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Zusammenfassung

Zusammenfassung

Als Hauptfunktion der differenzierten Skelettmuskulatur gilt die Kontraktion, welche den Lebewesen
die aktive Bewegungrmoglicht. Die Kontraktion spielt jedoch auch eine wichtige Rolle in der
Myogeneseund ist daher unerlasslich fur dieorrekte Ausbildung und Organisation des
muskuloskeletalen SystemsAuf molekularer Ebene erfordert die Initiierung der
Skelettmuskelkontraktiodas Zusammenspiel zweier mechanisch gekoppeltéf Kanale der
Hauptunteeinheit des 1 DihydropyridinRezeptors (GA4.1) und des Typ 1 RyanodRezeptors
(RYR1), im Rahmender sogennanten elektromechanisché@pplung (ECC).Obwohl mehrere
funktionelle und strukturelle StudiemiLaufeletzten Jahrzehntesin tieferesVerstandnis der Rolle

von Cal.l und RYR1beim ECC ermdéglicht habenbleibt die genaue Rolle, die sie bei der

Regulation der Genexpression wahrendMaskelentwicklungspielen unklar.

Die vorliegende Arbeit untersucht die morphologischen und glob&lerinderungenim
Transkriptom derExtremitatemuskulaturvon RYRE und Cal.l-defizienten (RYRI und
Cav1.T ") Mausen zu Beginn (E14.5) uachEnde (E18.5) der sekundaren Myogenese. In beiden
Modellen sind bereitsum Zeitpunkt E14.8rste Veranderungenmdduskelstruktufeststellbarin
diesem Stadium wird in Ga1" Skelettmuskelrauch eine erhéhte Apoptosate beobachtet.
MicroarrayAnalysen zeigerdiskrete Veranderungerdes Transkriptoms beidéviutantenzum
ZeitpunktE14.5, miteinerHerunterregulatn von Genen, dibauptsachlichmit Innervation und
Neuronenentwicklung in RYR'E und mit Muskelkontraktion in Ga.1"-Skelettmuskeln assoziiert
sind. Zum ZeitpunktE18.5weist sowohl die RYRT- als auch die Ga.1"-Skelettmuskulatur
schwerere stkturelle Anomalien Fibrosesowie Anzeichen einer Entwicklungsverzogerusgf.
Dieses spaté&tadiumist durch einen hohen Uberlappungsgrad der identifiziedtéfarentiell
expiimierten Gene (DEGs) zwischen RYR(ind Cal.1" gekennzeichneBeide Mutaren zeigen
eine fehlerhafte Regulati@ahlreicheiGene, die am Aufbau der kontraktilen Maschinerie beteiligt
sind,Veranderungen in der Expression viaanskripterglobale Signalwegesowievonmultiplen
microRNAs. Mutantenspezifische Transkriptomverandgernzu E18.5deuten auf Veranderungen
in der Zusammensetzung der extrazellularen MatiMR1"-Muskeh und im Lipidstoffwechseh
Ca,l.l"'-Muskeh hin. Zudem beeintrachtigdas Fehlen von RYRIm Muskel das normale
Verhaltnis von Cdl.1SpleiRvariaten zum ZeitpunkE14.5 sowie den Gesaifakpressionslevel von
Cal.1 mRNA zum Zeitpunkt E18.5.



Zusammenfassung

Zusammenfassend heben die Ergebnisse dieser Arbeit die BedeutunghéruGa RYRL1 flr die
korrekte Durchfihrung de&enexpressionsprogramms wahrend der sgéwen Myogenese in
Skelettmuskeln der Maus hervor. Darlber hireagsben sickinblicke in dieSynergie aber aucin

die spezifischen Rollen der beiden’GKanalewahrend der Skelettmuskelentwicklung.



Abstract

Abstract

The main functiorf differentiated skeletal muscle is contraction, allowing for movement. However,
contraction also has important developmental roles and thus is indispensable for proper muscle
formation and organization. On a molecular level, the initiation of skeleistiscontraction relies

on the interplay of two mechanically coupled?Cahannels- the princi@l subunit of the
1,4-dihydropyridine receptor (Ga.1) and the type 1 ryanodine receptor (RYR1), the key event in the
process of excitatienontraction couplig (ECC). While multiple functional and structural studies
over the last decades have led to a deeper understanding of the rolgk ba8d RYR1 in ECC,

their specific involvement in muscle development and in gene expression remains obscure.

The presenwvork analyzes the morphological and global transcriptomic changes occurring in limb
skeletal muscle from RYRE&nd Cal.l-deficient (RYRZ and Cal.1”, respectively) mice at the
beginning (E14.5) and at the end (E18.5) of secondary myogenesis. imddés initial muscle
structure alterations are already observable E14.5. At this stage, increased apoptosis isobserved
in Ca,1.1" limb skeletal muscle. Microarray analyses reveal discrete transcriptomic changes in both
mutants at E14.5, with dowegulation ofgenes primarily associated wittnervation and neuron
development in RYRZ, and with muscle contraction in {al’ skeletal muscle. At E18.5, both
RYR1" and Cal.1" skeletal muscles are characterized by more severe structural nziéorm
fibrosis, and signs of developmental retardatiAnh.this stage ehigh numberof the detected
differentially expressed gend8EGS overlap iRYR1' and Cal.1". Both mutants display a failure

to upregulate the expression of many genes involvétei buildup of the contractile machinery and
exhibit changes in the expression of global signaling pathways and multiple microRNAs.-Mutant
specific transcriptomic changes point to changes in the composition of the extracellular matrix in
RYR1 muscle ad in the lipid metabolism in th"' muscle. Finally, the absence of RYRL1 in
RYRZ1" mice alters the ratio of Ga 1 splice variants at E14.5, and the totagiCamRNA levels at
E18.5.

Taken together, the results of this work highlight the importah€ad.1 and RYRL1 for the proper
execution of the developmental gene expression program during secondary myogenesis in mouse
limb skeletal muscle. Furthermore, it provides insights into mutual but also specific roles of each

C&"* channel during skeletal radle development
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1 Introduction

1.1 The skeletal muscle organ

In humans skeletal muscle is the largest organ by raessunting for approximately 80of the

total body weight, 50/'5% of all body proteins and up to &Xf the entire protein turnovéfrontera

& Ochala, 2015Janssen, Heymsfield, Wang, & Ross, 2000gether with the cardiac muscle, the
skeletal muscle is composed of striated muscle tissue, named after its chamgiatistn of
alternating light and damegions, when observed under a microscope. Out of the three muscle tissue
typesi skeletal, cardiac and smodtlthe skeletal musclie the only one that is undecanscious,
voluntary contro(Klinke, 2005. Skeletal muscle is a part of theusculoskeletal system that also
includes bones, cartilage, tendons, connective tissue, blood vessels and (Demnes &
Thorsteinsdottir, 2006As a part of the musculoskeletal system different groups of skeletal muscles
are involved in the execution of various movements, ©srand maintenance of posturasd
breathingFrom a metabolic point of view, skeletal muscle is one of the major grgetiggpating in
energy metabolism, glucose uptake and storagésardessential reservoir for carbohydrates and
amino acidgWolfe, 200§.

The skeletal muscle organ is described by a high degree of complexity and plasticity in both
structural and functional aspectherefore, substantial changes in skeletal muscle mass and
composition can be caused by exercise, diet and other physiological conditions, as well as by various

diseases and ageifigoppeler, 2016

1.1.2 Skeletal muscle structure

Muscle, connective and nervous tissue, as well asgdfdrte circulatory system are all entangled in

the buildup of the skeletal muscle organ and contribute to its elaborate characteristics and functions.
In healthy adults the predominant part of the nrgansists of muscle tissw@though adipose tissue

can alsa@onstitutea substantial paréspecially in sompathological conditioné-rontera & Ochala,

2015 Javan et al., 20)3Depending on the developmental stage, species and {jpditysiological
condition, the skeletal muscle tissue comprises various cell types of the myogenic lineage

(Buckingham et al., 2003Fully developedanuscle tissue is mostly composed of long, cylindrical,
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multinucleated cells called muscle fibers or myofil{eesg, Thews, & Schmidt, 20Q0rhe muscle
fibers argerminally differentiated posnitotic cellswith a diameter between 10 and 100 um and a
length up to several cthat aresituatedn parallel relatie to each othen bundles called fascicles
(Fig. ) (Lang et al., 2000 Branches of moten e u r o n $oim camplexrclEemical synapses with
eachmyofiber,called neuromuscular junctions (NMJEhree layers of connective tissue contribute
to the myofiber organization in skeletal musickpimysium, covering the whole outer surface of a
muscle; perimysiuri covering each of the fascicles; and endomysiwavering each of the muscle
fibers. (Fig. 1XLang et al., 2000 Furthermore, a mesh of extracellular matrix, called basal lamina,
lies between the endomysium and flieer membrand the sarcolemmaensheathing multiple
guiescent muscle stereltsi satellite cell{SCs)i located along the periphery of each fibdrese

are quiescent mononucleated muscle stem cells that are activated upon muscle injury or disease and

differentiate into mature myofibers.

Each muscle fiber contaifaindredsof myofibrils i rod-shaped structures, composed of parallel
thick and thin myofilaments that contain the muscle active contractile pr@tirkey & Hanson,

1954, as well as of titin filaments, responsible for passive force development and el@stikys

Kruger, 2010. Microscopically the myofilaments in the myofibrils are arranged in regularly
alternating darker and lighter regions, aligned across the myofibrils and myofibers, giving rise to the
typicd striation pattern of skeletal musdeuxley, 196). The microscopically denser (darker)
regions constitute the anisotropic bandsbands, and the less dense (lighter) regidhgisotropic

bands I-bands (Fig. 1)The A-bands are divided in half by a lighteradne, and in the middle of

the Fbands darker, narrower regidnthe Zdiscsi mark the borders of the smallest morphological
units of striateanuscle’ the sarcomeres (il) (Huxley, 196). Thin filaments are directly attached

to the Zdiscs and protrude in thednd Abands but at rest do not reach the center of the sarcomere,
forming the less dendd-zone, whereas thick filaments occupy only théakd regions and are
indirectly attached to the-discs via titin filaments. At resthe lengh of each sarcomere from one
Z-disc to another is approximately 2.2 to 2.4 um. When contraction is init@teskbridges are
formed between the thick and the thin myofilaments, causing the thin filaments to slide towards the
M-line, leading to a disappearance of thedthe andishortening of the-bands and consequenily

of the sarcomere tpproximatel\2.0um (Klinke, 2009. Thus, the simultaneous shortening of the
sarcomeres along the myofibrils of a muschefieads to the shortening of the whole fiber and
consequently of the whole muscle.
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Fig. 1. Skeletal muscle and associated structures.

(A) A scheme of the skeletal mussteucture showing the hierarchical organization of skeletakcle starting from the

whole organ down to thatracellulararchitecture ofindividual muscle fibersDeep tubular invaginationsf the
sarcolemmaalledthe® ubul i form an intracellular network iwith the
reticulumi the sarcoplasmic reticulum (SR). Most of the intracellular space of the myofibers is takenupdrgus

myofibrils, consisting of thicKmyosin)and thin(actin)myofilamentghatare perfectly aligned arizuild upthe skeletal

musclé sontractile machinery. The smallest functional units o$ thiachinery are the sarcomeres. Each sarcomere
contains a microscopically denserb@and,thick filaments and two halves of a brighteband, containing théhin

filaments. In the middle of the-Bard is a narrow lighter regioihthe Hzone and in the middle of it there is a denser

linei the Mline, anchoring the thick and thin filaments. Two darker vertical regioms Zdiscsi mark the borders of

each sarcomere. Beside the myofibrils, the niyafir s possess a high mitochondri al
energy demands. Other organs like blood vessels (veins and agede&g)| types like nerves and fibroblast contribute

to the functions and structure of skeletal mug@gAn electrormicrographof a sarcomeréodified from(Lang et al.,

2000 and(Tajbakhsh, 2000

1.1.3 Proteins of the contractile machinery

Multiple diverse proteins are involved the sarcomeric structure and regulate skeletal muscle

contractile properties (Fig. Zfhe main two proteing the execution of muscle contraction amd
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the composition of théhick and thinmyofilaments are myosiand actin respectively (Huxley,

1961).
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Approximately 300 myosin molecules polymerize to form the thick myosin filanféigts2). Each
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triphosphateATP). The two regulatory and essential myosin light chains bind to the hinges and the

proximal ends of the myosin heads and together with the hinges act as moleculafdeNigatng

the crosdoridges between the myosin heads and the actin filameath fhalf of the myosin

filaments is bound to B 6 titin molecules that bind the free myosin filaments termini and form

elastic filaments, anchored at thaliscs. Tmoughout the Abands the titin filaments align with the

myosin filaments, whereas in thé&nd the titin filamentgontinue freely and ithese regionthey
exhibit substantial stretch capabilitigdink e, 2009.
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Actin is the most abundant protein in striated muscle and is feithdr in a monomeric state
(G-actin), or as a homopolymer, forming long actin filamenta¢tn)(Pollard, 199). In mammals

six actin isoforms exist and are usually characterized by their isoelectrisaant U, b and 2
where U actin isoforms ar e (Slarlkeetdl 002Ardurdd00s k el et
globularG-actin monomerpolymerizeinto filamentous Factinto form the actin filament@-ig. 2).

