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Summary

Foetal myogenesis relies on PAX7+ muscle progenttaasprovide the source of cells for
muscle growth during development diod thegenerabn of the satellite celpool. We aimed

to decipher the signalthat regulae the balance betweemyogenc differentiation and
proliferation We performed an exhaustiveadysis ofthe cell cyclephaseof myogenic cells
during foetal myogenesis.definedthatPAX7+ cells in the S/G2/M phases were enriclagd

the contact points to the tendoBVIP and NOTCHsignak increasehe number of PAX7+
cells during foetal developmeriut affectdifferentiationin a positive and negative manner,
respectively | revealedthat BMP and NOTCH increasethe number ofPAX7+ cells
independeny of each otherHowever, they acantagonistially during differentiationThus,

the interplay between NOTCH and BMRynallingdiffersin proliferation and differentiation.
Because muscle is a mechanical tissue,tested the importance of muscle contraction for
foetal myogenesis in chick embrydsfound that the block of muscle contraction during
foetal myogenesis mimicked a NOTCH lasfsfunction, i.e. decreasedhe number of foetal
muscle progenitorand shifted the balance between proliferation and differentiation towards
a differentiation fate Mechanical forces provided by muscle contractions are sensed in
myonuclei by the transcriptional @xtivator YAP1 that regulates expression of the NOTCH
ligand JAGGED2in muscle fibresThisJAGGED?2signal keeps theuscleprogenitors in an

undifferertiated state and suppresses differentiation






Resumeé

La myogen se fitale repose sur | es cellules
croissance musculaire au cours du d®velopp
satellites. Nous avons cherchéngerpréterles signaux régulant la myogendsé t al e et | ¢
lien avec le cycle cellulaire. Nous avons effectué une analyse exhaustive du cycle cellulaire
des cellules myog®ni ques au cours de | a myog
cellules PAX7+ progressant dans le cycle cellulaifeages SG2, etM) sont régionalisées

aux extrémités des muscles. Les voies de signalisation BMP et NOTCH régulent
positivement | e nombre de cellules PAX7+ pen
différent sur la différenciation musculaire. Nowsas montré que les voies de signalisation

BMP ou NOTCH augmentent le nombre de cellules PAX7+ de maniére indépendante. Nous
avons aussi identifié des interactions antagonistes entre ces deux voies lors de la
différenciation musculaire. Nous avons tesiénhgdortance de la contraction musculaire
pendantl a myogen se fitale <chez | 6embryon de
musculaires mime un phénotype de perte de fonction NOTCH, a savoir une diminution du
nombre de cellules progénitrices musculairescauae tendancex la différenciation
musculaire. Nous avons aussi montré que les forces mécaniques produites par les
contractions musculaires sont détectées par-ctivateur transcriptionnel YAP1 qui régule

| " expression doéun | i g fibres mudcelairds$,OgliiGiHsonataur va e i n

maintenir le pool de cellules progénitrices musculdirést a u x .






Zusammenfassung

PAX7+ Muskelvorlauferzellen spielen in der fotalen Myogenese emscheidende Rolle,
indem sie das Muskelwachstum wéahrend der Entwicklung sowie die Bildung des
Satellitenzellpools tragen. In der vorliegenden Arbeit war es unser Ziel, die
Signalmechanismen zu entschlisseln, welche die fétale Myogenese im Zusammenmang zu
Zellzyklus regulieren. Dazu analysierten wir Zellzyklusstadien myogener Zellen wahrend der
fotalen Myogenese. Wir konnten eine Anhaufung PAX7+ Zellen in spaten Zellzyklusstadien
an den Enden fotaler Muskeln zeigen. BMP und NOTCH Signalwege Uben eitigeposi
Regulation auf die Anzahl PAX7+ Zellen wahrend der fétalen Entwicklung aus, mit
unterschiedlichen Konsequenzen fir die fotale Muskeldifferenzierung. Wir konnten zeigen,
dass wahrend der Proliferation von Pax7+ Zellen BMid NOTCH unabhangig
voneinamler agieren, wahrend der Differenzierung jedoch beide Signalwege eine
antagonistische Wirkung aufeinander austiben. Da die Muskulatur zu den mechanischen
Geweben gehdrt haben wir die Bedeutung von Muskelkontraktion auf die fotale Myogenese
im Huhnembryo utersucht. Wir haben beobachtet, dass ein Verhindern von
Muskelkontraktion wahrend der fétalen Myogenese einen NOTCH Funktionsverlust imitiert,
d.h. in einer Abnahme fotaler Muskelvorlaufer mit Verschiebung hin zur
Muskeldifferenzierung resultiert. Wir koten weiter zeigen, dass mechanische Krafte durch
Muskelkontraktion in den Myonuclei durch den Transkriptionscoaktivator YAP1 erkannt
werden. Dieser reguliert die Expression von NOTCH Liganden in Muskelfasern, welche den

Pool an fotalen Muskelvorlaufern aethterhalten.






Gene Nomenclature

The current established gene nomenclature is as follows: for mouse (lower case), for chick
and human (upper cas®ecause we mainly worked with the chick motdeh e fr esul t s o
Adi scussion and perspectiveso were written

ulterior publication of the manuscripts.

Gene nomenclatuies st andardi sed to | ower case,in the
due toa major prominence of work performed in mouse. Although, findings obtained using

different model organisms are cited.

Gene expression s/stematicallydisplayed imiitalico.

Abbreviations

BMP - Bone Morphogeneticrdtein

EMT - Epithelial to Mesenchyra Transition
MRFs- Muscle Regulatory Factor

bHLH - basic Helix Loop Helix

EEE- Early Epaxial Enhancer

Pax- Paired homeobox transcription factors
Six - Sine oculis homeobox

Eya- Eyes absent homologue

HGF - Hepatocyte Growth Factor

SF- Scatter Factor

Lbx1 - Ladybird homeobox 1

Msx1 - Msh homeobox one

Sim - Singleminded homolog

TGF-Bransforming Growth Factor b



MCK - Muscle Creatine Kinase

PkQdroee n kinase C d
PDGFRPIlateletDerivedGrowth Factor [Rceptor
PDGF- PlateletDerived Growth Factor

MyHC - Myosin Heavy Chain

Nfix - Nuclear factor | X

CDK - Cyclin-Dependent Kinase

pRb- Retinoblastoma protein

Id - Inhibitor of differentiation proteins

Nog- Noggin

CDKI - Cyclin-Dependent Kinase Inhibitors
FGF- Fibroblast Growth Factor

Vgll - Vestigiatlike transcriptional ceactivators
Jag- Jagged

DIl - Deltalike

DSL - DeltaSerrateLag domain

NICD - Notch Intracellular Domain

EGF- Epidermal Growth Factor

RBP-J - Recombination signal Binding Protein for immunoglobulin kappa J region
HESR- hairy and enhancer of sph¢lated
BrdU - BromodeoxyUridine

EdU - EthynyldeoxyUridine

Cdc6- Cell division cycle 6

GDFs- Growth/Differentiation factors

BMPR - BMP Receptor

ActR - Activin Receptor



Alk - Activin-like receptor

R-Smads Regulatody Smads
[-Smads Inhibitory Smads

PH3- Phosphoylated Histone H3
pSmad- Phosphoylated Smad

DMB - Decamethonium Bromide

PB - Pancuronium Bromide

mdg - muscular dysgenesis

Yap- Yesassociated protein

RASSF- Ras Association Domain Family Proteins
Amot - Angiomotin

MCAT - Muscle CAT elements

Ctgf - Connectivetissue growth factor
Cyr61- Cysteinerich protein 61

Tead- TEA domain transcription factor
NMJ - NeuroMuscular Junctions
ShRNA- shorthairpin RNA

SiRNA - small interfering RNA

Fucci- Fluorescent ubiquitinatichased cell cycle indicator
MLC - Myosin Light Chain

ESCs- Embryonic Stem Cells

NSCs- Neural Stem Cells

Ach - Acetylcholine

AchR - Acetylcholine Receptor

DeltalDN- Deltal dominanhegative
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Synopsis

The skeletal muscle is thmost abundanttype of tissue inthew er t e lbbadpa t e 6 s
Muscle activity iscontroled by motoneuronswhich providethe electricalsignalsto allow
musclecontraction The mechanical forces produced by gleeletal musclaretransmittedo
the boneby the tendonwhich connecs to musclethroughthe myotenchous junction and to
bone via the enthesiSkeletal muscles are organised in myofibres that are multinucleated
cells formed by the fusion gfostmitotic mononucleatednyoblasts The contractile proteins
in the fibres are orgarsed in smaller units, thesarcomeres, whiclare mainly composedf
actin and myosinMuscle fibres are heterogeneous; they can be classified as fast or slow
fibres according to their physiological and metabolic characterishltsy muscle fibres
present high mitochondria conteartd therefore high level of oxidative enzymes, conferring
resisanceto fatigue.ln contrast fastmusclefibres have ahigh glycolytic enzymaticcontent

and are capable of higher force productiomareless resistartb fatigue

A particular characteristic of the skeletal muscle is the presence of residual stem cells
(satellite cells)that will contribute to the homeostasis and regeneration of the tssiray
adult life. These cells are located at the periphery of the myofibres, between the basal lamina
and the membrane of thigore. Satellite cellsadopt this positionat the end of foetal
myogenesisMuscle formation occurs itwo phases, embryonic and foetal myogenesis.
Correct developmenthomeostasignd regeneration of the skeletal musaé on muscle
progenitors Several studies suggest thanigar mechanismgegulatethe balance between
muscle progenitor proliferation al differentiationduring muscle developmemind repair
The studyof signalsthatregulat the behaviour of thenuscle progenitor pool thusof great

importance

In vertebratesskeletal muscles of the trunk and limbs derfirem the somitesThe
limbs of chick embryoscan beeasly manipulaed without disturbingthe entireembryq and
constitute a good model to study muscle developniguting this project! addressedhow
signalling pathwaysand mechanical forcesegulae the muscle progenitor poaind skeletal

muscle growth during foetahyogenesis

11






State of the art

171 Skeletalmuscle cevelopment
1.17 Skeletal muscle specification in the head, trunk andrhbs

Skeletalmuscles of thertink and limbs derive from somit¢€hevallier et al., 1977,
Christ et al., 1974)Somites are transiemhesodermastructures that aligegymmetricallyon
the sides of theneural tubeanddevelopin an anteriotto posteriormanner These structures
that are initially presenéd as round epithelial structures arexposed to signals from
surrounding tissuethatwill instruct their further fatéFig. 1A). Dorsally, the dermomyotome
is producedand will generatemusclesof the trunk and limh the dermis of the back and
endothelial cellsThe ventralsomitewill form sclerotome and syndetome that vgive rise
to cartilagébonesand tendonsrespectivelyFig. 1A) (reviewed byBuckingham and Rigby,
20149).

Whnt signalsprovided bythe ectoderm and dorsal neural tuthduce theormation and
maintenanceof the dermomyotoméFig. 1) (reviewed byChrist and Brandaberi, 2002
Also in cultured somitesyVnt proteinsmaintainthe expression olermomyotomal markers
(Capdevila et al.1998; Wagner et al., 20Q0)he dermomyotome irtherregionalized in a
mediclateral manner which isalso regulated by external signal$he epaxial lip of the
dermomyotomgmedial part) requires signals from the axial structures, namely the neural
tubeand the notochordo form the epaxial muscles. In the absence of both neural tube and
notochord, epaxial muscles do not deve{@hrist, 1970; Rong et al., 1992)he signa
required for the epaxial myogenesis aveic hedgehog (Shhsecreted from theotochord,
andWnt proteindrom thedorsal neuralube(Fig. 1B) (reviewed by Christ and Brarfsaberi,
2002) The muscles that originate from the epaxial lighefdermomyotome are the muscles
of the ribs,the base of the skull and sordersalvertebral musclegdypaxial muscles are
generated rbm the lateral dermomyotomend correspond tenusclesof the abdomen,
diaphragm tongue, limbs and a subset of vertebral muscleThe specification and
maintenance of the hypaxial dpof dermomyotome depend on Wnt and Bone
MorphogenetidProtein 4 BMP4) that aresecreted from thectoderm(reviewed by Christ
and BrandSaberi, 2002).

The primary myotomeontains the first differentiateskeletal muscleells. Initially,
cellsatthe borders of the dermomyotome give tisehe primary myotoméhat isorganised

12



in a thin layer under the dermomyotor{ieenetclaw and Ordahl, 2000; Gros et al., 2004;
Kahane et al., 2002)n asecond phase, cells that originate from the central pattieo
dermomyotome undergo epitheliatmesenchyméransition(EMT) and invade the primary
myotome(Gros et al., 2005; Kass@ruchossoy, 2005; Relaix et al., 2005)

Myogenesis relies on the presence of muscle progenitor cells that expresédde
homeobox transcription factors Pax3 and PaR&x3/7 proteins play a rolen tissue
specification in several contexts and are exjiressed in enusclespecificmanner Studies
performed in mouse and chiskowedthat aresident musclerogenitorpoolis present in the
central dermomyotomeand co-expreses Pax3 and Pax7 These progenitor cells are
maintained duringurther development andire a source tgenerateall trunk and limbs
skeletal muscles and associatedsatellite cells(Fig. 1A) (Relaix et al.,2005, Kassar
Duchossoy., 2005; Gros et al., 2008}hile Pax7 expression is restricted to the central area
of the dermomyotomeRax3is expressed in both epaxial and hypaxial (ipg. 1A), but is
expressedstrongerin the latter(KassarDuchossoy, 2005Relaix et al., 2004)This is in
accordance with the fact that Fax3mutant mice all the musdef the limbs are absent
whereas some trunk muscles are still formBel&ix et al., 2004)The Pax3/Pax7double
mutantmice lose alltrunk and limb skeletalmuscles and only form the primary myotome
(Relaix et al., 2005Pax7is not essential during development, but becomes important in the
postnatal muscle where it expressed imuiescent satellite cellfax7#mutant mice lack
satellite cellsthat progressively die after birttvhich compromises muscleomeostasisaind

regeneratiorfOustanina et al., 2004; Seale et al., 2000)

Skeletal musclélifferentiationrelies on the myogenic regulatory factors (MRFs). All
secretedactorsrequired to specify anthaintain the dermomyotome activate the myogenic
program by triggering the expression of MRFs. The family of MRFs is compos#tk of
determination factorbyf5, MyoD and Mrf4,and the differentiation factdvlyogenin(Ott et
al., 1991; Pownall and Emersdif92; Sassoon, 1993)his family of basiehelix-loop-helix
(bHLH) transcription factorbind to ubiquitous bHLH Eproteinsandform heterodimerghat
recognizethe Ebox consensus sequence (CANNTG)ppomoters and enhancersrotiscle
related genepromoing their expressionMRFs that areleteamining factors act redundantly,
for instance, in the absenoé MyoD muscle is formednd Myf5 expressions upregulated
(Rudnicki et al., 1992)However,in the absence of all the three determinafactorsno
skeletal muscléorms (KassarDuchossoy et al., 2004; Rudnicki et al., 1992yogeninhas

no major effect in the specification of theearly myogenic lineagebut in its absence

13



myoblastdifferentiaion and myofibrdormationare impairedHasty et al. 1993; Nabeshima
et al., 1993)

The first MRF expressedn somites is Myf5 that initially appearsin the epaxial
dermomyotomeMyf5 expression is modulated Bi/ntl and Shhsignalsproducedby the
neural tube and the notochorédspectivelyFig. 1B). These signalactivate the earlgpaxial
enhancer (EEE)n the Myf5 promoterthat containsTcf and Gli binding sitegFig. 1B)
(reviewed by Buckingham and Rigby, 201@kglls in the epaxial lip of the dermomyotome
that start to expresMyf5, andsequentiallyMrf4 and MyoD, will be the firstto contribute to

A

Anterior
Posterior

pithelial
Somite

Pax3
B Pax3/Pax7

Dermomyotome
Sclerotome y

Ectoderm

Neural
Tube

Notochord :
Hypaxial

Figure 17 Myogenic lineage specification(A) Sequential steps of the dermomyotome formati
Expression pattern of the Pax genes in the different regions of the dermomyotome. (B) Scl
regulatorycascade of thenyogenic lineage in the hypaxial and epaxial lips of the dermomyot

(adapted from BrysceRichardson and Currie, 2008
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the primary myotomdreviewed by Buckingham and Rigby, 20Q1Activation of Myf5 via

the EEE is independent of Fwhich explairs the formation of the primary myotome in
Pax3/Pax?double mutantmice (Relaix et al., 2006 In the hypaxial dermomyotome, Pax3
directly regulatesMyf5 that in turn activate$lyoD (Fig. 1B) (Bajard et al., 2006)Myf5-

mutant mice do not present morphological skeletal muscle anomalies despite a delayed
myotome formation, indicating that its activity is compensated by other NIR®&sin et al.,

1992)

Expression oPax3in the dermomyotomes regulated by members of the sine oculis
homeobox (Six) and eyes absent homologuga)(Eprotein families(Fig. 1B). Ectopic
expression oSixlandEyaactivates Pax3expression in chick embry@sleanue et al., 1999)
In addition,Six1 and Six4 as well as By and Eya2 induceax3expressionn the hypaxial
lip of the murine dermomyotome&Fig. 1B) (Grifone et al., 2005, 200%yhich initiatesthe
myogenic prograniBajard et al., 2006)Six1 and Six4 directly bind teegulatorysequences
of Mrf4 and activate its expression epaxial muscléGrifone et al., 2005)Together with
Myf5, Mrf4 activates MyoD in epaxial muscl€Fig. 1B).

Head skeletal muscke originate from distinct mesodermal structureghe cranial
paraxialmesodermand the prechordal mesodernCranial paraxial mesodergives rise to
the myoblasts that will colonize thiirst and second branchial archiébst form most head
muscles. These musclesegulatejaw movementfacial expression as well gharyngeal and
laryngealcontaction The extraocular musclese responsible fayesmovement anderive
from the most anteriocranial mesoderm and from cells of theechordal mesodernthe
muscles responsible for the movement of the head and postural stabilization originate from
the cervical and occipital somitasidfollow a developmersdl program that isimilar tothat
of the trunk muscles Occipital somitesontribute to tongue muschknd alsoform intrinsic
pharyngeal musclesTongue muscle precursors derive from the caudal part of occipital
somites while intrinsic pharyngeal muscles derive fronr ttostral part (reviewed byNoden
and FrancidNest, 200%.

The MRFs are essential fdormation of all skeletal muscleHowever upstream
cascadsrequired tanitiate their expressiordiffer in the trunk and head/lice mutantfor the
transcription factor3bx1or Pitx2 displayseveralabnormaheadmusclegDong et al., 2006;
Lu et al.,1999) Tbx1 or Pitx2promote activation oMyf5, Mrf4 and MyoD which also

initiate the myogenic progrann the head reviewed byBrysonRichardson and Currie,

15



2008. In contrast tarunk, Pax3 does not play a role eadmuscledevelopmentThus,in
Pax3/Myf5double mutant mice no skeletal muscle in the trunk and lifaba but head
muscles are sparddiajbakhsh et al., 1997)
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171 Skeletal nuscledevelopment
1.27 Limb muscle formation

Limb musclesderive fromwavesof migrating progenitor cellshat reside in the
hypaxial lips of the dermomyotonse(Chevallier et al., 1977; Christ at., 1974) In mouse
embryos the migrating muscle progenitors express dPéy3and activation oPax7occurs
oncethe cells reach the limbsn Ichick embryosmigrating muscle progenitorso-express
Pax3 and Pax7 (reviewed byDuprez, 2002 reviewed byBiressi et al., 2007a)The first
muscle progenitar start to be observed fardimb budsat embryonic day 2.5 (E2.5h the
chick (Fig. 2) andat E105 in the mousdreviewed byDuprez 2002reviewed byBiressi et
al., 200, Tozer et al., 2007

)
E2-E3 »w E3 E4.5 E6-E7.5
Delamination and Migration Expression of MRFs First fusion events Muscle splitting

Figure 2 1 Stages of development of chickorelimb muscles. Chick limb skeletal muscle
progenitors delaminate from the hypaxial lip of the dermomyotome and migrate to the lim
between E2 and E3. Dorsal and ventral muscle rmaase established at Eéhd the muscle
progenitors start to express the muscle regulatory factors (MRFs). The first fusion events ¢

E4.5 and muscles split between E6 and E7.5.

Cells in the hypaxial dermomyotonseat limb levels undergo EMT and migrate
towards the limb bu@Fig. 2). Thesecells, strongly expresBPax3(Fig. 3) (Relaix et al., 2004;
KassarDuchossoy et al., 2009 the hypaxial lip of the dermomyotom@ax3expression is
maintained by the Six and Eya family of transcription fac(brg. 1B). In both, Six1/Six4or
Eyal/Eya2double mutant mice Pax3 expression is loswhich resultsin an impaired

colonisation of the limbby the muscle progenitorgGrifone et al., 20052007). Pax3

17



regulates the expression of the tyrosine kinase Met, and activation of Met regulates
delamination of Pax3+ celisom the hypaxial dermomyotom@ig. 3) (Bladt et al., 1995;
Daston et al.,, 1996; Dietrich et al.,, 1999)n a d d-catening a effector d the Wnt
signalling pathway, is required to maintaiPax3 and Met expression levelsn the
dermomyotome(Daston et al., 1996 Delamination andoriented migration ofmuscle
progenitorsrequires the interaction dflet with its ligandHGF (hepatocyte growtliactor),

also named SF (scatter factdhat isexpressedh thelateral platederived limb mesenchyme

(Fig. 3) (Bladt et al., 199p Limbs and diaphragm musdeare absent irMet and HGF
mutantmice, and the tongue muscle is very sniBladt et al., 1995Dietrich et al., 1999

Migrating muscle
progenitors \

Pax3

. Limb bud
v mesenchyme
Met
Lbx1 SFIHGF
Cxcrd SDF1

Figure 3 1 Regulation of the migrating muscle progenitor cells Limb muscle progenitors
delaminate from the hypaxial lip of the dermomyotome via activatioMetf Met expression
depends orPax3 The Met ligandSF/HGF is expressed in the limb butbxl expression in the
migrating progenitors is regulated by Pax3 and mediates the oriented migration towards the li
by promotingCxcr4 expression. Limb mesenchyme expresses the Cxcr4 ligdfidDMM, dorsal

muscle masses; VMM, ventral muscle masses.

