallus gallus NM_001030363.1
Myog 5-CACTGGAGTTCGGTCCCAAC -3 5-TGGGCGTCTGTAGGGTCAG-3 Mus musculus NM_031189.2
PAX7 5-AGAAGAAGGCCAAGCACAGCATAG-3’ 5-ATTCGACATCGGAGCCTTCATCCA-3’ Gallus gallus NM_205065.1
Pparg 5-TCGCTGATGCACTGCCTATG-3 5-GAGAGGTCCACAGAGCTGATT-3 Mus musculus NM_011146
Rn18S 5-GGCGACGACCCATTCG-3 5-ACCCGTGGTCACCATGGTA-3 Mus musculus NR_003278.3
RPS17 5-TGCCTGAGCGGAGGAGCAAACA-3 5-ACCTGGTTCCTGCACAGGGCTT-3 Gallus gallus NM_204217.1
Rplp0 5-ACCTCCTTCTTCCAGGCTTT-3 5-CTCCCACCTTGTCTCCAGTC-3 Mus musculus NM_007475.5
Runx2 5-GGTCCCCGGGAACCAA-3 5-GGCGATCAGAGAACAAACTAGGTTT-3 Mus musculus NM_001145920
Scx 5-CCTTCTGCCTCAGCAACCAG-3 5-GGTCCAAAGTGGGGCTCTCCGTGACT-3 Mus musculus NM_198885.3
SCX 5-CACCAACAGCGTCAACACC-3 5-CGTCTCGATCTTGGACAGC-3 Gallus gallus NM_204253.1
Smad7 5-CAGCACTGCCAAGCATGGT-3 5-ACCGAAACGCTGATCCAAAG-3 Mus musculus NM_001042660.1
Sox9 5- AGTACCCGCATCTGCACAAC-3 5-CCTCCACGAAGGGTCTCTTCT-3 Mus musculus NM_011448.4
SOX9 5-AGACGCTGGGCAAGCTGT-3 5-AGGGACGCTTCTCGCTCTC-3 Gallus gallus NM_204281.1
Srf 5-CACCTACCAGGTGTCGGAAT-3 5-GCTGTCTGGATTGTGGAGGT-3 Mus musculus NM_020493.2
SRF 5-CCGACCTTCACTGTCACCAA-3 5-CCGTCTGGATGGTGGATGTT-3 Gallus gallus NM_001252141.1
Tgfb2 5-GAATAAAAGCGAAGAGCTCGAGG-3 5-GAGGTGCCATCAATACCTGCA-3 Mus musculus NM_009367
Thbs2 5-AGGTGCATCTCGAGAGAGTCACTTCA-3 5-CTGCAAACACGAGATGGACATTCTGC-3 Mus musculus NM_011581.3
Tnmd 5-AACACTTCTGGCCCGAGGTAT-3 5-AAGTGTGCTCCATGTCATAGGTTTT-3 Mus musculus NM_022322.2
TNMD 5-ACTACAGAGGCCAAGATCCCTG-3 5-GCTCAAAGTAGGTGGTGGTGATT-3 Gallus gallus NM_206985.2
Vcl 5-TGGCACATCTGACCTACTGC-3 5-TTCCACTACCTCTGCCACTG-3 Mus musculus NM_009502.5
VCL 5-GCTGGCTGAGAGATCCAAAC-3 5-CTGCCTTATTGCTTGCTCACC-3 Gallus gallus NM_205441.2
Yap1 5-AGGAGAGACTGCGGTTGAAA-3 5-CGCAGAGCTAATTCCTGACA-3 Mus musculus NM_001171147.1
YAP1 5-ATGGAGAAGGAAAGGCTGAG-3 5-GGAGATGATACGGGATTTTGAG-3 Gallus gallus NM_205243.1

Table VIII.1: RT-qPCR primers

In situ hybridization and immunostaining
For in situ hybridization, on paraffin-embedded tissue sections, limbs of chicken fetuses

were fixed overnight at 4◦C in 60% ethanol, 30% formaldehyde at 37% and 10% acetic acid
and further processed as previously described (Orgeur et al., 2018). For whole-mount in situ
hybridization, chick embryos were fixed overnight at 4◦C with 4% formaldehyde in 1X PBS
and processed as previously described (Orgeur et al., 2018).The following digoxigenin-labeled
mRNA probes were used: chicken SCX (Bonnin et al., 2005), chicken COL1A1 (produced

159



from EST clones from ARK Genomics), chicken TNMD (Havis et al., 2016), chicken EGR1
(Léjard et al., 2011), chicken SOX9 and chicken ACAN (produced from EST clones from
ARK Genomics). For limbs of chicken fetuses, experimental and control limbs were posi-
tioned in the same orientation for transverse sectioning to allow comparison.

For immunostaining on sections, samples were fixed in a 4% paraformaldehyde solution in
PBS supplemented with 4% sucrose and 0.1 mM CaCl2, rinsed in PBS, embedded in a 15%
sucrose solution, frozen in chilled isopentane before cryostat sectioning at 16μm. Sections
were collected on Superfrost/Plus slides (CML, France) and processed for immunostaining.
For immunostaining, the following primary antibodies were used: EGR1 (1:200, Protein-
Tech), Ki67 (1:100, Invitrogen), P-Smad1/5/8 (1:200, Cell Signalling), SCX (1:500, Abcam),
TNMD (1:500, Abcam), YAP (1:100, Santa Cruz). Immunolabelings were performed using
secondary antibodies conjugated to Alexa Fluor 488 and 555 (1:200, Invitrogen). Nuclei were
stained using DAPI (1:1000, Sigma). Actin fibers were stained using Phalloidin 488 (1:100,
Life Technologies). Stained tissue sections were observed with Zeiss Apotome using the ZEN
software (Zeiss Microscopy).

Image analysis

All image analyses were carried out using the ImageJ software.

Statistical analysis

Results are shown as means +/- standard deviation (SD). The exact number of inde-
pendent biological samples (4 to 6) is reported for each experiment. RT-q-PCR data were
analyzed with the non-parametric Mann-Whitney test with GraphPad Prism V6. The as-
terisks in histograms indicate p values that was considered significant, *<0.05, **<0.01,
***<0.001, ****<0.0001.
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Abstract

Background

Tendon is a mechanical tissue that transmits forces generated by muscle to bone in order

to allow body motion. The molecular pathways that sense mechanical forces during tendon

formation, homeostasis and repair are not known. EGR1 is a mechanosensitive transcrip-

tion factor involved in tendon formation, homeostasis and repair. We hypothesized that

EGR1 senses mechanical signals to promote tendon gene expression.

Methodology/Principal findings

Using in vitro and in vivo models, we show that the expression of Egr1 and tendon genes is

downregulated in 3D-engineered tendons made of mesenchymal stem cells when tension

is released as well as in tendon homeostasis and healing when mechanical signals are

reduced. We further demonstrate that EGR1 overexpression prevents tendon gene down-

regulation in 3D-engineered tendons when tension is released. Lastly, ultrasound and

microbubbles mediated EGR1 overexpression prevents the downregulation of tendon gene

expression during tendon healing in reduced load conditions.

Conclusion/Significance

These results show that Egr1 expression is sensitive to mechanical signals in tendon cells.

Moreover, EGR1 overexpression prevents the downregulation of tendon gene expression

in the absence of mechanical signals in 3D-engineered tendons and tendon healing. These

results show that EGR1 induces a transcriptional response downstream of mechanical sig-

nals in tendon cells and open new avenues to use EGR1 to promote tendon healing in

reduced load conditions.
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Introduction

Tendon is a crucial component of the musculo-skeletal system, which transmits forces gener-
ated by skeletal muscle to bone to allow body motion. Mechanical signals are known to be
involved in tendon development, homeostasis and repair [1–4]. However, the mechanotrans-
duction pathways involved in tendon cell differentiation in normal or pathological situations
are not fully understood.

The functional component of tendon is type I collagen, which displays a tendon-specific spa-
tial organization that confers tendon mechanical properties [5]. Type I collagen is composed of a
triple helix of collagen chains (α1(2), α2(1)) coded by two different genes,Col1a1 and Col1a2.
Unfortunately, neither of the Col1a genes is specific to tendons. They are also expressed in many
other connective tissues, making it difficult to assess tenogenesis using Col1a gene expression.
The bHLH transcription factor Scleraxis (Scx) is specifically expressed in embryonic, fetal and
postnatal tendons [6–8]. From the 4th postnatal month, Scx expression is restricted to the epite-
non, but is reactivated in the tendon core by treadmill exercise [8]. Moreover, Scx expression is
upregulated in tendons upon injury in animal models [9, 10]. The type II transmembrane glyco-
protein tenomodulin (Tnmd) is also considered as a relevant marker of tendon cell differentia-
tion in mouse, rat and human [11–13]. During development, Scx is required and sufficient for
Tnmd expression in limb tendons [14, 15]. Tnmd -/- mice show defective postnatal tendons [16]
and reduced self-renewal of tendon stem cells in adult [17].

In addition to Scx, the Zinc finger transcription factor, Early Growth Response-1 (EGR1) has
been identified as being involved in pre- and postnatal tendon formation [10, 18]. EGR1 is not
specific to tendons, since it is expressed in many other tissues; however, EGR1 has the remarkable
ability to be sufficient for promoting tendon gene expression, including Scx and Col1a1, during
development [18], in mouse mesenchymal stem cells [10] and in rabbit tendon stem cells [19].
The DNA-binding protein EGR1 is known to be a mechanosensitive gene in various cellular sys-
tems. Mechanical stretch increases Egr1 transcription in endothelial cells [20], vascular smooth
muscle cells [21] or skeletal muscle cells [22]. Dynamic compression also activates Egr1 transcrip-
tion in 3-dimensional (3D) cultures of mouse primary chondrocytes [23]. EGR1 has been shown
to be a mediator of mechanical input that contributes to vascular remodeling of vein grafts [24].

Since EGR1 is known to be a mechanosensitive gene and involved in tendon development,
homeostasis and repair, we hypothesized that EGR1 transducesmechanical signals into transcrip-
tional regulation to promote tendon cell differentiation during tendon formation, homeostasis and
repair. We used in vitro 3-dimensional culture system and in vivomodels to test this hypothesis.

Materials and Methods

Animals

The Egr1LacZ/+mice bred in a C57BL/6j background carry an insertion of a LacZ-neo cassette
that inactivates the Egr1 gene [25] and allow the visualization of Egr1 expression with LacZ
activity in a heterozygous context [10]. C57BLj wild-typemice were purchased from Janvier
(France). All animal experiments were conducted in accordance with the guidelines of the
french national ethic comity for animal experimentation N°05. The animal experiments shown
in this study have been approved by the french national ethic committee for animal experimen-
tation N°05 and are registered under the number 01789.02.

Engineered tendons made of mesenchymal stem cells

Mouse mesenchymal stem cells, C3H10T1/2 [26] were used to establish fibrin-based3D con-
structs. Tendon-like structures from mouse C3H10T1/2 cells or C3H10T1/2-EGR1 cells [10]
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were performed as previously described [27]. For each construct, 400 μl of cell suspension (7.5
105 cells) were mixed with 20 mg/ml fibrinogen (Sigma, St Louis, MO, USA) and 200 U/ml
thrombin (Sigma, St Louis, MO, USA). The fibrin gels containing cells were seeded in already
prepared SYLGARD-covered wells (Dow Chemical, Midland, MI, USA), in which two 8 mm-
sutures (Ethican, Sommerville,NJ, USA) were pinned 10 mm apart. Culture medium contain-
ing 200 μM of L-ascorbic acid 2-phosphate was added to the wells and gels were scored every
day for a proper contraction into a linear construct. After 7 days, the C3H10T1/2 and
C3H10T1/2-EGR1 cells formed continuous tendon-like constructs between the 2 anchors.
Tension release was obtained by cutting one end of the construct as previously described in
[28]. Gene expression was analyzed 24 hours after tension release. Each tendon construct made
of C3H10T1/2 or C3H10T1/2-EGR1 cells under tension or after tension release was considered
as a biological sample. We analyzed 12 constructsmade of C3H10T1/2 cells, 7 constructsmade
of C3H10T1/2-EGR1 cells, 7 de-tensioned-constructs made of C3H10T1/2 cells and 5 de-ten-
sioned-constructsmade of C3H10T1/2-EGR1 cells. The mRNA levels of each construct were
analyzed by q-RT-PCR.

Botox injection in muscles and Achilles tendon injury in adult mice

For the analysis of mechanical signal involvement in tendon homeostasis, 6 UI/kg of Botox
preparation (Allergan) [29] and physiological saline solution were injected into the Gastrocne-
mius muscles of right and left legs, respectively, of Egr1LacZ/+ (N = 6) and wild-type (N = 12)
adult mice (two- to four-month-old). Botox injection reduces muscle contraction and move-
ments and consequently mechanical signals to tendons [30]. Experimental animals did not dis-
play any obvious difficulty in moving, but limped on the Botox-injected legs. The Botox and
physiological saline manipulated Egr1LacZ/+ animals were kept for one week (N = 6) and ana-
lyzed for LacZ staining. Tendons were fixed for 20 minutes in 4% paraformaldehyde and incu-
bated in X-gal staining solution for 4 hours at 37°C. The Botox and physiological saline
manipulated wild-type animals were kept for one (N = 8) or two (N = 11) weeks after injection
(3 independent experiments) and then analyzed for gene expression.

For the analysis of mechanical signal involvement in tendon healing, Achilles tendon injury
was performed on left legs of wild-type animals, as previously described in [10]. Briefly, adult
mice were anesthetized by isoflurane inhalation. A 0.5-mm longitudinal full-thickness lesion
parallel to the axis of the tendon was performed using a scalpel. In this type of injury, the ten-
don tension was maintained. After injury, the skin was sutured using 2–0 Mersilk, and the ani-
mals were kept for two weeks. The Botox or physiological saline was injected in the
Gastrocnemius muscles of the manipulated left legs. The mouse group, which had undergone
Achilles tendon injury and Botox injection, constitute the experimental group (N = 11) that
was compared to the control group with Achilles tendon injury and physiological saline injec-
tion in muscles (N = 10). Experimental animals did not display any obvious difficulty in mov-
ing. However, the animals in the group that had Achilles tendon injury and Botox injection
were limping compared to those in the group with Achilles tendon injury and physiological
saline injection. Achilles tendons, in the above experimental conditions, were processed for
RT-q-PCR analyzes.