The actin filaments have a doublelibal structure with 2x7 actin monomers in eaatm (Klinke,

2005. Muscle contraction is initiated in tleeossbridge cycle that involves several steps, including

actin bindngto the myosin heagdthat in turn release ADP and inorganic phosphatgeRerating a

power strokepulling the actin filaments towards tihé-line andresulting insarcomere shortemgj

(Huxley, 2000. Binding of ATP to the myosin headslows their detachmerfrom the actin

filaments, and its hydrolyste ADP and Pby the myosin ATPase returns the myosin heads to their
prest roke (Acockedo) p o soridge cgcle.Regulatony protaink kiksthen g t h
filamentous tropomyosin and the globulaproni n compl ex bi nd to actin
grooves at regular intervadsd ae vital for proper regulation of contracti¢Klinke, 2005. Each
tropomyosin protein is associated with a troponin complex, composed of three sutropginT
(tropomyosinassociated troponin), troponin | (inftitry troponin) and troponin @C&’*-binding
troponin).When the intracellulacalcium [C&]; concentration in the muscle fibers is lower thath 10

mol/L tropomyosin sterically obstructs the myosin binding sites on the actin flaments. However,
when theCa&* concentration rises above this lev@#* bindsto thetroponinC proteins, which act as

Cd"* sensors, and induce rearrangement in the troponin complex and the tropomyosin associated with

it (Klinke, 2005. Thus, actinés myosin binding sites b

myosin andacilitate muscle contraction.

Titin, the biggest known mammalian proté®)000 to 3,700 kDapakes up the main part it third

type of myofilaments$ the titin filamentgFig. 2). In contrast to actin and myosin, titin does not
actively contribute to muscle contraction but is vital for passive force and dynamic stiffness
developmen{Bartoo, Linke, & Pollack, 1997 Moreover, the titin flaments integrate multiple
signaling cascades, as various signaling proteins and molecules bind to the titin fi{lkmeyas&

Kotter, 2016 Linke & Kruger, 2010.T i t i n f iH}-ternmm are anahored at thediscs and
stretch through the BndA-bands up to the Mne (Linke & Kruger, 2010Q. In the tbands the titin
filaments possess flexible domains that act as a molecular spritige ABands they bind tthe

myosin filaments.
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A fourth filament system, consisting of the giant protein nebulin, is also involved in the sarcomeric
structure and functior(&ig. 2). More specifically, nebulin binds to the thin filaments and detesnin
their length by influencinghe minimumlength ofactin polymerizatior{Ottenheijm & Granzier,
2010. Nebulin alsanmaintaingmyofibrillar alignmenby regulatinglesmin localization, key protein

linking adjacentZ-disc (Shah et al., 2002 Additionally, nebulin affects muscle contractility by
regulating the crosBridge cycling kinetics an@&*-sensitivity of force generatiofBang et al.,

2009 Chandra et al., 2009

The Zdiscs,marking thdateralboundariesf the sarcomeres and acting as an anchoring point for

the myofilamets discussed above, are multiprotein compleo@ssisting largely of a backbone

madeo f a nt i-getain Eoiddiends (Frdnk, Kuhn, Katus, & Frey, 20D8/arious additional

structure and signaling proteins like desytive muscle lim protein (MLP@nd telethonitake part

in the buildup and functions of thediscs (Fig. 3\Clark et al., 200R Peripheral Zdisc proteins

bind to proteins from the muscle fiber plasma membfratiee sarcolemma and form complex
structues, | inking the sarcomer es (Rmasdt, 2008 8incether c o | e n
Z-discs anchor the myofilaments and together with the costameres facilitates the link between the
sarcol emma and the muscl eds crdennnmechanossihgandmac hi r

medanotransductio(Frank et al., 2006
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Fig. 3: Z-disc and costamere structure.

The scheme represents the multitudproteins and moleculdébathave been identified as components of thdists
and @stameres. Abbreviations stand for: MYOZ2, myozenin 2 (carsarin 1); Cn, calcirfeD#f8LIM, one-PDZ and
threeLIM domain protein; PDZLLIM, one-PDZ and oneLIM domain protein; MLP/CRP3musclespecific LIM
protein/cysteingich protein 3; FHL2, fowanda-half LIM protein2; MAPRs, muscle ankyrin repeat proteli)RFs,
musclespecific ringfinger proteins nbrl, neighbor of Brcal gere mink, misshapetike kinasel. Modified from
(Hoshijima, 2008.

1.1.4Skeletal muscle architecturemetabolism andfiber type

The contractile properties tife different skeletal musclase determined bg variety of factors like
muscle architecture, metabolisand bythe ypes of fiberqLieber & Friden, 2000Schiaffino &
Reggiani, 2011 Structural differences like muschnd fiber length, as well as the physiological
crosssectional area and the angle of the fibers relative to the axis of force generation (pennation
angle) contribute tthe specific mechanical properties of different skeletal muigkdser & Friden,

2000. Furthermore the composition and the mechanical propsrtéthe sarcolemma and the

extracellular matrix (ECM) also inf |[(Cempbelle s kel

& Stull, 2003 Gillies & Lieber, 201).
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The energy demands of skeletal muscle can drastically fluctuate dependent on tisaaxdtitihe
frequency and strength of contractidduring exercise skeletal muscle caansumemore than
100-fold more energy than during restquiring rapid metabolic adaptatiofgahlin, Tonkonogi, &
Soderlund, 1998 Moreover, skeletal muscle is a primary site for glucose uptake and acts as a
reservoir for carbohydrates, amino acids and proteins that can be distributed to other parts of the
body under stress conditions or ilindgsgiles, Campos, LopePedrosa, Rueda, & Rodriguez
Manas, 201p Skeletal muscle fibers use ATP as their priyrenergy source artiereforeutilize

both anaerobic and aerolpiathways in order to avoid ATP depleti@ahlin et al., 1998 Anaerobic
pathways used for ATP generatiomostly phosphocreatine degradation and glycogen breakdown

are more common during short higttensity physical activityWesterblad, Bruton, & Katz, 2010
Aerobic metabolism, on the otheand, dominates during long submaximal exercise candists

mo s t | yoxidatibn obfatty acids or degradation of carbohydrates via the citric acid cycle
(Westerblad etal.,20)0 Hence, a substantial part of the s
by mitochondria, where the adio ATP production takes pla¢eundby & Jacobs, 2026

Theskeletal muscle fibel@e not homogenous in terms of their contractile and metabolic properties,

but can be divided into several fiber typgsveral criteria have been used for fiber classification into
differenttypes and their results are not always in agreement with one af®todt, Stevens, &
BinderMacleod,200L I ni ti ally myofibers were divided i
on theircolor,andi nt o-t wf ommitsd-towi t c ho b a s ectle knmetics(Bawrranidr c on't
Edgerton, Furukawa, & Peter, 1971ater, in accordance with their energy metabalisiyofibers

were classified intdslowo x i d aft fiavsetd oxi dati ve, gl yBambrgdti c0o a
al., 1971 Greising, Gransee, Mantilla, & Sieck, 20&¢hiaffino & Reggiani, 201)10n the basis of

the pH lability of actomyosin ATPase staining, myofibers can be also classified as type |, lla, llb and

lIx (Greising et al., 200)2Each of the latter fiber typdsas alsdeen found to express a specific

isoform ofMyHC, specifically MyHG ow, MYHC,4, MyHC,5 and MyHGx in the type |, lla, 1lb and

lIx fibers, respectivelySchiaffino & Reggiani, 20)1Some muscles composed of type llb fibers
havealsobeen shown to cexpressMyHC s and MyHGx (Greising et al 2013. Additionally, two
developmental MyHC isoforms have been identifiesnbryonic MyHGm,and neonatal MyHgz,

which predominate during embryonic and early postnatal develoAginilut, Noirez, Beaumont,

& Butler-Browne, 2003Greising et al., 2012
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1.2 Skeletal muscle development

1.2.1Myogenesisi definition and models

Myogenesisi the generatin of muscletissuei is acomplexmultistep procesghat has been a
subject ofintensivestudies(Asfour, Allouh, & Said, 2018Bentzinger, Wang, & Rudnicki, 2012
Edgeworth, 1899Read, Takeda, & KirkaldyVillis, 1971). Generally one can discrimindietween
developmental and regenerative myogeriethe firstonebegins in the embryonic development and
describes thele novoformation ofskeletal muscle, whereas the second @aswirs upommuscle
injury or atrophyand serves for the production of newscle fibers in place of the damaged ones.
Very similar processes take place in both types of myogenesis; however there are atgesdime
distinctions(Tajbakhsh, 2000 Failure in the proper execution of either typenofogenesis can
cause a wide range of diseases like myopatthebdomyosarcoma and cachesawell as severe
developmental disordelike the Duchenne and Becker muscular dystroptitesery, 2002

Multiple in vitro andin vivo models are being utilized in tipdysiological and pathophysiological
studies of skeletal myogenesis, each having advantages and diagds@ttmayr & Pavlath, 2012
Chal & Pourquie, 2017 Diversein vitro models spanning from classiaalusclecdl lines like
C2C12 througlpluripotent stem cells (PSGdgrivedcell lines to modern lalon-a-chip models are
rapidly improvingand constitutehomogenous systenatlowing easy handlingyuick resultsand
personalized patiersipecific analysi§Agrawal, Aung, & Varghese, 201Burattini et al., 2004Chal
& Pourquie, 201Y. Nevertheless, up to now thbgve not been able teproduce the full structural
and functional complexity of the entire skeletal muscle organ and lack vital components of the
skeletal muscle microenvironment like fiber innervation, testalk with the ECM and with other
organs, all contributing to proper muscle developn{Entdette & Landmesser, 199assari,
Duprez, & FourniefThibault, 2017. The in vivo models for myogenesis comprise versatile
vertebrate and invertebrate model organigftismayr & Pavlath, 2012Kim, Jin, Duan, & Chen,
2015 Sparrow, Hughes, & Segalat, 2008Vhile eachof them hasa set of advantages and
drawbacks, then vivomodels pose a more physiological and accurate representation of myogenesis
and can be better related to the myogenic events in humans. The main limitations of uvsiog
myogenic modelsare that they are often more costlyarder togenerate ando handle, the
experimentsequire more timghe observed myogenic events might differ from those in huarahs
there are significant ethicabncerns antimitations(Hartung, 2008 A lot of the fundamental work
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elucidatng the mechanisms of myogenesis has been performed on chick ef@igo® Pepe,
1965 McLennan, 1983Read et al., 197 Shellswell, 197Y. Caenorhabditis elegan®rosophila
melanogasteand zebrafish have also proven themselves as valuable modaks éxamination of
different aspects of muscle developméibmayr & Pavlath, 201,2Armant, Gourain, Etard, &
Strahle, 2016Fox et al., 2007Sparrow et al., 20Q8Te & Reggiani, 2002 However, in the last
severaldecadeshe mouse has emerged@sbablythe most frequently usad vivo model for
myogenesisn (patho)physiological resear¢Burbeej & Campbell, 2002 ondeleir, Vandamme,
Vandekerckhove, Ampe, & Lambrechts, 2D0% a mammalian modet,has the advantages titat
closely resembles the myogenic events in the hutnas a high degree of gemesimilarity to
humansand can be easily genetically manipulafg&hblar & Rudnicki, 200D Despite the
differences that inevitablgrise when comparing different specasl the disadvantagesiofvivo
models discussed abqtke mouse isne ofthe most advantageous and exploited modalfeletal
myogeresis (Abmayr & Pavlath, 2012Kablar & Rudnicki, 2000 Tajbakhsh, 2009Watson,
Riordan, Pryce, & Schweitzer, 2009

1.22 Myogenesis in the mouse

In mice skeletal muscle developméeginsn uteroand continues-3 weeks after birtfFig. 4) The
preratal periocbegins between thé"@nd ¢' embryonic day (E8.5 E9) and lasts approximately

until E18.5 or until birth(Tajbakhsh, 2009 It involvesa number okvents andlifferent muscle
precursor and progenitor cellsamally described by the presence and expression of specific
myogenicmarkers, which undergo several successive differentiation steps before reaching maturity
(BrysonRichardson & Currie, 2008The prenatal myogenesis can roughly be divided into three
main developmental tages that partially overlap somitogenesis, primary and secondary

myogenesis.