Longrange migratory muscle rggenitors of the hypaxial lig of limb
dermomytomes and of the occipital and cervical somites exprabkg ladybird homeobox 1
(Lbx1) transcription factor(Jagla etal., 1995) Lbx1 expression depends on Pax3 asd
required for the migration of the myogenic cells into the I{faig. 3). In Lbx1-mutant mice
the muscle progenitorsre able to delaminatdrom dermomyotome but cannot invade
correctly the limb budand show a complet loss of the dorsal muscles forelimbs

18



(Brohmann et al., 2000; Gross et al., 2000; Schéafer and Braun,.IB®9)control of
migratory muscle progenitors by Lbx1 occumspart through activation othe chemokine
receptorCxcr4 in thesecells (Fig. 3) (Vasyutina et al., 2005)Conversely, the ligand of
Cxcr4,the stromal derived factor1Sdf)), is expressed in the limb mesenchyfka. 3). In
Cxcr4mutantmice reducednumber of muscle progenitors reach the liartl apoptosis is
increasd, showing that Cxcr&ontrolsmigration and survival othesemuscle progenitors
(Vasyutina et al., 2005)

Once the migratory cells reach the linthey dowmegulatePax3expression and start
to expresdMyf5 (Mankoo et al., 1999)n particular, inthe chick activation of the myogenic
program in the limbs occurs at E3elfini et al., 2000) This implies that the undifferentiated
state of the Pax3+ celis maintained during migration. Transcriptional repressikes the
msh homeobox onéMsx1) and singleminded homolog $im) prevent the premature
differentiation Msx1lis expressed in the hypaxial lip of the dermomyot@mein migrating
Pax3+ cells{Houzelstein et al., 1999)n addition,Myf5 expression in the limb is activated
after Msx1 dowrregulation. Overexpression ofMsx1 in myoblast cell cultures inhibits
myotube differentiation (Song et al., 1992and in Msx:mutant mice Myf5 expressionis
increasedin the developing limbs(Wang et al., 2011)These studies showhat Msx1
prevens activation of the myogenic prograrSimlhas been shown to be expresgsedhe
hypaxial lip of the dermomyotom@oumailleau and Duprez, 2009; Pourquié et al., 1996)
The expression dbim2is more restricte@dnd is observed progenitors of theentrallimb
muscle masss(Coumailleau and Duprez, 2009; Havis et al., 2082n2 bing to theMyoD
promoter and repressMyoD expressiornin mouse limbswhich results in theepressn of
myogenic differentiationConversely MyoD expression isipregulatedn Sim2mutant mice
(Havis et al., 2012)
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21 Embryonic, foetaland adult myogenesis

Skeletal muscle formation occurs in successive and overlappingypliaging the
embryonic phas afirst wave of myogenesis that relies on Pax3+ dakltes placandPax3+
cells give rise toembryonic myoblastsThe first fusion events occur betweemlryonic
myoblastsand give rise to embryonic fibres thdtinction asscaffoldfor subsequentnuscle
growth. Embryonic myogenesitakes place at ES in the chickand atE115 in the mouse
(Fig. 4) (reviewed by Duprez 2002 reviewed by Biressi et al., 2004). During foetal
myogenesisa second wave of progenitors differentiatesetal progenitorexpresPax7and
give rise to foetal myoblast§oetal myoblastguse with themselves and with pexisting
embryonic fibres allowing theusclegrowth. Foetal myogenesis starts & & thechick and
at E14.5 inmice (Fig. 4) (reviewed ly Duprez 2002reviewedby Biressi et al., 2008). By
the end of foetal myogenesibte pool of satellite cells (Pax7+ cellshat isrequired for the
perinatal muscle growth and adult homeostasis is establisHemkbtal muscle progenitors
adopta satellite celllike positionunder the basal lamingt E17 and E16 in the chick and
mouse, respectivelfFig. 4) (reviewed byBiressi et al., 2008).

Embryonic Myogenesis Foetal Myogenesis Perinatal Myogenesis
Homeostasis and Regeneration

Chick E2. — E — E17 —
¢ 5 6 Post-Natally

Mouse E11.5 ———» E145 —_— E16 —_—

Embryonic Progenitors Foetal Progenitors

RN :

Embryonic Myoblasts Foetal Myoblasts Satellite Cells *
< <& O Activated Satellite Cells
Pax3 Pax7 Pax? <&
<:> Pax7
MRF
MRFs fos @ MyoD

|

Embryonic Fibres Foetal Fibres

Adult Muscle
Type | MyHC Embryonic MyHC
Embryonic MyHC Perinatal MyHC

Figure 471 Distinct phases of muscle developmentheillustraion shows equivaleritme-pointsof
chick and mousemyogenesis. The scheme also indicates molecular markers for the dif

myogenesiphases.

20



During limb muscle formatignthe co-existence of embryonic and foetal muscle
progenitors that undergo differentiation at different developmental ssageest that they
might respond differently to external cuds. vitro studies demonstrate that embryonic and
foetalmuscleprogenitordisplay different requirements fine cytokineransforming growth
factorb TGF D) 1 T&RHO Bnhibits nnyaltuned feetalf batrnotat i on
embryonic myoblast@CusellaDe Angelis et al., 19945imilarly, BMP4 or the phorbol ester
TPA inhibit foetal but not embryonic differentiatidBiressi et al., 2007b; Cossu et al., 1988;
CusellaDe Angelis et al., 1994BMP4 , T P A also infiib@ #ifferentiation of cultured
satellite cells or C2C12 csl{C2C12 is a myogenic cell line that derivesniradult murine
satellite cells)(Biressi et al., 2007b; Dahlgvist, 2003)hus, foetal and adult myoblasts
respom in asimilar mannerto these signald~ew proliferating cells are present in the limb
when embryonic fibregre firstformed In the vicinity of the first fibores the number of
proliferating cells increasg€usellaDe Angelis et al.,, 1994 ct oder mal TGFDb i s
in the limb at this stag&his suggestthatd ue t o TGFb, an environment
activity existsin the limbwhich leads to the first wave of myogenesis and formation of the
embryonic fibresAccording to this model he firstfibres potentiatehe proliferation ofthe
surrounding cellsthe foetal progenitors thapreviously did not differentiate because they
were exposetl o T GFbev ddlhe of TGFbD s ubsalavstleefusidny decr
of foetal myoblast¢CusellaDe Angelis et al., 1994).

Embryonic and foetal myoblasts also diffier ther dependence ob-catenin for
proliferationandmuscle fibreformation(Hutcheson et al., 20090 mouse limis, ablation of
b-cateninin embryonicprogenitors (Pax3+ cellgjoesnot impair embrynic myogenesis.
However,when b-cateninis depleted irfoetal progenitor§Pax7+ cells)essmuscle fibres
form. Recocbus differentiation of foetal progenitors and consequent loss of the foetal
progenitor poomight account for thisesult(Hutcheson et al., 2009 constitutively active
f o r m-caehin ibcreasethe number of Pax7+ celBsndleads to a reduction in muscle
fibre numbes, possibly by blocking terminal differentiatigilutcheson et al., 2009) his is
consistent withn vitros t udi e s t h a-tatemnhirdhibits thyodehicadifferemtiation
and fusion(Gavard et al., 2004; Per&aiz et al., 2008)
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A genomewide gene expression analysispurified embryonicandfoetal myoblasts
from mouse embryoshowed that these two populatiomspressdifferent genes which can
contribute totheir different sensitivities tof G F BMP4 and TPA(Biressi et al., 20(3).
This study revealed that subset of genes differentially expressed iembryonic or foetal
myoblasts. In particular, foetal myoblastsplay high levels oPax7, P k Qqufotein kinase C
d ,)b-enolase MCK (muscle creatine kinasejeverallaminins and the components of Notch
signalling pathwayNotchl and Jagged. The presence of high levels Bfk Cid foetal
myoblastamight berelated tatheiri ncr e as ed s e nThehigh expressipn léevels T GF b .
of Smad6and Smad7in embryonic compared to foetal myoblasteuld explain thkir
insensitivity to oBMP4 a n d InTa@d#idn, high levels gblateletderived growth factor
r e ¢ e pandbrP DUG F R)@rk present in embryonic but not foetal myobl4Bisessi et
al., 200b). Structural musclagenes are also differently expressed in embryonic and foetal
musclefibres. Inthe mouse, embryonic fibres present a general slow phenotype, expressing
mainly the slow type | MyHC (myosin heavyhain) but also anembryonic MyHC (fast)
isoform (Fig. 4). Foetal fibres display a fast phenotygelexpress mainly the embryonic and

Pax3 (@)
\Endothelial cells
@ Foetal fibres

Embryonic
myoblasts

&Er_’ :'y > s
i Foetal
® \myoblasm/
Pax3-derived * Adult muscle
Pax7+ \ ol
Y = _ Satellite

Satellite \ = cell

cells

Embryonic fibres

Figure 51 Origin of embryonic and foetal muscle progenitors Scheme illustrating the origin c
limb embryonic and foetal myoblasts from the same original population (schemescgdegpn
Hutcheson et al., 2009).
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perinatalfast MyHC isoforms(Fig. 4) (reviewed by Biressi et al., 2087 The transcription
factor nuclear factor | X(Nfix) is highly expressed in foetal babt embryonic myoblast
(Fig. 4) (Biressi et al., 2007bNfix expression is activated by Pax7 in foetal mysatéivates
foetalspecific genes and repressembryonicrelated genesregulating thusthe switch
between embryonic and foetal myogenedessina et al., 2010)Pax7 is sufficient to
activate Nfix expressionand bindsdirectly to the Nfix promoter However, Pax7s not
required for induction oNfix, sinceNfix expression levels are only modestly reduced in
Pax7#mutant mice (Messina et al., 201@onditional mutation of Nfix mice in skeletal
muscle results indramatic disorganisation of the muscle fibres grabrly assembled

sarcomeres, demonstrating a role of Nfix in sarcomere organisation (Messina et al., 2010).

Whetherembryonic and foetainyoblastsderive from egivalent progenitorss an
openquestionthatwas onlyrecently started to baddressed_ineage ablation studias the
mouse showedthat embryonic and foetal progenitors derive fromme samePax3+ cell
population that migratefsom the dermomyotomi® the limb.Once in the limbPax3+¥Pax#
cells form the pool of embryonic progenitors that contributes to primary myogeRasist
cells are derived fronthe population ofPax3+ cellsthat downregulatePax3 and form the

pool of foetal progenitor@~ig. 5) (Hutcheson et al., 2009)

The satellite cdéd adopta specific positiobetweenthe basal lamina of the fibres and
the cell membranéViauro, 1961)In both chick and mouseatellite cel adopt thigosition
during latestages ofoetal myogenesigig. 4) The correct psitioningof the satellite cells
depend®ntheir ability to assemble lzasal lamina, which requsd&lotchsignalling(Brohl et
al., 2012. Postnatallysatellite cells are highly mitie to allow perinatal muscle growtbut
in the adult satellite cells are mostly ia quiesceh state(reviewed byParker et al., 2003)
Recent studieproposedthat the acquisition othe quiescen stateof muscle progenitors
occus early during developmenand possibl even before thg adopta satellite ceHlike

position(Picard and Marcelle, 2013)

Activated and quiescentsatellite cells expresd?ax7, and inPax7mutant mice the
satellite cells are lost, which severely impdive regenerative capacityf the musclgSeale
et al., 2000)Therefore, the maintenance of the satellite cell pool has to be tightly regulated
ensuremuscle homeostasisSatellite cells were reported to be heterogeneduws sub
populations of satellite cells, fast and siaycling, have beemdentified (Schultz, 1996)
Quiescent satellite cells do not express MR#svever,Myf5 transcrips are present irthe
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majority of quiescent atellite cells (Fig. 6) (Beauchamp eal., 2000) These transcripts are
sequestered in cytoplasmic granules, and appear not to be trar{S§lastdet al., 2012)
Lineage tracing studies identifiedsubpopulation of satelliteellsthathave never expressed
Myf5. These cells have a lower propensity to differentiate thangeneral pool of satellite
cells, and a higher propensity to sethew. They were therefore proposedunction as a

stem cellreservoirthat sustains the pool of n@emmited satellite cell&Kuang et al., 2007)
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31 Regulation of the muscle pogenitor pool
3.17 The baancebetweenproliferation and differentiation

The mechanismsnvolved in muscle formation and growth rely onight control of
the cell cyclel define here exit owithdrawalfrom the e@ll cycleas a irreversible process,
that is accompanied by termindifferentiationand distinguish it from a reversible stap i
proliferation that is observed in quiescen&goteinsthat playa central role in cell cycle
regulation are required to switch between myoblast proliferation awiifferentiation. In
addition, MRFs andcell cycleassociatedactors control each otheto ensureappropriate
muscle developmentMost studieson cell cycle regulation during myogenesisere
performedn vitro and rely frequently on the use of the C2C12 cell lidery little is known

aboutcell cycleregulation during myogenesis vivo.

During development, rpliferating myoblasts are characterized by the presence of
Pax3 and/or Pax7 and the early MRFMyf5 (Fig. 6). MyoD starts to be expressed in
proliferating myoblastsand strong expression ofydD forces cells intaell cycle exit and
myogenic differentiatior(Fig. 6, 7). The activity of MyoD in proliferating myoblastwas
proposed to banhibitedto allow the progression through the cell cy@tey. 7) (reviewed by
Kitzmann and Fernandez, 200I) proliferating myoblastsMyoD is associatewith histone
deacetylase$HDCA), which inhibit transactivation of muscleelated genes (reviewed by

Ciemerych et al., 2031 In addition, the inhibitor of differentiation proteins (Idjare

Quiescent Proliferating Differentiating Muscle
Cells Myoblasts Myoblasts Fibres

® C Qoo <=2 -

Pax3/7 Pax3/7 Myf5 MyoD MyHC
(Myf5) Myf5 Pax3/7 Myogenin Myogenin
MyoD p21/p57 MyoD
p21/p57

Figure 6 i Progression of myogenic cells towards differentiationDifferent molecular markers
characterising the distinct stages of myogenic differentiation are illustrated. Muscle progenitc
satellite cells can be considered fAquiesc

satellite cells have expssedVyf5in their developmental history.
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expressed iproliferating myoblasts. Igroteinsare helix-loop-helix proteinsthatlack DNA
binding capacity Theybind to Eproteins,in particular to the E2A familynembersinhibit
heterodimerization between-fioteirs and MyoD and therefore block the activation of
myogenic genegFig. 7) (reviewed by Kitzmann and Fernandez 200) proliferating
myoblasts MyoD protein levelsare higher during Glphaseandaredegraded in the late G1
(Kitzmann et al.,, 1998) Cyclin E-CDK2 (cyclin-dependent kinase 2xomplexes
phosphorylate Myolat Ser200which marksMyoD for degradatia and inhibitsits activity
(Fig. 7) (reviewed by Kitzmann and Fernandez 2001)

One of the major cell cycle regulators involved in myoblast differentiatiotinds
retinoblastoma protein (pRb). pRb belongs to the pocket protein family of transcriptional
regulatorgpRb, p130, p107)nhibits progressiorof the cell cycle fronG1 into S phase and
contributes thus to cell cycle exit (reviewed by De Falco et al., 2006)In its
active/hyp@hosphorylatedorm, pRb physically interactand inhibits the activity oE2F
transcription factorswhich activatethe expressiorof genes associated wittell cyde
progression(Fig. 7) (Nevins, 1992) This contribues to the entry into a terminally
differentiated stateln addition to its rolein balancingproliferation and differentiationin
vitro studies showthat pRb also contributes tccell fate determiration (reviewed by
Ciemerych et al.,, 2011)In skeletal muscle pRb inhibis cell cycle progressiorand
contributesthus tocell cycle withdrawal pRbalsobinds to MyoD andMyogeninpromoters

thereby activating their expressigreviewed byCiemerych et al., 2031

pRbtranscrips are stableluringthecell cycle(Classon and Dyson, 20Qbut activity
of the pRb protein is regulated podransciptionally by cyclin-CDK complexes(Fig.7)
(reviewed byDe Falco et al., 2006In proliferatingmyoblasts, mitogenicues contribute to
activation of cyclinRCDK complexes that positively regulate cell cycle progression.
Particularly,the ativated Glphaseassociated cyclh€DK complexesyclin D-CDK4/6 and
cyclin E-CDK2 phosphorylatgpRbinactivating it, whichreleass its binding to theE2F. The
liberatedE2F factors willthen promotetranscription ofcell cycle progression genésig.7)
(reviewed by Ciemerych et al., 2011n. addition, Id2binds to theactive form ofpRb and
inhibits its activity, which contributesto the maintenancef the proliferative state of
myoblastgFig. 7) (lavarone et al., 1994)
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Figure 7 i Schematic representation of the main cell cycle regulators in proliferating anc
differentiating myoblasts. In proliferating myoblasts in the G1 phase of the cell cycle, aciebn-
CDK complexes together with high levels of 1d2 and free E2F promote cell cycle progressi
differentiating myoblasts, high levels of MyoD, pRb and of the CDKI p21/p57 promote a term
differentiated state.

The decision between cell cygeogression and differentiah is madeduringthe G1
phase(Fig. 7). In differentiating myoblastghe activity of themain positive regators of the
cell cycle, cyclin-CDK complexes haveto be inhibitedto achieve the cell cycle exit and
differentiaton. The p21, p27 and p57 protsitmembers of theCIP/KIP family of CdK
inhibitors (CDKI), inhibit the activity ofcyclin-CDK complexesand play a critical role in
cell cycle exit(Fig. 7). Inhibition of cyclin-CDK complexesstabilizespRDb in itsactivehypo-
phosphoylated form(Fig. 7) (reviewed byDe Falco et al., 2006 MyoD activategp21 and
p57 expression by directly binding to their promateand enhancer@-igliola et al., 2008;
Vaccarello et al., 2006; Zalc et al., 201@pnverselyby inhibiting MyoD phosphorylation,
high levelsof p57 stabilize MyoD protein(Fig. 7) (Reynaud et al., 1999MyoD also
activates the expression opRb and contributes thudo the cell cycle arredtreviewed by
Ciemerych et al., 2011).
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The late MRFMyogeninstarts to be expressed in myoblastertly before they
assume a poshitotic state(Fig. 6) (Andrés and Walsh, 1996p21 can be detected in
myoblastswhen they reach postmitotic state(Andres and Wiah, 1996), andp21 and p57
positive myoblasts do not eexpressKi67, a cell cycle progresion marker (Zalc et al.,
2014).In p21/p5%*double mutantsmyoblastsfail to fuseandinstead continueto proliferate
and undergoapoptosis(Zhang et al., 1999)In these mutants the muscle differation
marker Myogeninis expressedand thenumber of Myogeninpositive cells that display
mitotic activity is increaseddemonstrating that theyogenic differentiatiorprogramcan be
initiated evenwhen cell cycle exit is impaire(Zalc et al., 2014)In addition, inMyoD-
mutant mice, myogenic differentiation is delayed dfybgeninexpression is impaired his
is accompanied by increasp87 expression in théorming muscle massdaadicating thatell
cycle exit and muscle differentiation can be undedp(Zalc et al., 2014) Once the
myoblasts reach aogtmitotic state genesthat encode proteins of tle®ntractile apparatus
like MyHC are expressedand tha@ the postmitotic myoblass fuse (Andres and Wash
1996).