Ultrasound and microbubbles-mediated EGR1 gene delivery in Achilles

tendons followed by tendon injury and Botox injection into muscles

Ultrasound and microbubbles-mediated gene delivery is a technique also known as sonopora-
tion, allowing for a high and sustained gene expression in mouse Achilles tendons [31]. 10 μg
of EGR1 encoding plasmid DNA [18, 32] and 3.75 μl of MicroMarkerTM microbubbles
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(Bracco) in a total volume of 10 μl were injected into the Achilles tendon. Injection was immedi-
ately followed by a 1-MHz ultrasound stimulation of 200 kPa (negative peak) during 10 minutes.
Ultrasound was generated from a 0.5" diameter, IBMF-014 transducer with a frequency of 1
MHz (Sofranel, Sartrouville, France). A signal consisting of 40 cycles with a frequency of 1.0
MHz and a pulse repetition frequency of 10 kHz, a duty cycle of 40%, was generated by a 33220A
arbitrary function generator (Agilent technologies, Les Ulis, France). The signal was amplified by
a RF power amplifier (ADECE, Artannes, France) and used as the input for the transducer. The
transducer was calibrated in a Perspex container using an HGL-200 PVDF bullet type hydro-
phone (Onda, Sunnyvale, CA). EGR1 sonoporation experiments were performedone day before
tendon injury and Botox treatment because intratendinous injection requires the integrity of ten-
don sheath. Mice were euthanatized 15 days after tendon injury and Botox injection and tendons
were harvested in 500 μl of RNAlater solution (ThermoScientific) for RNA isolation and RT-q-
PCR analyses. 10 mice displaying EGR1 overexpression, tendon injury and Botox injection and 6
mice displaying tendon injury and Botox injectionwere analyzed.

RNA isolation, reverse transcription and RT-q-PCR

Total RNAs were extracted from fibrin gel constructs made of C3H10T1/2 (N = 11) or
C3H10T1/2-EGR1 cells (N = 7), tension-released fibrin gel constructs made of C3H10T1/2
cells (N = 7) or C3H10T1/2-EGR1 cells (N = 5). Total RNAs were extracted from adult mouse
tendons under various experimental designs (following physiological saline or Botox injection
in normal or injured conditions, after ultrasound-forced EGR1 expression followed by injury
and Botox injection) according to the Qiagen RNeasy Minikit (QIAGEN, Germany). RNA
(300 ng to 1 μg) was reverse transcribed using the High Capacity Retrotranscription Kit
(Applied Biosystems). RT-q-PCR was performed using SYBR Green PCR Master Mix (Applied
Biosystems). Relative mRNA levels were calculated using the 2−ΔΔCt method [33]. In all our
experimental designs, the Cts of two housekeeping genesGapdh andHprt did not show any
variations in control versus experimental conditions. The ΔCts were obtained from Cts nor-
malized with Gapdh levels in each sample. RNA samples originating from 5 to 11 biological
samples originating from 3 independent experiments were analyzed in duplicate. Primers used
for RT-q-PCR are listed in Table 1.

Table 1. Primers used for quantitative RT-PCR.

Col1a1 Fwd 5’ CCAGCGAAGAACTCATACAGC

Rev 5’ GGACACCCCTTCTACGTTGT

Col1a2 Fwd 5’ CCAGCGAAGAACTCATACAGC

Rev 5’ GGACACCCCTTCTACGTTGT

Egr1 Fwd 50-CAGCGCCTTCAATCCTCAAG

Rev 50-GCGATGTCAGAAAAGGACTCTGT

Gapdh Fwd 5’ TTGTGGAAGGGCTCATGACC

Rev 5’ TCTTCTGGGTGGCAGTGATG

Hprt Fwd 5’AGGGCATATCCAACAACAAACTT

Rev 5’GTTAAGCAGTACAGCCCCAAA

Scx Fwd 5’ CCTTCTGCCTCAGCAACCAG

Rev 5’ GGTCCAAAGTGGGGCTCTCCGTGACT

Tgfb2 Fwd 5’ GAATAAAAGCGAAGAGCTCGAGG

Rev 5’ GAGGTGCCATCAATACCTGCA

Tnmd Fwd 5’ AACACTTCTGGCCCGAGGTAT

Rev 5’ AAGTGTGCTCCATGTCATAGGTTTT

doi:10.1371/journal.pone.0166237.t001
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Statistical analysis

Sample sizes were based on historical experience of effect sizes for these types of experiments.
Error bars in graphics represent the standard deviations or the standard errors of the mean,
depending of the size of the samples. Statistics were calculated using non-parametric tests with
the GraphPad Prism V6 software. The Mann-Whitney test was used for unpaired samples and
the Wilcoxon test for paired samples.

Results

EGR1 overexpression prevents the decrease of tendon gene

expression in 3D tendon constructs after tension release

Fibrin-based 3D cell cultures recapitulate tendon formation based on tenogenic marker expres-
sion and tendon-like collagen fibrillogenesis [27, 34–37]. This in vitro engineered tendon sys-
tem involves tension [34, 35]. Forced expression of EGR1 in fibrin-based 3D C3H10T1/2 cell
cultures increases Scx,Col1a1 and Col1a2 expression levels compared to control fibrin-based
3D C3H10T1/2 cell cultures [10]. We now show that the expression of the tendon differentia-
tion marker Tnmd was also increased in the presence of EGR1 in 3D constructs (Fig 1A). The
Tgfb2mRNA levels were also increased in EGR1-producing 3D constructs compared to 3D
constructs (Fig 1A). The tension release of the 3D constructs induces the appearance of imma-
ture collagen fibrils with no preferred orientation in engineered chick tendons [27] and loss of
TNMD expression in engineered human tendons [28]. The tension was released by cutting one
edge of the engineeredmouse tendons made of C3H10T1/2 cells (Fig 1B). Tension release led
to a decrease in the expression of Egr1 and tendon genes including Scx, Tnmd, Col1a1 and
Col1a2 (Fig 1B). The expression of Tgfb2was also decreased in tension-released engineered
tendons (Fig 1B). Tension release in Egr1-producing 3D-constructs did not trigger any signifi-
cant changes in tendon gene expression compared to Egr1-producing 3D constructs under ten-
sion (Fig 1C). This shows that EGR1 overexpression is able to activate tendon gene expression
independently of tension in engineered tendons. We conclude that Egr1 expression is sensitive
to tension in engineeredmouse tendons and EGR1 forced expression prevents the downregula-
tion of tendon gene expression in the absence of mechanical input.

The expression of tendon genes is downregulated in adult tendons

when movements are reduced

In order to assess the importance of mechanical signals for tendon gene expression in homeo-
stasis, we developed a reduced load model in adult mice based on botulinium toxin A (Botox)
injection into the Gastrocnemius muscle of hindlimbs (Fig 2A). One week after injection of
Botox or physiological saline solution in muscles of Egr1LacZ/+mice, LacZ expression (reflecting
Egr1 expression) appeared to be decreased in Achilles tendons (Fig 2B and 2C). Consistently,
the Egr1mRNA levels were decreased in Achilles tendons of Botox-injected legs compared to
saline solution-injected legs, one and two weeks after injection in wild-typemice (Fig 2D). Scx
expression was also decreased in tendons of Botox-injected legs compared to control legs, one
and two weeks after Botox injection (Fig 2D), consistent with the decrease in Scx expression
one week after Botox injection in Scx-GFPmice [30]. The tendon-associated collagen gene
Col1a2 also displayed decreased expression levels one and two weeks after Botox injection (Fig
2D). The expression of the terminal differentiation tendon marker, Tnmd did not significantly
change (Fig 2D). Interestingly, Tgfb2 expression was also decreased in tendons, two weeks after
Botox injection (Fig 2D). This showed that the expression of Egr1, Tgfb2and tendon genes (Scx
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and Col1a2) is sensitive to mechanical input in adult tendons. We conclude that mechanical
signals are required for tendon gene expression in homeostasis.

Reduced mechanical signals decrease the transcriptional response

during tendon healing after injury

In order to analyze the effect of mechanical signals during healing, we used an Achilles tendon
injury model in adult wild-typemice as previously described [10]. In this tendon injury model,
a longitudinal incision was performed along the axis of the Achilles tendon, in which the ten-
sion was maintained. One week after tendon injury, there is a dramatic increase in tendon gene
expression, including Scx, Tnmd, Col1a1 and Col1a2 [10]. Egr1 expression is also increased by
fold-3.6 in tendons, after injury and Egr1 is required for the normal tendon transcriptional
response during the healing process [10]. In order to determine whether mechanical signals
would influence the transcriptional response during tendon healing, we injected Botox or phys-
iological saline solution in muscles in this mouse model of tendon injury (Fig 3A). We observed
a significant decrease in the expression of Egr1, Scx, Tnmd, Col1a1,Col1a2 and Tgfb2genes.
after Botox injection compared to physiological saline solution injections, in injury conditions
(Fig 3B). The decrease of mRNA levels of tendon genes ranged from 40% to 60% (Fig 3). This
shows that a diminution of mechanical signals modifies the transcriptional response during the
tendon healing process following injury. We conclude that mechanical signals are required for
the full transcriptional response during tendon healing.

EGR1 forced expression in tendons prevents the diminution of tendon

gene response in reduced load conditions after injury

The expression of the mechanosensitive gene Egr1 was decreased in reduced load conditions in
tendon homeostasis (Fig 2) and healing (Fig 3). To assess whether EGR1 acts downstream of
mechanical signals during tendon healing, we performed in vivo EGR1 rescue experiments in
reduced load conditions and after tendon injury. We took advantage of an ultrasound-based
gene deliverymethod, which has been found to be efficient in tendons [31]. Plasmid DNA
encoding for the Egr1 gene was delivered to the tendons with optimized parameters (1 MHz,
200 kPa, 10 min, 40% duty cycle and 10 kHz pulse repetition frequency). The following day,
Botox was injected in muscle followed by tendon injury (Fig 4A). Two weeks after Botox injec-
tion in muscle and tendon injury, we compared the expression of tendon genes in tendons
overexpressing EGR1 or not during tendon healing and in reduced load conditions. In this
experiment,Egr1 was increased by fold-2.6. EGR1 forced expression in tendons increased the
expression of tendon-associated genes including Scx, Tnmd, Col1a1,Col1a2 and Tgfb2,when

Fig 1. EGR1 overexpression prevents the downregulation of tendon-associated gene expression in tension released engineered

tendons. (A) Two week-old fibrin gel constructs made of mouse C3H10T1/2 cells or C3H10T1/2-EGR1 cells were analyzed for tendon gene

expression by RT-q-PCR analyses. The mRNA levels of C3H10T1/2 constructs were normalized to 1. Errors bars represent standard errors of

the mean of 5 C3HT101/2 constructs and 7 C3H10T1/2-EGR1 constructs. The p values were calculated using the Mann-Whitney test. The mRNA

levels of Egr1, Scx, Tnmd and Tgfb2 genes were increased in C3H10T1/2-EGR1 constructs compared to those of C3H10T1/2 constructs. (B)

Tension was released in C3H10T1/2 constructs by sectioning one end of the construct. Transcript levels were analyzed by RT-q-PCR analyses in

tension-released C3H10T1/2 constructs and compared to C3H10T1/2 constructs. The mRNA levels of C3H10T1/2 constructs were normalized to

1. Errors bars represent standard errors of the mean of 7 C3H10T1/2 constructs and 7 tension-released C3H10T1/2 constructs. The p values

were calculated using the Mann-Whitney test. We observed a decrease in the transcript levels of Egr1, Scx, Tnmd, Col1a1, Col1a2 and Tgfb2

genes in tension-released C3H10T1/2 constructs (TR) compared to tensioned C3H10T1/2 constructs (T). (C) The mRNA levels of tendon genes

were analyzed in tension-released C3H10T1/2-EGR1 constructs and compared with tensioned C3H10T1/2-EGR1 constructs by RT-q-PCR

analyses. The mRNA levels of C3H10T1/2-EGR1 constructs were normalized to 1. Errors bars represent standard errors of the mean of 7

C3HT101/2-EGR1 constructs and 5 tension-released C3H10T1/2-EGR1 constructs. The p values were calculated using the Mann-Whitney test.

There was no significant change in tendon gene expression in tension-released C3H10T1/2-EGR1 constructs (TR) compared to tensioned

C3H10T1/2-EGR1 constructs (T). T, Tension, TR, Tension release.

doi:10.1371/journal.pone.0166237.g001
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compared to control (Fig 4B). The levels of induction were similar to that of Egr1 overexpres-
sion (Fig 4A). This shows that EGR1 is sufficient to prevent the diminution of tendon gene
expression that is observedduring healing in reduced load conditions.