Around E4.5 the primary tissue typéstrophectoderm, epiblast and primitive endoderm are
establishedArnold & Robertson, 2009 Subsequently, around Baunder the influence of regional
differences in gene expression they form the tree germ layers of the prepatternediethlryo
ectoderm, mesoderm and endodéAmold & Robertson, 2009 In respectd the midline of the
embryo the mesoderm is separated into tree anatomicaliayerparaxial, intermediate and lateral

mesodern{Bentzinger eal., 2013.
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Fig. 4: Mouse myogenesis timeline.

In the mouse the first myogenic events take place at E8.5/E9 when the soenftesned, giving rise to myotomal cells
which subsequently differentiate into the first myocyldgesomatic dermomyotome also releases stem/progenitor cells
which further differentiate into embryonic and fetal myoblasts and satellite(8&ls) i quiescent myogenic cells,
important for postnatal muscle regeneratiéinom the midate stages (E10:512.5)to the end of embryonic
development at E14.5, primary (1°) fibers are formed fiteerembryonic myoblastéa several steps of differentiation.
The myogenic events up to E14.5 constitute the primary myogenesis. From E14.5 until birth (around E1&btteE20.
fetal development in the mice coincides with a second wave of myogenitcalled secondamyogenesis, in which
fetal myoblasts develop tim secondary (2°) fiberd he first SCsariseapproximately 2 days prior birth (E16.5) and
contribute to tb musclegrowth,maturation and hypertrophy from the perinatal period into adulti8mde norsomitic
progenitor cells are also implicated in the adult muscle regeneritatified from (Tajbakhsh, 2000and (Biressi,
Molinaro, & Cossu, 2007a

Around E8.5 oscillations of gene expression and gradients gdhmpgene concentration leads to

pair-wise concentration of the paraxial mesoderm left and right of the neural tubeamgary

spheri@l epithelialstructures called somites that develop in the direction from the head to the tall

(Fig.5) (Kablar & Rudnicki, 2000 All skeletal musclesexcepthe superficial neck muscles develop

from the somitegDeries & Thorsteinsdottir, 20)6A polarity within the somites is then establidhe

and they develop dorseentral compatments. The ventral compartmengs/es rise to the

mesenchymal sclerotome which later develops into cartilage and, lamgethe dorsal part of the

somitedormsthe dermomyotomBentzinger et al., 20)2All skeletal muscles with the exception

of some muscles of the head in mice and other vertebrates arise from cells of the dermomyotome
14
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Multiple signaling molecules and pathways are involvatiéformation of the dermomyotome and
the subsequent muscle development (Bjg:Bentzinger et al., 20)2As the embryo develops
terminally diferentiated, mononucleated cells emerge frondtrsomedial and ventrolateral lips of
thedermomyotome and form the primary myoto(Bentzinger et al., 201 Biressi et al., 2007a
This process involves musgbeogenitorcells (MPCs)translocating from the dermomyotome to a
ventricallylocated domain, followed BMPC elongation so that at the end thdsspan the entire
somite lengthalong the craniecaudal axis of the embry@®iressi et al., 200jaA population of
satellite cells that remain until adulthood are also forif@&ws, Manceau, Thome, & Marcelle,
2005. The epaxial part of the dermomyotome gives rise to theldotszeles ands hypaxial parto

the trunk and limb muscléBentzinger et al., 20)2

Only a small fraction of cells are terminally differextéd during the formation of the primary
myotome. The somatic dermomyotome produces PR&a7 double positive MPE€ that
differentiate into embryonic and fetal myoblasts and satellite cells, that will later differentiate into
primary, second® and adultnuscle fibers (Fig. 4Biressi et al., 200jaFrom approximately E10.5

to E14.5 an intensive myogenic phase called primary myogenesis takeBpless et al., 200ja
Several differentiation steps occur simultaneoaslthis stage: Early on, around E11 embryonic
myoblasts invade the myotome and most probably fuse with the myotomal myocyes. At the same
time embryonic myoblasts migrate to the limb buds and fuse into multinucleated primary (1°) fibers.
A small number of rpotubes participate in the composition of the skeletal muscles during primary

myogenesigBiressi et al., 2007ja

From E14.5 until birth (E18.5 to E20.5), coinciding with the fetal development in the mouse, another
wave of myogenic eventgkes placd the secondary myogenegifajbakhsh, 2000 During
secondary myogenesis fetal myoblasts fuse and differentiate into secondary (2°) fibers that initially
form in the vicinity of the zones of innervation, initiadithe neuromuscular junctions (NMJs)
formation(Duxson, Usson, & Harris, 198%ajbakhsh, 2009 Additionally, at the end of secondary
myogenesis, around E16t&e first juvenile satellite cells emerge and are ensheathed under a basal
lamina (Tajbakhsh, 2009 The skeletal muscles grow substantially and the first spontaneous
movements can be detected around at EoBlama & Sekiguchi, 1984It has beenl®wn that
embryonic and fetal myoblastshe MPCs generating the &id 2%ibers, respectively, have distinct

global expression profilg8iressi et al., 2007b
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Wntdi6i7 a
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Bmp4d
L mp

Early somite

Limb bud

Fig. 5: Somitogenesis.
The early(A) and latgB) stages of somitogenesis are schematically repres¢ajdd the early somite the development
of the sclerotome (SC) and dermomyotome (DM) is initiated via morphogens and signalemylessecreted from
different parts of the embryo. On the onedhrebone morphogenic proteins (BMAm the lateral plate of the somite
maintain the undifferentiated state of the somites. On the other thendprsal neural tube (NT) and the surface
ectoderm (SE) secrete Wnts, which together tidSonic hedgehp (Shh) signaling factor, secreted from tieeral
tube floor plateand the notochord (NC), promotiee formation of the sclerotomg) In the later stages of somite
development, muscle progenitor cells (MPCs) leave the dorsomedial (DML) and ventrdMdtdrgllips of the
dermomyotome andifferentiateinto the myotome (MY). Limb bud formation is initiated by Pa@sitive (Pax3d)
MPCs that delaminate and migrate from the ventrolateral lips of the dermomyotome. Modifi¢B&mainger et al.,

2012.

Consequently, thd°and 2° fibers differ in their expression BlyHC isoformsi 1° express

embryonic, phenotypically slow MyHC, whereasffers exress neonatal, phenotypically fast

MyHC (Biressi et al., 200jaOthermuscls peci fi ¢ genes | i

keaolagewrsdc |

protein kinase C thet®KC4 ) are alsdlifferentially regulated in 1° and 2° muscle fibéBsressi et

e

al., 2007 Thus, the primarynyogenesis lays the pattern of the developing skeletal muscle, whereas

the secondary myogenesis is the period for growth and differenti&tiotiher mstnatal muscle

growth and maturation is achievpdmarily via the consecutive fusion of neonatal fibers w#lch
otherandwith satellite cellgBiressi et al., 2007& ajbakhsh, 2009
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1.2.3 Signaling cascades during myogenesis

Each step ofthe myogenic program igxecuted under the strict control af plethora of
interconnected signaling pathways and cascddas.to their versatile nature, different groups o
muscles emerge under the control of specific regulatory netWbaksakhsh, 2009 The following

sections will focus mainly on the regulatangchanismshroughoutprenatalimb myogenesis.

1.2.3.1Myogenic regulatory fators (MRFs)

The myogenic regulatory (MRFs) are a group of transcription faCi&igthat induce, control and
maintain thanyogenic fate of MPCs and muscle cells at each stage of their differentiati@mgre
postnatally(Asfour et al., 2018 The first identified MRH the myogenic determination factor 1
(MyoD) was described for its properties that upon activation it induces myagergformation oh
fibroblast cell line(Davis, Weintraub, & Lassar, 1987Since then anothehreeTFs have been
identifiedhaving similar properties myogenic factor 5 (Myf5), myogenin (M@ andmyogenic
regulatory factor §Mrf4, a.k.aMyf6 andherculin) (Braun, Buschhausebenker,Bober, Tannich,

& Arnold, 1989 Rhodes & Konieczny, 198Wright, Sassoon, & Lin, 19§These four classical
MRFs share three very similar struet domains, listed from the-No the Gterminus of the
proteins: a cysteine/histidine domaina basic helidoop-helix (bHLH) domain, and a
serine/threoningich domain(Asfour et al., 2018 ThebHLH domainis the most important one for
the activation of a cellular myogenic program, as it can bind a DNA sequence, knowioas E
present in the promoters and enhanaérdownstreammusclespecificgenes and activate their
expressioriBerkes & Tapscott,@5). Priorto DNA binding MRFs form homg or more frequently
heterodimers with other bHLH proteins, often with the class of E2A proteins which are ubiquitously
expresse@Massari & Murre, 2000 The expressio levels and activity of the MRFs are controlled
via multiple signaling networks an@Fs like the myocyte enhancer factor 2 (MEFfamily.
Furthermore, some MRFs camhanceheir ownexpressior{(MyoD and Myd5) or direct that of
other MRFs(Asfour et al., 2018 The MRFs have partly overlapping and redundant myogenic
functions. For example, knock out mouse models for Myf5 or MyoD have a normal skeletal muscle
phenotype other than a short delaythe embryonionyogenesis irthe Myf5 knockout(KO),
whereas double Myf5:MyoDull mutars are completely devoid of muscles and myogéBraun,
Rudnicki, Arnold, &Jaenisch, 199Rudnicki, Braun, Hinuma, & Jaenisch, 198udnicki et al.,
1993. Therefore, Myf5 and MyoD exhibit a functional redundancyg ah least one of them is
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necessary for normal myogenesis. Conversely, homozygous Ki§anicehave a severe reduction

of skeletal muscle and a prevalence of undifferentiated myoblasts, although they have normal levels
of MyoD (Hasty et al., 1993 This data shows that Myf5 and MyoD are important for myoblast
specification early in the embryonic development, whereasQvyas downstream and is essential

for late muscle development and differentiatiavirf4 KO mice have higher My@ levels and a
phenotypically normal skeletal muscle but Mrf4:MyoD douKl@s display a severenuscle
deficiency similar as the My® null mice (Rawils et al., 1998 This indicates that Mrf4 represses
MyoG expression and that there is some redundancy in the Mrf4 and MyoD roles for muscle

differentiation.