The INK family of CDKI (p15, pl16, p18 and plparticipatein the maintenance of
the quiescent statef myoblass. In contraryto the CIP/KIPproteins expression ofiNK
geness not influenced by MyoDINKs block the activity of CDK4 and CDK®6 by inhibiting
their binding tocyclin D, which blocks cell cycle rentryandcontribuesto the maintenance

of quiescene (reviewed by Kitzmann and Fernandez 2001)

In summary, the maintenance of the muscle progenitor mielsron the accurate
balance between cell cycle progression and terminal differentiatohdepend on the

interplay between cell cyclassociated proteins aiMRFs.
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31 Regulation of the muscle progenitor pol
3.271 Signalling pathways

The balance between proliferation and differentiation of the muscle progenitors during
the different myogenesis steps is critical to achieve muscle growth and maintain the
undifferentiated pool of muscle progenitors. Several signalling pathwagshiesn identified
to play a role in the maintenance of the muscle progenitoripoglo. Notch signalling is
associated with the maintenance of muscle progenitors, inhibition of terminal differentiation
and formation and positioning of satellite ce{Brohl et al., 2012 Delfini et al., 2000;
Hirsinger et al., 2001; Mourikis et al., 2012a; Schu&essler et al., 2007; Vasyutina et al.,
2007a).Studies on the role of BMP signalling pathway in myogenesis have revealed two
distinct functions in embryoniand foetal myogenesis. In embryonic myogenesis, activation
of BMP pathway increases the muscle progenitor pool and blocks differentiation whereas in
foetal development, activation of BMP leads to muscle growth with increased numbers of
muscle progenitorsra fibres (Amthor et al., 1998, 1999; Wang et al., 2Q1Bjbroblast
growth factor (FGF) signalling activates proliferation and blocks myogenic differentiation
vitro (reviewed byOlson, 1992 In addition,in vivo activation of FGF signalling by FGF4 in
chick limbs decreaseBax3 and MyoD expression levels and results in less muscle fibres
(EdomVovard et al.,, 2001)The role of Wnt signalling pathway in myogenesis is quite
controversial, andn vitro studies demastrate either a role in promoting or blocking
myogenesigGavard et al., 2004; Goichberg et al., 2001; R&ez et al., 2008)However,
in vivo analyses suggest a role of Wnt in the maintenance of foetal myofpasthieson et
al., 2009)and satellite ell expansion (Le Grand et al., 2009).
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31 Regulation of the muscle progenitor pol

3.21 Signalling pathways

3.2.171 Notch signalling pathway

Notch signalling controls decisions on fate and lineage progression in many cell types.
The signalling is achieved when the cell that displays the transmembrane Notch receptor
contactswith the signaisending cell that expresses the Notch ligand (Fig. 8A). As a result,
the Notch receptor is cleaved and the notch intracellular domain (NICD) is released and
transported to the nucleus where it interacts with the recombination signal bindiig foot
immunoglobulin kappa J region (REP, the major transcriptional mediator of the Notch
signal. In mammals, four Notch receptors (Notchl/2/3/4) and five canonical ligands
(Jagged1/2 (Jag) and Deltkel (DII1)/3/4) exist The different receptor/legnd combinations
mainly differ in quantitative butot qualitative output change#élthough, a few reports
indicate that signalling output mightary depenihg on the receptor or the receptor/ligand
combination (reviewed bgndersson et al., 2011ommony, ligands in the signal sending
cell can activate Notch in trans but also inhibit Notch in cis. Thigngigition occurs via a
decrease of Notch receptors presented at the cytoplasmic membrane of the signakeéinding
(reviewed byAndersson et al., A0; Matsuda and Chitnis, 2009; Pérez et al., 2006
DII3 ligand has been rarely observed on the cell surface, it is unable to activate Notch
receptors, and might function as-gihibitor rather than traractivator(Ladi et al., 2005)
The Notch receptors can be modified pwanslationally mainlyin the epidermal growth
factorlike (EGF)sequencepresenin the extracelluladomain. These modifications are not
required for the signal transduction but modify the interaction of Notodpters with their
ligands. In particular, the EGF repeats can be modified by the addit@+iumfose by theéO-
fucosyltransferase 1 (Pofut®hich allows the subsequent glycosylation by Fringe prateins
Fringemodified variants of Notch have increased1ldffinity and decreased affinity to Jagl

(reviewed by Andersson et al., 2011)

Activation of Notch target genes depends on the translocation of NICD to the nucleus
and its interaction with RBR, which belongs to the CBF1/Supressor of HairlessH1AG
(CSL) family of DNA binding proteins (Fig. 8A). The bHLH family of transcriptional
repressors hairy and enhancer of ggiated (HESR) are important targets of Notch
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signalling pathway (Fig.8 A). Different target genes of the HESR family can be activated in
different contexts and thus expression of none of the HESRmandatory readout of Notch
activation. A comparison of the changes in gene expression after NICD overexpression in
different cell types (reviewed by Andersson et al., 2011) showed that thtecorosonly
upregulatedyene isHeyl In stem cellHes5is upregulated frequently in response to Notch
signals. The response of other HESR genemasnly context dependent (reviewed by
Andersson et al., 2011).

Several studies demonstrated that Notch dliggas required for the maintenance of
the muscle progenitor pool in chick and mouse embryos (Delfini et al.,2000; Hirsinger et al.,
2001; SchusteGossler et al., 2007; Vasyutina et al., 2007a; Mourikis.e2all23. In vitro,
Notch signalling inhibits myogenic differentiation in cultured primary myoblasts and in
myogenic cell lines (reviewed byasyutina et al., 2007b)n particular, overexpression of
Deltalin C2C12 cells leads to decreaddgoD expression levels which miglklepend on a
RBP-J-mediatedupregulationof Hes1(Kuroda et al., 1999)Thefirst in vivo evidence for a
role of Notch signalling in muscle development of vertebrates comes from studies in the
chick. Activation of Notch byeltal overexpressn using theRCAS virus system leads to a
decrease oMyoD expression and a decrease in muscle dibtenber (Delfini et al., 2000).
The inhibition of myogenic differentiation upon Notch activation was also observed in chick
somites (Hirsinger et al., 2001). In the meu conditional ablation of Notch signalling by
mutation ofRBPRJ in muscle progenitors leads to an uncontrolled myogenic differentiation
and depletion of the muscle progenitor pool (Vasyutina et al., 2007a). In the limbs of the
RBPRJ conditional mutant mice at E11.5, the ratio of Pax3+/MyoD+ cells was increased but
no significant changes in the proportion of proliferative or apoptotic Pax3+, Myf5+ or
MyoD+ cells were observed. However, a 24h pulsase of bromodeoxyuridine (BrdU)
incorporation assay showed that BrdU+ cellsegpressed wore frequently MyoD and less
frequently Pax3 thanells in control mice, showing that proliferating muscle progenitors will
more likely give rise to MyoD+ than to Pax3+ cells (Vasyutina et al., 200hayefore, loss
of the muscle progenitor pool IRBRJ conditional mutant embryos is mostly due to a
precocious shift towards differentiation. In accordance, the phenotype oRBie]
conditional mutant embryos is rescued by the additional mutatidiyoD, which rescues
the progenitor poq|Brohl et &, 2012.
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DIlI1-mutant mice die during embryogenesis, whereas a hypomoBdHiemutant
mouse develops until birth but presents severe developmental muscle deficits that resemble
the ones observed RBRJ mutants(SchusteiGossler et al., 2007The embryos display a
severe reduction in the skeletal muscle masses, a decline in the number of muscle progenitors
during development but no evidence of increased cell death. This suggests that the loss of the
skeletal muscle growth is again associated with the uncontrolled premature differentiation of

the muscle progenitors (Schustgossler et al., 2007).
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Figure 8 1 Role of Notch signalling pathway in myogenesis(A) Simplified scheme of Notct
signalling mthway, requiring celtell interaction. (B) lllustration of the Notch activity in myoger
cells in different stages of differentiation, where muscle progenitors display highest Notch a

The scheme (B) was elaborated by bringing together resuitéénetd from studies performed i

mouse and chick embryos.

The constitutive activation of Notch signalling (NICD) in Myf5+ muscle progenitors
generates mouse embryos that lack skeletal muscle but where the myogenic progenitor pool
is maintained. Despite thabsence of committed muscle cells, the Ni@ERrexpressing
muscle progenitors progressively assume the embryonic, foetal and satellite cell fate
(Mourikis et al., 2012a). The survival of muscle progenitors depends on the presence of

differentiating myoblats (KassaDuchossoy et al., 2005). Forced activation of Notch seems
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to be sufficient to maintain the pool of muscle progenitors even when committed myoblasts
are absent, suggesting that Notch provides an important signal during the crosstalk between
myobasts and muscle progenitors.

Expression of various components of the Notch pathwasdefined in the muscle of
the developing forelimbs in E5 chick embrydsotchl was expressed outside of muscle
fibres in cells that are actively proliferating/hile the ligandsDeltal and Jagged2were
mainly present in noproliferating muscle cells (Fig. 8B) (Delfini et al., 2000). Later in
development, at E7Jagged2is only detected in musclébres (MF20+ cells, MF20
recognises sarcomeric myosin heavy obai(Fig. 8B) (Delfini et al., 2000). In addition, the
Notch target gene Hesl is expressed in muscle progenitors of the limb (Fig. 8B) (Vasyutina et
al., 2007a). Recent studies demonstrated that Notch signalling declines during the progression
of muscle diferentiation (Mourikis et al., 2012b) These analyses were performed using
progenitor and myoblasts from embryonic (E12.5), foetal (E17.5), postnatal (P8) and adult
mice. Notch signalling is active in proliferating myoblasts and very high in activattitsat
cells. Within the pool of satellite cells, different spiypulations that express various amounts
of GFP driven by the Pax7 promoter (low, medium, high) could be distinguished. These cells
also vary in the potential to setfnew,i.e. Pax?zGFP""
self-renewal tharPaxzGFP™" cells (Mourikis etal., 2012h. The PaxiGFP™" cells express
higher levels ofMyoD and Myogeninand are thus committed to differentiation (Fig. 8B)
(Mourikis etal., 2012h. As the cells gdrom a stem to a committed state (from P&FP""

cells have a higher potential to

to Pax?ZGFP®") they shift the expression levels of Notch signalling componeetincrease

of DII1 and decrease of Notch receptoxoich1/2/3 expression (Fig. 8B) (Mourikis et al.,
2012h. These stdies show that Notch activity is associated with proliferating myoblasts and
satellite cells with selfenewal potential, while Notch activity is low in pesttotic
myoblasts and differentiating satellite cells, which is accompanied by an increase in the
expression levels of Notch ligands (Fig. 8B).

RBRJ-deficient satellite cells lose their quiescence and undergo differentiation, thus
Notch signalling is required to maintain satellite cells in a qui¢sstare (Mourikis et al.,
2012a) Notch receptordNotch1/2/3as well as NotcRBP-J target gene#desl Heyl and
HeyL are highly expressed in quiescent satellite cafld drastically drop after injury in
activated satelliteells (Mourikis et al., 2012a). This shows a dual role for Notch signalling;
Notch maintains the selfenewal capacity of satellite cells after injury, but also preserves the

guiescent state of satellite cedisdinhibits uncontrolled differentiation and exhaustion of the
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stem cell pool. SincéMyoD expression is important to exit quiesce by activatingell
division cycle §Cdc6), it was proposed that the skdawn of Notch signalling after muscle
injury releases thélyoD suppression. Four to five days after injury, expression of Notch
target genes increases again, possibly due to the presence of committed DIl1+/Myogenin+
satellite cells that signal to the Pax7+ geliewing satellite cells (reviewed Mourikis and
Tajbakhsh, 2014)

In summary, Notch signalling positively regulates the number of muscle progenitors
that express Notch receptors and target genes. For differentiation, Notch needs to be inhibited
and determined myoblasts start to exptdstchligands. Thus, how muscle progenitors that
receive Notch signals crosstalk with myoblasts that express Notch ligands has started to be

understood.
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3.21 Signalling pathways
3.2.21 BMP signalling pathway

BMPs are growth factors of the TGFb supe
Nodals and Growth/Differentiation factorGDFs).T GF b f a mi |playamde inlcadl r s
growth, differentiation and morphogenesis. BMPs act as morphogeniey are secreted
and can induce distinct responses depending on their concentration. Dimerization of BMPs is
required for activation of the BMP recepttnsit possessitracellular serine/threonine kinase
domains. Two type Il and two type | receptors are asselmhleéhe receptor complex
(reviewed by Massagué, 2032 In the presence of the ligand, the type Il receptor
phosphorylateshe type | receptoffFig. 9A). The knase activity otype | receptas depends
on this phosphorylation in a domain rich in glycine and serine @8ain). The type I
receptors that mediate BMdtgnak are mainly the BMP receptor 1l (BMPRII) but also the
Activin receptor type lla and llb (ARtila/llb). The type | subunits of the BMP receptor
complexes are mainly the BMP receptors la and Ib (BMPRIa/lb) (also named Aitevin
receptor 3 (Alk3) and Alk6, respectively) but also in certain contexts the receptors Alkl and
Alk2 (reviewed by Moustalas and Heldin, 2009) The activated type | receptors
phosphorylate and activate the regulatory Smad proteifSn{&ds), the effectors of the
pathway, that translocate to the nucleus and function as transcription factors (Fig. 9A). The
BMP type | receptor§Alk3/6/1/2) signal via Smad1/5/8 (Fig.9 A), while the type | receptors
that bind TGFb signal via Smad2/3 (reviewed
proteins function in trimers, where two phosphorylaterRads bindto the common
mediator (ceSmad Smad4. Smad4 is required for trimerization of Smad1/5/8 and Smad2/3
(reviewed by Massagué et al., 2012). The third class of Smads, the Inhmays (

Smad) Smad6 and Smad?7, bind to the type | receptor and interfere with phosphorylation and
activaton of RS mads . Smad7 blocks the activity of
whereasSmad6 has higher affinity for BMPRIa/lb (Fig. 9A) (reviewed by Moustakas and
Heldin, 2009).
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transduction cascade. (B) lllustration of myogenic cells that receive BMP signals mainly loc:

the tips of the muscle fibres during foetal myogenesis.

In vivo studies on the role of BMP signalling in muscle develept were mainly
performed in the chick. Expression BMP4 in the lateral plate of the developing chick
embryo preserves muscle progenitors in the hypaxial lip of the dermomyotome in an
undifferentiated state. Upon BMP exposure, these cells inckRas2and reducedMyoD
expression (Pourquié et al., 1996). BMPs from the surface ectoderm of the limb maintain
muscle progenitors (Pax3+ cells) in a proliferative s{@&mthor et al., 1998) When the
ectoderm is removedRax3expression is decreased avgoD is upregulatedwhich results
in premature differentiation of muscle progenitors and subsequent muscle loss. The same is

observed in trunk somites when the ectoderm is remd@@adthor et al., 1999) Low
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concentration of exogenous BMPs can mimic the effeth@fectoderm and maintaiftax3+
cells in somites and limbs (Amthor et al., 1998; 1999).

BMP signalling is positively regulating the number of muscle progenitors and fibres
during foetal myogenesis in the chick limb (Wang et al., 2010). Gain anafidgsction
experiments using RCAS showed that ectopic expressi@Mbt4 triggers muscle groth
(more Pax7+ cells and more muscle fibres) while blockade of the pathway by overexpression
of Nogginleads to a decreased muscle size (less Pax7+ cells and less musclé/fiarnesgt
al., 2010) Subsets of muscle progenitors (Pax7+) and terminallgréfitiaed cells (MF20+)
observed with fmad1/5/8 locate at the tips of muscles (Fig. 9B). This is in accordance with
the restricted expression BMP4in tendons close to the muscle tips (Fig.9 B) (Wang et al.,
2010). Muscle progenitors positive fpmad./5/8 also ceexpressed a proliferation marker,
phosphehistone H3 (PH3), suggesting that the BMP signals promote cell proliferation
(Wang et al., 2010).

Recent studies have demonstrated the role of BMP signalling in the balance between
proliferation and dferentiation of activated satellite cells that express high leveBvi?PRIa
and are positive for pSmadl/5Briedrichs et al., 2011; Ono et al., 201BMP4 promotes
an osteogenic fatén cultured C2C12 cells but sustains proliferation and prevents
commitment and differentiation in primary satellite cells bynegulatingld1 (Friedrichs et
al.,, 2011; Ono et al., 2010onsistently, inhibition of BMP signalling by dorsomorphin
treatment (that blocks phosphorylation of Smad1/5/8), noggin (Nog) or small interfering
RNA (siRNA)mediated downregulation of BMPRIa leads to precocious differentiation.
Once satellite cells comit for differentiation, the expression @hordin and Noggin two

antagonists of the pathway, is activated (Friedrichs et al., 2011; Ono et al., 2010).

In adult mice, BMP promotes muscle growth by inducing muscle hypertrophy
(increase in the cell size) @mnhibition of BMP signalling causes muscle atrophy (decreased
muscle size)(reviewed by Sartori et al., 2014)BMP induces muscle hypertrophy by
stimulating protein synthesis through activation of the Akt/mTOR pathway, and blockade of
MTOR prevents the BP-induced muscle hypertrophy (reviewed by Sartori et al., 2014). In
addition, BMP signalling negatively regulates the expressioMWEAL a ubiquitirligase
that leads to degradation of muscle protéfartori et al., 2013)which also contributes to

the hypertrophy.
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3.21 Signalling pathways
3.2.31 Crosstalk between Notch andl' G F BMP signalling pathways

The Notch and BMP signalling pathways play similar roles in the maintenance of the
muscle progenitor pool during foetal myogenesis. Mechanisms of crosstalk between these
two pathways started to be explored in different developmentatepses, including

myogenesis.

Notch and TGBb/ BMP inhibit myogenic diff
factors can cooperate (Fig.1(Blokzijl, 2003; Dahlqvist, 2003)While exogenous BMP4
inhibited myogenic differentiationof C2C12 cells, blocking Notch signalling by a
pharmacological agent. {685,458 or a dominanrtegative RBRJ interferedwith this result
(Dahlgvist et al., 2003 This indicates that BMPtediated inhibition of myogenic
differentiation in vitro requires active Notch signallingn addition, exogenous BMP4
increases the expression of Notch target géfesslandHeyl, which suggests a synergistic
effect of the two pathways in the inhibition of differentiation (Fig. 1Daklgvist et al.,
2003 . Exogenous TGFD creases @@ éxfdressiontéeslleffect thatis o i n
no longer observeth the presence of a dominanegative RBRJ (Fig. 10) Blokzijl et al.,
2003. In addition,invivoe x per i ments in the chick embryo =
signalling by overexpression of the constitutively active AlkS alsoegplatesHes1 (Fig.
10) Blokzijl et al., 2003.

In these studies, direct interactions between NICD and Smad3 (théoefééahe
TGFb signalling pathway) or Smadl (the effe
observed (Fig. 10)Blokzijl et al., 2003 Dahlgvist et al., 2003 In addition, NICD, Smad1l
and Smad3 can be recruited to Notch/RBPBinding sites on DNA, whit potentiates the
activation of Notch target genes. In particular, Smad1l/NICD complexes bind tdeifie
promoter (Fig. 10) @ahlqvist et al., 2003 In accordance, the activation of Notch reporter
constructs, which respond to transfection with NICD, iseptated by BMP4[Qahlqvist et
al., 2003. Furthermore, Smad3/NICD but not Smad3 activated a reporter construct carrying
RBP-J binding sitesKlokzijl etal., 2003 . These results indicate t
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signalling pathways synergistically intetato potentiate the inhibition of myogenic

differentiation (Fig. 10).

TGFB/BMP ﬁ
igand
p=

Cellular
Membrane

Transcription
Hey1, Hes1

Figure 10T Sy ner gi sm bet ween Notch and.StHemeilludabry
the intracellular crosstal k obser ved b essultse

in a functional synergism. Results described in the literature are summarized.

A similar crosstalk between Notch and BMP pathways also exists in other cell types
like mouse regulatory T cellsnouse neurepithelial cells, endothelial cells andural stem
cells feviewed byGuo and Wang, 2009Antagonistic effects between these two pathways
have also been described. For instance, branching morphogenesis of the prostate gland is
repressed by BMP7 that also reduchtchl expression (Grishina et B, 2005)
Overexpression of TGFb1l in 10T1/ 2 fibrobl as
related genes and decreased expressioNaith3 whereas overexpression of Notch3
i nt er f er e d-mediatdd hexprés€dhboll smooth muscle marK&msnnard et al.,
2008) I n aged muscl es, TGFb signalling (via
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activity is decreased compared to younger mus{&mison et al., 2008)The forced
activation of Notch in aged muscles prevents the binding of Smad3 to premwitke cell
cycle and senescence regulae?d, p27, p16 andpl5 whichinterferes withthe expression

of these genes in aged muscles (Carlson et al., 2008).

In conclusion, the majority of published studies on the crosstalk between Notch and
T GF b/ B Mmallings demonstrate that these two pathways synergise to inhibit

differentiation during myogenesis.
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4.17 Importance of muscle contraction during cevelopment

During development, the mechanical environment plays an important role in the
formation of different organs like heart, lung, kidney, bone and tendon. Particularly in the
musculoskeletal system, the manital forces produced by muscle contraction are crucial for
the correct development of the skeleton and tendons (review8hbviigrtz et al., 2013How
the mechanical signals are sensed by cells and regulate processes like cell growth, cell shape
rearrangment, differentiation and apoptosis are important question in developmental

biology.

The role of muscle contraction in skeleton and tendon development has been
investigated in mice and chick. Mouse models that lack limb musae®ax3mutant or
Myf5/MyoD-double mutant mice, display a generalised decrease in bone formation and
altered deposition of ossified structures which results in an abnormal bone morphology
(reviewed byNowlan et al., 2010)Chick embryos can be exposed to paralysing agents like
decamethonium bromide (DMB) that induces a rigid muscle paralysis or pancuronium
bromide (PB) that exerts flaccid paralysis, which results in increased or decreased muscle
tension, respectively. DMiBeated embryos display thinner and aberrantly curved hanes
the trunk and shorter bones in the limbs (reviewed by Nowlan et al., 2010). In addition to the
effects of muscle contraction on skeletogenesis, tendon development is also influenced by it.
Initiation of tendon development in the limb is musicldepenént, but the following
morphogenesis requires muscle interacfi@ardon, 1998) This muscledependent phase of
tendon development seems to rely on muscle contraction, and chick embryos exposed to

DMB decrease the expression of tendwerkers (Havis et alunpublished data).