Discussion

We show that reduced load conditions consistently lead to a decrease in expression of the tran-
scription factor Egr1 and tendon genes in tendon homeostasis, tendon healing and in vitro
engineered tendons. We also demonstrate that EGR1 forced expression prevents the decrease
of tendon gene expression in reduced load conditions during tendon healing and in engineered
tendons.
Egr1 is a mechanosensitive gene, which has been shown to act downstream of mechanical

signals in the vascular system [20, 21, 24]. Consistently, Egr1 expression is systematically
downregulated in reduced load conditions in the in vivo and in vitromodels of tendon biology.
The decrease of Egr1 expression at the transcription level in reduced load conditions is consis-
tent with the upregulation of Egr1 expression in overload conditions in adult tendons [38, 39].
Egr1 expression is induced as early as 15 minutes after a loading episode in rat Achilles tendons
[40]. This indicates that Egr1 expression reflects a rapid transcriptional response following
loading changes in tendons. In addition to being sensitive to mechanical signals, Egr1 appears
to be sufficient to drive the tendon genetic program in the absence of mechanical signals. The
presence of exogenous EGR1 abolishes the downregulation of Scx,Col1a1 and Tnmd in engi-
neered tendons subjected to tension release and EGR1 also prevents the decrease of Scx,Col1a1
and Tnmd expression in Achilles tendons in reduced load conditions during tendon healing
following injury. This shows that the Zinc-finger transcription factor Egr1 senses mechanical
signals in tendons and modulates tendon gene expression upon loading changes. Although
EGR1 has the ability to induce the expression of tendon genes in normal [10] or reduced load
(Figs 1 and 4) conditions, it remains unclear whether EGR1 directly regulates the transcription
of tendon genes. Previous promoter and Chromatin Immuno-Precipitation (ChIP) analyses
indicate that EGR1 trans-activates the tendon promoter of the mouse Col1a1 gene [18, 32].
Moreover, EGR1 directly regulates Tgfb2 transcription in adult mouse tendons [10]. Tgfb2
expression is downregulated in reduced load conditions in tendon homeostasis or healing in
adult mice (Figs 2 and 3) and in engineered tendons made of mouse mesenchymal stem cells
(Fig 1). EGR1 rescue experiments in conditions of reduced mechanical signals inducedTgfb2
expression in engineered tendons and during the tendon healing process (Figs 1 and 4). These
results suggest that Egr1 acts upstream of Tgfb2 to activate tendon gene expression upon load-
ing. It should be noted that TGF-ß1 supplementation was not sufficient to prevent the decrease
of tendon gene expression in de-tensioned 3D engineered tendons derived from human tendon
cells [28]. It is not clear whether TGF-ß ligand is not sufficient to activate tendon gene expres-
sion in reduced load conditions or TGF-ß1 activity differs from TGF-ß2 activity. Antagonist
effects betweenTGF-ß1 and TGF-ß2 ligands have been reported on COL1A1 transcription in
rat tendon fibroblasts [41]. TGF-ß supplementation activates Scx expression in various cellular

Fig 2. Reduced mechanical input induces a diminution of Egr1 and Scx expression in adult tendons. (A) Botox or physiological

saline injections in Gastrocnemius muscles of adult mice. (B,C) LacZ staining (reflecting Egr1 expression) in tendons, 1 week following

physiological saline or Botox injection in Egr1Lacz/+ adult mice. (D) RT-q-PCR analyses of tendons, one or two weeks after Botox or

physiological saline injections in muscles in adult mice. The mRNA levels of tendons following Botox injection were compared to those of

tendons with physiological saline injection. Errors bars represent the standard deviations of 5 (one week) and 7 (two weeks) biological

samples. The mRNA levels of Egr1, Scx, Col1a2, Tgfb2 genes were decreased one or two weeks after Botox injection compared to

physiological saline injection. Tnmd mRNA levels were not significantly decreased after Botox injection. The p values were calculated

using the Wilcoxon test.

doi:10.1371/journal.pone.0166237.g002
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Fig 3. Mechanical signals are required for normal tendon gene response following tendon injury. (A) Botox or physiological saline injections in

Gastrocnemius muscles and tendon injury in adult mice. (B) RT-q-PCR analyses of tendons, 2 weeks after tendon injury and Botox injection in muscles.

The mRNA levels of tendons following injury and physiological saline injection in muscles were normalized to 1. The errors bars represent the standard

error of the means of 10 and 11 biological samples of injured tendons after physiological saline or Botox injections, respectively. The p values were

calculated using the Mann-Whitney test. The mRNA levels of the Egr1, Scx, Tnmd, Col1a1, Col1a2 and Tgfb2 genes were all significantly decreased in

reduced movement conditions compared to controls during the healing process, following tendon injury.

doi:10.1371/journal.pone.0166237.g003
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Fig 4. EGR1 forced expression in tendons prevents the diminution of tendon gene expression during tendon healing in

reduced mechanical load. (A) Description of the experimental design for sonoporation. 10 μg of EGR1 encoding plasmid and 3.75 μl of

MicroMarker microbubbles were injected in the Achilles tendon sheath. Tendons were then stimulated by ultrasound at 1 MHz during 10

minutes at 200 kPa, 40% duty cycle and 10 kHz pulse repeating frequency. The day after EGR1 sonoporation, a surgical lesion of the

Achilles tendon was performed followed by a Botox or physiological saline solution injection in the muscle. Two weeks after treatment,

tendons were harvested for analyses by RT-q-PCR. (B) RT-q-PCR analysis of tendon gene expression in EGR1-sonoporated tendons

versus control-tendons, following tendon injury in immobilization conditions. The mRNA levels of control tendons following injury and

Botox injection in muscles were normalized to 1. The error bars represent standard errors of the mean of 6 biological samples of injured

tendons of Botox-injected legs in the absence of EGR1 and 10 biological samples of injured tendons of Botox-injected legs in presence of

ectopic EGR1. The p values were calculated using the Mann-Whitney test. The mRNA levels of Egr1, Scx, Tnmd, Col1a2 and Tgfb2 were

increased in Egr1-sonoporated tendons compared to control tendons, following tendon injury and Botox injection in muscles.

doi:10.1371/journal.pone.0166237.g004

Fig 5. Schematic representation of EGR1 regulation and function downstream of mechanical signals. Egr1 expression is regulated by mechanical

signals in tendon cells. EGR1 positively regulates the transcription of tendon genes including Scx, Tnmd, Col1a1 and Co1a2. The transcription of Tgfb2 is

also regulated by EGR1.

doi:10.1371/journal.pone.0166237.g005
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models and loss of TGF-ß leads to a decrease of Scx expression in developmental tendons [10,
42–44]. We failed to identify any EGR1 binding sites in mouse Scx promoter region and all our
ChIP attempts to identify direct EGR1 recruitment to Scx promoter region were unsuccessful.
Given the EGR1 direct binding to Tgfb2promoter [10], it is tempting to suggest that TGF-ß2
mediates the Scx induction by EGR1 in tendons. Consistently, SCX and SMAD3 (an intracellu-
lar component of the TGF-ß pathway) physically interact in 10T1/2 cells [45] and SCX is
required for Smad3-mediated gene transcription in cardiac fibroblasts [46]. Whether EGR1
activates Tnmd via TGF-ß2 is less clear, since TGF-ß2 has been shown to downregulate Tnmd
expression in mouse stem cells cultured in 2D [10, 44, 47] and do not have any positive effect
on TNMD expression in human 3D tissue cultures [28]. In contrast, SCX gain- and loss-of-
function experiments lead to upregulation and downregulation of Tnmd, respectively, during
development [14, 15]. This suggests that SCX could activate Tnmd expression during tendon
differentiation.

In summary, we show that the expression of the zinc-finger transcription factor EGR1 is
sensitive to mechanical signals and that EGR1 senses mechanical signals at the transcription
level. Moreover, EGR1 is sufficient to promote tendon gene expression in the absence of
mechanical forces during tendon formation and healing (Fig 5). This feature opens the possi-
bility of exploiting EGR1 forced expression to accelerate tendon healing in reduced load
conditions.
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Abstract: The differentiation potential of mesenchymal stem cells (MSC) has been extensively
tested on electrospun scaffolds. However, this potential is often assessed with lineage-specific
medium, making it difficult to interpret the real contribution of the properties of the scaffold in
the cell response. In this study, we analyzed the ability of different polycaprolactone/polylactic
acid PCL/PLA electrospun scaffolds (pure or blended compositions, random or aligned fibers,
various fiber diameters) to drive MSC towards bone or tendon lineages in the absence of specific
differentiation medium. C3H10T1/2 cells (a mesenchymal stem cell model) were cultured on
scaffolds for 96 h without differentiation factors. We performed a cross-analysis of the cell–scaffold
interactions (spreading, organization, and specific gene expression) with mechanical (elasticity),
morphological (porosity, fibers diameter and orientation) and surface (wettability) characterizations
of the electrospun fibers. We concluded that (1) osteogenic differentiation can be initiated on pure
PCL-based electrospun scaffolds without specific culture conditions; (2) fiber alignment modified cell
organization in the short term and (3) PLA added to PCL with an increased fiber diameter encouraged
the stem cells towards the tendon lineage without additional tenogenic factors. In summary,
the differentiation potential of stem cells on adapted electrospun fibers could be achieved in factor-free
medium, making possible future applications in clinically relevant situations.

Keywords: scaffold; polymer; electrospinning; mesenchymal stem cell; cell differentiation;
tissue engineering

1. Introduction

Electrospun fibers are promising scaffolds for tissue engineering and regenerative medicine
with a growing interest over the last decade [1–4]. Compared to other fiber production processes
(such as phase separation, extrusion or self-assembly [5]), electrospinning has several advantages for
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both in vitro and in vivo studies. The electrospinning method is relevant at the laboratory scale for
prospective studies (making possible custom-made devices) and for further mass production [5,6].
This method is highly versatile and tunable [4]. Depending on the choice of materials and procedures,
electrospun scaffolds offer various degradation rates [5], as well as pore interconnectivity [6], high
porosity [6], a high surface/volume ratio [4–6] and anisotropy at the molecular level in the case of
fiber alignment [1,7,8]. These properties are well-known as ways of controlling cell adhesion and cell
behavior [6,8,9]. Moreover, the submicrometric diameter of the electrospun fibers is similar to that
of collagen fibers in natural extracellular matrix [1,10], establishing a biomimetic environment for
cells. Electrospun scaffolds also show appropriate and adjustable mechanical properties, compared to
other laboratory-made synthetic matrices [1,10], due to a stable structure with a smaller number of
defects [5,6].

Many different electrospun polymer solutions have been studied as biomaterials to promote
organ/tissue regeneration or repair, such as components of the musculoskeletal system, bone, tendon,
ligament [11–15] or dental applications [16]. Polylactic acid (PLA), polycaprolactone (PCL) and
polyglycolic acid (PGA) are frequently cited as the most commonly-used polymers and are approved
by the Food and Drug Administration (FDA) [4,17]. PCL scaffolds have been extensively used for
bone tissue engineering, in combination with the use of growth and differentiation factors or composite
solutions [4,14,18]. In contrast, pure PLA has been shown to be the most relevant polymer for the
development of tendon substitutes in comparison with PCL [19], PGA [20] or poly(lactic-co-glycolic) acid
(PLGA) [20]. Moreover, the tunable morphological and mechanical properties of electrospun scaffolds are
of primary interest as tendon regeneration is particularly dependent on these signals [11,13,21].

Mesenchymal stem cells (MSC) are multipotent stem cells that are able to differentiate into various
lineages including muscle, bone, cartilage and tendons/ligaments with a specific differentiation
medium [22–24]. The differentiation potential of MSCs has been extensively tested on different
scaffolds. However, this potential is often assessed with lineage-specific differentiation media [25],
making it difficult to interpret the real contribution of the properties of the scaffold in the differentiation
process. Moreover, it can be important to remove additional chemical factors from the culture
processes to avoid undesired effects in vivo after reaching the clinical stage [26,27]. The choice
of biomaterial is effectively crucial for tendon, ligament or enthesis (tendon/ligament to bone
interface) reconstruction [28,29]. We hypothesize that analyzing the properties of the biomaterials that
drive cell lineage differentiation potential should be devoid on culture medium parameters. In this
study, we analyzed the ability of different PCL/PLA electrospun scaffolds to drive MSCs towards
bone or tendon lineages in the absence of specific differentiation media. C3H10T1/2 cells [30] are
able to differentiate towards different cell lineages in controlled environments, including bone and
tendon, and are frequently used as a model for studies at their early stage of development [25,31–33].
Cultures conducted on scaffolds were compared to cells maintained in regular culture conditions
(flat culture substrate, proliferation medium without factors) to highlight specifically the intrinsic
effects of the electrospun fibers’ properties on the biological response.

2. Results

In order to test the ability of different biomaterials to drive MSC differentiation towards a
specific lineage, we manufactured electrospun fibers based on PCL and PLA solutions with different
compositions (pure or blended solutions) and structures (random or aligned fibers) and analyzed
the bone/tendon differentiation of MSCs cultured on these biomaterials. The settings for different
scaffolds are summarized in Table 1. Polymer solutions and fiber structures were chosen to analyze
the respective effects of the production parameters and their combinations. To allow comparison and
avoid variability, we applied the same mechanical characterization to all the scaffolds, in addition to
using similar cell culture protocols (Figure 1).
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Figure 1. Design of the present study. The osteogenic and tenogenic potential of PCL-
(polycaprolactone) and PLA-based (polylactic acid) electrospun scaffolds was investigated in the
absence of specific differentiation media with a cross-analysis of biological, morphological and
mechanical behaviors.

Table 1. Production parameters of the electrospun scaffolds studied.

Scaffold Abbreviation Polymer Concentration Solvent
Flow Speed
Rate

Pure
polycaprolactone PCL600nm PCL 15 wt/wt % 60 wt % DCM

40 wt % DMF 16,6 µL/min /

Random PCL PCL1000nm PCL 100 mg/mL TFE 50 µL/min * 250 rpm

Pure polylactic acid PLA PLA 10 wt/wt % 70% DCM
30% acetone 67 µL/min 50 rpm

Aligned PCL PCLaligned PCL 100 mg/mL TFE 50 µL/min * 1000 rpm

PCL/PLA coaxial
blend (PCL outside) BlendPCLout

PCL (133 mg/mL)
& PLA (66 mg/mL)

TFE 50 µL/min *
250 rpm

PCL/PLA coaxial
blend (PLA outside) BlendPLAout TFE 50 µL/min *

*: 25 µL/min for each solution. DCM: Dichloromethane, DMF: N,N-dimethylformamide. TFE: 2,2,2-trifluoroethanol.

2.1. Electrospun Fiber Morphology

Scanning electronic microscopy (SEM) observations highlighted that all the electrospun fibers
were generally homogenous in size and devoid of bead formation for all the polymers used (Figure 2).
The fibers were deposited randomly with a rotating speed of 50 rpm, while they were aligned when
the speed reached 1000 rpm (PCL-aligned scaffold). The change in angle between the fibers and the
direction of rotation was measured by using Axio Vision software (Carl Zeiss, Oberkochen, Germany),
the lower the angle the higher the fiber alignment). Unaligned fibers showed a mean angle of
15.5◦ ± 3.1◦ whereas aligned fibers showed a mean angle of 1.8◦ ± 1.8◦. PLA scaffolds presented an
upper layer of fibers less dense than the other scaffolds, which led to a macroscopic fluffy aspect with
beads in some locations. This aspect didn’t induce additional degradation in aqueous environment
during culture. Moreover, the surface of the PLA fibers was itself rough, or even nanoporous, as seen
with a higher SEM magnitude (inset on Figure 2). This specificity has already been observed in the
literature and may be explained by the high volatility of dichloromethane [34,35]. However, no effect
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on the cell behavior has been detected, possibly because the pore size is below the cellular detection
threshold [36].

Figure 2. Scanning Electronic Microscopy (SEM) observations of the electrospun scaffolds. Insets in
PLA, PCL1000nm and PCL-aligned panels: SEM observation of the PLA and PCL1000nm scaffolds to
highlight porosity at the fiber scale, and of the PCL-aligned scaffold to highlight alignment. Main scale
bars: 10 µm, PLA inset: 2 µm, PCL1000nm inset: 4 µm, PCL-aligned inset: 50 µm.