Four othefTFs have proven to bedispensald for early commitment to the myogenic program and
induction of the initial myogenic eveniBentzinger et al., 20)2These are the pairdtbmedoox
transcription factors 3 and 7 (Pax3/7) and the Sine erelised homeoboXFs1 and 4 (Six1/4),

which due to their contribution to the myogenic program can also be viewed agBHREINnger et

al., 2012. In all vertebrates at least one of the Pax3 and Pax7 TFs is con$dnledl993.
Dermomyotomal cells and all MPCs express Pax3 and Pax7, howeveatgggmigrating MPCs

that form the initial limb musculature only express P@eénhtzinger et al., 20)2Lossof-function

Pax3 mouse mutants do rfotm the hypaxial domain of the somite, resulting in loss of limb and
diaphragm muscles, although they develop some epdeialed muscle@Bentzinger et a).2012

Bober, Franz, Arnold, Gruss, & Tremblay, 1992ax3 acts upstream of MyoD aRdx3:Myf5:Mrf4

triple KOs mouse do not form any skeletal muscles and lack MyoD expred@sorzinger et al.,

2012. Pax7KO mice did not exhibit abnormalities in embryonic muscle development but showed a
requirement for Pax7 for satellite cell specificat{Seale et al., 2000Pax3 and Pax7 also exhibit
some functional redundancy, since the Pax3:Pax7 mouse double mutant has a more severe phenotype
than the Pax3 mutant alone, characterized by an almost complete failure in the embryonic
myogenesis and a development only of the primary myoi&te&ix, Rocancourt, Mansouri, &
Buckingham, 2006 Experiments with conditional deletions of either Paxx3ax7 cell populations

have shown that Pax3 ablation is embryaltyclethal, whereas loss of Pabéads to impairment of

later myogenic stages, leading to smaller muscles with fewer myofibers aBaritzinger et al.,

2012; Hutcheson, Zhao, Merrell, Haldar, & Kardon, 208@ale et al., 2000Thus the Pax3cells

are characterized as founder MPCs that setthelate for myogenesis in the limbs, whereas Pax7
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cells contribute at a later stage to the secondary fiber formation and satellite cells specification
(Bentzinger et al., 2032

The Six1 and Six4 TFRact upsteam of Pax3 and are crucial for the specification and commitment of
the MPCs to thanyogenic lineagdFig. 6) (Bentzinger et al., 2032 Six1 and Six4 bind the
eyesabsent homologs Eyal and Eyhat act as transcriptional cofact@sd translocate to the
nucleus, where they induce the transcription of downstream MRFs like Pax3, Mya® and

Mrf4 (Grifone et al., 2006 While Six4 KO mice do not exhibit significant developmental changes,
Six1 KO neonates die at birth and show severeldpreental abnormalities of multiple organs,
including skeletal muscl@.aclef et al., 20030zaki et al., 200). Moreover, @dubleKOs mice for
Six1:Six4 or Eyal:Eya3 fail to upregulate Pax3 expression and hence do not develapdimb
hepaxial trunkmusculatur¢Grifone et al., 200;/Grifone et al., 2006 These resultidemonstratéhat

there is some redundancy in the functions of the TFs Six1 and Six4, as well as in these of their
cofactors Eyal and Eya2. Theplagial (but not the epaxial) dermomyotome has active enhancer
binding regions for both Six TFs and Pax3 in the Myf5 gerdicating that the Six TFs and Pax3
drive Myf5 transcription in these muscli&entzinger et al., 2032

Embryonic Satellite Myoblasts Myocytes Myotubes Myofibers
progenitors stem cells
- g“‘ - --
Specification Activation Early Late differentiation Late differentiation
Committment Proliferation  differentiation Primary fusion Secondary fusion
Six 1/4
Pax 3/7

Myf5

MyoD
Mrf 4
MyoG

Fig. 6: MRFs hierarchy during myogenesis.

The expression and activation patterns of the MRF gdinests the proper transition of the myogenic esagnd
differentiation events in the MPCSix1/4 and Pax3/7 regulate the early embryonic progenitor cell specification; Myf5
and MyoD commit cells to the myogenic program; and @wmd Mrf4 guide myocyte and myotubes fusion required for
terminal differeniation. Modified from(Bentzinger et al., 2032
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Because of the strict spatiotemporal expression and activity of the MRFs in different pogudétio
cells from the myogenic lineage, the presence of specific MRFs is also used as a marker for these cell
populations and the corresponding developialestages (Fig. 6).

1.2.3.2.Morphogens and ignaling pathways involved in myogenesis

As mentioned abge many major signaling pathways ameolved in muscle developmer@ne of

them is the Wnt signaling pathw#yatcomprisesa ¢ a n o n i-catanin pattiway,/afgeveral
non-canonical Wnt pathwaythe main two of which aréhe Wnt/jun Nterminal kinase (JNK)
pathway; and the Wnt/calcium pathwéiyao & Kuhl, 201(). The mechanism of action of all
pathways involves secretgti/coproteing the Wntsi thatbind to receptors of the Frizzled (Fzd)
family located on the plasma membrahat in turn often activate -@rotein coupled receptors
(GPCRshandtrigger various downstream cellular respor(&o & Kuhl, 2010. The Wr pathways

control not only myogenesis but also the development of many other organs and structures, as well as
bone development and limb patternif@hurch & FrancisNest, 2002 Multiple Wnts and their
respective Fzd receptors regulate the expression of the MRFs and, as mentioned above (Fig. 5),
induce the specification of MPCs in the som(tg@sntzinger et al., 20)2For example, Wntl and

Wnt3 secreted from the neural tube upregulate Pax3 and Myf5, whereas Wnt6 and Wnt7a positively
regulate the expression of Myo{Bentzinger et al., 20)2Wnts are also important for cell
migration, morphology, terminal muscle differentiation and muscks fipecification(Church &
FrancisWest, 2002 It has been demonstrated that in the mouse limb develogheenanonical
b-catenin pathway is necessary for fetal myoblast specification and therefore, for secondary
myogenesis and fiber tygedeterminatiofHutchesao et al., 200

Another signaling pathway that positively regulates early myogenic specificationHedgehog

(Hh) signaling pathwaywith the Sonic hedgehog (Shh) secreted protein being indispensable for
myogenesi¢Bentzinger et al., 2032The notochord and neural tube secrete Shii titat the Wnts

T binds to receptors on the plasma membrane and triggers a downstream cascadepleading t
upregulation of the expression of group of TFs called @ldkle & Towers, 201Y. Together with
certain Wntstheyinduce the expression of Myf5 and Mypfbus promoting MPCs to myogenic
commitment and differentiatigiBorello et al., 2006Munsterberg, Kitajewski, Bumcrot, McMahon,

& Lassar, 1995Voronova et al., 20)3KO mice lacking Shidie perinatally and exhibit severe

developmental abnormalities, including the absence of limb form@ioianget al., 1995
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Contrary to the positive effects of the Wnt and the Shh pathways for myogenic specification and
differentiation, a subclass of theansforming growth factor befd GFb), the bane morphogenic
proteins (BMPs)inhibit certain MRFs and thusthe myogenic progressig®aarenstroom & Hill,
2014). BMPs exert their functions in the somites through SMAD TFs promoting Pax3 expression,
while inhihiting the expression of Myf5 and Myo(Baarenstroom & Hill, 2004 Wnts and Shh
increase the secretiof Nogginthat binds and inactivates BMPs and timalsices MyoD expression
(Reshef, Maroto, & Lassar, 1998n this wayBMPs ensure thaccumulation of MPCs prior the
onset of muscle differentiatidOno et al., 201)1 The signals from the Wnt and BMP pathways are
integrated in theeriodic activity of theNotch signaling pathway, whicsimilarly to the BMPs
suppresses myogenic progression and prevents premature differentiation ofH\éRtann et al.,

2004 Kuroda et al., 1999 Furthermore, proper Notch signaling is imperative for the generation of

satellite cells during fetal developmdiasyutina, Lenhard, & Birchmeie2007).

The mitogeractivated protein kinase (MAPK) pathwdya cascade of several consecutive
phosphorylation steps, each activating a downstream kinasene of the most robust cellular
signaling networks(Pearson et al., 20D11t includes three major signaling pathways: the
extracellular signategulated kinases 1 and 2 (ERK1/2) pathway; thercNterminal kinase (JNK)
pathway; and the p38 pathwiagll of which are implicated in the regulation of myogenékimes,
Fedorov, Rosenthal, & Olwin, 200Perdiguero et al., 200Kie et d., 2018. All three MAPK
branches involve multiple steps and molecular interaction during the signal transrinsshont, the
p38 pathway is a positive and the JNK pathvgaynegative regulator of myogenic differentiation,
whereas the ERK1/2 pathwhas dual function§Jones et al., 200Li & Johnson, 2006Lluis,
Perdiguero, Nebreda, & Mungzanoves, 200Q6Xie et al., 2018Yang et al., 2006

The phosphoinositide-Binase (PI13K), the protein kinase B K and mammalian target of
rapamycin (mTOR) form another global signaling pathivdalie PI3K/Akt/mTOR pathway that
positively regulates muscle differentiation and hypertrd@e/& Chen, 201R In particular, nTOR
stimulates primary and secondary fusion involved in the formation of nascent myotubes and

myofibers, respectivel{Ge & Chen, 201p

As evident from the examples abotbke regulationof skeletal myogenesis involves multiple
signaling pathways thaften overlap and interact wittach othe(their function is summarized in
Tablel). Furthermore, the development of the limbs and their muscles is not only controlled by the
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merepresence or absenceagparticular signddut is finetuned by concentration gradients of FGFs,
Whnts and other morphoge(Bentzinger et al2012. In addition,signals in the form of morphogens
and mechanical stimuli from nenuscle cells and tissues like fibroblasts, nerves, blood vessels,
bones and tendons, as well as the ECM, contribute to myagemeistheir own developmentirs

turnregulated by musclderived factors and muscle contract{@eries & Thorsteinsdottir, 2016

In the last decade micro RNAs (miRNAs3mall noncoding RNAs with a length of approximately

22 nucleotides (nts), designated as#vr miR# whrere # is the miRNA numbérhave gaine@
growing attention due to their versatile regulatory roles in virtually all cellular processes, including
development and differentiatigBartel, 2004. The majority of miRNAs act as posttranscriptional
repressors and have multiple mRNAgets which they bind complementary, preventing their
expression and reducing their molecular stabi(Bartel, 2004. Many miRNAs have been
implicated in skeletal myogenesis and their number grows astlnighghput analysis methods
become rore accessibl¢Castel et al., 2008 A group of 3 musclespecific miRNA familiesi
Mir206, Mirl and Mirl133 the last two of which contain more than one fammbmbers, are called
MyoMirs due to their intense regulation of every step of skeletal muscle develdpiaaeil) (Luo,

Nie, & Zhang, 2018 While Mir206 and Mid promote muscle differentiation and exit from the cell
cycle, Mir133 inhibits differentiation and promotes myoblast prolifergi@iren et al., 20Q@.uo et

al., 2013. The MyoMirs are regulated and in turn regulate the expression of the MRFs and contribute

to the elaborate myogenic regulatory netw@ikrak, Novak, & Bienertov&/asku, 20185.

Table 1. Summary of the functions of diverse signaling pathways in myogenesis

Signaling pathway/ Functions in myogenesis
molecules
Wnt pathway gy MPCs specification in the somites
gy My f 5, MyoD expression
A Regulates cell migration, morphol o
specification
Shh pathway gy My f 5, MyoD expression
y myogenic commitment
y muscle differentiation
BMP pathway gy MPCs proliferation
Z muscle differentiation
Notch pathway gy MPCs proliferation
y satellite cells formation
Z muscle differentiation
MAPK pathway A p38 pathway: § muscle differentiat
A JNK pathway: Z muscle differentiat
A ERK1/ 29y p atast raliferaton and fusion
Zmuscle growth
PIBK/Akt/mTORpathway § pri mary and secondary fusion
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Signaling pathway/ Functions in myogenesis
molecules
di fferentiation and hypertrophy
mMiRNAs Mirl and Mir 206: ¥ muscle differg
Mi:r 133myobl ast proliferation

Z muscle differentiation
ot heriversaleN@des in myogenesis

y
A
A
A

1.2.3.3 Ca®* and mechanotransductioin skeletal muscle development

A further level of complexityn skeletal musclis added by thsignaling events elicited & and
mechanotransduction in the major function of this orgaine muscle contractiorCdcium is a
potent second messenger that is involved in virtually all cellular processes and signaling pathways
all organs and tissug€lapham, 200y It has important functions in both developmental and
regenerative myogenesis, influencing each myogenic stage including cell cycle transition, MPCs
proliferation, MRF expression and terminal differentia{iBenavides Damm & Egli, 201 #auser,
Saarikettu, & Grundstrom, 20Pp8\ext to its roles in other signaling cascades, inetakmuscle

C&" homeostasis and dynamics is vital for contraction, as described @dimke, 2005. Upon
contraction initiation theGa*]; can rise up to a 16@Id in comparison to its concentration at rest
(resting £&';) and thus, significantly influences a numbe€at*-sensitive regulatory proteins and
pathwaygqGehlert, Bloch, & Suhr, 20)5The mechanical stress derived fromsule contraction

itself triggers an intricate downstream network of mechanotransductsponses that largely
overlap regulateand amplify theCa*-mediatedsignaling eventsThus, the interplay between rises

of [C&"]; and the resulting mechanotransduction signatipgyotal for normamyogenesis and is a
part of probably the most researched process in skeletal riidkelexcitatiorcontraction coupling
(Benavides Damm & Egli, 2014%ehlert et al., 2015