Whereas the role of muscle contraction in the formation of bone and tendon is well
studied, little is known about the relevance of mechanical forces for the integrity of
developing skeletal musclén chick embryos, limb myogenesis is initiated in the absence of
muscle contraction (achieved by ablation of the neural tube, including motoneurons).
However, the integrity of muscles is not maintained and muscle begins to degenerate by
apoptosis at E1QRorg et al., 1992)Muscular dysgenesis (mdg) in mice interferes with

excitation/contraction coupling and precludes contraction. Muscle formation is initiated in

41



these animals but the muscles start to degenerate around E14 (Pai 1965a; 1965b). Exerting
muscleparalysis in chick embryos with DMB during foetal developmental stagesfter

limb muscles are assembled, decreases the musclesecigmal area and lowers muscle

force (Hall and Herring, 1990)Thusmechanical forceplay a role in the maintenanoéthe

skeletal muscleuring development
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4.217 The mechano-sensitive gene Yap and its role in iyogenesis

The Yesassociated proteifYap) is an effector of the Hippo pathway. The Hippo
pathway was first described ifrosophila melanogasterwhere it suppresses cell
proliferation and tumour growth and regulates organ size (reviewethay et al., 2011)

Hippo is one of the Serine/Threonine kinases in the signalling cascade, and its homologues in
mammals are Mst1/2 (Fig. 11). When Mst proteins are phosphorylated they become activated
and phosphorylate their direct substrates Lats1/2 (Fig. 11) (WBrasophild. When
activated, Lats1/2 proteins phosphorylate Yap and its paralogue Taz (homologues of Yorkie
(Yki) in Drosophilg that are then sequestrated in the cytoplasm. Consequently Yap and Taz
are unable to shuttle into the nucleus and their transumgdtiactivity is blocked (Fig. 11)
(reviewed by Zhao et al, 2011). Upstream mechanisms regulating Mst activity are poorly
understood. Mst1/2 can be activated by binding to Ras association domain family proteins
(RASSF) that form complexes with Ras proteansl inhibit cell growth (reviewed by Zhao et

al, 2011). Increased Yap activity is observed in many types of cai@gsverexpression in

the liver increases its size and sustained Yap activity leads to tumour formation. The same is
observed in mouse deient for Mst1/2 which present increased Yap activity (reviewed by
Zhao et al, 2011). In summary, the Hippo pathway determines organ size and inhibits

tumorigenesis by controlling Yap.

Protein interactions in the Hippo pathway are mainly mediated bynigirfzetween
proteins containing WW domains and protmeh motifs (PPxY/F). Yap transcripts can be
alternatively spliced, and originate variants that contain one or two WW domains, both
variants interact with the PPxY/F motifs present in Lats (revieweWhckerhage et al.,

2014) Cytoplasmienuclear shuttling of Yap is regulated by several mechanisms.
Phosphorylation of Yap by Lats1/2 leads to its cytoplasmic retention and dllodisg to

the 14-3-3 protein, whichinteractswith U-catenin in adhererjsinctions (Fig. 11). Once Yap

is phosphorylated, it can also be ubiquitylated and degraded (reviewed by Wackerhage et al.,
2014). Yap activity and location in the cytoplasm is also achieved by phosphorylation
independent mechanisms like the binding to amgitin proteins (Amot) (Fig. 11) (reviewed

by Zhao et al, 2011). Amot proteins are expressed in mechanical tissues like skeletal and
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cardiac muscles (reviewed by Wackerhage et al.,, 2014). The sequestration of Yap in the
cytoplasm by Amot proteins dependsmachanical stimuli (Fig. 11). Mechanical signals and
cultures on stiff substrates or low densities increaaetih polymerisation (Fig. 11). Under
these conditions, Amot proteins bind tea€tin and release Yap which is then free to shuttle

to the nucles (Fig. 11) (reviewed by Wackerhage et al., 2014).

Yap is a transcriptional eactivator that is unable to directly bind DNA. Therefore, it
needs to interact with transcription factors to exert its function as-aamnstor (Fig. 11).
Through its Teadbinding domain, Yap interacts with the transcriptfactors Tead1/2/3/4
(TEA domain transcription factors). Tead recognizes the MCAT elements (CATTCC) on
gene promoters or enhancers, and modulates their expression by binding-axtikeatsrs
like Yap or Vgll1/2/3 (vestigialike), or inhibitors like Vgl# (Fig. 11) (reviewed by Zhao et
al, 2011; reviewed by Wackerhage et al., 2014). Yap can also bind through its WW domain to
other transcription factors like Smadl or Tbx5 (Fig. 11) (reviewed by Zhao et al, 2011).
However, in mammary epithelial cells Yagddl ceoccupy the same binding sites in 80%

of the cases, indicating that this interaction is of major functional impor{@ha® et al.,
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2008) Direct target genes of Yap/Tead complexes have been identified, like connective
tissue growth factor (Ctgf)nal cysteinerich protein 61 (Cyr61), both involved in promoting
cell proliferation (Fig. 11) (reviewed by Zhao et al, 2011).

Components of the Hippo pathway are ubiquitously expressed in adul{\Mateet
al., 2010) In particular, Yap mRNA and proteimeapresent in skeletal muscles of adult mice
and inC2C12 myotubes (Watt et al., 2010). During mouse foetal development (E17), the
levels of Yap mRNA and proteim the musclesare abundanbut decline during posthatal
maturation(Watt et al., 2015)The® findings raised the question whether Yaight function

in skeletal muscle.

In C2C12 cells, plated satellite cells or satellite cells in floating myofibre cultures,
Yap promotes proliferation and inhibits differentiati@udson et al., 2012; Wattat, 2010)
Theseexperimentselied on overexpression of a constitutivalstive Yap variant (hYapl
S127A) that cannot be phosphorylated on Sedt¥ is constitutively nuclear. Thissulted
in increased expression levels Bax7 and Myf5 and decreasedxpression ofMyogenin
which suggests that active Yap plays a role in the expansion of stem and progenitor cells
(Judson et al., 2012; Watt et al.,, 2010). In addition, in satellite cells in floating myofibre
culturesYap activity (nuclear Yap protein andRNA levels) is low when the cells are
guiescent (freshisolated), and increases when the cells are activated (48h in culture) and
proliferate (72h in culture) (Pax7+/MyoD+) (Judson et al., 2012). Once the satellite cells are
activated, Yap expression kg remain high until cells fenter quiescence or terminally

differentiate.

Yap localisation has been also studied in the adult muscle. Yap is present in some but
not all myofibre nuclei and in the fibore membrane, particularly close to the-nawsoular
junctions (NMJ) (Watt et al., 2015)Lossof-function experiments using an adevical
vector carrying a sheottairpin RNA (shRNA) targeting Yap administrated in limb muscles
leads to muscle atrophy.e. a decrease in muscle mass and a reduced myofianeeter
(Watt et al., 2015)The muscle atrophy is associated with a reduced protein synthesis but not
increased protein degradatigWatt et al., 2015) Conversely, increased Yap activity in
muscles promotes hypertrophy. These experiments showed forrshetihe that Yap
positively regulates the adult skeletal muscle mass. Because Yap is accumulated at the
membrane close to the NMJ, Yap activity was also evaluated after denervation. Denervated

muscles show an increase in phosphorylated angphosphoryhted Yap protein and nuclear
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accumulation. This might provide a compensatory mechanism that prevents the excessive

muscle loss after denervation.

Functions of Yap in adult skeletal muscle started to be understood, but a role of Yap
in muscle development has not been addressed and in general, developmental functions of
Yap have been little studieapdeficient mice die at E8.5 due to defects inkyshc
development (reviewed yarry and Camargo, 201.3Yap localises to nuclei of cells of the
trophectodermal lineage, which forms the exmabryonic tissues, but is present in the
cytoplasm of blastocyst cells, indicating that the Hippo pathway migtticipate in cell fate
decisions at early developmental stages (reviewed by Barry and Camargo, 2013). In chick
embryos, Yap/Tead downstream of the classical Hippo pathway regulate the neural
progenitor pool, increase cell proliferation by inducieyglin D1 expression, and inhibit
differentiation by suppressingeuroM(Cao et al., 2008)in contrast, downregulation of Yap
by shRNA resulted in cell death of the neural progenitors (Cao et al., 2008).
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Results

Specific pattern of cell cycle during limb foetal myogenesis

This is a summary fronpart ofthe resultsl obtained during my PhD thesisd that
are published in Developmental Biology journal

Joana Esteves de Lima MarieAnge Bonnin, Adeline Bourgeois, Alice Parisi,
Faben Le Grand and Delphine Duprg2014). Specific pattern of cell cycle during limb
foetal myogenesis. Dev. Bid92, 308 323.

| contributed to this work by performing all the mouse vivo analysis, the
Fucci/RCAS vector constructiothe chickin vivo andin vitro analysis,cell quantification,

analysis and interpretation of tdataandwriting of the manuscript.

Synopsis

Objectives Myogenesis relies on an undifferentiated pool of muscle progenitors that
is required to sustain muscle growth during development and that gives rise to the satellite
cells. Therefore, the balance between proliferation and differentiation has to be tightly
regulated during development. In this study we aimed to characterise the cell cycle state of
the myogenic cell lineage during foetal myogenesis.

Methods We used the previously established Fucci system (fluorescent
ubiquitinationbased cell cycle indicatp(SakaueSawano et al., 2008) which cells in the
G1 phase of the cell cycle express a red fluorescent reporter (+h&G2; Fucci red) and
cells in the S, G2 and M phases express a green fluorescent reporterh@ehG Fucci
green). We used a Fuccidigreen doubktransgenic mouse line to detect cells in different

phases of the cell cycle during foetal myogenesis.

Results We observed that cell proliferation is not randomised in chick limbs during
foetal myogenesis. Fucci green reporter expressidnates that cells in the S/G2/M phases
of the cell cycle accumulated around the muscles and at muscle tips. We analysed if this was
also true for muscle progenitors. In muscles, we identified an increased number of Pax7+

cells in S/IG2/M phases at musclpsticompared to the centre of the muscles, which might
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suggest that the environment at the muscle tips promotes expansion of muscle progenitors

and normyogenic cells.

Pax7+ cells expressed mainly the Fucci green reporter while MyoD+ cells expressed
mostly Fucci red. Pax7+ cells rarely expressed the G1 phase marker Fucci red. This might
reflect the fact that Fucci system is not expressed or expressed at very low levels in the early
G1 cell cycle phase, and that visible expression of Fucci red is assawititeadlengthening
of the G1 cell cycle phaq®occio et al., 2013|SakaueSawancet al., 2008). Therefore, this
indicates that Pax7+ cells display a short G1 phase and are thus similar tosteencalls
(Roccio et al., 2013). Since Pax7+ cells wenelyalabeled by Fucci red, we used Fucci
green for further characterisation of the cell cycle state of Pax7+ cells. By combining Fucci
green and=dU (ethynyddeoxyuriding labelling we conclude that arour@gD% of the Pax7+
cells could be detected by Fucci green expression and should thus correspond to the Pax7+
cells in early GIphase of the cell cycle.

Conclusion The Fucci system allowed us to show that actively cycling cells are
distributed in a nomandbm manner in the limbs and inside the muscles. The Fucci system
does not completely cover all the phases of the cell cycle and in particular does not allow the
visualisation of cells that go very rapidly through G1. However, the Fucci green reporter can

beused to detect proliferating cells that are in the S, G2 and M phases
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Results

Stable and bicistronic expression of two genes in somitand lateral plate-derived

tissues to study chick limb development

This is a summaryrom partof the results | obtained during my PhD thesis and that

were submittedo BMC Developmental Biology journal

Adeline BourgeoisJoana Esteves de LimaBenjamin Charvet, Koichi Kawakami,
Sigmar StrickemndDelphine Duprez. (2015). Stable and bicistocoexpression of two genes

in somite and lateral platelerived tissues to study chick limb development.

| contributed to this work by constructing the pT2AbI2-p 5 7 MR E /-Tomatd i n
2A-GFRTol2 vector, performinghick limb somite electroporatiginistological analysis and

imagingof the electroporatedimbs.

Synopsis

Objectives Electroporation of @amites at the axial level of the limbs allows the
misexpression of genes in limb somite derivatifigsnnet et al., 2010; Wang et al., 2011)
This targets the cells that will give rise to myogenic and endothelial afetlse limbs. In
contrast, electroporation of the lateral plate targets other limb cells like cartilage, bone,
ligaments and tendon&ros et al., 2005)The objective of this stly was to establish a
technique to misexpress genes in muscle cells at different stages of differentiation and also to

misexpress genes in lateral plaierived tissues.

Methods We used vectors that take advantage of the -TralZsposase system
mediatedintegration into the genome for stable integration. These allow a continuous
misexpression of the geid-interest even at later developmental stages and differ thus from
transient misexpression. Therefore, we intended to design vectors containing twg oDNA
interest between two Tol2 transposons. To target muscle cells at different stages of
di fferentiation, we wused the CMV/ bactin pr
myogenic | ineage, the p57MRE/ bactin |pCromot e
promoter for expression in differentiated muscle cells. To perform analysis oltularce
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level, we aimed to misexpress in the same cell the -gém&erest together with a reporter
gene. For thiswe took advantage of the 2A peptidieat allowsexpresion of a bicistronic
MRNA (Szymczak et al., 2004A single peptide is produced by the bicistronic mMRNA, and
autocleavage of the 2A peptide subsequently produces equal amounts of the two proteins.
The final plasmids obtained were: pT2A0I2-C MV / b alomaic2A-GFRTol2, pT2AL-

Tol2-p 5 7 MR E /-Tomad2A-GFRTol2 and pT2ALTol2-MLC-Tomate2A-GFR-Tol2.

Each one of these plasmids was electroporated in association with a transient vector
containing the tr-a27TR) palowgeromiiptéghidn./ bact i n

Results After electroporatiorof somites at the limb level, the ubiquitously expressed
CMV/ bactin promoter targeted both muscle pr
cells (MF20+ cells), the p57 MREMFR® cetlsiamd pr o mo
muscle fibres (MF20+), and the MLC promoter targeted differentiated cells (MF20+). With
these vectors we observed a simultaneous expression of Tomato and GFP at the different
stages of the muscle differentiation. Lateral plate electrdiparavith the vector containing
the CMV/bactin promoter all owed Tomato and

connective tissues, but never in myogenic PAX7+ or MF20+ cells.

Conclusion In conclusion, we achieved to generate bicistronic vectoratbaible to
drive stable gene expression in the myogenic lineage at different steps of differentiation. |
used this system to study the interaction between differentiated muscle cells and muscle
progenitors (see Resul®. In addition, these bicistronicegtors can be electroporated in
somitic and lateral plate mesoderm and provide a tool to study the interaction between lateral

platederived tissues (connective tissue, tendon, cartilage) and myogenic cells.
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Results

17 The interplay between NOTCH and BMP signalling pathways is different during

proliferation and differentiation during foetal myogenesis

Synopsis

Objectives:BMP and NOTCH signalling positively regulate theumber of muscle
progenitorsout have different outcomes on muscle differentiadmthor et al., 1998; 1999;
Delfini et al., 2000; Hirsinger et al., 2001; Vasyutina et al. 20@thusteiGossler et al.,
2007; Warg et al., 2010; Mourikis et al., 2012d)ownregulation of Notch signalling is
required for myogenic differentiation, but BMP potentiates muscle differentiation in foetal
myogenesis and is required for myotube formatiowitro (Delfini et al., 20008Brohl et al.,
2012; Vasyutina et al., 2007a; Mourikis et al., 2012a; Wang et al.,; 20h@moto et al.,
2011) We aimed to define the interplay between NOTCH and BMP signalling in

proliferation and in differentiation during foetal myogenésigivo andin vitro.

Methods: The RCAS virus broadly infects chick dividing cells and can be used to
misexpress genes in chick limbsvivo and in primary cultures of chick foetal myoblasts
vitro. Myoblast culture allowed us to separately investigate proliferatiorddfedentiation

conditions.

Results: BMP and NOTCH positively regulate the number of foetal muscle
progenitorsin vivo. In vitro, BMP and NOTCH stimulatePAX7 expression and act
independently of each other. Forced NOTCH activation leads to an increaséernof
muscle progenitors without activating BMP signallimg chick limbs. In addition, in
proliferating cultures of chick foetal myoblasts NOTCH activation incre@se&’ andMYF5
but does not alter the expression of BMP target genes. This effect is not modified by the
presence of a BMP inhibitor. Activation of BMP in chick limbs increaB&3TCH1
expression and the number of PAX7+ cells. In myoblast cultures, BMP activation also
increases expression BAX7 MYF5 and of the NOTCH target gedEYL Thus, PAX7
expression could be regulated indirectly by theegulation ofHEYL expressionHowever,
blocking NOTCH activity with DAPT in myoblast cultures in the presence of BMP did not
change expression &fAX7 These results show that NOTCH and BMP have a convergent

effect onPAX7expression, but they act independently of each other.
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During differentiation, BMP and NOTCH have antagonist effects and activation of
one pathway decreasecethctivity of the other. Activation of BMP in differentiation cultures
of myoblasts decreases expression of the NOTCH target ¢géB&4 and HEYL and
conversely, blocking BMP increasé4£S1 and HEYL This suggests a role of BMP in
inhibiting NOTCH in diffeentiating myoblasts. In addition, activation of NOTCH decreases
expression of BMP target genH31, ID2 and NOG. Thus, NOTCH and BMP interactions
differ during proliferation and differentiation. These results are consistent with the spatial
regulation of NDTCH and BMP activityin vivo. NOTCH is widely expressed in muscle
progenitors while BMP is active only in muscle progenitors at the muscle tips and in
differentiated fibres (Wang et al., 2010; Mourikis et al., 2012a). Our results suggest that BMP
inhibits NOTCH signalling during differentian.

Conclusionand Perspective?NOTCH and BMP signalling have similar effects on

PAX7+ muscle progenitors and differently regulate muscle differentiation. The interplay
between the two signalling pathways is different in proliferating and differemtiegifs.

BMP and NOTCH regulat®AX7 expression positively and independently of each
other. At the muscle tips, where BMP and NOTCH are active, the number of PAX7+ cells
present in the S/G2/M phases of the cell cycle increase (Esteves de Lima et al.T@@é4)
if the forced activation of both pathways could potentiate an increaB&XY expression
compared to activatinfNOTCH or BMP alone, we will simultaneously activate NOTCH
(DLL1/RCAS) and BMP (BMP4/RCAS).

In addition we would like to determine ether the changes of PAX7 mRNA levels in
myoblast culture are correlated with differences in the number of PAX7+ cells. For this, we

will perform PAX7 immunohistochemistry in myoblast cultures.
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Results

1 - The interplay between NOTCH and BMP signalling pathways is different during

proliferation and differentiation during foetal myogenesis
Abstract

NOTCH and BMP are two signalling pathways known to positively regulate the pool of
muscle progenitors during delopmental, postnatal and regenerative myogenesis. During
foetal myogenesis, NOTCH and BMP positively regulate the number of muscle progenitors,
have opposite effects on muscle differentiation and display distinct pattern of activity in
muscles. These twsignalling pathways are often studied independently in the context of
myogenesis. However, synergistic or antagonist interactions have been described between
NOTCH and BMP in various developmental processes. We analysed the interactions between
NOTCH andBMP signalling pathways during foetal myogenesis using cimokvo andin

vitro systems. During proliferation of foetal muscle cells, NOTCH and BMP displayed a
convergent effect to promote/maintain muscle proliferation but acted independently of each
other. NOTCH signalling pathway did not induce BMP activity and NOTCH acted
independently of BMP to maintain the pool of muscle progenitors. BMP signalling activated
primary NOTCH target genes, but NOTCH was not required for BMP function on
proliferating foedl myoblasts. During foetal muscle differentiation, NOTCH and BMP
displayed antagonist interactions, consistent with their opposite effects on muscle
differentiation. These antagonist interactions in differentiating foetal myoblasts suggested
that BMP in dfferentiated muscle cells blocked NOTCH signalling to allow muscle
differentiation. We conclude that the interplay between NOTCH and BMP intracellular
signalling pathways is different in proliferating and differentiating foetal muscle cells. These
interactions are fully consistent with the endogenous pattern of NOTCH and BMP activities
in limb foetal muscles and with their respective functions in foetal muscle proliferation and

differentiation.
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Introduction

1 - The interplay between NOTCH and BMP signalling pathways is different during
proliferation and differentiation during foetal myogenesis

Skeletal muscle formation occurs in succesaive overlapping waves of myogenesis.
During development, embryonic myogenesis will set the muscle architecture, while foetal
myogenesis will assure muscle growth (Biressi et al., 2007; Stockdale, 1992). Adult muscle
progenitors other named satellite celse responsible for perinatal muscle growth,
homeostasis and muscle regeneration. The pool of satellite cells is established during foetal
myogenesis. Consequently, the understanding of the source and the nature of molecular
pathways regulating foetal mgenesis is important. The NOTCH and BMP signalling
pathways have been described as being involved in foetal myogenesis in mouse and chick
models. NOTCH and BMP have a convergent and positive effect on muscle progenitors, but
have opposite effects on musdiferentiation (Mourikis et al., 2082 SchusteiGossler et
al., 2007; Vasyutina et al., 20@Aang et al., 2010). Components of the BMP and NOTCH
signalling pathways display a distinct expression pattern in foetal muscles. NOTCH
signalling appears toebactive homogenously in all foetal progenitors (Delfini et al., 2000;
Mourikis et al., 201& Vasyutina et al., 20@J, with NOTCH1 expression in all foetal
muscle progenitors antAG2expression in myosin positive cells with no spatial restriction in
chick limbs (Delfini et al., 2000; Mourikis et al., 2082 In contrast, BMP signalling is
preferentially active in a sgpopulation of foetal muscle progenitors close to muscle tips
(Wang et al., 2010). Moreover, in contrast to NOT@Hich is never active in differentiated
muscle cells (Delfini et al., 2000, Vasyutina et al., 20Mourikis et al., 2018), BMP is
active in a subpopulation of myonuclei in differentiated foetal muscle cells (Wang et al.,
2010).