The fiber diameters of each scaffold were measured on SEM images. Based on the diameters of
the fibers, the scaffolds were sorted into two groups. The fiber diameters of pure PCL and pure PLA
scaffolds ranged from around 500 to 1000 nm (Figure 3A). Coaxial blends had diameters of 2000 nm or
more, significantly different from the other scaffolds (p < 0.001), with a maximum of 2461 ± 353 nm for
BlendPLAout (Figure 3A). Globally speaking, the diameters were in the same range as those obtained
classically using the electrospinning technique [37–39].
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Figure 3. Morphological and mechanical characterization of the different scaffolds. (A) Fiber diameters of
the electrospun scaffolds; (B) Estimation of scaffold porosity using image processing for the electrospun
scaffolds. The µ + δ threshold focuses on the porosity of the upper layers of fibers; (C) contact angle
measured on each electrospun scaffold; (D) Young’s moduli of each scaffold. Comparisons of Young’s
moduli were made between dry and wet samples, and between scaffolds based on dry samples. N.S.,
non-significant, ** p < 0.01, *** p < 0.001.

2.2. Surface Characterization

The porosity assessments at the scaffold scale (pores induced by the space between the fibers)
are reported in Figure 3B. The original SEM images were converted to black and white for various
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binarization thresholds based on the mean (µ) and standard deviation (δ) of the image histogram [40,41].
The porosity was estimated from the black pixel (void)/white pixel (material) ratio. Three thresholds
were studied (µ + δ; µ; µ − δ), but the results presented here focus on the µ + δ threshold, which only
took into consideration the upper fiber layers after binarization. This threshold appears to be the
most relevant for analyzing cell response because the cells are mostly in contact with the external
fibers layers. These values can therefore be used to compare the morphology of the different scaffolds
although only an estimation of the porosity of the whole scaffold could be derived [40–45]. The porosity
varied from 80% to 84% among the different scaffolds (Figure 3B). The statistics information is not
shown in the figure for readability reasons. Except for blended scaffolds, the differences between the
scaffolds were found to be statistically significant (p < 0.05 to p < 0.001). Contact angle measurements
were carried out on the surface of the dry electrospun fiber network. The results are summarized in
Figure 3C. The scaffolds showed hydrophobic behavior with mean results from 122.7◦ (PLA) to 130.0◦

(BlendPCLout).

2.3. Mechanical Characterization of Electrospun Fibers

In order to characterize the mechanical properties of each scaffold, samples were submitted to
tensile tests in dry or wet conditions. Wet conditions were defined as being after humidification in
demineralized water. Young’s moduli of each scaffold are reported in Figure 3D. Humidification of
the scaffolds prior to measurement did not induce significant changes in Young’s modulus values.
Some samples showed a trend for a higher Young’s modulus in wet conditions. Although such an
increase can occur in polymeric samples [46], this behavior was not found to be significant here. It can
be seen as a lack of overall effect of the humidification with an increase in data dispersion. It is
particularly noticeable for PCLaligned samples, were the aligned layers of fibers could have more
easily detached from each other after humidification and therefore increased the variability of the
measurements. In dry conditions, blended scaffolds showed the highest stiffness with a maximum
of 60.14 ± 18.52 MPa for BlendPCLout. This value was statistically different from all the other pure
PCL scaffolds (p < 0.001 to p < 0.01), however PCL600nm, PCL1000nm and PCLaligned were not
statistically different from each other. As the Young’s Modulus has been shown to be linked to the fiber
morphology [34,39,47], the differences in diameter from one PCL scaffold to the other could be here too
slight to show differences in stiffness. There was no statistical difference between BlendPCLout and
BlendPLAout (reverse coaxial structures). One can hypothesize that the overall stiffness of the blended
fibers led to the same behavior regardless of the respective location of PCL and PLA in the core/shell
studied structures. This mechanical characterization was meant to derive qualitative estimation of
the stiffness of the scaffolds because fiber morphology, porosity and grip effects were not taken into
consideration. Nevertheless, we estimate that this evaluation of mechanical properties was relevant
for comparing scaffolds before cross-analyses of the biological response (Table 2).

Table 2. Summary of the main results of morphological, mechanical and biological characterization
of the scaffolds seeded with C3H10T1/2 stem cells. Spreading was estimated from the SEM and
fluorescence acquisitions as moderate (+), high (++) or very high (+++).

Scaffold Contact Angle
(◦)

Young’s Modulus (MPa) Fiber Diameter
(nm)

Porosity
µ + δ (%)

Cell Response

Dry Wet Spreading Differentiation

PCL600nm 123 21 20 665 83.8 +++ Bone
PCL1000nm 123 30 36 1159 82.8 ++ Bone

PLA 124.7 24 43 681 81.3 + Unclear
PCLaligned 127 15 63 1032 82.8 ++ Alignment Bone
BlendPLAout 128 32 30 2461 82.7 ++ Tendon
BlendPCLou 130 60 38 1928 83.1 ++ Tendon

211



Materials 2017, 10, 1387 7 of 19

2.4. Cell—Scaffold Interactions

C3H10T1/2 stem cells were cultured for 96 h on the different electrospun scaffolds. C3H10T1/2
cells were plated at the same density on each scaffold and cultured in the same conditions with the
same culture medium. A “Live/Dead” staining was used to observe living cells (Calcein AM, green)
and dead cell nuclei (EthD-1, red) simultaneously (Figure 4A,B,E,F,I,J). The observations showed that all
the scaffolds made possible the development of generally continuous and homogeneous tissue made
from living cells covering the whole electrospun fiber network. The qualitative analysis of these images
allowed us to conclude on excellent cell attachment and viability on all samples as a small number of
dead cells was noticed. SEM observations further confirmed the development of a continuous cell layer.
Cracks observed in several SEM images (Figure 4C,D,K,L) probably occurred during the preparation of the
SEM samples as they were not seen in the fluorescence staining images of the cells. The fibers themselves
appeared broken under the living tissue (Figure 4C). Cells cultured on pure PCL scaffolds showed the
most continuous, dense and homogeneous tissue (Figure 4A,B,F). On the PLA scaffold, the floating upper
electrospun fibers (Figure 2) led to the development of cells under these fibers, “inside” the scaffold
(Figure 4G). Cell coverage thus appeared less dense on PLA-based than on pure PCL-based scaffolds,
with some heterogeneous spots (Figure 4E). The observations for PCLaligned samples suggested an
alignment of the cells (Figure 4F,H). Cell orientation was confirmed with the visualization of nuclei using
DAPI simultaneously with actin filament staining (Figure 5A,B). The nuclei of C3H10T1/2 cells displayed
an elliptic shape and were oriented parallel to the aligned actin filaments, in turn in the same orientation as
the alignment of PCLaligned fibers (Figure 5B,D). In contrast, nuclei of cells cultured on PCL1000nm were
round-shaped, consistent with an absence of any specific spatial organization (Figure 5A,C).

Figure 4. Cont.
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Figure 4. Fluorescence microscopy (A,B,E,F,I,J) and SEM observations (C,D,G,H,K,L) of C3H10T1/2
cells cultured for 96 h on PCL60nm (A,C), PCL1000nm (B,D), PLA (E,G), PCLaligned (F,H),
BlendPLAout (I,K) and BlendPCLout (J,L) electrospun scaffolds. Fluorescence: Living cells
(Calcein AM, green) and dead cell nuclei (EthD-1, red), scale bars 250 µm. SEM: scale bars 100 µm.
Solid arrows: continuous cell tissue. Dashed arrows: fibers network visible due to cracks in the cell
tissue or to a lower cell density.

Figure 5. Fluorescence microscopy observations of C3H10T1/2 cells cultured for 96 h on PCL1000nm
(A,B) and PCLaligned (C,D) scaffolds. (A,C) Actin filaments visualized with rhodamine-phalloidine
(red) and nuclei visualized with DAPI (blue). (B,D) higher magnifications of nuclei (DAPI) of region
of interest (white rectangles in A,C).

2.5. Cell Differentiation

The preferential differentiation outcomes of C3H10T1/2 cells cultured in the different electrospun
scaffolds were evaluated with the expression of genes of interest by Reverse Transcription quantitative
Polymerase Chain Reaction (RT-qPCR) at the end of 96 h of culture. Tendon- and bone-related markers
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were simultaneously analyzed in cells cultured in each scaffold. Dlx5, a transcription factor regulating
the activation of specific bone markers [48], Runx2, a specific bone transcription factor [49], and Bglap
(also called Osteocalcin) a late marker involved in bone mineralization [49] were used as bone-related
genes. To assess to what extent stem cells were committed to the tendon lineage, we used Scx (Scleraxis),
a bHLH (basic helix-loop-helix) transcription factor expressed in tendon progenitors and differentiated
cells [50,51], Tnmd (Tenomodulin) a late tendon-specific marker [50,51] and Aqp1 (Aquaporin-1) a
marker for tendon development [32]. The expression of the gene Col1a1 was also analyzed, although
we are aware that Col1a1 is expressed in both bone and tendon tissues. The relative mRNA levels of
bone and tendon genes in stem cells cultured with the different scaffolds are presented in Figure 6.
Cells cultured in regular conditions (flat glass substrate, proliferation medium without any factors)
were used as a control group to express increases and decreases caused specifically by the presence of
the scaffolds in the other groups. PCL scaffolds (PCL600nm, PCL1000nm (significant) and PCLaligned
(non-significant)) led to an increase in Bglap expression (up to four-fold increase, significance p < 0.01 to
p < 0.0001), associated with decreased expression of the Scx tendon-related gene (p < 0.01) compared to
the control plastic cultures, suggesting a shift toward bone differentiation (Figure 6A,G). Both PCL/PLA
blended scaffolds induced stem cells towards tendon differentiation, as assessed by a significant
increase in Tnmd expression (up to four-fold increase, p < 0.01, Figure 6B). Based on the decrease in Scx
and Col1a1 expression (p < 0.01), and the absence of bone marker modifications, we conclude that PLA
was not favorable for tendon or bone differentiation (Figure 6A,D).

Figure 6. Cont.
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Figure 6. Relative expression of mRNA levels for tendon-related genes, Scx (A); Tnmd (B); Aqp1 (C);
(green bars) and bone-related genes, Dlx5 (E); Runx2 (F); Bglap (G); (blue bars) in C3H10T1/3 cells
cultured on the different electrospun scaffolds compared to control conditions (cells without scaffold).
Col1a1, a component of tendon and bone and is represented in dark green bars (D). Control conditions
have been normalized to 1. Error bars represent s.d. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3. Discussion

In the present study, mouse C3H10T1/2 mesenchymal stem cells [30] were cultured on various
PCL and PLA electrospun scaffolds in the absence of specific differentiation medium. The use
of identical culture protocols (no addition of osteogenic or tenogenic differentiation factors) for
C3H10T1/2 cells seeded on different materials over a short period (96 h) as well as undifferentiated
control groups without scaffolds highlighted which biomaterials were preponderant in bone or tendon
differentiation from a multipotential stem cell population. In particular, mechanical properties and fiber
morphology were evaluated to perform a cross-analysis with biological behavior. The identification of
scaffolds allowing mesenchymal stem cells to differentiate into bone and tendon lineages could lead to
the development of new constructs for the regeneration of enthesis [52,53].

All the various settings made possible the formation of the electrospun fibers (Figure 2)
with similar hydrophilic profiles (Figure 3). Data summarizing both biological and mechanical
characterizations of the six scaffolds used in this study are shown in Table 2. Pure PCL-based scaffolds
favor cell differentiation towards bone differentiation based on the increase in Bglap expression, a late
bone marker involved in mineralization [48], while coaxial blend materials favor tendon differentiation
based on an increase in Tnmd (Figure 6). Bglap upregulation reached a 4-fold increase compared
to non-specific culture conditions with a strong significance (p < 0.001) on PCL1000nm samples.
This initiation towards bone differentiation of stem cells cultured with PCL scaffolds is consistent with
the literature data where it is described that PCL is widely-used for bone regeneration [14,18]. However,
in most cases, bone differentiation was observed in the presence of osteogenic medium including
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dexamethasone, ascorbic acid, or beta-glycerosphosphate [14,49]. Therefore, the differentiation effect
may not be attributed to the material itself. In the present study, random scaffolds (PCL600nm,
PCL1000nm) and PCLaligned (to a lesser extent) pushed stem cells towards bone differentiation,
while decreasing tendon differentiation. This finding is of major interest for the design of bone tissue
engineering protocols that do not involve additional growth and differentiation factors, in order to
avoid clinical complications (such as ectopic bone formation) and regulatory issues [26,27].

Scaffolds with aligned structures have been reported as pushing stem cells towards the tendon
cell lineage [54]. On the PCLaligned scaffold, the nuclei and cytoskeleton of stem cells were found to
be aligned along the same orientation of the electrospun fibers (Figure 5B,D). However, this orientated
cell morphology did not lead to significant modification in tendon gene expression (Figure 6A–C,E).
It has nevertheless been shown that the alignment of polymeric structures promotes the ligament
lineage after a long culture time (7 to 14 days [50,55]); this suggests that the alignment of PCL fibers
was not an efficient way of modifying stem cell differentiation towards the tendon lineage in short
term cultures.

In contrast with cell behavior on pure PCL samples, the expression of the tendon-related gene
Tnmd was upregulated in the presence of both PLA and PCL polymers (BlendPCLout and BlendPLAout
scaffolds). The 4-fold increase in Tnmd expression compared to control was related to the same
4-fold upregulation obtained with Egr1-C3H10T1/2 cells compared to C3H10T1/2 cells in a previous
study [25]. This similar range of increase of Tnmd expression upon Egr1 over-expression allowed us
to conclude on a significant effect of the blended scaffolds on the stem cell fate towards tenogenic
differentiation. Moreover, Bglap expression (assessing bone differentiation) was not significantly
increased in these mixed PLA/PLC scaffolds, regardless of whether PLA or PCL was electrospun as
the external layers (Figure 6). SEM observations of fiber networks did not reveal any morphological
difference between either coaxial blend scaffolds (Figure 2). Moreover, PCL and PLA are not expected
to mix during the fabrication process as seen in previous validation studies [56]. As the stem cells did
not homogeneously cover the pure PLA scaffold (Figure 4E,G) and did not show any sign of either
tendon or bone differentiation (Figure 6), we hypothesized that the presence of PCL provided high
adhesion and proliferation potential while PLA enhanced the expression of the tendon-related genes
after the state of confluence was reached. We concluded therefore that PCL and PLA acted together
to initiate stem cell differentiation towards the tendon lineage: combining both polymers made it
possible to reach optimal surface coverage followed by differentiation towards the tendon lineage in the
absence of any specific factors. Triggering differentiation at short term (96 h), especially late markers
such as Tnmd or osteocalcin, was an interesting result to obtain rapidly functional tissue engineering
constructs in a clinical perspective. We hypothesized that this was achieved here by the combination
of favorable chemical (polymer nature), biological (rapid proliferation and dense population) and
mechanical (porosity, topography and alignment) environmental signals. We avoid completely the
use of additional differentiation factors in this study to be relevant with clinical requirements [26,27].
As a comparison, literature suggests that pre-osteoblastic cells in differentiation culture conditions
(without scaffold but with bone-promoting factors, from ascorbic acid only to 3-factor cocktail or novel
chemicals) usually needs a longer culture time (10–12 days or more) to reach maturation [57–59].