1.3 Excitation-contraction coupling (ECC)

Theterm excitationcontraction coupling (ECQJescribes théranslationof the electricakignals
transmitted from the motor neurons into the mechanical response of muscle con{Gantidow,
1952. At specific prepatternedegions at the surface of each myofibers, called motor endplates, the
projections of the motor neuron axons form chemical synapgbe neuromuscular junctions
(NMJs) (Hescheler, 2008 Thus, NMJs are the foci of muscle innervation and their proper

development is under a strict control of a complex thwag communication between the muscle, the
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motor neurons and presynaptic Schwann ¢Blésabid, Peretsonzalez, & Robitaille, 20)4Each
myofiberis innervated by one of the axonal tamals of a motor neuron and the sum of all fibers
innervated by the same motor neuron (including the motor neuron itself) constitutes a motor unit
(Buchthal & Schmalbruch, 1980The number of motor units andethfiber typedetermineshe

mechanical properties of the individual muscles and muscle gidupisthal & Schmalbruch, 1980

In myofibersECC is achievebly a rapid transient rise i€ ']; in response to electrical stimulation,
leading toC&* binding to the TnC of the troponin complex and a subsequent contraction initiation
(Klinke, 2009. Contrary to cardiac muscle contraction that requi&s flow into the cell from the
extracellular space, the skeletal muscle contraction relies sol€lsforeleased ird the cytoplasm

from the sarcoplasmic reticulum (SRthe main internaC&* storage in skeletal musd&rmstrong,
Bezanilla, & Horowicz, 1972.amb, 2000.

In the NMJSECCbeginsas an action potential (AP) reaclaaserve terminal and caus®scytosis

of the neurotransmitteacetylcholine (AChY r om t he neuronds presynap:
synaptic clef (Sine, 2012 ACh then binds tonicotinic ACh receptorsr{AChRS) that arelensely
clustered on thenu s c¢ post€yrsaptianembrangSine, 2012 This leaddo alocal membrane
depolarization that activates juxtaposed voltggedsodium (N&) channels that produce an inward

Na' current, resulting in a furtr membrane depolarization and transmission of the AP along the
sarcolemma(Catterall, 1988 Flucher & Daniels, 1989. As the AP propagates, it leads to
depolarization ofleepverticalinvaginationf the sarcolemmiaa tubulaimembraneetwork called

the T-tubuli. The TFtubuli arelocated in a close proximity to the terminal cisternae ofSRe

forming Pecificjunctionalstructures known as triads that consist oftaldule surrounded by two

SR terminal cisternae (Fig) (Fahrenbach, 19¢5Precisely he triadic junctionsalso called

Aij unct i,arathgbointfofesignal ransmission translating the depolarization of the sarcolemma
into aCa" efflux from the SRDulhunty, 2006. In the context of EC(his signal transmission is
facilitated by the interplay of tw6&"* channels: the 1-dihydropyridine receptor (DHPR), located

on the TFtubular membrane and acting as @tage sensor; and the type 1 ryanodine receptor
(RYRL), located on the SR membrane and forming th€&Rrelease uniRios & Brum, 1987
Takeshima et al., 1994Although not demonstrated directly, a modediméctmechanical coupling
between DHPR and RYR1 is supported by an accumulating body of evidence and is widely accepted

as the basis of skeletal tyg€C(Adams, Tanabe, Mikami, Numa, & Beam, 19Bck, Imagawa,
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Campbell, & FranziniArmstrong, 1988Rios & Brum, 1987Takekura, Bennett, Tanabe, Beam, &
FranzintArmstrong, 1994Tanabe, Beam, Powell, & Num&988.

Z-disc M-line Z-(Ilisc

Mitochondrion

e Myofibril

Sarcoplasmic
reticulum

Terminal
cisternae

p— Sarcolemma

T-tubule

Fig. 7: Triad structure.

Left: An electron micrograph & triad in &rog skeletal muscle, consisting of a centrédigated Ftubule (T), flanked
by two terminal cisternae of the SR. Tdlectron dense regions indicateglthe arrows are the junctiorfakbt between
the T-tubules and the terminal SR cisternae. Modified f{@ulhunty, 200§. Right: A schematic representation of a
skeletal myofibers internal structumgghlightingthe T-tubulii SR network and its position in relation to the myofibrils
and the sarcomeric remis. Modified from(Al-Qusairi & Laporte, 20111

1.3.1DHPR: structure and functionsof the Ca,1.1 principal subunit

DHPR belongs to the family of-type C&* channels owing their name to their sensitivity to
1,4-dihydropyridinegReuter, Porzig, Kakbun, & Prodhom, 1985Unlike the L-typeC&* channels

in other tissues, the skeletal DHPR is characterized by a slow activation and even slower inactivation
(Banniser & Beam, 2018 DHPR is a heterotetrameric channel, consisting of one parstipunifi

Cal. 1 ( al ) o0that spans teedubuilarmembrane and acts as a voltage sensor; and three
auxiliary subunitsi by, 0 a n(&ig. 8A) (Catterall, 200D Ca,1.1, encoded by the gen
Cacnak, forms the channel pore amdnsduces the AP signal to tBef* releag unit, RYRL,
thereforeCa,1.1 is often used instead of DHPR as a description of the whole cliBaneister &

Beam, 2013 Wu et al, 201% The auxiiary subunits modulate the localization and
electrophysiological properties @fa,1.1-mediatedC&* currents and have a different degrof
importance for ECCThei nt racel | ul ar i, yndcessany lfor mropaangdadngn i t b
expression and gatirgf Ca,1.1, and isimplicated in the interaction betwe€a,1.1and RYR1in the
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course of ECQGregg et al., 199 acerda et al., 199Rebbeck et al., 20)1The2; subunit is a
transmembrane protein that negatwegulatesCa, 1.1 conductances well as voltagdependent
Cd* entry andC&" releasgFreise et al., 2000rsu, Schuhmeier, Freichel, Flockerzi, & Melzer,
20049).
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Fig. 8: Structure and properties of DHPR

(A) DHPR is a heteroteimer consisting of one principaibuniti Ca,1.11 and three auxiliary subunitsh,, U and

2;. Cal1.1 forms the channel pore (shown as gray cylinder in the middle &fiJacarries the voltage sensor for

membrane depolarizatipand activates RYR1 during EC®lodified from(Obermair, Tuluc, & Flucér, 2008. (B)

Schematic structure of i1, consisting of four homologous repeatsl{) connected via cytoplasmiakers called

|l oops. Each of the four r efedt £ ecsq mpwdhdlisheasyihgsfsdgssnoe dithr dn s m
basic AAsi the voltage sensor (shown as blue cylinders with three pluses)-IThp bindst h ¢, subunit and

promotes the channel trafficking to thettbular membrane. The-lll loop is believed to be a crucial element in the

postulated mechaniteoupling to RYR1, which it activates upon membrane depolarization and thus has a pivotal role in
ECC. Pivotal for this coupling is the so-lltleopthaebihdsicr i t i c
Stac3i a protein that is alsoagessary for the signal transmission to RYR1. Tha Caepeat IV carries exon 29 (e29,

shown in red) that undergoes developmentally regulated alternative splicingand gltersC& s conduct ance p
Both the N and Gterminus are cytoplasmic. Midieéd from (Bannister & Beam, 20)3and (Polster, Nelson,
Papadopoulos, Olson, & Beam, 20L8&) A scanning electron photograph of a freéazeture through the surface

membrane of myotubes, showing groups oflChtetrad (exemplified in circles). Modified frorfiTakekura et al.,

1994. (D) Comparison of the voltage dependence of charge movements (black triangles), G4 currents (black

circles) and C4 transients before and after®Caurrent inhibition by C& and L&" (hollow circles and hollow triangles,
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respectively). The graph demonstrates that contraititeting C&* transients precede @lal C&" currents andre not
impeded by their inhibition. Modified bfGarcia, Tanabe, & Beam, 1994

ThetlU subunit cextraelldar meptidefarttieth es Hiasg membrane peptide,
linked via dsulfide bondsThis is the only DHPR subunit that is significantly expressed also in
tissues other than skeletal mug@annister & Beam, 201®bermair et al., 2008Its main known
functions in skeletal muscle are tC& tsmrisients DHP R¢
during prolonged membrane depolarizaiiGach et al., 2008®bermair et al., 2005WhileCa 1.1
andsab® essential for ECC aJdildl @dogsmohhawe signiicant vi v al
effects on EC@Bannister & Beam, 201 ®bermair et al., 2008Ca,1.1 isacentralplayer in ECC

It senses membrane depolarizaémd induces opening of RYR1, tHasilitating C&* release and
consequently muscle contractiBeam & Bannister, 201(Rios & Brum, 198}. The primary
structure ofca,1.1 was originally obtained for rabbit skeletal museid the rabbCa,1.1 isoform is

still utilized in many experiments (Fig. 8BYlartinezOrtiz & Cardozo, 2018Tanabe et al., 1987

Wu et al., 201§ It consists of four homologous repeats (I, Il, 1ll and 1V), each containingsi
helices(termed S1 to SGhat span the sarcolemrfBannister & Beam, 201 &atterall, 199% The

four t HeliX)(S4)of each repeat carries a region of equally spaced basic aminq/Aag)shat

gate theopening and closing o€a/1.1 (Bezanilla, 200R At rest, thesarcolemma is in a
hyperpolarized state, havingr@mbrane potential on the inner safeapproximatelyf 80 mV in
comparison withfe outer sidéMacintosh, Holash, & Renaud, 20Q1Ruring ECC initiation the AP
depolarizeshe membrando approximately +3@nV, leadingto a topological rerientation of the
positively charged AAs in the S4 segmenggorded as a gating current (a.k.a. charge movements)
andcausing downstream conformational rearrangements and a sub<edfiiesiease from the SR
(Bezanilla, 200D Therefore, the S4 segmentG# 1.1 (and in a broader sense, tHeoleCa,1.1)
constitute the voltage sensors during E@@nnister & Beam, 201 Beam, Knudson, & Powell,
1986 Rios & Brum, 1987.

The four homologou€a,1.1 repeats are connected via three cytoplasmic linkers, called loops,
carrying the names of the repeats they are attacligtied-I, 11-11l and IlI-1V loops(Fig. 8B). The

-1l I oop has a binding site for Calhlergétiddathes ub uni
T-tubular membran@annister & Beam, 2033The 111l loop has been the subject extensive

studies sinceanitial experimens suggested an immediate roleRYR1 activaton upon ECC

initiation (el-Hayek, Antoniu, Wang, Hamilton, & Ikemoto, 1996 rabner, Dirksen, Suda, & Beam,

1999 Tanabe, Beam, Adams, Niidome, & Numa, 1983 pecially importarfor this interaction is a
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45 AAs region in the middle of the-lll loop, t er med t h e tliacdetermines thd d o m;
specific properties of skeletal type in contrast to cardiac type(B&Kai, Tanabe, Konno, Adams,

& Beam, 1998. It has been recently demonstrated that the SH8ymtdine rich domain 3 (Staca)

protein that is also necessary for skeletal ECC, binds to the critical domain and most likely

paticipates in theCa,1.1-to-RYR1 signal transmissiofiPolster et al., 2018a

Scanning elgcon microscopy of myotubes freeze fractuseigigestdhat Ca, 1.1 molecules are
ordered in arrays of membrane particles in groups of(fetrads Fig. 8C)(Takekura et al., 1994
Cal.1 KO myotubedack tetrad formation and ectopic expressiorCafl.1 restores junctional
tetradg(Takekura et al., 1994

A combination of electrophysiological approaches and fluorescence microscopy have demonstrated
thatin cultured myotubesharge movements in response to electrical stimulation prezate
transients thain turn appear prio€a1.1 C&* conductance (Fig.[) (Garcia et al., 1994 This

comes to show that thetypeCa" current fromCa,1.1is not regired for contactionrelatedCe’*
transients, which is one of the major differences between skeletal and carcka&Q@¥p
Furthermore, next to the nGullthRYRLNECEIiditiatlon, g nal t
s econrdo girraedte © s i g n a Calmn gugnientayi.1 R Rahdudtamcand the
kinetics of current tracg®Nakai et al., 1996 In RYRI-null myotubes only very low amplituds