During development, NOTIE signalling is known to promote muscle progenitor
proliferation, while inhibiting muscle differentiation (Delfini et al., 2000; SchuStessler et
al., 2007; Vasyutina et al., 208 M™ourikis et al., 2018. NOTCH gain and loss cfunction
experiments ave been performed in head, somite and limb muscles during development in
chick and mouse models (Czajkowski et al., 2014; Delfini et al., 2000; Hirsinger et al., 2001,
Mourikis et al., 201& Vasyutina et al., 20@7 SchusteiGossler et al., 2007). All @sein

55



vivo developmental studies converged to the same resaltBlOTCH signalling was active

in muscle progenitors to maintain the pool of progenitors andiaisnregulationwas
required for muscle differentiation. Modification of NOTCH activity insole cell cultures

also led to similar conclusions (Kopan et al., 1994; Kuroda et al., 1999). The transmembranar
ligands, DELTAlike or JAGGED ligands activate canonical NOTCH signalling in adjacent
cells. Upon ligand activation, NOTCH receptor undergo@soteolytic cleavage to release

the NOTCH intracellular domain (NICD). This NICD fragment translocates to the nucleus
where it binds to the RBPJ transcription factor, which is the primary transcriptional mediator
of NOTCH signalling. The binding of NICDot the RBPJ releases the repressor
transcriptional activity of RBPJ. The NICRBPJ complex in association with others proteins
binds to defined DNA binding regions (CGTGGGAA motif) and activates NOTCH target
genes (Andersson et al.,, 2011). The bHLH trapson factors of the HES (Hairy and
enhancer of split) and HEY (Hairy/enhanadsplit related with YRPW motif) families are
known to be primary and direct target genes of NOTCH. HES and HEY proteins are
transcriptional repressors and have been showapi@ss cell differentiatioand determine

cell fate (Andersson et al., 2011). However, transcriptgoee®rmedin different cell types

upon forcedNOTCH activation,indicated adiversity in the immediate downstream NOTCH
response (Andersson et al., 201@pnsequently, there is no universal NOTCH target gene
and they vary in different cell contexts (Andersson et al., 2011). In nidese, Heyland

HeyL are relatively highly expressed in Pax7+ foetal muscle progenitors versus differentiated
muscle cells (Marikis et al., 2013). However,HeyL is one of the major responding genes to
NICD in mouse foetal muscle cells (Mourikis et al., 2812 mouse, Hes and Hey proteins
repressed the transcription of differentiation muscle genes (Brohl et al., 2012; Rluas an
Kadesch, 2010), to maintain muscle cells in a progenitor state. In mouse limbs, Hesl has
been shown to directly repress the transcription of the cell cycle exipgeffe (zalc et al.,
2014). In doubleHeyI /HeyL mutant mice it was shown that Heghd HeyL are essential

for generation and maintenance of the satellite cell number (Fukada et al., 2BSI)and

HEYLarethusconsidered as primary target gené®IOTCH activity.

BMPs (Bone Morphogenetic Proteins) were first identified as potent inclueer.
Since thep BMPs have been shown to be involved in numerous cell processes during
development (Massagué, 1998). Similarly to NOTCH signalling pathway, BMP ligands have
been shown to positively regulate the number of foetal and adult muscle poog@nchick,
mouse and zebrafish models (Friedrichs et al., 2011; Ono et al., 2010; Patterson et al., 2010;

Wang et al., 2010). However, the BMP effect on foetal muscle differentiation is different
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from that of theNOTCH signalling. NOTCH inhibitedhuscle differentiation, while BMP did

not inhibit muscle differentiation in embryos (Delfini et al., 2000; Mourikis et al., 2012
Wang et al., 2010). BMP gaiwf-function experiments increased the number of foetal muscle
fibres, while inhibition of BMP gjnalling led tosmall muscles during foetal myogenesis in
chick limbs (Wang et al., 2010). BMPs belong to the 5F ( Tr ansf or mi-ng gr o
beta) family of cytokines. The canonical BMP signalling involves BMP ligands, two types of
receptors (Type | andype Il) and the signal transducers SMAD proteins. Upon ligand
activation, the BMP receptor phosphorylates the receptprlated SMADs (FEMADS),
including SMAD1, SMAD5 and SMADS. Activated-BMADs interact with the common
mediator (ceSMAD) SMAD4 and acumulate into the nucleus where the SMAD complex
binds to defined DNA sequences (GGAGCC motif) to regulate target gene transcription.
SMAD complex associates with other factors to activate gene transcription (Massagué et al.,
1998). The ID (inhibitor of dferentiation) proteins are the best recognized BMP/SMAD1/5/8
primary response (Miyazawa et al., 200B)1, ID2, ID3 andNOG have been shown to be
direct target genes of SMAD1/5 in human endothelial cells (Morikawa et al., 2011). These
helix-loop-helix (HLH) ID proteins that lack DNAinding domains are known to negatively
regulate cell differentiation and stimulate cell cycle progression during neurogenesis,
osteogenesis or stem cell maintenance (Lasorella et al., 2014). In muscle, ID proteins have
been Bown to negatively regulate muscle differentiation in cultured muscle cells (Melnikova
et al., 1999). ID proteins bind directly to MYOD atilisrepress MYOD etivity (Benezra et

al., 1990).

NOTCH and BMPsignalling pathways convert extracellular information into specific
transcriptional response in the nucleus to modify gene transcription in muscle cells. It is now
recognized that BMP and NOTCH signalling pathways exhibit crosstalk or shars goint
intersection. Synergistic or antagonist interactions have been highlighted in numerous
developmental, differentiation or pathological processes (Blokzijl, 2003; Carlson et al., 2008;
Dahlgvist, 2003; Grishina et al., 2005; Kennard et al., 2008). However, igangsis these
two pathways have been mostly studied independently. In the present manuscript, we
analysed the interplay between NOTCH and BMP signalling pathways in foetal myogenesis
using chickin vivo andin vitro systems. We found that the interplayvie¢n NOTCH and
BMP signalling pathways is different in proliferating and differentiating foetal muscle cells.
These interactions are consistent with the endogenous patterns of activity of both pathways

and with their respective functions in foetal muscleliferation and differentiation
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Results

1 - The interplay between NOTCH and BMP signalling pathways is different during

proliferation and differentiation during foetal myogenesis

ForcedNOTCH activity increased the number of PAX7+ foetal progenitors in
chick limbs without activating BMP signalling pathway

DELTAL1/RCAS overexpression in chick limbs has been shown to activate NOTCH
signalling and block muscle differentiati, while increasing the number of PAX7+
progenitors in chick limbs (Bonnet et al., 2010; Delfini et al., 2000; Havis et al., 2012;
Esteves de Lima et al., in preparation). BMP signalling also increased the number of PAX7+
cells during foetal myogenesis @hg et al., 2010). In order to define whether forced
activation of NOTCH activity induced BMP signalling, we examined pSMAD1/5/8
expression in PAX7+ cells after DELTA1/RCAS overexpression. We observed that
pSMAD1/5/8 was not increased in PAX7+ cells upd®@TCH activation (Figure 1A)).1D2
has also been reported as a primary BMP/SMADL1/5 target gene (Morikawa et al., 2011).
During chick foetal myogenesidD2 was expressed in close association with BMP4
expression sites (Figure SAA). ID2 expression was aupregulatedanddownregulatedn
BMP gainr and loss of function experiments, respectively, in chick embryos (Figuie ),
indicating thatiD2 expression is a readout of BMP activity. Consistent with the absence of
increase of pSMAD1/5/8, DELTA#ctivdaed NOTCH did not modifylD2 expression in
chick limbs (Figure 1KM). We conclude that forceNOTCH activity increased the number
of PAX7+ cells without activating BMP signalling pathway, in chick limbs.

NOTCH gain- and lossof-function experiments modified muscle gene expression
in proliferating foetal myoblasts, without modifying the activity of BMP signalling

pathway

In order to dissociate proliferation to differentiation processes, we turnedrioiam
system of chick foetal myoblasts. Chifdetal myoblasts cultured in proliferation conditions
displayed PAX7, MYF5, MYODand MYOG transcript expression (Figure S2). At the
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transcript levelsPAX7andMYF5expression levels weownregulatedipon differentiation
(Figure S2). DELTAlactivated NOTH in chick foetal myoblasts did not modify the
proportion of the different phases of cell cycle (Fig 2A,B, Fig S3). DEL-&étlvated
NOTCH in chick foetal myoblasts led to an increas€AX7 and MYF5 expression levels,
while inhibiting MYOD and MYOG expression levels compared to control cultures (Figure
2D). These changes of mMRNA levels in proliferating myoblast cultures are consistent with the
maintenance ofPAX7 and MYF5 expression and the inhibition diYOD and MYOG
observed in chick limbs after DELTARCAS overexpression (Delfini et al. 2000; Bonnet et
al., 2010; Havis et al., 2012). NOTCH activity was assessed with the expression of the
primary NOTCH target geneslES4 (equivalent ofHeslin mouse) andHEYL, which both

have been shown to hepregulatd in muscle cells upon activation of NOTCH (NICD)
during mouse foetal myogenesis (Mourikis et al., 2DIRELTA1/RCAS induced a massive
increase oHEYL expression and modest increasdH&S4expression in chick proliferating
foetal myoblasts compared tmntrol myoblasts (Figure 2D). This is consistent with the
mouse limb situation wherdeyL and notHeslwas the major responding gene to NICD in
foetal muscle cells (Mourikis et al., 262NOTCH activation did not induce any increase

the expression leels of the primary BMP target gendBl, ID2 and NOG in proliferating

foetal myoblast cultures (Figure 2D), consistent with ithevivo situation (Figure 1). We
conclude that DELTAdactivated NOTCH induced the expected changes in muscle gene

expression, while not affecting the BMP signalling, in proliferating myoblast cultures.

Blocking NOTCH signalling using the DAPT chemical inhibitaduced a dramatic
loss of NOTCH activity assessed by the decreasbHEYL expression level compared to
control cultures (Figure 2E). NOTCH inhibition led to the expected changes for muscle gene
expressionj.e. a concomitant decrease of tRAX7and MYF5 and increase oMYOD and
MYOG mRNA levels in proliferating foetal myoblasts (Figure 2E). Inhibition of NOTCH
activity did not modify the expression levels of BMP readout geli#k, ID2 and NOG
(Figure 2E), indicating that BMP signalling was not modifiedthe absence of NOTCH

function in proliferating foetal myoblasts.

Although BMP signalling did not appear to be modified upon NOTCH-gaid loss
of-function experiments, we blocked BMP activity, using the BMP inhibitor LDN, in
DELTA1/RCAStreated myoblast We observed that the block of BMP activity did not
significantly modify the expression levels BAX7, MYF5and MYOD genes compared to
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DELTAL1/RCAS infected myoblasts (Figure S4). This showed that the loss of BMP activity
had no effect on the ability ?§OTCH signalling to increagdeAX7andMYF5expression.

We conclude that NOTCH gairand lossof-function experiments in proliferating

myoblasts affect muscle gene expression, independently of BMP activity.

Forced-BMP activity increased the expression of RTCH target genes in foetal
limbs and in proliferating foetal myoblasts while block of BMP had no effect on
NOTCH activity

We showed that NOTCH modified the number of foetal muscle progenitors in limbs
and PAX7 and MYF5 expression levels in foetal myobissindependently of BMP activity
(Figures 1, 2). In order to analyse the participation of NOTCH signalling in the BMP effect
on foetal myogenesis, we analysed the expression of NOTCH readout genes after
BMP4/RCAS expression in chick limbs. BMP4/RCABeced chick limbs induced ectopic
BMP activity assessed with the increasep8MAD1/5/8 in foetal myoblasts (Wang et al.,
2010) and the ectopic expression of the primary BMP target ¢eBecompared to control
limbs (Fig. S1GJ). We observed that ectopicMP4 increased the expression of the
NOTCHZ1receptor in foetal muscles in chick limbs, compared to control limbs (Figu@)3A
JAG2 was not affected in BMP4/RCAfBfected foetal muscles, (FigureD3 E). We

concluded that forceBMP activity increasetNOTCH1expression in foetal limbs.

In chick foetal myoblasts, retroviral BMP4/RCAS expression increased the transcript
levels of the primary BMP target genéBl, ID2 and NOG compared to control cultures
(Figure 4). Upon BMHorced expressionPAX7 and MYF5 expression wasipregulated
(Figure 4D). This is consistent with the increase in the number of PAX7+ progenitors
observed in BMP4/RCAS limbs (Wang et al., 201®%Je observed that BMP4/RCAS
activated the relative mRNA levels of the transcriptional readd®MOTCH activity, HEYL
compared to control cultures (Figure 4D). We conclude that BMP fectdty increased
NOTCH activity in proliferating myoblastsConversely, blocking BMP activity following
SMADG6/RCAS overexpression decreased the relative sgje levels oPAX7and MYF5
genes in foetal myoblasts compared to control cultures (Figure 4E). The decr&a¢70of
andMYF5expression upon BMP inhibition in foetal myoblast cultiiseconsistent with the
decrease in the number of PAX7+ foetal musplegenitors in BMP lossf-function
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experiments in chick limbs (Wang et al., 2010). Consistent with the blockade of BMP
activity, SMADG6/RCASInfected myoblasts displayed a decrease of the relative mRNA
levels of BMP target genet)1, ID2 andNOGversus catrol cultures (Figure 4E). However,
inhibition of BMP activity did not modify theexpression of théranscriptional readout of
NOTCH activity, HEYL (Figure 4E). Using the Fucci system, we observed that BMPajain
function experiments did not modify theoportion of the phases of the cell cycle, while
BMP lossof-function experiments increased the number of cells in G1 phase compared to

control cultures (Figure 4, Figure S3).

We conclude that BMP gaiof-function experiments increased NOTCH activity in

limb foetal muscles and in foetal myoblasts cultured in proliferation conditions.

Forced-BMP activity increased the relative expression levels ®AX7 and MYF5

genes independently of NOTCH activity in proliferating foetal myoblasts

The upregulation of NOTCH target genes following BMP gagi-function
experiments (Figure 3, 4) suggested that NOTCH could mediate the positive effect of BMP
on foetal muscle progenitors. In order to determine whether the increase of NOTCH activity
was required for the BM effect onPAX7 and MYF5 expression, we blocked NOTCH
activity in BMP gainof-function experiments in foetal myoblast cultures. Inhibition of
NOTCH activity (using the DAPT inhibitor) did not modify the BMP effect BAX7 and
MYF5expression nor the BMHfect onlD1, ID2 andID3 (Figure 5). The drastic diminution
of HEYLexpression assessed the blockade of NOTCH activity with the DAPT inhibitor. This
result indicated that active NOTCH was not required for the positive BMP effde A&7
and MYF5 expressia in proliferative foetal myoblasts. However, we observed that the
inhibition of NOTCH activity increasedYOD and MYOG expression in BMP4/RCAS
infected cultures when compared to BMP4/RGAfected myoblasts (Figure 5). This effect
is consistent with thencrease oMYOD and MYOG expression observed when NOTCH
activity is blocked (Figure 2). We conclude that BiftfPfced activity increase®AX7 and
MYF5gene expression independently of NOTCH activity in proliferating foetal myoblasts.
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NOTCH gain-of-function experiments inhibit BMP target genes in foetal

myoblasts cultured in differentiation conditions

NOTCH and BMP signalling pathwaymsitively regulate théetal progenitorpool,
independently of each other. We next investigated putative crosstalk betwe=en tivo
signalling pathways in foetal myoblasts cultured in differentiated conditions. N&oCEd
activation blocked muscle differentiation assessed by the inhibition of myotube formation
(Figure 6A,B) and the dramatic loss MYOD andMYOG expression (Figure 6C) in foetal
myoblasts cultured in differentiation conditions. This result observed in foetal myoblasts is
fully consistent with the inhibition ofMYOD, MYOG and myosin expression in
DELTAL1/RCAS infected chick limbs (Delfini et al., @0; Bonnet et al., 2010). Upon
DELTAL/RCAS overexpression, the relative expression of the primary NOTCH target genes,
HES4and HEYL was upregulatedn differentiated myoblasts compared to control cultures
(Figure 6C). In this experimental design, we obsedrthat the transcriptional readout of BMP
activity, ID1, ID2 and NOG expression, waslownregulatedcompared to control cultures
(Figure 6C). We conclude that the inhibition wfyogenic differentiation upon NOTCH
activation is concomitant with @ownreguléion of BMP activity. However, the blockade of
NOTCH activity with the DAPT inhibitor did not modify BMP activity or muscle gene

expression (Figure 6D).

BMP gain- and lossof-function experiments modified NOTCH activity in foetal

myoblasts cultured indifferentiation conditions

NOTCH-forced activity inhibied BMP signalling (Figure 6). We next determined
whether BMP gainand lossof-function experiments would affect NOTCH activity in foetal
myoblasts cultured in differentiation conditions. BMP4/RCGiafected myoblasts cultured in
differentiation conditions led to a decreaséMYF5, MYODandMYOGexpression and to an
inhibition of myotube formation compared to control cultures (Figure 7). This result in
myoblast cultureis consistent with previous vitro studies (Friedrichs et al., 2011; Katagiri
et al.,, 1994; Ono et al., 2010) but is somehow diffeterthe foetal muscle phenotype
observed in BMP4/RCA$hfected limbsthatdisplay increased muscle fibore number (Wang
et al.,, 2010). One likely explanah for the difference of the BMP4 effect on muscle
differentiation betweenn vitro and in vivo situations could be theapregulationof NOG
expression, a potent inhibitor of muscle differentiation (Wang et al., 2010), observed in
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BMP4/RCASinfected myoblasts (Figure 7D) and not in BMP4/RCGiAfected limbs.
(Figure S5). Nevertheless, NOTCH activity assessediB$4 and HEYL expression was
downregulatedin BMP4/RCASinfected myoblasts cultured in differentiation conditions
(Figure 7D. Conversely, in BMP losef-function experiments (following SMADG6
overexpression) we observed apregulationof NOTCH activity assessed WWES4 and
HEYL expression. BMP gairand lossof-function experiments led tdéAG2downregulation
and upregulation respectively, consistent with the expressionH&S4 and HEYL (Figure
7E). SMAD6/RCASInfected myoblasts cultured in differentiation conditions led to an
inhibition of muscle marker expression(Figure 7E) and myotube formation (Figure 7C),
which is consitent with the inhibition of foetal myogenesis observed in NOGGIN/RCAS
infected limbs (Wang et al., 2010).

We conclude that NOTCH signalling is inhibited upon BiidRced activation and
increased upon BMP blockade in foetal myoblasts cultured in differientie@nditions.
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Figure 1 - DELTAL -activated NOTCH did not activateBMP s i gnal |l i ng i n PAX
progenitors in chick limbs. (A) DELTA1/RCAS expressing cells were grafted into the
presumptive right forelimbs dE3.5 chick embryos. The grafted embryos were fixed three

days later aE6.5 Transverse sections from grafted (B,C,E,Ra@&) control (D,H,1,J) limbs

were analysed at the same proxidistal levels in order to allow comparison. Transverse
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sections of grafted limbs were hybridized witiELTA1 probe to visualise the virus spread
(B). Immunohistochemistry as performed with the PAX7 andSMAD1/5/8 antiboges on
DELTA1/RCAS infected limbs (C,E,F,G) and compared with control limbs of the same
embryos (D,H,l1,J). PSMAD1/5/8 expression was not activated in PAX7+ cdl&iTAL-
activated NOTCH limbs.In situ hybridization with ID2 probe was performed on
DELTA1/RCAS infected limbs (K,L) and compared to control limbs (ND2 expression
was not activated in DELTA#ctivated NOTCH limbs.