It has to be mentioned that the nature of the polymer is probably not the only parameter that alters
stem cell fate. The effect of adding PLA to PCL cannot be distinguished from the influence of fiber
morphology, as the coaxial scaffolds led to the formation of the biggest fiber diameters in our samples
(Table 2, Figure 3) with good homogeneity. According to our results, a linear correlation (R2 = 0.95,
MS Excel linear regression tool on Tnmd results) established a link between a high fiber diameter
(around 2 µm) with the tenogenic differentiation potential of C3H10T1/2 cells. This trend is consistent
with the findings of Cardwell et al. [60], who demonstrated that fiber diameter was a preponderant
parameter for monitor stem cell differentiation towards tendon lineage. The non-monotonic response
of bone cells to scaffold topography has already been noted, especially on PCL [36,61–63].
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A strong proportionality relationship has been reported in the literature between fiber diameters
and the Young moduli of scaffolds in the case of electrospun samples [34,39,47]. This proportionality
can also be observed in our results but was not found to be significant, and a clear linear correlation
didn’t appear. We hypothesized that the differences in structure (alignment with multi-layers, coaxial
composites) altered the proportionality relationships. However, the discussion on the effect of fiber
diameter reported earlier could thus be conducted in terms of scaffold elasticity with the same
conclusions. The elasticity values of electrospun materials showed considerable variability in the
literature [18,38,64,65] which could be explained by changes in the polymer solution but also in
technical procedures. We found here a Young’s modulus from 15 MPa to 60 MPa for the dry materials,
i.e., consistent with the medium-range values found in literature (Figure 3).

In summary, the nature of the polymer and the morphology of the electrospun scaffolds could act
together to monitor the fate of stem cells grown on the surface without additional specific differentiation
media. A bone lineage profile was observed on various pure PCL scaffolds, while the presence of both
PCL and PLA, combined with a fiber diameter of more than 2000 nm, initiated tendon differentiation in
C3H10T1/2 cells. Further investigations could focus on the eventual synergetic effects that may occur
between the signals with the most influence. These results are of interest for the regeneration of the
musculoskeletal system. This factor-free process could also help anticipate the behavior of a patient’s
own cells that would colonize the biomaterial implanted alone. There are still few tissue-engineered
substitutes combining cells and scaffolds that have reached clinical trials. It should be noted that all
the results analyzed here reflect the primary response of the C3H10T1/2 mesenchymal stem cells.
These cells are frequently used as a MSC model to reveal the potential of various processes on the stem
cell fate, including on electrospun scaffolds, for early-development studies [25,32,33]. Differentiation
to one or other lineage needs to be assessed over longer culture periods and gene expression confirmed
by proteomic studies to ensure that a mature state is reached before implantation. Following the
screening of various electrospun fibers configurations reported in the present article using a MSC-like
cell model, confirmation and further applications on the most promising scaffolds for each lineage will
have to be performed with primary stem cells.

4. Materials and Methods

4.1. Materials

The PCL granules (Mw 70–90 kDa) were obtained from Sigma-Aldrich, St. Louis, MO, USA.
The PLA powder (Mw 59–101 kDa, low viscosity) and granules (Mw 150 kDa) were obtained
from Sigma-Aldrich, St. Louis, MO, USA (for the pure PLA scaffolds) and from Natureplast, Ifs,
France (for the blends), respectively. Chloroform (CHCl3, Sigma-Aldrich, St. Louis, MO, USA),
dichloromethane (DCM, CH2Cl2, VWR International, West Chester, PA, USA), acetone (C3H6O,
Labgros, France) and 2,2,2-trifluoroethanol (TFE, ABCR, Karlsruhe, Germany) were used as solvents.

4.2. Electrospinning Process

Two custom-made electrospinning devices were used at the Université de Technologie de
Compiègne (UTC) and the Leibniz University of Hannover, with respectively a rotating drum collector
(diameter 75 mm) from Nabond (Shenzhen, China) and a homemade drum (diameter 150 mm).

The technical parameter sets for each scaffold were tuned by adjusting polymer and solvent
concentration, flow rate and voltage with a trial and error approach until optimal morphology of the
fibers was obtained (i.e., homogeneous fiber diameter without beads). These final parameters, as well
as the nomenclature, are summarized in Table 1.

Coaxial scaffolds were prepared with a homemade double-lumen needle. BlendPCLout scaffolds
were prepared with pure PCL in the outer shell of the fiber and a blend of PCL/PLA in the core. In the
case of BlendPLAout, the blend of PCL/PLA was in the outer shell and PCL in the core.
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PCL was spun as aligned (PCL-aligned) or random fibers (PCL600nm, PCL1000nm).
Random fibers were prepared with a rotating speed of 50–250 rpm and aligned fibers (PCL-aligned)
with a rotating speed of 1000 rpm.

Pure PLA scaffolds were prepared at the UTC Compiègne; BlendPCLout, BlendPLAout,
PCL-aligned and PCL1000nm scaffolds were prepared at the Institute for Multiphase Processes,
Leibniz University of Hannover, Hanover, Germany. The PCL600nm scaffold samples were a gift from
the University of Strasbourg, ICPEES, Strasbourg, France.

4.3. Morphological Characterization of the Scaffolds

Fiber morphology and mean diameter were evaluated with scanning electronic microscopy (SEM,
Quanta FEG 250, FEI, Hillsboro, OR, USA). Samples were coated with gold before observations.
Scaffold porosity was estimated using the method described by Ghasemi-Mobarakeh et al. [40]. Briefly,
SEM images were converted into binary images with various thresholds, based on image histogram
properties (mean and standard deviation of grey scale levels). The ratio between black pixels (pores)
and the total number of pixels made it possible to evaluate the porosity of the electrospun scaffolds.
Image processing was performed with the free software Scilab (5.4.1, Scilab Enterprises, Orsay, France).

4.4. Mechanical Characterization of the Scaffolds

Conventional tensile tests were carried out on the electrospun scaffolds using a Bose Electroforce
3200 device (Bose, Framingham, MA, USA) at the speed of 0.1 mm/s until plastic deformation was
attained. Strips measuring 5 mm × 30 mm were cut out of large scaffold sheets and mounted on
metallic clamps with gripping surfaces after the thickness has been measured with caliper (0.1 mm).
The curve force versus displacement was recorded. The Young’s Modulus was calculated from the
linear elastic part of the stress-strain curves (Linear regression tool, MS Excel software, Microsoft,
Redmond, WA, USA). Tests were conducted on dry and wet (humidification with demineralized water)
samples. For the aligned fibers (PCLaligned), deformation was classically applied along the fiber
alignment (this is also of interest as we expected the cell alignment in the same direction along the
fibers). All the measurements were performed at room temperature.

4.5. Wettability

The wettability of the electrospun scaffolds was evaluated with water contact angle
measurements using a Krüss DSA10 mk2 device and Drop Shape Analysis software (Krüss GmbH,
Hamburg, Germany). Briefly, a droplet of demineralized water was placed on the fiber network with a
syringe, and image acquisition was performed immediately. The angle between the horizontal surface
and the bottom of the droplet was then estimated with the tangent-2 option of the software. Acute and
obtuse angles indicate respectively hydrophilic and hydrophobic behaviors.

4.6. Cell Cultures on Electrospun Scaffolds

The same culture medium without lineage-specific additives was used for all the experiments.
The murine mesenchymal stem cell line C3H10T1/2 [30] (ATCC CCL-26) initially proliferated in
culture flasks at 37 ◦C, 5% CO2, in 1 g/L glucose DMEM medium (Sigma-Aldrich, St. Louis, MO, USA)
complemented with 10% of Fetal Bovine Serum (Gibco Invitrogen, Waltham, MA USA), 2% of
penicillin-streptomycin (Gibco Invitrogen, Waltham, MA, USA) and 2% of 200 mM L-glutamine
(Gibco Invitrogen, Waltham, MA, USA). They were harvested at 95% confluence.

Sodalime glass Petri dishes (40-mm diameter, 12-mm height, Duran, Wertheim, Germany)
were precoated with Sigmacote (Sigma-Aldrich, St. Louis, MO, USA) to prevent cell adhesion and
thus to promote cell growth specifically on the scaffolds and not on the Petri dishes. Tabs made
from polydimethylsiloxane (PDMS) were placed on the dish caps to allow gas transfers with
the environment.
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The Petri dishes were sterilized by autoclaving (121 ◦C, 1 bar, 20 min). Scaffold samples
(17 × 17 mm) placed in the dishes were immersed in 70% ethanol for 30 minutes and rinsed three times
with Phosphate Buffered Saline (pH 7.4 PBS, Gibco Invitrogen, Waltham, MA, USA). 300,000 cells were
then seeded on to each sample and cultured for 96 h in the culture medium described above without
any additional bone or tenogenic differentiation factors. The medium was changed every 2 or 3 days.
Cells were also cultured in dishes without coatings or scaffolds as a material-free control group.

4.7. Cell—Material Interactions

After 96 h of culture, some samples were immersed in Rembaum solution [66] for 1 h then rinsed
three times with demineralized water. They were observed using SEM (Philips XL30 ESEM-FEG,
Eindhoven, the Netherlands; quanta FEG 250, FEI, Hillsboro, OR, USA; Hitachi S-3400N, Tokyo, Japan)
after gold coating.

Others were stained to observe the alignment of the actin filaments using fluorescence microscopy.
Briefly, samples were fixed in paraformaldehyde (Agar Scientific, Stansted, UK), immersed for 45 min
in a rhodamine/phalloidin solution (5 units/mL, Invitrogen, Waltham, MA, USA) then rinsed with
PBS. The nuclei of the cells were also stained with DAPI (1 g/L, Invitrogen, Waltham, MA, USA).
Samples were then observed (Leica Microsystems, Wetzlar, Germany) with excitation and emission
wavelengths of 540/565 nm (rhodamine/phalloidin) and 358/461 nm (DAPI).

4.8. Cell Viability

Cell viability was estimated with a Live/Dead® kit (Invitrogen, Waltham, MA, USA) according to
the manufacturer’s protocol. Briefly, Calcein AM (1 mM) and Ethidium homodimer-1 (EthD-1, 1 mM)
fluorescent dyes were used to stain viable and dead cells, respectively. The samples were observed
using fluorescence microscopy (Leica microsystem, Wetzlar, Germany), allowing us to qualitatively
determine cell viability and the morphology of the living cells.

4.9. Gene Expression Analysis

Gene expression was studied using RT-qPCR (reverse transcription quantitative polymerase
chain reaction) after 96 h of culture on the scaffolds. Briefly, samples were lysed with 350 µL of
RLT Buffer (Qiagen, Germany) and centrifuged to extract the RNA (ribonucleic acid) according to
the manufacturer’s protocol. RNA was transcribed to DNA (deoxyribonucleic acid) using a High
Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA) according
to the manufacturer’s protocol. RT-qPCR was performed using SYBR Green PCR Master Mix
(Applied Biosystems). Relative mRNA levels were calculated using the 2−∆∆Ct method [67]. The ∆Cts
were obtained from Ct normalized with the Rn18S or Rplp0 gene levels in each sample. RNA samples
originating from 3 to 8 independent experiments were analyzed in duplicate. The primers are listed in
Table 3 and reactions were checked before experiments (efficiency > 80%, R2 > 0.99). The final results
were normalized with data from samples cultured without scaffolds, i.e., data were plotted as a ratio
to a cell-only control group, highlighting the intrinsic effect of the scaffolds on the gene expression.
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Table 3. Primer sequences used for the reverse transcription quantitative polymerase chain reaction
(RT-qPCR) gene expression study on cultured electrospun scaffolds.

Gene
Symbol Gene Name NCBI Reference

Sequence Primer Sequences

Aqp1 Aquaporin1 NM_007472.2 Fwd 5′-CAATTCACTTGGCCGCAATGACCT-3′

Rev 5′-TACCAGCTGCAGAGTGCCAATGAT-3′

Bglap Bone gamma carboxyglutamate
protein/Osteocalcin NM_007541.3 Fwd 5′-CAGCGGCCCTGAGTCTGA-3′ Rev

5′-TTATTGCCCTCCTGCTTGGA-3′

Col1a1 Collagen 1 alpha 1 NM_007742.4 Fwd 5′-TGGAGAGAGCATGACCGATG-3′ Rev
5′-GAGCCCTCGCTTCCGTACT-3′

Dlx5 Distal-less homeobox 5 NM_010056.3 Fwd 5′-CGTCTCAGGAATCGCCAACT-3′

Rev5′-AGTCAGAATCGGTGGCCG-3′

Rplp0 Ribosomal protein, large,
P0/36B4 NM_007475.5 Fwd 5′-ACCTCCTTCTTCCAGGCTTT-3′ Rev

5′-CTCCCACCTTGTCTCCAGTC-3′

Runx2 Runt related transcription
factor 2 NM_001271627.1 Fwd 5′-GGTCCCCGGGAACCAA-3′ Rev

5′-GGCGATCAGAGAACAAACTAGGTTT-3′

Scx Scleraxis NM_198885.3 Fwd 5′-CCTTCTGCCTCAGCAACCAG-3′ Rev
5′-GGTCCAAAGTGGGGCTCTCCGTGACT-3′

Tnmd Tenomodulin NM_022322.2 Fwd 5′-AACACTTCTGGCCCGAGGTAT-3′ Rev
5′-AAGTGTGCTCCATGTCATAGGTTTT-3′

Rn18s 18S ribosomal RNA NR_003278.3 Fwd 5′-GGCGACGACCCATTCG-3′ Rev
5′-ACCCGTGGTCACCATGGTA-3′

4.10. Statistic Tests

Six independent experiments were performed for each study. Means and standard deviations
were calculated. Two-way analysis of variance with Tukey’s test (mechanical and morphological
characterization) and an unpaired t-test (gene expression) were used to define the significance of
the results.