L-type currents are observed that coulddseuedy RYR1 expressiofNakai et al., 1996 Since

the L-typeCa&’* currents are not necessary for EB@ijr physiological function has been a subject of

a vigorous discussion. While some propose @t currents fromCa1.1 may help reghish
internalCa" store during prolonged activity, others have demonstrated that ablation of these currents
do not affect muscle performan@annister & Bean2013 Dayal et al., 201)7 Interestinglyduring
embryonic and early fetal development, an alternatively spliegld 1 isoform lacking exon 292 9
Ca/l.1) is being highly expressed in murine skeletal muscle and its expression diminishes with the
developmental progressignuluc et al., 200P Unlike theadult fulllengthCa,1 . 1, Cdlel @2 9
conducts stron@a " currents and activates at a lower voltdfeluc et al., 2000 T h €algi2 9

has been implicatad the regulation of muscl®AChR prepatterning and seems to play an important

role for the correct innervation of the developing skeletal mstleher & Tuluc, 2011

Cal.1l acts as a voltage sensor not only for RYR1 during ECC, but it also mediates the
depolaizationrinduced activation of 1,4;6isphosphate (IP3) receptors (IP3saya et al., 2008
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IP3Rs areCa* channels located on the SR thatlike RYR1, prodoe slowC& ™ transients that do

not trigger muscle contraction. The IR8RediatedCa* transients are involved in the regulation of

the expression of multiple genes and since IP3Rs are also activated by membrane depolarization,
their regulatory activitylfe b een de s cr i-tbreadn sacsr ifpet(dras-Qalderonetpn | n g o

al., 2016 Juretic, UrzuaMunroe, Jaimovich, & Riveros, 20p7

1.3.2RYR1: structure and functions

The three types of ryanodine receptorsnammald RYR1, RYR2 and RYR3J are intracellular
Cd" release channels, located on the SR or the endoplasmic reticulum (ER) me(flretmer et
al., 1993. RYRsare the largest known ion channels amee their name to their susceptibility to
ryanodinel a plantderivedalkaloid thatinteracts vith open RYRs andt low concentratios

( T M) locks the receptoris a semicondudve state, whereaat highconcentrationg O 2 M)
inhibits their conductancéuck, Zimanyi, Abramson, & Pessah, 199RYR1 is expressed in
skeletal muse and idocated on the SRiembrane, where écts as th€&" release unifor ECC
(Inui, Saito, & Fleischer, 198 Marks et al., 1989 RYR2is expresseg@rimarily in cardiac muscle
and has similar functions in cardiggpe ECC The main differencéo RYRL1is that unlike RYRL1,
RYR2 is activated by extracellul@a* entering the cardiac cells via cardiac DHRRL.2) in a
process calle€a*-inducedC&" release (CICRYLamb, 2000 Van Petegem, 20)2The third
subtype, RYR3, was originally discovered in the brain but istedssientlyexpressed in many other
tissues, including in some skeletal mus¢f@enti, Gorza, & $rrentino, 1996Nakashima et al.,
1997 Protasi et al., 2000Although RYR3doesnot directlyparticipatein ECC, itis involved in
muscle deelopment andssists RYR4nediated OCR in neonatal skeletal musqlBertocchini et
al., 1997 Yang et al, 200).

The RYR1 C&" channel is agiant homotetramerwith a staggeringmolecular weight of
approximately 2.2 mega O@akeshima et al., 198%achRYR1 subunit consists of around 5000
AAs, more than 8% of which form a largeN-terminal cytoplasmicregion containing multiple
functional domainsand the rest 500 AAs a C-terminaltransmembrandomainthat forms the
channel poréDu, Sandhu, Khanna, Guo, & MacLennan, 20Bemov, Leitner, Aebersold, &
Raunser, 2014an et al., 20147alk et al., 2014(Fig. 9A). Although only separate RYR1 domains
have been successfully crystalized, the development of super resolution microscopy teaemaiques

in particular of &ctron cryomicroscopy (cryoEMp the last four years has led to nesmmic
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models of RYRL1 structurgfremov et al., 20L4van et al., 2014Zalk et al., 2011 These models
have shown that multiple long range allosteric interactions as distant A&s2@€ from the channel
pore can influence its conductandats (Van Petegem, 20)5Nevertheless, higher resolution
models are needed for more precise detedidhe exact points of interaction betweeal1.1 and
RYRL1.
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Fig. 9: Structure and properties of RYR1

(A) A pseudoatomic model of RYR1 at a 4.8 A resolution obtained from cryoEM data displays RYR1 in view from the
plane of the SRnembrane (black lines, left) and from the cytosol (right). The colors designate different structural
domains found within one protomer. Modified fr¢galk et al., 14). (B) The scheme exemplifies the direct mechanical
coupling between a Gh.1 tetrad on the -Tubular membrane and an opposing a RYR1 channel on the SR membrane.
Activation of channelconductance is transmitted from Cd to RYR1 via orthograde siditay and from RYR1 to
Ca,1.1 via retrograde signaling. Modified frdiulhunty, 2008. (C) A RYR1 2D checkerboard pattern model shows the
interactions between inddual RYR1s (gray squares) and between RYR1s atl. Ca(pink dots). Each second RYR1

is coupled to a GA.1 tetrad. Upon activation vaathograde signals the RYR1s that are coupled {@.Cactivate the
neighboring RYR1s via a proposelibstericcoypled gating mechanisriviodified from(Van Petegem, 20)&nd(Yin,

D'Cruz, & Lai, 2008. (D) The scheme shows a partial overview obtpins, small molecules and ions known to
positively (+) or negatively-{ modulate RYR1 conductance. Some modulator§’(@aM) have a dual action in this
respect, dependent on their concentration or complex formation. Abbreviations stand for: cABHRRARY ribose;
S1MA1, S100 calciunbinding protein Al; CaM, calmudulin; NO, nitric oxide; CamKIll, calmodulin kinase Il; ATP,
adenosine triphosphate@mC, 4chlorom-cresol; FKBP12, 1:kDa FK506binding protein; PP1, protein phosphatase

1; PP2A, protai phosphatase 2A. Modified frof#alk et al., 201%and(Van Petegem, 20}5
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As described above, RYR1 afé, 1.1 are involved in an intricate-Hdirectional communication,
composed of an orthograde signaling frém1.1 to RYR1 and a rabgrade signaling from RYR1
to Ca,1.1so that each channel modulates the activity of the othegiNal&i et al., 1996(Fig. 9B).

In addition to RYR1 activatiorGa,1.1 also stabilizes RYRdt rest and reduces RYR1 passBa’
leak(Eltit et al., 201). The retrograde signaling froRYR1 enables the slowtypeCa&* currents
throughCa,1.1, whicharegreatly reduceth RYR1 null mutant cell§Avila & Dirksen, 2000 Nakai

et al., 199% Moreover, the absemcof RYR1 leads to an impairment of tetradic formation
(Takekura, Nishi, Noda, Takeshima, & Franziniarmstrong, 19%everal dmains on the
cytoplasmic part of RYR1 seem to be involved in the interaction@agh . 1 a(Viad Pébgem,
2015. Especially important for ECC and tetrad formai®the divergent region 2, located between
two SPRY (SplA kinase ryanodine receptor domain) dom@mesez, Mukherjee, & Allen, 2003
Sheridan et al., 2006We have recently shown thafprotein containing the first 4300 AAs of the
rabbit RYR1 that is entirely cytosolic (termed RYR1 solublet for RYR4 4300 is targeted to the
triadic junctions, cdocalizes withCa,1.1 and restores retrograde signaliRglster et i, 20181).
Hence, the most important determinants foiGad..1-RYR1 bidirectional communication from the
RYRL1 side are most likg contained entirely in the cytoplasmic RYRigion.

RYRL1 channels can forhighly ordered 2D crystalline arrays in whitte corners of each channel
facethose of another four RYR1s, forming a checkerbaasgmbling pattern (Fi@C)(Yin & Lai,
2000. Eachof the four RYR1suburits interacts with one of the foa, 1.1 molecules in a tetrad
(Fig. 9C). However, only every second RYR1 interacts vi1.1s (Yin et al., 2008. The
orthograde signals fror@a,1.1 are transmitted to the rest of the RYARty likely via allosteric
interactions with theiCa,1.1-bound neighbor$ the postulatedohenomenorof coupled gating
(Marx, Ondrias, & Marks, 1998

In addition toCa,1.1,a large nurber ofotherproteins, peptides, ions and other molecbies to
andmodulate RYR1 contri buting to the co®glR@at&y of t
Vogel, 2009 Van Petegem, 20)5An important RYR1 activator ithe 12kDa FK506binding

protein FKBP12 1 a small protein that binds each RY&ibunia nd st abi tldsedstate RY R 1 &
(Van Petegem, 20)5Some modulators can have dual roles, such as cyt@flichat activates

RYRL1 at lower cacentrations and inactivates it at higher concentrations. SR lu@éfizandthe
C&*-buffering protein calsequestrin together with other luminar proteins kifirt@ndunctin also

modulateRYR1 conductanc@Vei, Gallant, Dulhunty, & Beard, 20pSBimilarly, calmodulinCaM)
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i an EFhandcontaining protein with a high affinity foE&* i directly binds to RYR1 and
dependent on the cytosol@&* concentration @ivates or inhibits i(Tripathy, Xu, Mann, &
Meissner, 199bFur t her mor e, RYR106s conduct-gangdatonal s af f
modifications like oxidation, phosphorylation, palmitoylation anditBosylation(Witherspoon &
Meilleur, 201§. This intricate multimolecular finréuning underlines the importanoéthe correct

ECC signal transmission and proper RYRédiatedC& " release.

1.3.3Ca,1.1and RYR1: diseasesind animal models

Due to the large size of the 6fa/ 1.1 and RYRL1, the multitudef their interactions with other
proteins and molecules, and the potent outcome of their fundtid®e* release and muscle
contractiori disturbances in their action or regulation have been linkdig¢ose diseasesdround

75% of the cases of hypalemic periodic paralysis type 1 (HPB i a disease characterized by
periods of muscle weakness and paralysiee caused by mutations@a, 1.1 (Striessnig, Blz, &
Koschak, 201 Mutations in RYR1 are the leadinguse of malignant hypertherniiH) 1 a life-
threatening pharmacogenetic disorder triggeredcéryain anesthetics and characterized by a
hypermetabolic state, fever and rhabdomyol{#lathews & Moore, 2004 Mutationsin Ca,1.1

have also been linked to MH. In addition, various mutations in both channels have been liked to
congenital myopathidge central core disease, multiminicore disease and CACNALS congenital
myopathy(Jungbluth et al., 20181athews & Moore, 20045chartner et al., 201 Manifestation of

these diseases often starts in early age and progresses with development. Therefore, information

about the full spectrum of the roles@d,1.1 and RYR1 in muscle development is urgently needed.

Different in vitro andin vivo models have been utilized in tlamalysis ofCa,1.1 and RYRL1
propertiefChelu et al., 200Payal et al., 20L,Powell, Petherbridge, & Flucher, 19%aritch et

al., 2007. Two mouse modelstheCa,1.1 nulldysgeniand the RYR1 nulllyspedianicei have
provento beinvaluable for he examination of the structural and functional properties of these
channels in the context of EGBuck, Nguyen, Pessah, & Allen, 19%@haudhari, 1992ai, 1965b
Takeshima et al., 1998Both model$avevery similarphenotyps. Namely, the heterozygousice
(RYRI” and Cal1.1"") are phenotypicallyundistinguishable from their wild type (W)
littermates and exhibit nchanges in their lifespan, fertility and ECC. On the contrary, the skeletal
muscle of homozygoudyspedianddysgenianice (for clarityreferred to as RYR1andCa 1.1 in

the following text) cannot support ECC, thus tlaeg paralyzed andie at birth from asphyxia. In
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addition, both RYRT andCa,1.1" mice appear smaller than their WT and heterozygous littermates,
possess a chatacistic spinal curvature, small limbs and enlarged ndeiks 10). Skeletal muscle
from RYR1" andCa,1.1" neonatesears features sfructural andievelopmental impairme(i®ai,
1965h Takeshima et al., 1994Still, the full range of the alterations caused by the absence of RYR1

or Ca/l.1throughouthe development of the skeletal muscle remains unknown.