Figure 2 - NOTCH gain- and lossof-function experiments in proliferating foetal
myoblasts did not modifyBMP signalling. (A) RT-g-PCR analyses of the expression levels
of muscle markersPAX7, MYF5, MYORndMYOG), components of the NOTCH pathway
(HES4, HEYL, NOTCH1, JAG2and components of tHBMP pathway (D1, ID2, NOQG in
DELTA1/RCASinfected myoblasts cultured in proliferation condition. (B) -&PCR
analyses of the expression levels of muscle markefs<{, MYF5, MYODand MYOG),
components of the NOTCH pathwayHES4, HEYL, NOTCH1, JAG2, DLD1 and
components of th8MP pathway (D1, ID2, NOG in DAPT-treated myoblasts cultured in
proliferation condition. For each gene, the mRNA levels of control culture were normalised
to 1. *p<0.05; ** p<0.01; *** p<0.001; Error barsdicate s.e.m. (€) Representative fields

of chick foetal myoldsts infected with Fucci/RCAS8s control (C), with Fucci/RCAS and
DELTA1/RCAS (D) or with Fucci/RCAS and DAPT (E), showing merged pictures of phase
contrast, Fucci red (G1 phase) and Fuccegrés/G2/M phases) cells.
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Figure 3 - Ectopic BMP activated the expression of comgnents of the NOTCH pathway

in foetal muscles in chick limbs (A-E) BMP4/RCAS expressing cells were grafted into the
presumptive right forelimbs dE5.5 chick embryos. The grafted embryos were fixed four
days later at ES. Sections from grafted (B,D) and control C,E) limbs were analysed at
the same proximdistal level in order to allow comparisofransverse sections of grafted
limbs were hybridizeavith mouseBMP4 probe to visualise the virus spread (A), with chick
NOTCH1 @) and JAG2 D) probes. Tansverse sections of control limbs hybridized with
chick NOTCH1 (C) and JAG2 (E)robesNOTCH1was activated irBMP4/RCASinfected
limbs. Scale bar, 200m.
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Figure 4 - NOTCH activity following BMP gain- and lossof-function experiments in
chick foetal myoblasts cultured in proliferation conditions. (A) RT-g-PCR analyses of the
expression levels of muscle markelPAK7, MYF5, MYORndMYOG), components of the
BMP pathway [D1, ID2, NOG and components of the NOTCH pathwdyEGS4, HEYL,
NOTCH1, JAG2, DLLL in mBMP4/RCAS infected myoblasts cultured in proliferation
condition. (B) RFg-PCR analyses of the expression levels of muscle maRéx7( MYF5,
MYOD andMYOG), components of thBMP pathway [D1, ID2, NOG and components of
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the NOTCH pathwayHES4, HEYL, NOTCH1, JAG2, DLLIn SMAD6/RCASinfected
myoblasts cultured in proliferation condition. For each gene, the mRNA levels of control
culture were normalised to 1. *p<0.05; ** p<0.01; ** p<0.001; Error bars indicate s.e.m.
Representative fields of chick foetal myasis infected with Fucci/RCASs control (C),

with mBMP4/RCAS and Fucci/RCASD) or with Smad6/RCAS and Fucci/RCAS (E),
showirg merged pictures of phase contrast, Fucci red (G1 phase) and Fucci green (S/G2/M
phases) cells.
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Figure 5 - Inhibition of NOTCH signalling pathway did not affect the BMP positive
effect on PAX7 and MYF5 expression in proliferating foetal myoblasts (A) RT-g-PCR
analyses of the expression levels of muscle markefs<{, MYF5, MYODand MYOG),
primary targets of theBMP pathway (D1, ID2, ID3) and primary targets of NOTCH
pathway HES4, HEY). in mBMP4/RCASinfected myoblasts treated or not treated with the
DAPT inhibitor and cultured in proliferation conditions. For each gene, the mRNA levels of
mBMP4/RCAS infected myoblast culture were normalised to 1. *p<0.05; ** p<0.01; ***

p<0.001; Error bars indicate s.e.m.
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Figure 6 - DELTA1-induced NOTCH decrease BMP activity in foetal myoblasts
cultured in differentiation conditions. (A,C) Representative fields showing phase contrast
of chick foetal myoblasts infected with Fucci/RCAS as control (B) or with DELTA1/RCAS
and Fucci/RCAS cultured in differentiatiorordditions. (C) RTg-PCR analyses of the
expression levels of muscle markePAK7, MYF5, MYOandMYOG), components of the
NOTCH pathway HES4, HEYL, NOTCH1, JAG2and primary genes of tH&MP pathway
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(ID1, ID2, NOQGQ in DELTA1/RCASinfected myoblastscultured in differentiation
conditions. For each gene, the mRNA levels of Fucci/R@A&ted myoblasts (control)
were normalised to 1. (D) RG-PCR analyses of the expression levels of muscle markers
(PAX7, MYF5, MYONndMYOGQG), primary targets of the NGOH pathway HES4, HEY)L

and primary genes of thBMP pathway [D1, ID2, NOQ in DAPT-treated myoblasts
cultured in differentiation conditions. For each gene, the mRNA levels of control myoblasts
were normalised to 1. *p<0.05; ** p<0.01; *** p<0.001; Erkmars indicate s.e.m.
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Figure 7- NOTCH activity in BMP gain- and lossof-function experiments in foetal
myoblasts cultured in differentiation conditions. (A-C) Representative fields in phase
contrast of chick foetal myoblasts infected with Fucci/RCAS casitrol (A), with
BMP4/RCAS and with Fucci/RCAS (B) or with Smad6/RCAS and Fucci/RCAS (C), and
cultured in differentiation conditions. (D) RFFPCR analyses of the expression levels of
muscle markersRAX7, MYF5, MYODand MYOGQ), primary BMP target geneslD1, 1D2,
NOG and components of the NOTCH pathwdES4, HEYL, NOTCH1, JAG2, DLLin
BMP4/RCASinfected myoblasts cultured in differentiation conditions. For each gene, the
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MRNA levels of Fucci/RCAS infected myoblasts were normalised to 1. (B-RTR
analyses of the expression levels of muscle markesxy, MYF5, MYODand MYOG),
components of primarBMP target geneslD1, ID2, NOGQ and components of the NOTCH
pathway HES4, HEYL, NOTCH1, JAG2, DLLin SMADG6/RCASinfected myoblasts
cultured in differatiation conditions. For each gene, the mRNA levels of Fucci/RCAS
infected myoblasts were normalised to 1. *p<0.05; ** p<0.01; *** p<0.001; Error bars

indicate s.e.m.
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Figure 8 - The interactions between BMP and NOTCH signalling pathways are
different during proliferation and differentiation in foetal myoblasts. Schematic
representation of the BMP and NOTCH intracellular signalling pathways in proliferation and
differentiation. In proliferation conditions, BMP activates the expression of NOTCH target
genes,HES4andHEYLin chick myoblasts. In differentiation, BMP inhibits the expression of
NOTCH target gene$JESAandHEYL, while inhibition of BMP activity increases the
expression of NOTCH target gene;S4andHEYL,in chick myoblasts.
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Figure 9 7 Interplay between BMP and NOTCH signalling pathways during foetal
myogenesis Componets of the NOTCH pathway (DELTA JAG2 and NOTCH1) are
homogeneously distributed in chick foetaluscles. Th®ELTAlandJAG2ligands are
expressed in differentiated muscle cells (myoblast and muscle fibres), while
theNOTCH1receptor is excluded from differentiated muscle cells. The honeogen
production of NOTCH ligands (JAG2) from muscle fibrekowb a general promotion of
adjacent muscle progenitopositive for NOTCH activity BMP signalling is restricted in
chick foetal muscles, in PAX7+ muscle progenitors and in myonuclei, at muscle tips. At
muscle tips, PAX7+ cells displayed active BMP andON® signalling which can possibly

accounto increasehe proliferation of PAX# cells in this region
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Figure S1

Figure S1-ID2 is a transcriptional readout of BMP activity in chick limbs. (A,C) In situ
hybridization experiments showinidp2 endogenous expression in chick foetal muscles.
Longitudinal sections of limbs of E7 (B) chick embryos weréybridized with 1D2 probe
(A,C) or with the BMP4 probe (B,D).(A) is adjacent section ofB). (C,D) are high
magnifications of a ventral limb mcle of (A,B). E-H) BMP4/RCASinfected E,G) and
contralateral it,H) forelimbs from E9 chick embryos were cut transversely and hybridized
with the mouseBMP4 probe E,G) and with the chick ID2 probeF(H) and then

immunostained with the MF2@ntibody to vsualise muscleqE,F) and (G,Hl are adjacent

76



sectionslD2 expression isipregulatedn BMP4/RCAS limbs () compared to contralateral
limbs H). (I-K) NOGGIN/RCASinfected (,J) and contralateraK() forelimbs from E9 chick
embryos were cut transverselgdahybridized with the chick NOGGIN)(and ID2 (,K)
probes and then immunostained with the MFR#tibody to visualise musclegl,J) are
adjacent sectionsD2 expression islownregulatedh NOGGIN/RCAS limbs J) compared to
contralateral limbs K). The downregulationof ID2 in NOGGIN expressing regions is

squared and compared with similar regions in contralateral limbs.
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Figure S2- Foetal myoblast culture mimics foetal myogenesis vivo

(A-C) Foetal myoblasts cultured in proliferation conditiodyoblasts were transfected with
Fucci/RCAS virus and left fo5 days in cultures. Representative field of proliferating
myoblasts showing merged picture (A), Fucci red and Fucci green (B) and Fucci green (C).

(D-1) Foetal myoblasts cultured in different@t conditions. Myoblasts were transfected with
Fucci/RCAS virus were left in culturantil cells reached confluencand then placed in
differentiation medium and fixed 3 days-() or 5 days (Q) after. Representative fields of
differentiated muscle callshowing merged picture (D,G), Fucci red and Fucci green (E,H)

and Fucci green (F,I), 3 daysH{b) and 5 days (&) post differentiation.

(J) RT-g-PCR analyses of the mRNA expression levels of muscle maRé&xX7( MYFS5,
MYOD and MYOQ in proliferation a&ad differentiation conditions. The mRNA levels of
PAX7in proliferation conditions was normalised to 1, and the relative mRNA levels of the
other muscle genes was calculated versus PAX7 expression in proliferating conditions. Error
bars indicate s.e.m. Tiee was a clear decrease BAX7 and MYF5 expression in
differentiation versus proliferation conditions. However, the relative mRNA leveNsY@D

andMYOGdid not changbetweerproliferationand differentiation conditions.

(K) RT-g-PCR analyses of the etive mRNA expression levels of components of the
NOTCH pathway KHHES4, HEYL, NOTCH1, DLL1, JAG2and components of thBMP
pathway (D1, ID2, NOG,BMP4) in differentiating myoblasts versus proliferating myoblasts.
The mRNA levels of each gene in prolifeng myoblasts were normalised to 1. *p<0.05; **
p<0.01; *** p<0.001; Error bars indicate s.e.m. During the muscle differentiation process,
there was a significartownregulatiorof the primary NOTCH target gendEYL expression

levels
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Figure S3- Analysis of the cell cycle phases in proliferating myoblasts using the Fucci
system in NOTCH andBMP misexpression experimentsMyoblasts were transfected with
(A) Fucci/RCAS, (B) DELTA1/RCAS + Fucci/RCAS, (BMP4/RCAS + Fucci/RCAS or
(D) SMAD6/RCAS + Fuci/RCAS, cultured in proliferation conditions and fixed before
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confluence. Representative fields of proliferating myoblasts showing merged pictures, Fucci
red (G1 phase), Fucci red and Fucci green (G1/S transition phases) or Fucci green (S/G2/M
phases) foreach condition. DELTA¥orced NOTCH activation (B) an®MP-forced
activation (C) did not change the number of cells in each of the phase of cell cycle compared
to control myoblasts (A). (D) SMAD6/RCARBfected myoblasts showed a significant
increase in t number of Fucci red cells compared to control myoblasts (A). This showed
that block ofBMP signalling increased the proportion of muscle cells in G1 phase in chick

foetal myoblast culture.
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Figure S4

Figure S4- Inhibition of BMP signalling pathway did not affect the NOTCH effect on
PAX7 and MYF5 expression inproliferating foetal myoblasts. (A) RT-g-PCR analyses of
the expression levels of muscle markd?&X7, MYF5, MYORndMYOGQG), primary targets

of theBMP pathway (D1, ID2, ID3) and primary targets of NOTCphthway HES4, HEY).

in DELTA1/RCAS infected myoblasts treated or not treated with the LDN inhibitor and
cultured in proliferation conditions. For each gene, the mRNA levels of DELTA1/RCAS
infected myoblasts were normalised to 1. *p<0.05; ** p<0.01; **0M®O01; Error bars

indicate s.e.m.
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Figure S5

Figure S5- Ectopic BMP signalling did not induce ectopic expression oNOG in chick

limbs. (A-F) BMP4/RCASinfected (AF) and contralateral (G,H) forelimbs from E7-(A

and E9 (EH) chick embryos were cut transversely and hybridized with the mBivEe4

probe (A,E,G) and with the chick NOG probe (B,C,F,H) and then immunostained with the
MF20 antibody tovisualise muscles. (A,B), (E,F) and (G,H) are adjacent secti@)ss a

distal section of th& MP4/RCAS infected limbs, to show that NOG was expressed in digits.
NOG expression was not detected in zeugopod regions (H) and not activated by ectopic
BMP4 (B,F).
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PAX7 Fw AGAAGAAGGCCAAGCACAGCATAG
Rv ATTCGACATCGGAGCCTTCATCCA

MYF5 Fw ACCAGAGACTCCCCAAAGTG
Rv TCGATGTACCTGATGGCGTT

MYOD Fw CGACAGCAGCTACTACACGGAAT
Rv CTCTTCCCATGCTTTGGGTC

MYOG Fw AGGCTGAAGAAGGTGAACGAAG
Rv CAGAGTGCTGCGTTTCAGAGC

HES4 Fw ATGGAAAAACCCACCGCTTC
Rv CATTTACCTTCCGGTGCTCG

HEYL Fw CCAAGCTGGAGAAGGCAGA
Rv CCAGAGCACGAGCATCCA

NOTCH1 |Fw TACGACTGCACCTGTCTGC
Rv TTGTTCCCTGGACAGTCATCG

JAGGED2 [Fw CAAGTGGCTGGGAAGGAGAA
Rv TGCATCGGCCACCATTATGA

DELTA1 |Fw CTTCACCTGTGGAGAGCGT
Rv ATTCCCCAGGTTTGTCGCA

ID1 Fw CCGGAGGGTCTCTAAAGTGG
Rv GCAGGTCCCAGATGTAGTCG

Id2 Fw GAAGAACGGCCTTTCGGAG
Rv TCATGTTGTACAGCAGGCTCA

ID3 Fw GCTGGAGGAACCCATGAATCT

Rv TCCCGCAATTTGGAGTAGCA

NOGGIN |Fw TGGATCTAATCGAGCACCCG
Rv TGAGGCTCCTTAGCAAGGTC

BMP4 Fw CTTCGTCTTCAACCTCAGCA
Rv GACAGCGGCTTCATCACT

Table S1

Table S1- List of RT-g-PCRused in this study
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Discussion

1 - The interplay between NOTCH and BMP signalling pathways is different during

proliferation and differentiation during foetal myogenesis

NOTCH and BMP are two signalling pathways that have convergent effest
during muscle proliferation and divergent outcomes for muscle differentiationin vivo

and in vitro

Myogenesis can be studied vivo andin vitro. In vitro culture systems are very
powerful to dissociate proliferation from differentiation processes. Hawewascle cell
cultures do not always mimia vivo myogenesis. Muscle cell cultures select muscle cells
that simultaneouslgxpress PAX7 and MYOD (Esteves de Lima et al., 2014). In addition
there is an increase in the proportion of muscle cells that are in G1/S transition (Fucci yellow
in Figure S2; Esteves de Lima et al., 2014). Foetal muscle cells expressing both PAX7 and
MYOD are very rare in vivo (Relaix et al., 2005) as there is very few muscle cells in G1/S
transition in foetal limbs (Esteves de Lima et al., 2014). We believe that the muscle cell
population in a transient state betweeuscle progenitorRAX7+) andmyoblas (MYOD+)
is amplified in vitro. These mogenic cells that are at the saméme progenitors and
myoblastscan nevertheles$e used to study muscle cell proliferation.

NOTCH and BMP have a similar effect on PAX7+ foetal muscle aelgvo andin
vitro. NOTCH and BMP gairof-function experiments in chick limbs lead to an increase in
the number of PAX7+ cells compared to control limbs (Figure 1; Wang et al., E8t&ves
de Lima et al., in preparatipnThis effect can also be obseredvitro with the ncrease of
the expression levels d?AX7 and MYF5 genesupon NOTCH or BMP gairof-function
experiments in chick proliferating foetal myoblasts (Figures 2, 4). Conversely, NOTCH or
BMP lossof-function experiments lead to the opposite effeeta decreas in the number of
PAX7+ cells in limb foetal myogenesis (Wang et al., 2010; Vasyutina et al.,aR007
Consistently with then vivo experiments, the expression levelsRAX7 and MYF5 genes
were decreased when inhibiting NOTCH or BMP activity in chicklifgmating foetal
myoblasts (Figures 2, 4). Despite the amplification of the PAX7+/MYOD+ cell population
vitro, NOTCH and BMP appeared to have consistent effeatsro andin vivo.
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Proliferating myoblasts undergo differentiation in a low senamtaning medium
(Figure S2).In vitro foetal myotubes do not reach tire vivo maturation butcan display
spontaneous contractile activity (Spector and Prives, 1977). During the differentiation process
of foetal myoblasts, the activity of the NOTCH pathwayavnregulatedassessed by the
downregulationof HES4 and HEYL transcript levels compared to proliferating myoblasts
(Figure S2). This is consistent with the requirement of NOTCH inhibition to allow foetal
muscle differentiatiorn vivo (Vasyutina et al. @07a; Mourikis et al., 2018). NOTCH gain
of-function experiments in foetal myoblasts inhibited myotube formation consistentnwith
vivo experiments. We believe that the NOTCH function on foetal muscle cells is very robust
and reflects thén vivo situaton during proliferation and differentiation. BMP gaand loss
of-function experiments in proliferating foetal myoblasts also mimickedhtheso situation.
However, in differentiating myoblasts, BMP has a different efiieatitro andin vivo. This
could be explained by the fact thiat vitro, but notin vivo, activation of BMP increases the

expression oNOG, an antagonist of the pathway, known to inhibit muscle differentiation.

BMP and NOTCH interplay during foetal muscle cell proliferation

BMP and NOTCH signalling pathways have a similar positive effect on foetal muscle
progenitors. We have shown that NOT@tdluced activity does not activate BMP signalling
in PAX7+ foetal muscle progenitoren vivo nor in proliferating foetal myoblasts.
pSMAD1/5/8 andID2 gene expression was not activated in PAX7+ cells upon DELTAL
induced NOTCH activation. The expression of primary BMP target genes was also not
modified upon NOTCH gam and lossof-function experiments in foetal myoblasts.
Moreover, blocking8MP did not modify the NOTCH effect ddAX7expression. We believe
that NOTCH signalling pathway promotes foetal muscle cell proliferation independently of
BMP signalling pathway. BMforced activity induced an increase in the expression of
NOTCH target gnes in chick limbs and foetal myoblasts. The ability of BMP to activate
transcription of primary NOTCH target genes has been observed in numerous systems (Bai et
al., 2007; Itoh et al., 2004; Moya et al., 2012; Quillien et al., 2011; Takizawa, 20831
and JAG1 have been identified as direct transcriptional target genes of-8MWRD1/5 in
human endothelial cells (Morikawa et al., 2011). Several molecular mechanisms have been
described to explain NOTCH target gene activation by BMP. One mechanism diksaribe
endothelial cells is based on direct interaction of activated SMADSMRD1/5 and
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SMAD4) with NICD to induce transcription of primary NOTCH target genes sudhead
andHeyl(Larrivée et al., 2012; Li et al., 2011; Moya et al., 2012). Another mérhdras
beendescribed in neurogenesigherethe direct binding of IDo HES1 released the negative
autoregulation of HES1 on its own promoterhich is accompanied by ancreasen Hesl
transcript levels and activity (Bai et al., 2007). However, inliferating chick foetal
myoblasts, the inhibition of NOTCH activity did not modify the BMP effectRaX7 and
MYF5genes. This suggests that BMP does not require NOTCH activity to exert its effect on

PAX7expression.

The fact that both NOTCH and BMP haveasitive effect on PAX7+ muscle cells
independently of each other does not exclude a potentialisation effect of both pathways. This
would be consistent with the endogenous activity of BMP and NOTCH in foetal muscles.
Active BMP signalling is restricted ia subpopulation of foetal muscle progenitors at muscle
tips close to tendons (Wang et al., 2010), while NOTCH activity is present in all foetal
progenitors (Mourikis et al., 2042 Consequently, at muscle tips, PAX7+ progenitors
display both BMP and NOTIE activities(Figure 9) PAX7+ progenitors have been shown to
be preferentially in S/IG2/M phases compared to those in the middle of muscles (Esteves de
Lima et al.,, 2014). A cooperative effect between NOTCH and BMP signalling pathways

could explain the inease of muscle progenitor proliferation at muscle extremities.

BMP and NOTCH interaction during foetal muscle differentiation

Although NOTCH and BMP have a convergent effect to increase muscle cell
proliferation, both signalling pathways have different outcomes for foetal muscle
differentiation. NOTCH inhibited muscle differentiatiamvivo (Bonnet et al., 2010; Delfini
et al., 2000; Hirsinger et al., 2001; Mourikis et al., 2@1&chusteiGossler et al., 2007,
Vasyutina et al., 20@ andin vitro (Kopan et al., 1994; Kuroda et al., 1999), while BMP
promoted muscle differentiation in chick foetal limbs (Wang et al., 2010). NCAdDikity is
high in muscle progenitors and low in differentiated muscle cells (Vasyutina et alg; 2007
Mourikis et al., 2013d). In contrast to NOTCHand in addition to being active in a
subpopulation of muscle progenitors, BMP activity is also observed in differentiated foetal
muscle cells in chick limbs (Wang et al., 2010). Consistent with the presence of BMP and
absence of NOTCH activity in differgated muscle cellé vivo, we observed antagonistic
interactions between the two signalling pathways in myoblasts cultured in differentiation
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conditions (Figures-8). NOTCH or BMP forcegctivity inhibited primary BMP or NOTCH

target genes, respectivetydifferentiating myoblasts.

BMP inhibited NOTCH activity in chick foetal myoblasts in differentiation
conditions. Moreover, blockade of BMP activity increased the expression of NOTCH target
genes. The NOTCH inhibition by BMP has been described duremgching morphogenesis
in the prostate gland, where BMP negatively regulated NOTCH activity (Grishina et al.,
2005) and during zebrafish retinogenesis, where ID2 limited NOTCH activity (Uribe et al.,
2012). The antagonismvasalsoobservedn olfactory neve formation where BMP activity
was required for neuron differentiation by inhibiting NOTCH activity (Maier et al., 2011).
The function of active BMP in a subset of myonuclei at muscle tips is not known. Based on
our in vitro data, we believe that activeM® signalling at the tips of differentiated muscle
cells inhibits NOTCH signalling to lock the muscle differentiation procgsgure 9)
Consistent with this idea, inhibition of BMP signalling in differentiating myoblasts released
this inhibition and inagased NOTCH activity.

NOTCH also inhibited the BMP activity in foetal myoblasts in differentiation
conditions, suggesting that NOTCH inhibits the muscle differeatigiromoting effect of
BMP. The underlying molecular mechanism of BMP inhibition by NOTi€kss described;
but Heyl has been shown to promote Id protein degradation in mouse endothelial cells and
antagonise BMP function (Itoh et al., 2004).

In summary, we showed that NOTCH and BMP interactions are different in
proliferating and differentiatip foetal muscle cells. During proliferation NOTCH and BMP
have a convergent effect on muscle progenitors, but act independently of each other. During
differentiation, NOTCH and BMP have an opposite effect on muscle differentiation and

display antagonist teractions.
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Material and Methods

1 - The interplay between NOTCH and BMP signalling pathways is different during
proliferation and differentiation during foetal myogenesis

Chick embryos

Fertilized chick eggs from commercial sources (JA 57 stiastitut de Sélection Animale,
Lyon; White Leghorn from HAAS, Strasbourg) were incubated 8&a6°€. Embryos were

staged according to days ova

Production and grafting recombinant/RCAS expressing cells

The DELTA1/RCAS,BMP4/RCAS and NOGGIN/RCA®xpressg cells were prepared for
grafting as previously described by (Delfini ét 2000; Wang et al., 201&steves de Lima
et al., 2014 Cell pellets of approximatelg0-100um in diameter producinPELTAL/RCAS
were grafted intdimb budsof E35 chick embyos andBMP4/RCAS or NOGGIN/RCAS
producing cells,were grafted intoE5.5 chick embryasAt several times after grafting,
embryos were harvested and processed for immunohistochemistrgitu hybridization to

tissue sections.