5. Conclusions

In this study, mesenchymal stem cells were cultured on various electrospun fibers under identical
culture conditions to investigate the ability of these scaffolds to promote osteogenic or tenogenic
cell differentiation. Pure PCL-based scaffolds with 600 or 1000 nm fiber diameters promoted the
bone differentiation of stem cells, while blend/mixed materials were more prone to favor tendon
differentiation. PLA added to PCL (coaxial blend) and fiber diameter (around 2 µm) were shown to be
additional parameters able to participate in a switch from bone to tendon differentiation in the same
culture conditions. We conclude that the parameters of the commonly-used method of electrospinning
can monitor the stem cell differentiation potential in the absence of specific differentiation factors.
These findings are of interest for the development of clinically relevant tissue engineering processes
for the regeneration of the musculoskeletal system, and should further be confirmed with long-term
studies as well as the use of primary MSCs. With the intrinsic effect of the scaffolds fully analyzed,
other microenvironmental signals can be applied to the cell culture to enhance further the stem cell
differentiation in chemical factor-free conditions. In particular, mechanical solicitations are widely
investigated for bone tissue engineering and can be easily applied to electrospun fiber mats in situ.
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Overview

Tendon development and diseases
Ludovic Gaut1,2,3 and Delphine Duprez1,2,3∗

Tendon is a uniaxial connective tissue component of the musculoskeletal system.
Tendon is involved in force transmission between muscle and bone. Tendon injury
is very common and debilitating but tendon repair remains a clinical challenge for
orthopedic medicine. In vertebrates, tendon is mainly composed of type I collagen
fibrils, displaying a parallel organization along the tendon axis. The tendon-specific
spatial organization of type I collagen provides the mechanical properties for
tendon function. In contrast to other components of the musculoskeletal system,
tendon biology is poorly understood. An important goal in tendon biology is to
understand the mechanisms involved in the production and assembly of type I
collagen fibrils during development, postnatal formation, and healing processes
in order to design new therapies for tendon repair. In this review we highlight
the current understanding of the molecular and mechanical signals known to
be involved in tenogenesis during development, and how development provides
insights into tendon healing processes. © 2015 Wiley Periodicals, Inc.

How to cite this article:
WIREs Dev Biol 2015. doi: 10.1002/wdev.201

INTRODUCTION

The musculoskeletal system confers the ability to
move. Muscle, tendon and bone are the main com-

ponents of the musculoskeletal system. Muscle gener-
ates forces that are transmitted to bone to allow body
motion. Tendon links muscle to bone and is the essen-
tial organ of the musculoskeletal system that transmits
forces. Tendon is a specialized connective tissue dis-
playing a specific spatial organization of type I col-
lagen fibrils that are organized parallel to the tendon
axis. The specific organization of collagen fibrils con-
fers tendon mechanical properties. The molecular and
mechanical factors driving collagen production and
organization during tendon development, postnatal
formation and repair are not fully understood.

Tendon collagen fibrillogenesis consists in the
progressive assembly of collagen fibrils that form
a functional and mature tendon. Successive and

∗Correspondence to: delphine.duprez@upmc.fr
1CNRS UMR 7622, IBPS-Developmental Biology Laboratory, Paris,
France
2Sorbonne Universités, UPMC Univ Paris 06, IBPS-Developmental
Biology Laboratory, Paris, France
3Inserm U1156, Paris, France

Conflict of interest: The authors have declared no conflicts of interest
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overlapping phases of collagen fibril assembly and
growth have been described in tendons.1 Collagen fib-
ril assembly occurs mostly during fetal stages, while
collagen fibril growth and maturation occurs at post-
natal stages.1 The collagen fibril growth and matu-
ration during postnatal stages are accompanied by
a dramatic change of tendon mechanical properties.
There is a 40,000-fold increase of the elastic mod-
ulus between adult tendons versus fetal tendons in
chick.2 Many components of the extracellular matrix
(ECM) have been shown to be involved in colla-
gen fibrillogenesis in tendons. Collagens, such as the
fibrillar collagens III and V and the non fibrillar
FACITs (fibril-associated collagens with interrupted
triple helices) collagens XII and XIV, are important for
collagen fibril formation, growth, and integrity in ten-
dons (Table 1 and references therein). In addition to
fibrillar and FACIT collagens, small leucine-rich pro-
teoglycans (SLRPs) are also involved in type I collagen
fibrillogenesis in tendons, mainly by regulating lateral
collagen fibril growth.45,46 Mutations of one SLRP or
combination of SLRPs systematically lead to a tendon
phenotype in mice (Table 1 and references therein).

The main challenge to decipher the molecular
mechanisms underlying tenogenesis is to understand
the intrinsic and extrinsic regulators of type I collagen
production (transcript and protein levels), collagen
fibril assembly and maturation during development.

© 2015 Wiley Per iodica ls, Inc.
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Developmental studies on the musculoskeletal system
have focused mainly on muscle, cartilage, and bone.
The master genes driving the skeletal muscle and
cartilage lineages have been identified as the bHLH
transcription factors Myf5, MyoD, and Mrf4 (muscle)
as well as the SOX transcription factor Sox9 (carti-
lage). The absence of the three myogenic regulatory
factors, Myf5, MyoD, and Mrf4 leads to a loss of
skeletal muscle in mice,47 while the overexpression
of each myogenic regulatory factor induces myoblast
conversion in vitro or in vivo.48,49 A loss of Sox9
activity results in a complete absence of cartilage,50

while overexpression of Sox9 converts cells to
chondrocytes.51 The master regulator gene(s) of the
tendon lineage has (have) not yet been identified. The
task is made more difficult because of a lack of spe-
cific markers for tendon progenitors and differentiated
cells (tenocytes). The main structural and functional
component of tendon, type I collagen, is not specific to
tendon and is expressed in many other tissues such as
bone, skin, and cornea. None of the ECM components
involved in type I collagen fibrillogenis during tendon
formation is specific to tendon; since they are also
involved in collagen fibrillogenesis in other tissues.45,46

Tendons are characterized by the spatial and parallel
organization of collagen fibrils. To date, the molecular
and cellular mechanisms driving this tendon-specific
spatial organization of type I collagen remain com-
pletely unknown. It has been shown that fibroblasts,
responsible for type I collagen synthesis and organiza-
tion, cell-autonomously spatially arrange themselves
according to their in vivo origins.52 Fibroblasts iso-
lated during fetal stages from tendon, cornea and skin
and cultured in the same conditions, adopt a parallel,
orthogonal or random organization, respectively.52

This experiment suggests that fetal tendon fibroblasts
intrinsically contain tissue-specific information that
drives the parallel organization of type I collagen fib-
rils. We believe that the identification of genes involved
in the early steps of tenogenesis during development
will benefit the understanding of the type I collagen
fibrillogenesis in tendons, in normal and pathological
conditions.

In this review, we describe the current knowl-
edge of tendon development in vertebrates and refer
to drosophila tendon development when appropri-
ate to establish parallels between invertebrates and
vertebrates. We define the embryological origins of
tendon versus the other components of the muscu-
loskeletal system and highlight the intricate develop-
ment of tendon with that of muscle and cartilage/bone
tissues. We list the intrinsic and extrinsic molecular
players known to be involved in tendon development
and highlight the importance of mechanical forces in

tendon development. Finally, we emphasize the paral-
lel between tendon development and tendon healing.

TENDON STRUCTURE
IN VERTEBRATES

Tendon is a highly organized hypocellular connective
tissue displaying a specific spatial organization of type
I collagen fibers (Figure 1). The collagen molecules are

Myotendinous
junction

(a)

(b)

(c)

Tendon

Muscle

Bone

Enthesis

Collagen
fascicles

Endotenon

Epitenon

Collagen
fibres

Collagen
fibrils

2.5 μm

0.2 μm

Paratenon
Peritenon

Fibroblasts

FIGURE 1 | Tendon organization. (a) Tendon links muscle to bone
and is attached at one end to muscle by the myotendinous junction and
at the other end to bone by the enthesis. Tendon is mainly composed of
type collagen and of very few cells. Type I collagen displays a specific
spatial organization parallel to the tendon axis. Tendon is formed of
collagen fascicles, which are composed of collagen fibers, which are
formed of collagen fibrils. The endotenon separates collagen fascicles.
Tendon is surrounded by the tendon sheaths named the peritenon,
which comprises paratenon and epitenon. (b and c) Collagen fibres and
fibrils can be visualized at different scales with electron microscopy.
Electron microscopy of transverse sections of a mouse Achilles tendon
showing collagen fibrils (b,c).

© 2015 Wiley Per iodica ls, Inc.

230



Overview wires.wiley.com/devbio

synthesized by tendon fibroblasts or tenocytes, which
display an elongated shape lying between the collagen
fibers.53 The cellular composition and collagen orga-
nization are not homogenous along the tendon axis
and are different at both ends, close to the muscle
(myotendinous junction) and the bone (enthesis) inter-
faces.

Tendon Proper/Tendon Midsubstance
Type I collagen is composed of a triple helix of two
chains of 𝛼1 and one chain of 𝛼2 molecules, which
are encoded by two different genes, Col1a1 and
Col1a2. In tendon, type I collagen displays a specific
spatial organization that can be visualized at differ-
ent scales (Figure 1). Collagen molecules assemble
together successively forming collagen fibrils, collagen
fibers, collagen bundles or fascicles and the tendon
unit.54 Parallel collagen fascicles are separated by the
endotenon, a loose connective tissue that also contains
fibroblasts as well as blood vessels and nerves.53 The
whole tendon is surrounded by the epitenon and then
by a synovial sheath, the paratenon, composed of
collagen fibers organized in a perpendicular direction
to those of tendon.53,54 Tendon stem cells have been
isolated from mouse, human, and rabbit tendons
based on colony-forming unit assays.44,55 However,
there is no available marker to allow the visualization
of these stem cells in vivo.

Tendon and Muscle Interface
(Myotendinous Junction)
Tendon is attached to muscle via the myotendinous
junction. Structurally, the myotendinous junction has
been well described. The interface between tendon
and muscle consists of inderdigitations of the plasma
membranes of both tendon and muscle cells, named
finger-like processes, which dramatically increase the
interface between both cell types.56 At a molecular
level, collagen fibrils produced by tendon cells bind to
laminin or integrins present at the level of sarcolemma
and produced by muscle cells.57 The developmental
process of the myotendinous junction formation is
not well characterized in vertebrates.58 In contrast,
myotendinous junction formation has been well stud-
ied in Drosophila.59

Tendon to Bone Attachment (Enthesis)
The region where tendon attaches to bone is called the
enthesis. Depending on the attachment sites, fibrous
and fibrocartilaginous entheses have been described.60

Histologically, the fibrocartilaginous enthesis is char-
acterized by different cellular zones, proceeding from

tendon to bone: tenocytes, uncalcified fibrocartilage
cells, calcified fibrocartilage cells and osteocytes.
This cellular arrangement yields a direct connection
between soft tissue (tendon) and hard tissue (bone).
The part of the bone where the tendon will attach
forms an eminence providing a stable anchoring. The
development of the interface between tendon and
bone has been recently addressed.61 The maturation
of this interface occurs at postnatal stages, leading to
mineralization of the enthesis.62

The different cellular and collagen compositions
of the myotendinous junction, tendon proper, and
enthesis confer the different biomechanical properties
of each part of the tendon. Consequently, tendon
ruptures can be observed in the tendon midsubstance
and at the enthesis but rarely at the myotendinous
junction.

SCLERAXIS IS THE MAIN TENDON
MARKER DURING VERTEBRATE
DEVELOPMENT

The main structural and functional tendon compo-
nent, type I collagen, is expressed in many tissues
and organs (Figure 2). Consequently, tendon devel-
opment cannot be studied just by following type I
collagen expression. To date, the only early tendon
marker in vertebrates is the bHLH transcription fac-
tor Scleraxis (Scx)20,63 (Figures 2 and 3). Scx has been
shown to regulate positively Col1a1 transcription in
mouse tendons.4,64 However, Scx is not the unique
transcription factor driving Col1a1 transcription in
tendons, since in Scx-deficient mice Col1a1 transcrip-
tion is diminished but not abolished in developing
tendons.4 Scx is recognized to be a powerful marker
for tendons during chick, mouse, and zebrafish
development.18,20,23 Scx is also expressed in post-
natal tendons65 but is restricted to epitenon from 4
months postnatally66 (Figure 3). At early stages, Scx is
expressed in tendon presumptive regions at the level of
branchial arches, somites and limbs.20,23,67 Scx labels
tendon progenitor cells and the Scx-positive cell pop-
ulation gives rise to tendons.68,69 However, Scx is not
the master regulatory gene of the tendon lineage as the
myogenic regulatory factors are for the skeletal muscle
lineage, since tendons retain their capacity to attach
muscle to bone in Scx mutant mice.4 Scx mutant mice
are viable and mobile.4 It is possible that Scx needs one
or several partners to fulfill the function of master gene
for tenogenesis. However, in the absence of Scx activ-
ity, force-transmitting tendons (limb and tail tendons)
and intermuscular tendons are severely disrupted,
while anchoring tendons (back tendons) are moder-
ately affected.4 The first tendon defects are observed

© 2015 Wiley Per iodica ls, Inc.
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Col1a1/MF20

Scx/MF20

(a)

(c)

(b)

(d)

E10

r
u

r

200 μm 50 μm

u

FIGURE 2 | Expression of Col1a1 and Scx in chick limbs. (a–d) Adjacent and transverse forelimb sections of Embryonic Day 10 (E10) chick
embryos were hybridized with Col1a1 (a and b) and Scx (c and d) probes (blue) and then immunostained with the MF20 antibody, which recognizes
myosins in skeletal muscles (brown). Col1a1 is expressed in tendons but also around cartilage elements, in feather buds and connective tissues (a).
Scx is expressed in tendons (c). (b and d) are higher magnifications of two dorsal muscles of forelimbs. Col1a1 is expressed in tendons and muscle
connective tissue (b), while Scx is expressed only in tendons (d). u, ulna; r, radius.

from E13.5 in mouse limbs, and Col14a1 and Tnmd
expression is completely lost in tendons from E16.5 in
Scx mutant mice.4 Tnmd encodes a type II transmem-
brane glycoprotein and is considered a highly specific
marker of differentiated tenocytes63,68,70 (Figure 3).
Tmnd mutant mice display an altered structure of
collagen fibrils (shift toward large diameters) in ten-
dons at postnatal stages.28 Tnmd deficient mice also
display reduced self-renewal and increased senescence
properties of tendon progenitors.29 In addition to
being required for Tnmd expression, Scx is also suf-
ficient for Tnmd expression.3 In summary, Tnmd is a
key marker for differentiated tenocytes and Scx is the
unique early tendon marker that provides a powerful
tool to study early stages of tendon development.