Ca,l.1 RYRI
<t +(+) - +H(+)

Fig. 10: Cavl.1 and RYR1 null mice.

Photographs show comparisons of homozygélisa(n d  fi n o ()rhatérazygqus-ot Wiga1.1(A, C) and RYR1
(B, D) new bornlittermates. Compared to their respectiveor *'* littermates, bmozygousCa,1.1” and RYR1"
neonates are smalldrave smaller limbs and a marked spinal curvat{eB) Photographs are modified from the
original publication describing the mouse modelsthe first time(Pai, 1965aand(Takeshima et al., 1994(C, D)
Photographs of typical neonates used in the present Wot& that the RYR1 mice used in this work carry the mutation
causing loss of RYRL1 on a slightly different pasitiRYR1 exon 10) thaim (B, RYR1 exon 2)(Buck et al., 199¥%
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1.4Aims

This workaims toexamine theylobalgene expression changemused by the absence of RYR1 or
Ca/l.1 throughout skeletal muscle development, utilizing limb skeletal muscle as a model. More
precisely, two major aims are addressed:

l. The first part of this work aims to determine how tfsence of RYRffects the
skeletal muscléranscriptome at E1815the end of fetal developme@pecifically, the
limb musclehistology and the transcriptomic profiles of RYRIand RYR1" E18.5
littermatesare compared. The expressiomangesof musce 6 s structure pr
developmental markeeseevaluatednd the differential regulatiaf impacted signaling

pathwayss analyzed.

Il. The second part of this work aims to compare the changes caubkeabgence of either
RYR1 orCa,1.1 in the begining(E14.95 and the en@E18.9 of secondary myogenesis.
At each time pointhe histological and transcriptomic profiles of W) heterozygous
(*") and homozygous') RYR1 andCa,1.1 limb skeletal muscles are compared. The
differences and simildres in thestructural and expression changesween the RYR1
andCa,1.1 linesareanalyzed in respect to the developmental time pdii4.5 or E18.5
andin respect tdhe developmental dynamics of these changes from E14.5 to.E18.5
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2 Materials and Methods
2.1 Materials

2.1.1 Instruments and Reagents

Instruments and Reagents

Supplier / Source

Antibodies
Anti-mouse activated caspa3e rabbit (clone C9B05)

Anti-rabbit, goat, biotinylated

Chemicals

2-methylbutae (GH1»)

3,3-Diaminobenzidine tetrahydrochloride hydrate (DAB)
6X DNA Loading Dye

Acetone

Bovine serum albumin (BSA)

Chloroform (CHCY})

CutSmart Buffer, 10x

D-Glucose

Dimethyl sulfoxde (DMSQO)

dNTP (Deoxynucleotide) solution mix [10 mM]
DreamTag Green PCR Buffer (2x)

Eosin Gsolution

Ethanol DAB 96%
Ethylenediaminetetraacetic acid (EDTA)
Glacial acetic acid

Hematoxylin solution modified acc. To Gill Il
HEPES

Hidrogen peroxide (kD)

LE Agarose
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BD Biosciences

Vector Laboratories

Merk

Sigma Aldrich
Thermo Fisher
Carl Roth
Sigma

Merk

NEB

Merk

Sigma Aldrich
Thermo Fisher
Thermo Fisher
Carl Roth
Merck

Fluka

Merk

Merk

Sigma Aldrich
Merk

Biozym
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Instruments and Reagents

Supplier / Source

Normal Goat Serum

Phosphate buffered saline (PBS), solution
Phosphatduffered saline (PBS) tablets
Potassium chloride (KCI)

RNAlater

Sodium chloride (NacCl)

Sodium hydroxide (NaOH)
TissueTek® O.C.T. Compound

Tris base

TrizmaHCI

Water, nuclease free

Xylene

Enzymes
DreamTafl DNA Polymerase

Earl

Equipment and Instrumentation

AxioCam MRc camera

Axiophot Zeiss microscope

Benchtop Centrifuge 5415 D

CM3050 S Leica cryostat

Consort E122 Powersupply

GeneChip® Fluidics Statie#50

GeneChip® Hybridization Ove645
GeneChip® Scanne&0007G

Gel documentation system, version 3.28.16.019200
KL 1500 electronic Halogen cold light source

Lab-Line Titer Plate Shaker
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Vector Laboratories
Biochrom
Thermo Fisher
Fluka

Qiagen

Carl Roth
Riedelde Haén
Sakura® Finetek
Sigma Aldrich
Sigma Aldrich
Promega

Carl Roth

Thermo Fisher

Fermentas

Zeiss

Zeiss

Eppendorf

Leica

Consort

Affymetrix / Thermo Fisher
Affymetrix / Thermo Fisher
Affymetrix / Thermo Fisher
INTAS

Schott

Thermo Fisher
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Instruments and Reagents

Supplier / Source

Magnetic Stand for 98vell plates

Mastercycler® Gradient thermal cycler

Micro forceps

Micro scissors

MicroAmp® Fast 96Well Reaction Plates (0.1 mL)
Mi croAmpE Optical Adhesive Film
MoGene 2.0 ST arrays, format 100

Mouse Genome 430 2.0 arrays

NanoDrop; 100 pectrophotomet

Olympus Fluoview1000 system

Pestles, steel

St ep One E -HArhelPER Fystanl

Wild HeerbruggV3 stereomicrpscope

Kits

AMYV First Strand cDNA Synthesis Ki

GeneChipE 3Nj | VT Express Kit
GeneChip® Hybridization, Wash, and Stain (HWS) Kit
GeneChip® WT PLUS Reagent Kit

GoTaq® qPCR Master Mix kit

Maxwell® 16 LEV simplyRNA Tissue Kit

QuantiTea® Reverse Transcription Kit

Vectastain® Elite® ABCGHRP Kit

Markers
DNA Ladder 100 bp, 1kb

RiboRuler High Range RNA Ladder
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Ambion

Eppendorf

Aesculap

Aesculap

Applied Biosystems
Applied Biosystems
Affymetrix / Thermo Fisher
Affymetrix / Thermo Fisher
Thermo Fischer

Olympus

neolLab

Applied Biosystems

Leica

NEB

Affymetrix / Thermo Fisher
Affymetrix / Thermo Fisher
Affymetrix / Thermo Fisher
Promega

Promega

Qiagen

Vector Laboratories

Thermo Fisher

Thermo Fisher
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Instruments and Reagents Supplier / Source

Software

ClustVisonline tool https://biit.cs.ut.ee/clustvis/

CorelDRAW X5 Corel Corporation

Database for Annotation, Visualization and Integrated Discovery (DAVIC https://david.ncifcrf.gov/

Enrichr online enrichment tool http://amp.pharm.mssm.edu/Enrict

Expression ConsoleE Software 1. 4 Affymetrix/Thermo Fishe

Fluoview, FV10ASW 2.1 Viewer

GeneChip® Command Console (AGCC)
GeneChip® Operating Software (GCOS)
GraphPad Prism 4.00

LIMMA -package

OligoPerfectE Designer
PrimerBLAST

R-package

StepOne Software v2.3

Transcriptome Analysis Console 3.0

ZEN Imaging $ftware

2.1.2 Primers

All forward (Fwd) and reverse (Rev) primers (Table 2) were dissolved #EDTEA buffer (TE, 10
mM Tris, 1 mM EDTA, pH 7.5) to 100 mM stock solutions and 10 mM working solutions. All

primers were supplied by Sigma Aldrich.

Olympus

Affymetrix / Thermo Fisher
Affymetrix / Thermo Fisher
GraphPad

(Smyth, 200%

Thermo Fisher

NCBI

(Irizarry, 2003

Applied Biosystems
Affymetrix / Thermo Fisher

Zeiss

Table 2. Primers sequences and amplicon size used for PCR and gfPCR analyses.

Gene [Primers (56 to 30) | Amplicon (bp)
Primers used in genotyping PCR analyses
Ryrl Fwd: GGACTGGCAAGAGGACCGGAGC
(WT allele) Rev: GGAAGCCAGGGCTGCAGGTGAGC 419
Ryrl Fwd: GGACTGGCAAGAGGACCGGAGC
('/' allele) Rev: CCTGAAGAACGAGATCAGCAGCCTCTGTCCC 300
Cacnals Fwd: GCTTTGCAGATGTTCGGGAAGATCGCCATGG
Rev: GCAGCTTTCCACTCAGGAGGGATCCAGTGT 271
Pri mers used PCR analyses of Cavi1l.1 full |l engt h
Cacnals Fwd: TCCTAATCGTCATCGGCAGC
Exons 2832 | Rev: TTTATCTGCGTCCCGTCCAC 343 /286
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Gene

[Pr

i mers (56 to 36)

| Amplicon (bp)

Primers used in qRPCR analyses

Abra Fwd: GCCCCCAAAACTCTGTCTCC

Rev: GACAACCGTTCTGGTCACCT 111
Actb Fwd: GCCTCACTGTCCACCTTCCA

Rev: AAAACGCAGCTCAGTAACAGTC 115
Ankrdl Fwd: CCTGCGAGGCTGATCTCAAT

Rev: CGCACCGAAGGTCATCAAGA 110
Bai3 Fwd: AGTATGGAGGAAGGCCCTGT

Rev: GTGGCTCCATGAACTCCATT 107
Cacnals Fwd: GCCACTCTGGTTGACCCATT
exons 1611 Rev: GGACATGAAGTACTGGCEA 115
cdnh3 Fwd: CAACGAAGCCCCTGTGTTTG

Rev: CTCCTTGTCTGGGTCCTGTG 109
Coll9al Fwd: TTGGATTGCCAGGAGAACAT

Rev:CAGCATCACCCTTCAGACCT 114
Creb5 Fwd: AGGGAGTTGAAGGCTACTGGA

Rev: TCTGCAGCTCCGACCTATCT 107
Cytb Fwd: CCATTCTACGCTCAATCCCCA

Rev: AGGCTTCGTTGCTTTGAGGT 109
Derl3 Fwd: ATGCTCTTCGTGTTCCGCTA

Rev: GCAGAGTCATAAGAACACCACC 109
Eda2r Fwd: AGAGGATGGATTTGATCTGTTGTTG

Rev: AAGGCAGTTGTCACGCTCTC 106
Flen Fwd: GCTGGGATTACCGAACTGAG

Rev: AGGCGATCTGTCGTAACACC 110
Enl Fwd: GGTTCGGGAAGAGGTTGTGA

Rev: ATGGCGTAATGGGAAACCGT 105
c-Fos Fwd: AGTCAAGGCCTGGTCTGTGT

Rev: TCCAGCACCAGGTTAATTCC 100
Gapdh Fwd: AGTGTTTCCTCGTCCCGTAG

Rev: TGATGGCAACAATCTCCACT 119
Hbb-y Fwd: TTGGCTAGTCACTTCGGCAAT

Rev: AGGGCTCAGTGGTACTTGTG 107
Hdac4 Fwd: CCAATGCCAATGCTGTCCAC

Rev: TGCGCCTCAATCAGAGAGTG 112
Irx2 Fwd: GTCTACACGTCGACTCGCTC

Rev: ACACTCTGAGCCTGATTCGC 107
Jun Fwd: GAAAAGTAGCCCCCAACCTC

Rev: ACAGGGGACACAGCTTTCAC 106
Klfa Fwd: TACCCCTACACTGAGTCCCG

Rev: GGAAAGGAGGGTAGTTGGGC 110
Mcptd Fwd: GTGGGCAGTCCCAGAAAGAA

Rev: GCATCTCCGCGTCCATAAGA 107
Miip Fwd: AAGCATGAACCAGGAAGCTCA

Rev: CTGGACCCTCTCTTGTTTGCT 114
Mrfa Fwd: GCAGAGGGCTCTCCTTTGTA

Rev: AACGTGTTCCTCTCCACTGC 105
Mybpc2 Fwd: ACACTGAACATCCGCCGAC

Rev: TGTGGCACTCGGACATCCA 113
Myf5 Fwd: GAAGGTCAACCAAGCTTTCG

Rev: GCTCTCAATGTAGCGGATGG 109
Myl2 Fwd: AAAGAGGCTCCAGGTCCAAT

Rev:CACCTTGAATGCGTTGAGAA 105
Mylpf Fwd: ATAACCCCAGAAGAACTGCTCC 108
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Gene Pri mers (56 to 36) Amplicon (bp)