Cell Culture

Chick primarymyoblasts were obtained from hind limbs of E10 chick embryos, mechanically
dissected into small pieces and cultured in a minimal essential medium complemented with
10% of foetal calf serum as previously described (Spitz et al., ;]1PR@Wis et al., 2012

Chick primary myoblasts were transfected with RCB&8tal RCASBmp4 or RCAS
Smad6at a confluence 080% using the Calcium Phosphate Transfection Kit (Invitrogen),
overnight at 37°C and 5% GQOrransfection with RCAS-ucci (Esteves de Lima et al., 2014)
was used as control. Cells were let in culture in proliferation conditions for at least 5 days in

order to allow a virus infection of virtually 100%, and collected fordRFCR analysis at a
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maximum confluence of 80%. For differentiation conditiceagmninimal essential medium
complementedvith 2% of foetal calf serur{Spitz et al., 1997Havis et al., 201Pwas added
to the cells when they reached confluence. Cells were kept in culttiredifferentiation
medium for 5days and collected for RG-PCR analys. LDN-193189 Sigmg stock
solution was prepared 40mM andwasadded to the cellat afinal concentratiorof 2uM for
24h DAPT (Sigm3g stock solution was prepared at 10mM and was added toetlseat a

final concentration of 5uM for 24h.

RNA isolation, reverse transcription and quantitative reattime PCR

Total RNAs were extracted from chick myoblast cultures. 500ng to 1ug RNAs were reverse
transcribed using the High Capacity Retrotranscription kit (Applied Biosystems)-FROR

was performed using SYBR Green PCR Master Mix (Applied Biosystems). Primensegu
used for RTg-PCR are listed in Table SThe relative mRNA levels were calculated using
the 2AD It method (Livak and Schmittgen, 2001 The DCts were obtained from Ct
normalized with GAPDH levels in each sample. For mRNA level analyses of myoblasts in
each condition7 to 11 independent RNA samples originating from independent engres

were analysd in duplicatd&Results were expressed as Standard Error of the Mean (SEM).
Data were analysed by paired studetest. Asterisksin figures indicate the differen
values (* <0.05; ** <0.01 and *** <0.001).

In situ hybridisation to tissue sections

Normal and grafted forelimbs were fixed in Farnoy (60% ethanol, 30% formaldehyde 40%
and 10% acetic acid) and processed iforsitu hybridization to wax tissue sections, as
previously described (Wang et al., 2010). Theftgcaright and control left forelimbs from

the same manipulated embryos were positioned in the same orientation for transverse
sectioning to allow comparison. The digoxigetabelled mRNA probes were used as
previously described: mou&MP4, BMP4, NOG (Wag et al.,2010), DLL1 (Delfini et al.,

2000) ID2 (EST clones).
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Immunohistochemistry

Chick forelimbs were fixed with paraformaldehyde 4%ernight at 4°C and processed for
cryostatsections(12 pm). Immunohistochemiy of forelimbs sections was performed
previously describedEsteves de Lima et al., 201Active BMP signaling was detected

using the polyclonal PSMAD antibody recognizing the com@@4P-activated recepter
phosphorylated SMAD 1/5/8Cgll Signaling). The monoclonal antibodies, MF20 that
recognizes sarcomeric myosin heavy chains and Pax7 that recognizes muscle progenitors,
developed by D.A. Fischman and A. Kawakami, respectively, were obtained from the
Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and

maintained by The University of lowa, Department of Biology lowa City, IA 52242.
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Results

21 Muscle contractionactivatesY AP and NOTCH signalling and thus regulates the

pool of muscle progenitorcellsduring foetal myogenesis
Synopsis

Objectives NOTCH signalling is a major regulator of muscle stem cells in
development and in the adult. NOTCH la¥sfunction in muscle progenitors leads to a
precocious differentiation and depletion of the progenitor pool during development
(Vasyutina etal., 2007& The most important function of NOTCk to supressMyoD
expression and activitywhich maintairs the progenitor pool in an undifferentiated state
(Brohl et al., 2012)In this study, we aimed to identify upstream regulators of NOTCH
during myogenesis. Mechanical forces from muscle contractions are known to regulate
important aspects of the morphogenesis of the musculoskeletal system during development.
Even though the influence of mechanical forces on development of bone, cartilage and joints
has been intensely studied, little is known whether these forces affect muscle development

and in particular the maintenance of the muscle progenitor.

Methods We examined foetal muscle development in the absence of muscle
contraction by using the neuronougar blocking agent DMB. DMB is an agonist of
acetylcholine (Ach) and acts as a depolarising agent of the muscle fiore membrane. DMB
binds to nicotinic acetylcholine receptors in the neuromuscular junction which results in a
rigid paralysis of skeletahuscle (Lee and Jones, 2002; Osborne et al., 2008 used the
electroporation technique (Bourgeois et al., submittedinisexpress a dominanegative
form of DLL1 specifically in differentiated cells (MLC promoter) to block NOTCH ligands.

In addition, te RCAS virus system was used to misexpress components of the NOTCH

pathway in chick limbs.

Results We demonstrated that activating NOTCH by overexpressing DLL1 increases
the number of muscle progenitors and, like previously observed, decreases muscle
differentiation (Delfini et al., 2000), reinforcing the idea of NOTCH positively regulates the

size of the muscle progenitor pool by inhibiting differentiation.

Embryos treated with DMB displayed a decreased number of muscle progenitors

(diminishedPAX7 and MYF5, and decreased PAX7+ cell number) and an increase in the
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committed myoblast population (increasely OD and MYOG). This mimics the effects of

the NOTCH los=of-function, and consistently, we observed a reduction of NOTCH activity
in DMB-treated embryo¢decreasedHEYL, HES5 NOTCH2and JAG2. Moreover, forced
activation of NOTCH attenuated the reduction in the number of muscle progenitors after
DMB treatment.This shows that Notch signalling responds to mechanical forces and rescues

the loss of musclerpgenitors in immobilised embryos.

We showedthat muscle fibres and not muscle progenitors are pyimesponding to
mechanical forcesUpon immobilization of the musclexpression of the NOTCH ligand
JAG2is lost in foetal muscle fibres. We hypothesisedt the reduction odAG2in fibres
would lead to a decreased NOTCH activity in associated muscle progenitors. To block
NOTCH ligands expressed in the fibres, we overexpressed dormegative DLL1
specifically in differentiated muscle cells. This dentoated that a decreased expression of
NOTCH ligands in differentiated cells results in a decrease in the number of PAX7+ cells.

In the absence of muscle contraction, the activity of the mechanosensitive gene YAP
was decreased in muscle fibres (decreasgdession of the YAP targ&€ TGF and loss of
nuclear YAP). Since YAP/TEAD complexes bind to regulatory sequences dAta&and
JAG2genes in other systenighao et al., 2008)we hypothesised that YAP might regulate
expression o§AG2in muscle fibres. We found that YAP binds to sequences, upstream of the
JAG2 coding sequenceayhich contain TEAD binding sitesQATTCC). In addition, forced
YAP activity in cultures of chick foetal myoblasts increaséd2 expression and activated

NOTCH dgnalling (increased expressiontdEYL).

Conclusionand Perspectivedn this project, we showed that muscle contraction

regulates the size of the muscle progenitor pool by activating NOTCH signalling. We found
that the muscle fibres are primary affectedimmobilisation. The fibres display decreased
YAP activity, decrease iIJAG2 expression and an increased cell death. We also provide
evidence that YAP directly binds regulatory sequences and regulates the transcription of
JAG2gene.

We would like to determine whether forced YAP activity in muscle fibres suffices to
rescueJAG2 expression in fibres in the absence of mechanical fofeasthis, we will
electroporate a constitutivebctive form of Yap (mYapS112A) in differentiated musc
cells. The mYapS112A cannot be phosphorylated at serine S112 and is therefore always

located in the nucleus and continuously active. We expect that forced activation of YAP in
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muscle fibres of immobilised embryos will maintalAG2 expressionand rescuethe

myogenic progenitor pool.
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Results

21 Muscle contractionactivatesY AP and NOTCH signalling and thus regulates the

pool of muscle progenitorcellsduring foetal myogenesis

Abstract

Muscle development, postnatal growth, homeostasis and regeneration rely on muscle stem
cells. The NOTCH signalling pathway is a central molecular inpomtrolling the
maintenance of thenuscle stem cells. However, the upstream mechanisms regulating
NOTCH signalling are not known in the context of foetal myogenesis. We ishibwg study

that forced NOTCH activation increases the number of foetal muscle progenitors. Inhibition
of muscle ontraction mimics a NOTCH loss-function phenotypad,e. diminishes NOTCH
activity and dramatically decreases the number of foetal muscle progenitors. Forced NOTCH
activation prevents the diminution in the number of foetal muscle progenitors in imradbiliz
embryos. Muscle fibres rather than muscle progenitors first respond to the loss of mechanical
forces. Muscle fibres display loss of the expression of the NOTCH lig@a@@, loss of YAP
activity, and apoptosis immobilized embryos. Moreover, NOTCH liga activity in muscle

fibres was required to maintain the pool of foetal muscle progenitors in chick embryos. The
recruitment of YAP to regulatory regions of thAG2 gene in foetal limbs combined with
JAGZ2 activation by constitutive active YAP in foetalyoblast cultures indicate that YAP
positively regulates)AG2 expression in muscle fibres. Our results show that mechanical
forces provided by muscle contractions are sensed in myonuclei by the transcriptional co
activator YAP1 that regulates the expressidrihe NOTCH ligandJAG2in muscle fibres,

which in turn maintains the pool of foetal muscle progenitors.
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Introduction

21 Muscle contractionactivatesY AP and NOTCH signalling and thus regulates the

pool of muscle progenitorcellsduring foetal myogenesis

Skeletal muscle formation, growth and regeneration rely on muscle stem cells. A
major goal of muscle research is to understand the mechanisms undémyimegulation of
skeletal muscle stem cells. NOTCH is a major signalling pathway involvethen
maintenancef the muscle stem cedl However, upstreamegulatorsof NOTCH signalling

have not been identified in the context of developmental myogenesis.

The paired homeobox transcription factors, PAX3 and PAX7, define the pool of
muscle stem cells during developmental, postnatal and regenerative myogenesis (Gros et al.,
2005; Kassabuchossoy, 2005; Relaix et al., 2005). In the absence of both PAX3 and PAX7,
muscle development is arrested (Relaix et al., 2005). The entry into the muscle differentiation
program is controlled by the muscle regulatory factors (MRFs) that are a family of bHLH
(basic HelixLoop-Helix) transcription factors composed of the speatfan factors MYF5,

MYOD and MRF4 and the differentiation factor¥dG (Ott et al., 1991; Pownall and
Emerson, 1992; Sassoon, 1993).

Skeletal muscle formation occurs in distinct but overlapping phases that include
embryonic, foetal and perinatal myogenedisnbryonic myogenesis relies on muscle
progenitors identified by the expression RAX3 and gives rise to the first muscle fibres,
while foetal myogenesis depends BAX7expressing muscle progenitors and is associated
with muscle growth (Hutcheson et &009; KassabDuchossoy, 2005; Relaix et al., 2005).

By the end of foetal myogenesis, PAX7+ cells adopt a satellite cell position under the basal
lamina of the muscle fibres and will contribute to perinatal muscle growth, adult muscle

homeostasis and muealepair (reiewed by Biressi et al., 2007).

The NOTCH signalling pathway is a major regulator of all skeletal muscle stem cells.
NOTCH signalling has been shown to be involved in the regulation of embryonic, foetal and
adult muscle stem cells (Mourikiand Tajbakhsh, 2014). Activation of the NOTCH
signalling pathway requires cealell communication between signatemitting cell that

expresses the NOTCH ligand andignatreceiving cell that expresses the NOTCH receptor.
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When activated by the ligand gfintracellular domaiof the NOTCH receptor is cleaved and
translocates into the nucleus, where together with the transcription facted RBt#vates the
transcription of the bHLH transcriptional repressor gen#SY and HES (reviewed by
Andersson et al2011). Ectopic activation of NOTCH supresses myogenic differentiation in
muscle cell cultures and in chick and mouse embryos (Conboy and Rando, 2002; Delfini et
al., 2000; Hirsinger et al., 2001; Kopan et al., 1994; Mourikis et al.,&200DTCH lossof-
function experiments in mice induced a loss of muscle progenitor pool due to premature
muscle differentiation (Brohl et al., 2012; Czajkowski et al., 2014; SchGstssler et al.,
2007; Vasyutina et al., 208y During developmental myogenesis, actN®@TCH signalling

is associated with proliferating muscle progenitors, while NOTCH ligands are expressed in
differentiated muscle cells (Brohl et al., 2012; Czajkowski et al., 2014; Delfini et al., 2000;
Hirsinger et al., 2001; Mourikis et al., 2Cd Schuser-Gossler et al., 2007; Vasyutina et al.,
20079). There have been numerous studiesidentify NOTCH target genes in muscle
progenitors (Brohl et al., 2012; Mourikis et al., 2812but upstream regulators e
NOTCH signallingpathwayhave not been ehtified during foetal myogenesis.

Similar to NOTCH, the YAP (yeassociated protein) has been shown to promote
satellite cell proliferation and inhibit muscle differentiation in cell cultures (Judson et al.,
2012; Watt et al., 2010)n vitro studies usig C2C12 cells demonstrated that YAP activity
was high in proliferating myoblasts and decreased in myotubes (Watt et al., 2010). YAP and
its paralogue TAZ (transcriptional @xtivator with PDzbinding motif;, WWTR1) are
effectors of the Hippo pathway thabrdrols organ size, cell growth, apoptosis and tumour
suppression (reviewed by Zhao et al.,, 2011). The Hippo kinases MST1 and, MBar2
activated phosphorylate their direct substrates LATS1/2. Once activated, LATSllAarfs2
phosphorylate YAFIAZ to medate their cellular localisation and subsequently determine
their activity. When the Hippo pathway is inactive, YAP/TAZ dgphosphorylated and are
able to translocate into the nucleus to exert their function as transcripticaativatos
(reviewed by hao et al., 2011). Several transcription factors such as TEAD, TBX5, SMAD1,
b-catenin and p73 have been identified itderact with YAP/TAZ and control gene
expression (Alarcén et al., 2009; Cao et al., 2008; Mahoney et al., 2005; Murakami et al.,
2005; Stano et al., 2001; Wackerhage et al., 2014; Zhao et al., 2008). However, YAP and
TEAD1 showed a coccupancy in 80% of promoters in mammary epithelial cells (Zhao et
al., 2008), suggesting that YAP/TEAD interaction could constitute the major molecular
meclanism of YARmediated regulation of gene transcription. The TEAD transcription

factors recognise and bind MCAT elements (CATTCC), which are enriched in regulatory
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regions of muscleelated genes (reviewed by Wackerhage et al., 2014). In addition to being
involved in muscle stem cell proliferation (Judson et al., 2012; Watt et al., 2010), YAP has
been recently shown to be a critical regulator of skeletal muscle fibre size in adult mice
(Goodman et al., 2015; Watt et al., 2015).

In addition to being the nilear effector of Hippo signalling, YAP has been identified
as a sensor of external mechanical signals mediating cellular responses (Aragona et al., 2013;
Dupont et al., 2011; Mendez and Janmey, 2012; Porazinski et al., 2015). YAP acts
downstream of mecharal overload to induce muscle hypertrophy (Goodman et al., 2015).
During development, mechanical forces produced by the muscles are essential for the correct
establishment of the musculoskeletal system. Although the influence of the mechanical forces
for cartilage, joint, bone and tendon development has been previously addressed (Nowlan et
al., 2010; Shwartz et al.,, 2013), theolecular consequences of muscle contractions
muscle development itself are largely unknown. Paralymadclesin muscular dysgessis
(mdg/mdg)mice degenerate from foetal stages due to the absence of exetatibaction
coupling (Pai, 1965a, 1965b; Powell, 1990). In chick embryos lacking innervation (achieved
by neural tube ablation), limb myogenesis initiated but the muscéss degenerate and
undergo apoptosis at E10 (Eddrovard et al., 2002; Rong et al., 1992). This suggests that
muscle contractiomight be required for proper muscle development, however it is unclear
how the mechanical input would be sensed by muscle aetistransduced into molecular

signals that regulate proliferation, differentiation and apoptosis.

In this study, we explore the interplay between mechanical signals and molecular
forces in the regulation of foetal muscle progenitors. We show that musttactmns are
required for the maintenance of the muscle progenitor pool during foetal myogenesis via
NOTCH signalling. Muscle fibres rather than muscle progenitors respond first to mechanical
forces. We further provide evidence that, downstream of medidorces, YAP positively
regulates the expression of the NOTCH ligadd52in muscle fibres, which maintains the

pool of muscle progenitors.
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Results

21 Muscle contractionactivatesY AP and NOTCH signalling and thus regulates the

pool of muscle progenitorcellsduring foetal myogenesis

DELTAL-induced activation of the NOTCH signalling pathway increases the

number of muscle progenitors

The role of the NOTCH signalling pathway in developmental myogenesis has mostly
been addressed in the context of NOTCH-ofs&inction. Weaimedto examine if NOTCH
activation would modulate the number of muscle progenitors. Oversipmesf DELTAL
using the RCAS virus system in chick limbs is known to activate the NOTCH pathway and
inhibit the expression of muscle differentiation genes includM¢OD, MYOG expression
(Bonnet et al., 2010; Delfini et al., 2000). The effect on PAX7+ateugrogenitors has not
been addressed in these conditions. We therefore grafted DELTA1ARfASCIng cells in
forelimbs of E3.5 chick embryos (Figure 1A). The ectopicL1l expression showed the
extent of the virus spread (Figure 1B). DLL1 overexpressig regions, we observed an
increase in the number of the PAX7+ cells (FigureF)CIn DELTA1/RCAS infected
muscles, there was a significant increase of 36%, in the number of PAX7+ cells compared to
contralateral muscles (Figure 1I). Terminal muscle dfféation was inhibited in
DELTA1/RCAS infected limb muscles (Figure 1®l), as previously shown (Delfini et al.,
2000). However, muscle area (including PAX7+ and MF20+ cells) was not significantly
altered (Figure 11). The pool of PAX7+ cells was maintdiae E9.5, six days after grafting
DELTA1/RCAS producing cells, despite inhibition of muscle differentiation (Supplementary
Figure 1). These results showed that DELTaktivated NOTCH increased the number of
muscle progenitors and maintained the pool etdbprogenitors over time, in the absence of

muscle differentiation.

Inhibition of muscle contraction reduces the number of foetal muscle progenitors

Mechanical forces produced by skeletal muscle contraction are known to be required

for the establishmeénof the musculoskeletal system during development (Shwartz et al.,
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2013). The consequences of immobilization for muscle formation have not been studied. We
investigated the effect of inhibition of muscle contractiluming foetal myogenesis. We set

up anexperimental design to block muscle contraction in chick embryos (Figure 2A). DMB
(decamethonium bromide) was administraiteevo at E7.5and at E8.5At E7.5, the final
muscle pattern was established and limb foetal muscles were individualized (Tater et
2007). Limbs from embryos exposed to DMB or to a buffer control solution (see materials
and methods) were harvested 12h (at E8) or 48h (at E9.5) after DMB application at E7.5
(Figure 2A). RTg-PCR analyses for muscle markers showed a significant adecia the
relative expression levels B AX7andMYF5mRNAs in DMB-treated limbs, as early as 12h
after application and with a more prominent effect at 48h (Figure 2B). In contrast, the
expression levels dYODandMYOGwere increased in limbs upon DMBposure (Figure

2B). Consistent with the decreaseRAX7 expression in DMRBreated limbs, the number of
PAXT7+ cells was decreased in limb muscles of immobilized embryos compared to those of
control embryos (Figure 28). In the absence of muscle contrantimuscle fibre assembly

was disorganised (Figure Z&). In addition tothe relative increase &flYOD mRNA levels
(Figure 2B) increase inMYOD expression was alsobserved byin situ hybridizationin
DMB-treated limbs (Figure 20). In order to confirm the muscle phenotype obtained with the
rigid paralysing agent DMB, we repeated the experiments using the pancuronium bromide
(PB) drug that exerts a flaccid skeletal muscle paralysis (Nowlan et al., 2010 aRd&]

limbs presenteda similar muscle phenotype as DMigated limbs,.e. a decrease in the
number of PAX7+ cells, disorganised muscle fibres and inaled¥€ G expressior(Figure

S2). To test if the DMB treatment had a rspecific effect on musclelevelopment
independenyl of its paralysiseffect we treated primary cultures of chick foetal myoblasts
with DMB. There was no change in the relative mRNA levels of the muscle §&€5

MYOD andMYOGin DMB-treated foetal myoblasts compared to contngbblast cultures
(Supplenentary Figure 3). This showed that DMB did not have any off target effect on
muscle differentiation. We concluded that inhibition of muscle contraction following either
rigid or flaccid paralysis with DMB or PB drugeespectivelyreduces the pool of tHeetal

muscle progenitors and altered muscle differentiation.
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NOTCH activity is decreased in limbs in the absence of muscle contraction

The concomitant diminution of the muscle progenitor pool and incready ©D and
MYOG expression in immobilized chick embryos was reminiscent of a NOTCHofess
function phenotype previously described in mice (Brohl et al., 2012; Vasyutina et ak).2007
In order to determine if NOTCH activity was modified in muscles that lack contraeten
examined the mRNA levels of components of the NOTCH signalling pathway in-DMB
treated limbs. The primary NOTCH target gentdgS5andHEYL, are considered to be the
transcriptional readout of NOTCH activity (Andersson et al., 2011). Moreblesil. is the
major responding gene following Notch activation in limb foetal muscle cells in mice
(Mourikis et al., 2013). RT-g-PCR analyses showed that the relative mRNA leveld&E$5
andHEYL genes were significantijownregulatedn limbs of DMB-treated embry® (Figure
3A), indicating that NOTCH signalling was decreased. In chick lirflis$5is expressed in
foetal muscles in a salt and pepper fashion (arrows) and in endothelial cells (arrowheads)
(Figure 3B). In immobilized embryo$]ESS5 expression was decreasén limb muscles,
while HES5expression was maintained in endothelial cells (arrowheads) (Figure 3C). The
expression levels of th&lOTCH2 receptor andJAG2 ligand were also decreased in
immobilized embryos (Figure 3A). Despite a first decrease irDibel mRNA levels 12h
after DMB exposureDLL1 was significantly increased 48h after DMB exposure (Figure 3A).
ThisDLL1 increase observed in chick DMBeated limbs was consistent with iherease in
the expression oMYOD and MYOG (Figure 2) and was reminiscent of the concomitant
increase oMyoD andDII1 in mouse foetal myoblasts (Mourikis et al., 2812This is also
consistent with the major function ofolk¢h during mouse foetal myogenesis, which is to
repressMyoD expression (Bihl et &., 2012). These results showed that NOTCH activity
assessed bWESS5 and HEYL expression was decreased in limb muscles in immobilized

embryos.