EMBRYOLOGICAL ORIGINS
OF TENDONS

Tendons can be organized into three main groups
according to their position in the body, head, trunk,

and limb tendons (Figure 4). Even if functionally
similar, tendons of the different parts of the whole
organism have distinct embryological origins, which
have been studied mainly using the quail and chick
chimera system.71 Using this technique, it has been
shown that vertebrate tendons originate from meso-
derm or mesectoderm (neural crest cells). The
craniofacial tendons originate from neural crest
cells, in mouse, chick, and zebrafish.18,67,72 Axial
tendons derive from a somitic compartment, named
the syndetome.23 Limb tendons originate from limb
lateral plate.73

Whatever the tendon group, tendons share the
same embryological origins with skeletal tissues such
as cartilage and bone, and have origins distinct from
those of skeletal muscles. In somites, the syndetome
is a subregion of the sclerotome, which gives rise
to the axial skeleton, while axial muscles originate
from the dermomyotome.23 In the head, neural crest
cells give rise to facial skeleton and tendons, while
skeletal muscles originate from head mesoderm.72,74
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FIGURE 3 | Expression of Scx and Tnmd in chick limbs and schematic representation of Scx expression in developmental, postnatal, and adult
tendons. (a–d) In situ hybridization to adjacent and transverse forelimb sections of Embryonic Day 9 (E9) chick embryos with Scx (a and c) and Tnmd
(b and d) probes. Scx and Tnmd are expressed in tendons. (e) Scx-positive cells are schematized in green. During development, Scx expression is
expressed in all tendon cells. During tendon maturation at postnatal stages, Scx is expressed in the tendon proper, endotendon, and external sheaths
including epitenon and paratenon, but is restricted to the epitenon by the fourth postnatal month.

In limbs, both skeleton and tendons originate from
limb lateral plate, while skeletal muscles derive from
somites.75,76 It should be noted that in the head,
tendon progenitors migrate into muscle-containing
regions, whereas in limbs, muscle progenitors undergo
a migration step toward the limb lateral-plate con-
taining skeleton and tendon progenitors. In contrast

to the mesoderm or mesectoderm origins of vertebrate
tendons, Drosophila melanogaster tendons originate
from the ectoderm.77,78 However, like in vertebrates,
drosophila tendons along with the exoskeleton share
the same embryological ectoderm origin, which is
distinct from that of skeletal muscles derived from
mesoderm.77
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FIGURE 4 | Distinct embryological origins of vertebrate tendons.
Tendons can be divided into head, axial, and limb tendons. Head
tendons originate from neural crest cells (orange). Axial tendons
originate from somites (purple). Limb tendons originate from limb
lateral plate (green).

Thus in both vertebrates and invertebrates, ten-
dons and skeleton have the same embryological origin,
which is different from that of skeletal muscles.

TENDON INTERACTIONS WITH
OTHER COMPONENTS OF THE
MUSCULOSKELETAL SYSTEM

Tendon/Muscle Interactions
Despite the distinct embryogical origins of the compo-
nents of the musculoskeletal system, the development
of muscle, tendon, and cartilage/bone occurs in close
spatial and temporal association. Tendon devel-
opment requires the presence of muscle, but the
modalities of muscle requirement vary with the
anatomic locations of tendons (Figure 5). Muscle is
required for the initiation of tendon development
at the axial level. Scx expression is not initiated in
the absence of axial muscles. Surgical ablation of
dermomyotomes prior to myotome formation leads
to an absence of Scx expression in chick somites.23

In E10.5 Myf5−/−; MyoD−/− double mutant embryos,
Scx expression is absent in mouse somites.22 In
myod1-myf5-deficient zebrafish embryos, scxa expres-
sion is never initiated in myosepta.18 In contrast, limb
and head tendons initiate their development inde-
pendently of muscle. In the absence of muscle, Scx
expression is initiated normally in mouse and zebrafish

craniofacial tendons.18,67 Scx expression is also initi-
ated and proceeds normally in muscleless limbs until
E12 in Pax3 mutant mice20,79 and until E6 in surgi-
cally manipulated chick embryos.24 Similarly with
observations in the chick and mouse, Scxa is expressed
normally in fins of 53-58hpf myod1-myf5-deficient
zebrafish embryos.18 The absence of muscle eventu-
ally prevents further tendon development and leads
to a loss of Scx expression in head and limb tendons,
in mouse, chick and zebrafish embryos.18,20,67,79 This
demonstrates that muscles are not required for the
initiation but are necessary for the maintenance of Scx
expression in craniofacial and limb tendons (Figure 5).

Muscle is therefore important for the induction
of Scx expression in axial tendons and for the mainte-
nance of Scx expression in cranial and limb tendons,
in mouse, chick, and zebrafish embryos. This pat-
tern of muscle requirement has been conserved across
these vertebrate species. Despite different embryolog-
ical origins between vertebrates and invertebrates ten-
don cells (mesoderm versus ectoderm), two phases
of tendon formation have been described in fruit fly.
In Drosophila, the development of epidermal-derived
tendon cells is initiated independently of muscles, but
the final differentiation of tendon cells depends on spe-
cific interaction with muscles,11,77,80 indicating that
drosophila tendon development shares characteristics
with that of head and limb vertebrate tendons.

Thus, muscle is required for full tendon forma-
tion in vertebrate and invertebrate tendons. We believe
that the muscle requirement is related to a requirement
for mechanical forces during tendon development.

Tendon/Bone Interaction
While the role of muscle in tendon development is well
demonstrated, the role of cartilage in tendon devel-
opment is more difficult to address, mainly because
tendon and cartilage cells have the same embryolog-
ical origins. Sox9a-sox9b-deficient zebrafish embryos
display abnormal craniofacial tendons based on scxa
and tnmd expression,18 suggesting that cartilage is
necessary for the proper organization of tendon cells.
However, it is difficult to dissociate tendon and carti-
lage defects. In somites, cartilage differentiation seems
to repress tendon development. It has been observed
that Scx is upregulated in Sox5/Sox6 mouse mutant
embryos (exhibiting cartilage defects),22 while over-
expression of Pax1 (known to promote cartilage for-
mation) in sclerotome inhibits Scx expression in chick
somites.23 In limbs, cartilage and tendon cell fates also
appear to be mutually exclusive. During limb devel-
opment, the Scx+/Sox9+ progenitors repress Sox9
(while sparing Scx) expression to form the tendon
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FIGURE 5 | Muscle-dependency for head, limb, and axial tendon development. Muscle and tendon are schematized in red and green,
respectively. In the head (a) and limbs (b), tendons initiate their development independently of muscle, but further tendon development requires the
presence of muscle. In contrast, the initiation of axial tendon development requires the presence of muscle (c).

side and downregulate Scx (and keep Sox9) expres-
sion to form the cartilaginous side of the tendon–bone
interface.68,69 However, Sox9 depletion in Scx+ cells
does not affect tendon formation other than by alter-
ing the bone side of enthesis formation,68,69 suggesting
a relative independence of skeleton and tendon forma-
tion. However, at the digit levels, it has been reported
that tendon blastema formation requires the presence
of cartilage,81 indicating differences in tendon devel-
opment according to proximodistal position in limbs.

INTRINSIC GENES INVOLVED IN
TENDON DEVELOPMENT (OTHER
THAN SCLERAXIS)

To date three transcription factors have been shown
to be involved in vertebrate tendon development
(Table 1): the bHLH transcription factor Scx,4 the

homeobox Mohawk (Mkx)5,7 and the Zinc finger
transcription factor Early growth response 1 (Egr1).10

All of them have been shown to regulate Col1a gene
transcription and type I collagen fibril organization
in developing tendons.4,5,7,10,64 Each of the three
transcription factors Scx, Mkx, and Egr1 is alone able
to induce tenogenesis in stem cells, based on Tnmd
expression.13,82–84 However, in contrast to Scx, Mkx,
and Egr1 are not specific to tendon, since they display
numerous expression sites in addition to developing
tendons.10,85,86

Mohawk (Mkx)
Mkx−/− mutant mice exhibit smaller tendons than
wild-type mice and display defects in postnatal growth
of tendon collagen fibrils.5–7 The first tendon defects
in Mkx−/− mice are observed at E16.5 fetal stages.5 In
addition to the reduction of Col1a1 gene expression,
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Mkx−/− mice display significant reduction in Tnmd,
Fmod, and Dcn gene expression in neonatal tendons.7

Notably, Mkx is expressed in early somites, in progen-
itor cell populations of skeletal muscle, tendon, car-
tilage, and bone, downstream of the somitic paraxis
transcription factor.85 Mkx has been shown to inhibit
muscle differentiation in mouse cell culture and to
impair muscle development in zebrafish embryos by
directly repressing MyoD transcription.9,87,88 This
would be consistent with a Mkx role in repressing
the muscle lineage and promoting the tendon lineage.
However, Mkx mutant mice do not display any obvi-
ous skeletal muscle defects.6 Scx and Mkx expression
in developing tendons appears to be normal in Mkx−/−

and Scx−/− mutant mice, respectively, suggesting that
Scx and Mkx act in different genetic cascades during
tendon development.6,7

Early Growth Response 1 (Egr1)
During fetal development, Egr1 is sufficient for the
expression of Scx, Tnmd and tendon-associated
collagenes (Cola1, Col5a1, Col12a1, and Col14a1)
in chick embryos.10 Egr1−/− mice display defects in
collagen fibril organization in tendons at fetal and
postnatal stages.10,13 Egr1-deficient tendons show a
mechanical weakness and a deficiency in their capacity
to heal following injury.13 In addition to the reduction
of Col1a1 and Col1a2 gene expression, Egr1−/− also
displayed significant reductions in the expression
of tendon-associated collagens (Col3a1, Col5a1,
Col12a1, and Col14a1) and tendon-associated
molecules Tnmd, Fmod, and Dcn in fetal limbs
and adult tendons.10,13 Scx expression is downreg-
ulated, while Mkx is not modified in Egr1-deficient
tendons.10,13

Stripe (Drosophila)
In Drosophila, the transcription factor stripe is the
key gene for tendon development.11,12,78 Stripe is
the homolog of the vertebrate Egr gene family.
The stripe gene produces two isoforms stripeA and
stripeB. StripeB has been shown to be involved
in tendon progenitor induction, while stripeA is
involved at a later muscle-dependent stage of tendon
differentiation.11,12,14

Other transcription factors have been iden-
tified as being expressed in developing tendons,
either by in situ hybridization experiments89 or by
global transcriptomic or RNA sequencing studies
of mouse tendon cells during development.27,90

Among them, the sine oculis-related homeobox, Six2
displays a specific expression in chick and mouse
autopod tendons.89,90 However, there is currently no

functional data available relating these transcription
factors to tendon development.

Although transcription factors have been iden-
tified as being involved in tendon development, the
intrinsic program driving tenogenesis in vertebrates
remains to be fully characterized.

SIGNALING PATHWAYS INVOLVED IN
TENDON DEVELOPMENT

In addition to intrinsic regulators of tenogenesis, the
TGF-𝛽 and FGF signaling pathways have been shown
to be involved in tendon development in mouse and
chick embryos.16,22–24,91 Bioinformatics analysis of a
transcriptome of tendon cells also highlighted that
these two were the main pathways displaying signif-
icant regulation during mouse limb development.27

Tendon Cell Specification
TGF-𝛽 ligand is a potent inducer of Scx expres-
sion in embryonic mouse limbs, tendon progenitors,
and mesenchymal stem cells. Tgfb2 and Tgfb3 are
expressed in early chick and mouse limbs to ful-
fill a role in Scx induction.16,27,92 In mice, TGF-𝛽2
is sufficient to increase Scx expression in E10.5
limbs, tendon progenitors, and mesenchymal stem
cells.16,27,93 Moreover, the canonical TGF-𝛽 intra-
cellular pathway, SMAD2/3, has been shown to be
required for Scx expression in E10.5 mouse limbs
during the muscle-independent phase of limb ten-
don formation.27 Blocking classical TGF-𝛽 intracellu-
lar pathway using chemical inhibitors also decreases
Scx expression in zebrafish embryos.18 However, Scx
expression appears to be normal in E11.5 limbs of
Tgfb2−/−;Tgfb3−/− double mutant mouse embryos,16

suggesting that other TGF-𝛽 ligands might be respon-
sible for the initiation of Scx expression in mouse
limbs. Another TGF-𝛽 ligand, myostatin (GDF-8), is a
putative candidate to be involved in tendon develop-
ment, since tendons are small, brittle, and hypocellular
in Mstn−/− mice.17 Moreover, myostatin treatment of
primary culture of mouse tendon fibroblasts increases
cell proliferation, in addition to increasing Scx and
Tnmd expression.17

BMP ligands that signal via the intracellular
Smad1/5/8 pathway have the opposite effect from
TGF-𝛽 and restricts Scx expression, while inhibi-
tion of BMP signaling using the antagonist Noggin
increases Scx expression in early chick limbs.20 The
antagonist roles of TGF-𝛽 and BMP signaling path-
ways in tendon cell specification is consistent with
their antagonist role in the regulation of fetal muscle
progenitors. Myostatin is a potent negative regulator
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of muscle growth,94 while BMP positively regulates
muscle progenitors95 during embryonic development.

FGF has been shown to be required and suffi-
cient for the initiation of Scx expression in somites
during axial tendon development. An ectopic source
of FGF induces ectopic expression of Scx in chick and
mouse somites and chick limbs,22–24 while inhibition
of FGF signaling prevents Scx expression.22,23 Pea3
(ERK MAPK effector) and Sprouty2 (ERK MAPK
modulator) are both expressed in tendon progenitor
regions in chick syndetome and FGF has been shown
to act on somitic tendon progenitors via the ERK
MAPK intracellular pathway.26,91 In mouse limbs, the
ERK MAPK signaling pathway appears to have a dif-
ferent effect, since a downregulation of ERK MAPK
was sufficient to increase Scx expression in mouse limb
explants and in mouse mesenchymal stem cells.27 Con-
sistent with this result, FGF inhibited Scx expression
in mouse mesenchymal stem cells.27

Tendon Cell Differentiation
In addition to being involved at early stages of tendon
induction, the TGF-𝛽 and FGF extracellular signals
have been shown to be involved in tendon differen-
tiation during the muscle-dependent phase of limb
tendon formation.16,24,27 In the absence of Tgfb2
and Tgfb3 function, there is a complete loss of Scx
expression in head, axial, and limb tendons, and sub-
sequently tendons are lost.16 TGF-𝛽 gain-of-function
experiments in E12.5 mouse limbs lead to an upreg-
ulation of Scx and Tnmd expression.16,27 TGF-𝛽
gain-of-function experiments in a high-density cell
culture system of HH25 chick hindlimbs (micro-
mass) also lead to an up regulation of Scx and Tnmd
expression via the SMAD2/3 intracellular pathway.15

TGF-interacting factor (Tgif1) has been shown to
promote the fibrogenic effect of TGF-𝛽 SMAD2/3
intracellular pathway in chick micromass cultures.15

It has to be noted that the addition of TGF-𝛽 ligands
in 2D cell culture systems activates Scx, but drastically
inhibits Tnmd expression.13,84,96 This indicates that
TGF-𝛽 ligands cannot induce complete tenogenesis in
2D stem cell cultures, in contrast to ex vivo experi-
ments, where TGF-𝛽 activates Tnmd in addition to
increasing Scx expression in mouse limb explants.27

FGF has been shown to increase the number
of Scx-positive cells at the expense of muscle cells
in chick limbs during fetal development.24,97 The
expression of the ERK effector Pea3 and modulator
Spry2 is observed in both muscle and tendon and is
increased at the muscle-tendon interface in chick and
mouse limbs.25 However, despite similar expression
in fetal chick and mouse tendons of FGF signaling

components, FGF appears to have a distinct effect in
mouse fetal tendon development compared to that in
chick. FGF has been shown to downregulate Scx and
Tnmd expression in mouse tendon cells isolated from
E13 mouse embryos at the limb or axial levels.96

To date, TGF-𝛽/SMAD2/3, BMP/SMAD1/5/8
and FGF/ERK MAPK are the signaling pathways iden-
tified as being involved in the regulation of Scx expres-
sion in vertebrate embryos, although data are still
missing to prove that all these pathways play similar
roles in Scx induction or maintenance in mouse, chick,
and zebrafish embryos. FGF appears to be crucial for
Scx induction and maintenance in chick but not in
mouse embryos. We also suspect that other signaling
pathways are also involved in tendon cell specification
or differentiation. The Wnt pathway is significantly
regulated in mouse tendon cells during limb develop-
ment, according to bioinformatics analysis of a tendon
transcriptome.27 Moreover, Wnt3a has been shown to
positively regulate Six2 expression in autopod tendons
in developing chick limbs.89

In Drosophila, signaling pathways have been
shown to be involved in the muscle-dependent phase
of tendon formation. The ligand Vein produced by
muscle cells has been shown to activate the EGFR
pathway in the tendon progenitors, leading to the
expression of stripeA.77,98 The transmembrane pro-
tein Kon-tiki expressed by myotubes target tendon
cell through its interaction with Dgrip.99 All these
events lead to a more durable interaction between
myotubes and tendon cells through the integrins,
notably via the heterodimers 𝛼PS1𝛽PS and 𝛼PS2𝛽PS
integrins.57 Integrin interactions at the muscle and
tendon interface have been shown to maintain the
expression of tendon-specific genes such as stripeA
and 𝛽1-tubulin.100

MECHANICAL FORCES IN
TENDON DEVELOPMENT

Mechanical forces are known to be involved in embry-
onic development by regulating organ formation.101

Because tendon is a mechanosensitive tissue, mechan-
ical forces are crucial for tendon development. In
humans, a diminution of embryo mobility leads
to severe abnormalities, including musculoskeletal
defects.102 Mechanical forces control the formation of
all components of the musculoskeletal system during
embryonic development.103 Tendons are notably par-
ticularly sensitive to the absence of mechanical forces,
since they do not form in the absence of muscles.20,79

The two main pathways known to be involved in ten-
don development, TGF-𝛽/SMAD2/3 and FGF/ERK
MAPK are also involved in mechanotransduction
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processes.104,105 It has been shown that mechanical
forces regulate Scx expression through activation
of the TGF-𝛽/SMAD2/3 pathway in adult tenocyte
cultures.93 During development, FGF4 is able to res-
cue the Scx expression in the absence of mechanical
movements in chick muscleless limbs.24 This leads to
the hypothesis that TGF-𝛽 and FGF signaling path-
ways are downstream of mechanical forces to regulate
tendon development. One possible mechanosensor
molecule downstream of mechanical forces and
upstream of TGF-𝛽 signaling is the transcription
factor Egr1. Egr1 is a mechanosensitive gene in the
vascular system.106 Egr1 is involved in tendon devel-
opment during the muscle-dependent phase in chick
and mouse embryos10 and has been shown to activate
Tgfb2 transcription directly in adult mouse tendons.13

Another transcription factor, Mkx, involved in ten-
don development5,7 has also been reported to activate
Tgfb2 transcription directly in mouse stem cells.84

Although there is no reported evidence that Mkx is
a mechanosensitive gene, we speculate that transcrip-
tion factors could sense mechanical forces and act
upstream of TGF-𝛽 signaling during tendon develop-
ment. Consistent with a mechanosensor role for Egr1,
Egr1 and Egr2 expression have been reported to be
increased within 15 minutes in response to loading
in injured rat tendons.107 The role of Egr1 and Mkx
transcription factors as mechanosensors upstream
of TGF-𝛽 signaling remains to be demonstrated in
the context of tendon development. In summary,
mechanical forces are important parameters involved
in tendon development but the mechanotransduc-
tion pathways downstream of forces remain to be
characterized.

TENDON PATHOLOGIES

Tendon is a connective tissue displaying very little cell
division.44 Consequently, there is no cancer in ten-
don, consistent with the direct correlation between the
number of stem cell divisions and variation in cancer
risk.108 Cancers are nevertheless observed in tendon
sheaths with the giant-cell tumor of the tendon sheaths
(GCTTS). GCTTS is a non malignant condition with
an unknown etiology observed mostly but not exclu-
sively in hands.109 GCTTS is observed at the tendon
surface but never arises from tenocytes of the tendon
proper and may not arise systematically from tendon
sheaths; as it has been suggested to arise from synovial
cells.110 Genetic diseases affecting genes coding for
proteins involved in type I collagen fibrillogenesis lead
to tendon defects, but also to defects in all connective
tissues.111 Most tendon pathologies involve tendon
injuries (Figure 6), which range from chronic to acute.

Genetic
diseases

Tendinopathy Tendon
rupture

Normal

FIGURE 6 | Schematic representation of tendon pathologies.
(a) Normal tendons. (b) Tendons in genetic diseases affecting collagen
fibrillogenesis. (c) Chronic tendon injury or tendinopathy. (d) Acute
tendon injury.

Chronic tendon injury or tendinopathy is character-
ized by pain and disability. The etiology and pathogen-
esis of tendinopathy are not well understood, although
the main recognized cause of tendinopathy is abnor-
mal mechanical loading.112,113 Acute tendon injury
refers to partial or complete tears as a consequence
of trauma.114 After acute tendon injury, tendons fol-
low the typical wound healing process, including an
early inflammatory phase, followed by cell migration,
cell proliferation, and remodeling phases. However,
the healing process is incomplete since healed ten-
dons never regain their original biomechanical prop-
erties. The origin of the cells and the molecular
mechanisms involved in tendon repair are not well
established.

TENDON DEVELOPMENT AS
TOOL FOR UNDERSTANDING
TENDON HEALING

Natural tendon healing is thought to recapitulate ten-
don developmental processes. Both TGF-𝛽 and FGF
signaling pathways, identified as being involved in ten-
don development, have been shown also to be impor-
tant for tendon healing following injury.114 TGF-𝛽
and FGF ligands are released at the tendon injury
sites in animal models.115 The loss of the canonical
intracellular component of TGF-𝛽 pathway, Smad3,
leads to reduced Col1a1 transcription in healed ten-
dons and to adhesion and scarring defects during
tendon healing in Smad3−/− mutant mice.116 Con-
sequently, TGF-𝛽 ligands have been studied exten-
sively as therapeutic candidates to promote tendon
repair following tendon injury.115 FGF is also con-
sidered as a putative therapeutic target promoting
tendon repair. However, the FGF effect on the ten-
don healing process is not always positive. Local FGF
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application following tendon injury has been shown
to promote cell proliferation in rat117 and to increase
angiogenesis in a canine model,118 but FGF failed
to improve mechanical or functional properties of
the repaired tendons.117,118 Interestingly, in a chick
tendon injury model, endogenous bFGF expression
was downregulated during the early phase of ten-
don healing process.119 In addition, virally-mediated
bFGF application enhanced Scx gene expression, and
improved the biomechanical properties of repaired
tendons in chick.120,121 The beneficial effect of FGF
in the tendon healing process in the chick model is
consistent with the FGF effect during chick tendon
development.

The BMPs have been shown to accelerate
tendon-bone junction healing in animal models.122,123

This effect is consistent with the BMP4 involvement

in tendon cells at their bone insertion during deltoid
tuberosity development.21

CONCLUDING REMARKS

We believe that the understanding of tendon develop-
ment will provide a basis for the identification of effec-
tive treatments of tendon injury. Transcription factors
have been identified as promoting tenogenesis using
developmental or stem cell models, and have been
shown to promote tendon repair in animal models
of tendon injury. In addition to transcription factors,
signaling pathways have been shown to be involved
in tendon development and healing. The relationship
between intrinsic and extrinsic regulators of tenogen-
esis remains to be defined in the context of tendon
development and healing and correlated with mechan-
ical forces.
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Signauxmoléculaires et mécaniques
intervenant dans la différenciation
des cellules tendineuses
Ludovic Gaut, Marie-Ange Bonnin, Nicolas Robert, Mathias Mericskay, Delphine Duprez

Les tendons sont des formes uniques de tissu
conjonctif du système musculo-squelettique. Ils sont
formés par une matrice dense de fibres de collagène
de type I qui sont orientées parallèlement à l’axe du
tendon. Cette organisation spécifique leur donne la
capacité de supporter les forces générées par le
muscle pour les transmettre à l’os, permettant ainsi
le mouvement. Le développement, l’homéostasie et
la réparation du tendon reposent sur une combi-
naison spécifique de facteurs de transcription, de
facteurs de croissance ainsi que de paramètres
mécaniques régulant la production et l’assemblage
des fibres de collagène [1, 2]. Les cascades molécu-
laires régissant la différenciation du tendon ne sont
pas aussi bien décrites que celles des cellules mus-
culaires. Toutefois, l’étude du tendon a été rendue
possible grâce à la découverte de certains acteurs
moléculaires tels que le facteur de transcription Scx
[1-3], le plus spécifique et précoce dans le dévelop-
pement du tendon, ou encore le facteur de trans-
cription mécanosensitif Egr1 [1, 2, 4, 5]. Au cours
des dernières années, de nombreuses études ont
montré l’importance des forces mécaniques géné-
rées par les cellules ou les tissus au cours du déve-
loppement ou des processus de différenciation cel-
lulaire [6]. Notre objectif est de comprendre
comment la cellule de tendon va intégrer les signaux
mécaniques et d’identifier quelles voies de signalisa-
tion seront activées en aval de ces signaux pour
déclencher la différenciation tendineuse.
La mécanobiologie du tendon a été étudiée in vivo
au cours du développement. Une paralysie des
embryons de poulet au stade E7.5 a été induite par
traitement au bromure de décaméthonium (DMB),
un agoniste du récepteur à l’acétylcholine bloquant
la jonction neuromusculaire [7]. Le traitement au
DMB va induire une paralysie musculaire et donc
interrompre les mouvements rythmiques effectués
par l’embryon (Figure 1A). Chez les embryons

paralysés, l’expression du marqueur de tendon SCX
est diminuée dès 5h et à 48h de traitement
(Figure 1A). Ce défaut a notamment été observé
avant la diminution des marqueurs musculaires
PAX7 et MYF5 (Figure 1A), indiquant que le chan-
gement observé est dû à une absence de contraction
plutôt qu’à une perte d’un signal biochimique pro-
venant du muscle adjacent.
La mécanobiologie a également été étudiée dans un
système in vitro mimant la formation d’un tendon
in vitro. Des cultures de cellules souches dans un
système en trois dimensions (3D), consistant en un
tube de gel de fibrine maintenu sous tension, miment
la formation d’un tendon in vitro (Figure 1B) [8].
Des tendons in vitro ont ainsi été réalisés en utilisant
une lignée murine de cellules souches mésenchyma-
teuses (CSM), les C3H10T1/2. La comparaison de
l’expression de différents gènes dans les CSM culti-
vées en 3D versus 2D met en évidence une aug-
mentation des marqueurs de tendon Scx, et Col1a1
ainsi que du facteur de transcription mécanosensitif
Egr1 (Figure 1B). La perte de tension de ces ten-
dons in vitro (après section) conduit à la diminution
de l’expression d’Egr1 et des gènes de tendon, Scx
et Col1a1 (Figure 1C). L’expression forcée de Egr1
dans les cellules C3H10T1/2 permet d’empêcher
la diminution des marqueurs de tendons dans ces
tendons in vitro sans tension (Figure 1D). Ces résul-
tats démontrent l’importance des forces mécaniques
dans le maintien de l’identité tendon des CSM. De
plus, ils montrent l’implication du facteur de trans-
cription Egr1 en aval des forces mécaniques dans le
maintien des marqueurs de tendons.
Ces résultats soulignent l’importance des signaux
mécaniques pour le développement du tendon et la
différenciation tendineuse à partir des cellules sou-
ches. Cependant, les liens existant entre les signaux
mécaniques et moléculaires restent à être identifiés
dans le contexte de la différentiation du tendon.
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Figure 1
Signaux moléculaires et mécaniques intervenant dans la différenciation des cellules tendineuses.
(A) Procédure expérimentale du traitement au bromure de décaméthonium (DMB) induisant une inhibition des mouvements (flèches
rouges) et expression des gènes associés aux différents lignages cellulaires. (B) Représentation d’une construction 3D de tendon in vitro et
graphe d’expression des gènes dans des cultures cellulaires 3D comparée aux cultures 2D. (C) Représentation des constructions 3D avec
tension (gauche) et sans tension (droit) et graphe d’expression des gènes associés aux tendons dans les 3D sans tension vs avec tension. (D)
Représentation des constructions 3D surexprimant Egr1 (3D-Egr1) avec tension (gauche) et sans tension (droit) et graphe d’expression des
gènes associés aux tendons dans les 3D-Egr1 avec tension vs sans tension. Tests statistiques utilisés sont les tests non-paramétriques de
Mann-Whitney. * = p-value ^ 0,05 ; ** = p-value ^ 0,01 ; *** = p-value ^ 0,001.
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