DLL1 -mediated activation of NOTCH prevented the diminution of the muscle

progenitor pool in the absencef muscle contraction

The inhibition of muscle contraction led to a diminution in the number of muscle
progenitors and to a decrease of NOTCH activity in foetal limbs. In order to determine
whether NOTCH signalling was involved in the reduction of the heugogenitor pool in
immobilized embryos, we performed NOTCH rescue experiments. We forced NOTCH

101



activity by performing grafts of DELTA1/RCABroducing cells in chick limbs and treated
the embryos with DMB as described previously (Figure 2A). In DELTABXRBQ@rafted
limbs of immobilized embryos, we observed an amplification of the pool of muscle
progenitors compared to that of DMBeated embryos (Figure 4). We detected a significant
increase of 77% in the number of PAX7+ cells in the NOTa&itivated muscke of
immobilized embryos compared to muscles of immobilized embryos (Figure 4G). This
showed that forced NOTCH activity was able to prevent the diminution in the number of
PAXT7+ cells in limb muscles of immobilized chick embryos. We conclude that the NOTCH
signalling pathway is involved in the diminution of the foetal muscle progenitordailg

immobilization

NOTCH ligand activity in differentiated myogenic cells is required to maintain

the pool of muscle progenitors

In immobilized embryos, NOTCH actty was lost in limb muscles and forced
NOTCH activity was able to prevent the diminution in the number of foetal muscle
progenitors. However, because NOTCH signalling in muscle progenitors is activated by a
NOTCH ligand produced by muscle fibres (Delfeti al., 2000; Hirsinger et al., 2001), we
wanted to determine whether the loss of muscle contraction would affect primary muscle
progenitors or muscle fibres. The NOTCH ligadG2 was strongly expressed in foetal
muscle fibres in chick limbs (Figure 3D), as previously shown (Delfini et al., 2000). In
immobilized embryosJAG2 expression was drastically decreased in limb muscle fibres
(Figure 3E). This suggested that the loss of l®ITactivity in limb muscles of immobilized
embryos could be a consequence of the loss of NOTCH ligands in muscleTibtest this,
we first determine whether the decreased number in muscle progenitoBMB-treated
embryoswas due to increased cekkath While apoptotic figures were very rare in control
muscles (Figure 5A&C, arrowhead), we observed an increased number of apoptotic cells in
foetal muscles of immobilized embryos (Figure-BP However, these apoptotic figures
were observed in MF20+ deland not in PAX7+ progenitors (Figure b arrows). This
showedhat somdoetal muscle fibredbut not muscle progenitovgere undergoing cell death
in the absence of muscle contractibnaddition, we defined the proliferative state of PAX7+

cells inDMB-treated embryo2 AX7+ cells were stilto-localising with EdUin immobilized
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embryos (Figure 5). This showed that immobilization induced apoptosis in foetal muscle

fibres and did not affect the proliferative capacity of PAX7+ cells.

The dramaticdss of JAG2expression in muscle fibres (Figure 3) and dbsence of
cell death in PAX7+ cellgFigure 5) suggested that the diminution of muscle progenitors in
immobilized embryos could be due to the loss of the NOTCH ligand in muscle fibres. In
order totest this hypothesis, we blocked NOTCH ligand activity specifically in muscle fibres
(Figure 6). We performed chick somigéectroporation using a vector that can be integrated
into the genome in the presence of the transposase (Figurd3)6fBourgeois ¢ al.,
submitted). This vector eexpresses the Tomato reporter gene and a domiegative
DELTAL under the control of the mouse Myosin Light Chain (MLC) promoter that drives
expression in differentiated muscle cells (Wang et al., 2011). This dormegative
DELTAl has been shown to prevent the signal from ligandexpressingcells and
consequently blocked NOTCH signalling signatreceiving cells (Henrique et al., 1997).
The embryos were electroporated at E2.5 and processed at E8.5 (Figure 6Bjprdhe
electroporated limbs of the same embryos were used as controls (Figure 6B). We observed
that blocking thesignal of theNOTCH ligandsin differentiated muscle cells decreased the
number of PAX7+ cells by 35%, while the muscle area and shape werefextedfin
electroporated limbs compared to contralateral limbs (Figure 6). This showed that the
reduction of NOTCHigand activity in the differentiated muscle cells led to a decrease in the
number of adjacent muscle progenitors. We conclude that the NQig@htl in muscle
fibres is required to maintain the pool of muscle progenaods that muscle fibres primary
respond to mechanical forces.

YAP is active in muscle fibres and in a subpopulation of muscle progenitors in

chick limb foetal muscles

Immobilization of embryos induced @downregulationof JAG2 expression in muscle
fibres that decreases the muscle progenitor pool (Figue$HR,We then askedhich signal
could sense mechanical forces and reguld#&?2 expression in muscle fibres. The
mechanosensitive YAP protein was a good candidate to fulfil this¥élRltranscripts were
expressed ubiquitously in chick limbs, but with stronger intensity in different regions,
including tendons (Figure 7A, arrows)dskin (Figure 7A). Consistent with the pattern of
YAP1mMRNA expression, YAP protein was also observed ubiquitously in chick limbs with
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higher intensity in tendons (Figure 78, arrows) and skin (Figure 7B). In musclesyYAP1
expression was detected MF20+ muscle fibres (Figure 7[E, arrowheads) and outside of
MF20+ muscle fibres (Figure 70E, arrows).Since YAP protein subcellular localisation
reflectsits activity, we furtheranalysedvhether YAP protein was localised in the nucleus of
muscle cellsWe observed that all myonuclei of MF20+ cells displayed nuclear YAP (Figure
7G-L arrowheads), while only a subset of PAX7+ cells showed nuclear YAP (Figw®@,7M
arrowheads). Proliferating myoblasts have been shown to be associated with increased
nuclearYAP in cell culture (Judson et al., 2012; Watt et al., 2010). In order to examine if
nuclear YAP visualised in a subset of muscle progenitors was associated with the cell cycle
state of PAX7+ cells, we performed EdU labelling in E9.5 chick embryos. Ba#+Yand

YAP- cells could be detected in the PAX7+/EdU+ cell population, suggesting that active
(nuclear) YAP was not directly related to the cell cycle state of PAX7+ cells (Supplementary
Figure 4). This showed that YAP was active in all myonuclei of neudiastes and in a subset

of muscle progenitors unrelated to cell cycle state.

Embryo immobilisation decreased YAP activity in muscle fibres

We next analysed YAP activity in muscles of immobilized embryos. We first
analysed the expression of two recognix&P target gene€TGF and CYR61(Lai et al.,
2011; Zhao et al., 2008) in limbs of immobilized embryos (Figure 8A). We observed that the
CTGFandCYR61expression levels were significantly decreased in Bkéted limbs, 12
and 48 hours after DMB exposufeigure 8A). We next examined the expression pattern of
the YAP target gen€€TGF by in situ hybridization in contractioeprived muscles. In
control limbs,CTGF was observed in muscle fibres, regionalised at the muscle tips (Figure
8B, D, arrows) and in cartilage elements (Figure 8B, arrowheads). In immobilized embryos,
CTGF expression was lost in muscle fibres (Figure &, while CTGF expression was
maintained in cartilage (Figure 8€, arrowheads), indicating a specific loss of YadRivity
in muscle fibres in the absence of mechanical forces. Consistent with the 1633G6T
expression in muscle fibres, nuclear YAP, observed in myonuclei of control limb muscles
(Figure 8FH, arrows), was lost in myonuclei of muscle fibres of immabd embryos
(Figure 8K, arrowheads). We did not observe any obvious loss of nuclear YAP in PAX7+
cells (Figure 8LQ). This showed that there was a specific loss of YAP activity in foetal

muscle fibres of immobilized embryos.
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YAP is recruited to JAG2 regulatory sequencesn chick limb muscles

In immobilized embryos, muscle fibres displayed a loss in YAP activity, a decrease of
JAG2expression and increased apoptosis. In order to define whether YAP directly regulated
JAG2transcription, we performed a Ch#é8say in limbs of E9.5 chick embryos. YAP/TEAD
complexes occupy 80% of the promoters in human mammary epithelial cells (Zhao et al.,
2008). We identified regulatory sequencegstream of theJAG2 coding sequence that
contained MCAT elements (CATTCC), whicare binding sites for TEAD complexes
(Davidson et al., 1988). We observed that YAP was recruited to Region 2 and Region 3,
which both contained a MCAT element and which are located around 4 kb and 1 kb upstream
of theJAG2coding sequence, respectiveRiqure 9). Region 4, located 9 kb upstream of the
JAG2 coding sequence containing 3 MCAT elements, did not show any YAP occupancy.
This showed that there was anvivo YAP recruitment to theJAG2 promoter regions in
foetal skeletal muscles.

We next examined if YAP increasddG2expressionWe first testedhis in cultured
chick foetal myoblasts. We transfectdte myoblasts with a constitutively active form tbie
murine Yap (mYapS112A. The mYapS112Acannot be phosphorylated at the level of
Serll2 and is systematically translocated into the nucleus (Xin et al., Zed:/33fectionof
mYapS112A/RCAS in chick foetal myoblasts inhibited myotube formation, as previously
described in mousmyogeniccells (Judson et al., 2012). ActiveAP induceda decrease of
MYODandMYOGand an increase 6fAX7expression levels in cultured myobladtsthese
conditions,JAG2andHEYL expression wasalso activated by mYapS112¢Supplementary
Figure 5). This showed that forced activation of YAP increa3a@2 expression and
activated the NOTCH pathway. THAG2 positive regulation by YAP combined with tire
vivo YAP recruitment to theJAG2 promoter indicated that YAP was a good candidate for
activatingJAG2transcription in foetal muscle fibres in chick limbs
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Figure 1 - DELTAL -activated NOTCH increased the number of PAX7+ foetal muscle
progenitors in chick limbs. (A) DELTA1/RCAS-producing cells were grafted into limb
buds of E3.5 chick embryos. Graftechbryos were fixed three days later at E6.5H()B
DELTAl-grafted (B,D,F,H) and contralateral (C,E,G) limbs were cut transversely and
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analysed forDELTAL expression byn situ hybridization (B) and for muscle markers by
immunohistochemistry (). Ectopic DELTAL expression visualized in ventral muscle
masses (B) increased the number of PAX7+ cells (D,F) compared to ventral muscle masses in
contralateral limbs (C,E) and affected muasdiifferentiation (H versus G). (I) The
guantification of the number of PAX7+ cells and of muscle area were performed in
DELTAl-grafted and contralateral limbs and presented as percentage of the contralateral
limbs (control). Error bars indicate SD. Astls indicate the-palue,* p < 0.0L
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Figure 2 - Inhibition of muscle contraction led to a decrease in the number of foetal

muscle progenitors.(A) Chick embryos were treated with DMB at E7.5 and E8.5, in order

to block muscle contraction. Embryos were processed 12h (at E8) or 48h after DMB

exposure (at E9.5). (B) RG-PCR analyses of muscle gene expression levels of 12h and 48h
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DMB-treated limbscompared to control limbs. For each gene, the mRNA levels of control
limbs were normalized to 1. THRAX7 and MYF5 expression levels decreased in DMB
treated limbs, while those &fYOD and MYOG were upregulatedn DMB-treated limbs
compared to the controAsterisks indicate the-yalue, *p<0.05; ** p<0.01, ***p<0.001;

Error bars indicate SEM(C-J) Control (C,E,G,l) and DM#reated (D,F,H,J) limbs were
transversely sectioned and analysed for muscle markers by immunohistochemisjrpr(C

in situ hybridization (1,J). DMBtreated embryos displayed a diminution in the number of
PAX7+ cells in limb muscles (D,F,H) compared to control embryos (C,E,G). Disted
muscles visualised with MF20 labelling were affected compared to control muscles (D,F
versus C,E).(I,J) MYOD expression wasipregulatedin limb muscles of DMBireated

embryos (J) compared to control muscles (I).
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Figure 3 - The inhibition of muscle contraction decreased NOTCH activity(A) RT-g-

PCR analyses of the expression levels of NOTCH diggatomponents in limbs of 12h and
48h DMB-treated embryos. For each gene, the mRNA levels of control limbs were
normalized to 1. The relative expression level$H&S5 HEYL, NOTCH2and JAG2 were
downregulatedn limbs when muscle contraction was blocked, 12h and 48h after DMB
application. The relative expression DELTAL was first downregulated(12h) but then
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increased after 48h of DMB exposure compared to control. Asterisks indicatevéteep
*p<0.05; #<0.01; ***p<0.001; error bars indicate SENB-E) Transverse limb sections of
E9.5 DMB-treated (C,E) or control (B,D) embryos were hybridized with JAGGED2 (B,C) or
HESS5 (D,E) probes]AGGED2andHES5expression wadownregulatedn limb muscles of
DMB-treaked embryos (C,E) compared to control embryos (B,D).
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Figure 4

Figure 4 - ForcedNOTCH activity prevented the diminution of PAX7+ foetal muscle
progenitors in the absence of muscle contractio.ransverse sections of contralaterat (A
C) and DELTA1/RCAS grafted (D,F) limbs of DMBeated embryos were hybridized with
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DELTAL probe to visualised ectopidbELTAL expression (A,D) and analysed for foetal
muscle progenitors (B,C,E,F). In limb regions wihtg ectopic DELTA1 expression,
visualised here in dorsal limb regions (D), we observed an increase in the number of PAX7+
cells (E,F) compared to contralateral limbs (B,C), in the absence of muscle contraction. (G)
The quantification of PAX7+ cell numbemd muscle area was performed in DELTA1
grafted and contralateral limbs (in the absence of muscle contraction) and presented as

percentage of contralateral. Asterisks indicate thalpe,** p<0.01; error bars = SD.
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Figure 5 - Muscle fibres but not muscle progenitors were undergoing apoptosisin
immobilised embryos (A-F) Muscles of control and DMiBeated limbs were analysed for
apoptosis by Tunel staining. {&, arrowheads) Control muscles were rarely visualised with
Tunel staining. (BF) Muscles ofDMB-treated limbs displayed increased apoptosis (arrows
and arrowheads), with muscle fibres displaying Tunel staining,(Bxrows) but not muscle
progenitors (EF), compared to the control {8). (GL) Muscles of control and DMBreated
limbs were analyskfor cell proliferation by EdU incorporation. {kp Control limbs and

L) DMB-treated limbs displayed Pax7+ cells-labelled with EdU showing active muscle

progenitor proliferation.
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Figure 6 - NOTCH-ligand activity in differentiated muscle cells wasrequired to
maintain the pool of PAX7+ foetal muscle progenitors(A) Schematic representation of

the recombinant vector eexpressing the TOMATO reporter gene and a dominant form of
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DELTAL (DELTA1-DN) under the control of a musespecific promoter (MLQoromoter)
between two Tol2 transposons, and of the transient vector containing the transposase,
allowing stable expression of the transgene. The use of the MLC promoter targeted transgene
expression exclusively in differentiated muscle cells. (B) EZ2.5 kcl@mbryos were
electroporated at the level of limb somites in order to target limb muscle cells. Electroporated
and contralateral limbs were analysed six days after electroporation, at E&§. (C
Transverse limb sections of contralateral muscles (C,mf alectroporated muscles
(D,E,G,H,J,K) were analysed for muscle markers. (D,E,G,H) Electroporated muscles
visualised by the presence of Tomato expression (E,H) displayed a decrease in the number of
PAX7+ cells (D,E,G,H) compared to contralateral limbsF)CThe size and shape of the
electroporated muscles was not affected (J,K versus 1). (L) Quantification of the number of
PAXT7+ cells and of muscle area was performed in contralateral and electroporated limbs and
presented as percentage of the contralalienhs (control). Asterisk indicates thevalue,*

p < 0.05 error bars = SD.
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Figure 7 - Endogenousexpression and activity of the transcriptionalco-activator YAP 1
during limb foetal myogenesisChick limbs from E9.5 embryos were analyseditgitu
hybridization or immunohistochemistry for endogenous activity of YAP. (A) Longitudinal
limb sections showed thatAPlexpression was higher in the muscle tips at the level of the
tendons (arrows) and in cartilage. (D,E) Longitudinal (D) and transsecs®ns (E) of limbs
showed that in musclegAP1was expressed in fibres (arrowheads) and outside of fibres
(arrows). (B,C) Longitudinal (B) and transverse limb sections (C) immunostained with YAP
showed a stronger YAP protein localisation labellingha thuscle tips at the level of the

tendons. (F) Higher magnification of YAP localised in muscle tips at the level of the tendons.
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(G-L) Longitudinal (GIl) and transverse limb sectionsL()) showed that in muscles YAP
protein was systematically visualisedmyonuclei (MF20+, arrowheads). {8) Transverse
limb sections immunostained with PAX7 and YAP revealed a subpopulation of PAX7+ cells

positive for YAP (arrowheads) and PAX7+ cells negative for YAP (arrows).
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Figure 8 - Block of the mecharcal input led to a loss of YAPactivity in muscle fibres.
(A) RT-g-PCR analyses of the expression levels of YAP target genes in limbs of 12h and 48h
DMB-treated embryos. For each gene, the mRNA levels of control limbs were normalized to
1. The relative expressionviels of CTGF and CYR61were downregulatedn limbs when

muscle contraction was blocked, after DMB application. Asterisks indicate -tlaue,
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*p<0.05; *p<0.01; ***p<0.001; error bars indicate SEMransverse limb sections of E9.5
DMB-treated (C,E) or condl (B,D) embryos were hybridized with CTGF prod@&TGF
expression was visualised in control limbs in muscle fibres close to the tips (B, arrows and D)
in cartilage (B, arrowheads}L.TGF expression wadownregulatedn limb muscles of DMB
treated embryos (C,E) but it was still visualised in cartilage (C, arrowheads). Transverse limb
sections of E9.5 DMBreated (IK,0-Q) or control (FH,L-N) embryos were immunostained

with YAP and MF20 (FK) or with YAP and PAX7 (LQ). In limb muscles of DMBreated
embryos ({K), the nuclear localisation of YAP protein in fibres (MF20+) is lost, compared to
the control (FH). In limb muscles of DMBreated embryos (@), the subpopulation of
PAXT7+ cells positive for nuclear YAP wasllsvisualised, compared to the control-[1).
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Figure 9 - YAP was recruited to MCAT elements containing regions upstream ofJAG2

coding sequence in foetal muscle€hlIP assays were performed from limbs of E9.5 chick
embryos with antibodies againslP, AcH4 for positive control, or without any antibody as

a negative control. ChIP products were analysed by PCR to study the presence of YAP on
MCAT-containing regions upstream & G2 coding sequence. We could detect the binding

of YAP to the Regions 2nal 3 that contained a MCAT element. Region 1 did not contain a
MCAT element and it was designed as a negative control. YAP was not detected binding to
Region 1. Region 4 contains 3 MCAT elements but YAP binding was not detected. PCR
amplifications were péormed on chromatin isolated before immunoprecipitation (Input) as

positive control or without DNA for negative control.
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Figure 107 YAP activity is regulated by mechanical forces and influences the muscle
progenitor pool viathe NOTCH signalling pathway. Mechanical forces are sensed in
skeletal muscle fibres by the mechanosensitive gene YAP. YAP is able to bind regulatory
regions ofJAG2gene and influence iexpression. The expressionJ#G2in muscle fibres

is required to signal to adjacent samle progenitors and maintain high NOTCH
activity (HES5, HEYL).NOTCH activity maintains the pool of PAX7+ muscle progenitors.
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Supplementary Figure 1- Continuous source of NOTCH ligand maintained the number

of PAX7+ muscle progenitors despite the inhibition of muscle differentiation.(A)
DELTA1/RCASproducing cells were grafted into limb buds of E3.5 chick embryos.
Graftedembrys were fixed six days later at E9.5.-kB DELTA1-grafted (B,D,F,H) and
contralateral (C,E,G) limbs were cut transversely and analysd2BHbT Alexpression byn

situ hybridization (B) and for muscle markers by immunohistochemistrH).CEctopic
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