Rev: TTCTCTTGGCCTTCTTGGGTG
MyoD Fwd: GGCTACGACACCGCCTACTA

Rev: GTGGAGATGCGCTCCACTAT 110
MyoG Fwd: CTGCACTCCCTTACGTCCAT

Rev: CCCAGCCTGACAGACAATCT 103
Nefl Fwd: TTCAGGATCTATGGCAATGTGA

Rev: TCCCATGAGGTTGCACATGAA 115
Nelll Fwd: ATCAGAGGAAGGCGTTTGGG

Rev: AGCACGGAGACTCAACAACC 111
Pax3 Fwd: AAACCCAAGCAGGTGACAAC

Rev: AGACAGCGTCCTTGAGCAAT 115
Pax7 Fwd: ATTACCTGGCCAAAAACGTG

Rev:AGTAGGCTTGTCCCGTTTCC 105
Rplp0 Fwd: GATTOGGGATATGCTGTTGG

Rev: TCGGGTCCTAGACCAGTGTT 108
Six1 Fwd: CCTGGGGCAAAATGATGTAT

Rev: CAAAGCATGAGCAAGCCAAC 112
Six4 Fwd: GGCCAGAGGTTGTTGTTTGT

Rev: GGCAGCCAAGCTGTGTAAGT 109
Sox10 Fwd: TACCTTTGCCTTGCACCCTT

Rev: AAAGGGGCAGCGATGTGTTA 111
Tribl Fwd: TAACAAACTCCCCCTTGCTG

Rev: CAACGCAGAACAGTCATGGT 105
Trpm3 Fwd: AAGGCTTTGACTTTCTGTCATCTG

Rev: TTCAACAGTGGGTCCAATAGCA 105
Uba52 Fwd: ATTGAGCCATCCCTTCGTCAG

Rev: CTTCTTCTTGCGGCAGTTGAC 111
Ucpl Fwd: GGAGGTGTGGCAGTGTTCAT

Rev: AAGCATTGTAGGTCCCCGTG 112
2.2 Methods

All procedures were performed as describe(Filipova et al., 201pand(Filipova et al., 2018

2.2.1 Ethics statement

All animal experiments were carried out in accordance with the guidelines of the European
Commission (Directive 2010/63/EU) and of the German animal welfare act (T@&ySthe mice

were housed in the Animal Facility of the Center for Molecular Medicine Cologne (CMMC), a part
of the Medical Faculty of the University of Cologne according to the European Union
Recommendation 2007/526/EG. All experimental protocols and guoes were approved by the
local governmental authorities (Landesamt fir Natur, Umwelt und Verbraucherschut&RMogh

Westphali a, F0R.@5.2(h18.880 and $1Z04.2015.A054). Effort was taken to

minimize animal suffering.
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2.2.2 Animal procedures and skeletal muscle preparation

All mice (the RYR1" dyspedidryls,) and the Cal..1"" dysgenianouse fndg lines) were from the
C57BL/6J backgroun(Buck et al., 1997Pai, 1965k Heterozygous RYRT or Ca1.1" male and

female mice were subjected to timed mating with the duration of 31 hours (pairing was only among
lines: either RYRY x RYR1" or Ca1.1"" x Ca1.1"). The pregnant females of each line were
sacrificed either at day 14.5 and or at day 18.5 post cdiyurervicaldislocation;the fetuses were
rapidly sacrificed by decapitation and used immediately for skeletal muscle preparation. Each fetus

was handled separatdlyilipova et al., 2018Filipova et al., 2016

2.2.2.1 Morphological analyses

Comparison of the overall morphology, body shape and size of littermates from different genotypes,
was carried ot after taking wholdody photographs of animal fetuses (n = 3) at E14.5 and E18.5 of
each of the following genotypes: RYRLWT), RYR1”, RYRI"; Ca1.1"* (WT), Cal.1", and
Cal.1". Representative photagphs from each group are showfigs. 13and 23.

2.2.2.2 Skeletal muscle preparation

The fetuses were kept on ice during skeletal muscle sample collection. The skin from the front and
hind limbs was removed with tihelpof micro forceps and micro scissors. The limb skeletal muscle

of each feta was dissected and pooled for each animal in RNAlater on ice. Subsequently the samples
were centrifuged for 10 min at 16,000 x g, the RNAlater was then removed and the samples were

immediately frozen in liquid nitrogen and stored&Q °C until use.

The fetuses were genotyped via PCR as described below. For the analysis of E18.5 ®WYR1
RYR1" (3.1 Results part I) the limb skeletal muscle samples either from two heterozygou& RYR1
and two homozygous RYRittermates from two litters were useu% 4 biological replicates = 4
animals for each group). For the analysis of both RYRfd Cal.1” at E14.5 and E18.5 (3.2
Results part Il) from each litter the limb skeletal muscle samples from one WT, one heterozygous
(either RYR1" or Ca1.1"") and one homozygous (either RYRar Cal.1") mutant littermate were

used in the subsequent analyses (n = 3 biological replicates = 3 animals for each group).
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2.2.2.3 Genotyping

A small terminal segmeiitom the tail of each fetus was lysed in 100 gisybuffer (25 mM NaOH,

0.1 mM EDTA) at 95 °C for 30 minutes, followed by an addition of 100 t@e neutralization

buffer (40 mM TrizmaHCI) on ice. One pul of each sample was used as a template for genotyping
PCRs using the DreamTaq Polymeraseasyem uf act ur er 6 s 3)iForgenatypimgt i on s
the RYRL1 ling(Ryrlgeng the WT (+) allele and the mutan) @llele were amplified in separate

PCR reactions with the primers from Table 2. For genotyping the Chne Cacnalgyene), the
genomicCacnaldocus carrying the mutatidna single nucleotide deletig@haudhari, 1992 was

amplified via PCR with the primers indicated in Table 2. The resuB@§R products were
subsequently subjected to a restriction analysdsariaEarl digests only the PCR product from the

WT Ca,l.1allele but not the mutant allele. PCR productskad digestions were analyzed via runs

on 2% agarose gels.

Table 3. Genotyping PCR reactions composition and PCR program

PCR reactions PCR program RYR1 PCR program Ca,1.1
18.25 pl H,O 1x 94 °C 5 min 1x 95 °C 2 min
2.50 ul 10x DreamTaq Green Buffer 94 °C 40 sec 95 °C 30 sec
0.50 pl 10 mM dNTPs 30x 72 °C 30 sec 35x 60 °C 45 sec
1.25 yl 10 uM Fwd primer 72 °C 30 sec 72 °C 50 sec
1.25 yl 10 uM Rev primer 1Xx 72 °C 5 min 1Xx 72 °C 7 min
0.25 pl DreamTadPolymerase Hold 4°C Hold 4°C

1.00 pl Tissue lysate

2.2.3 Histological analysis and imunohistochemistry

The preparation and analysis of histological cressions, stainings and immunohistochemical
reactions were performed with the kind assistan&bddr. Anna Brunn and Mariana Carstov from
the group of Prof. Dr. Martina Deckert frometibepartment of Neuropathology at the University

Hospital of Cologne.

2.2.3.1 Preparation of cryosections

Immediately after the fetuses have been sacrificed, the lower limbs were vertically positioned on
cardboard slices coated with Tissliek® O.C.T. Compound and additional Tisstieek® was
applied to cover the limbs. The cardboard slices with the limbs werefrezam in dry icel
2-methylbutane mixture at approximatel§® °C for at least 10 minutes (min.). The limbs were

stored at80 °C until furthewse. Limb transverse sections with a thickness of 10 um were produced
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on a CM3050 S Leica cryostat with a chamber temperatuB®SC and transferred on microscope

slides. The sections were stor@d °C until further use.

2.2.3.2 Fixation

The sections ere fixed viamcubation in acetone for 10 miojlowed by incubation in chloroform
for 7 min. Subsequently the fixed sections were allowed to dry out for 15 min. All procedures were

performed at room temperature.

2.2.3.3 Hematoxylin and eosin (H&E) staiimg

The microscope slides with the fixed histological sections wereestavith H&E according to
Table4 and subsequently sealed with microscope cover slips. All procedures were performed at

room temperature.

Table 4. H&E staining protocol.

Procedure Reagent (Cat. #, Source) Incubation
D He_mgtoxylln Hematoxylin solution modified acc. To Gill Il 3 min.
staining
2) Wash Tap HO 5 min.
3) Eosin staining Eosin Gsolution, 0.5 % 3 min.
4) Rinse Distilled H,0O (d HO) ~ 10 sec.
50 %EtOH ~ 30 sec.
70 % EtOH ~ 30 sec.
5) Dehydration 90 % EtOH ~ 30 sec.
100 % EtOH 2 x5 min.
Xylene 2 x5 min.

2.2.3.4 Immunohistochemical stainings of activated caspase

The microscope slides with the fixed histological sections were stained for activatade@asp
according to Table 5 and subsequently sealed with microscope cover slips. All procedures were

performed at room temperature.

Table 5. Activated caspases staining protocol.

Procedure Reagent (Cat. #, Source) Incubation

1) Blocking 5 % BSA + 5 % Normal Goat Serum 20 min.

Monoclonal rabbit antmouse activated
2) Primary antibody | caspase (clone C92605; BD Biosciences, Heidelberg, German 60 min
diluted 1:500 in PBS

3) Washing PBS 10 min.

5 ul Biotinylated Goa antirabbit (Cat. # BA1000, Vector
4) Secondary antibody Laboratories, Burlingame, CA, USA) + 15 pl 5 % Normal G
Serum per 1 ml PBS

5) Wash PBS 10 min.

6) Avidin-Biotin Vectastain® Elite® ABGHRP Kit: 10 pul Reagent A + 10 ul Reage .
. 30 min.
complex formation | B + 1 ml PBS
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Procedure Reagent (Cat. #, Source) Incubation
7) Washing PBS 10 min.
. o 1.4 mM 3,3-Diaminobenzidine tetrahydrochloride hydrate (DAB .
8) Visualization 0.07 % HO, 10 min.
9) Wash dH,O 10 min.
10) Hemgtoxylln Same as in Table 4, steps 1), 2) and 5)
staining

2.2.3.5 Microscopy

The histological and immunohistol@gil stainings were analyzed under an Axiophot Zeiss
microscopeand photogralped with an AxioCam MRc camer&cale bars were calculated via the

ZEN Imaging Software

2.2.4RNA extraction

Total RNA from frozen skeletal muscle tissue was extracted witMéxevell 16 LEV simplyRNA
TissueKiusi ng a Maxwell 16 instrument according toc
RNA extraction a 4Thioglycerol/Homogenization Solutionirtur e was prepared (
1-Thioglycerol per 1 ml of Homogenization Solution, 200 ul mixture per sample) and lyophilized
DNAze | was dissolved in 275 pl of nucleasee HO + 5 pl of Blue Dye. For each sample One
Maxwell® 16 LEV Cartridge (MCE) was positied on a Maxwell® 16 LEV Cartridge Rack and a

LEV Plunger was positioned in well #8 of each cartridge. Labelled 0.5 ml elution tubes containing 50

pl of nucleasdree HO each were positioned in front of each MCE.

Samples were transported in liquid niteog 200 pl of icecold 1-Thioglycerol/Homogenization
Solution mixture was added to each sample on ice and the samples were rapidly homogenized
mechanically via a steel micropestle. 200 pl of Lysis Buffer was added to each homogenate,
subsequently the sangsl were vortexed for 15 sec. The total amount of each sample (~ 400 pl) was
transferred to well #1 of a MCE. 5 pl of DNase | were pipetted to well #4 of each MCE. The
Maxwell® 16 LEV Cartridge Rack carrying the MCEs with the samples was inserted intaneeMax

16 instrument and the Asi mpl yRNAO protocol wa:

One pl of each sample was used for measurement of the RNA concentration via a NanoDrop 1000
Spectrophotometer. RNA samples were diluted to a concentration of 100 ng/pl anndb280hg of

each RNA sample were analyzed via runs on 2% agarose gels next to 2 pl of RiboRuler High Range
RNA Ladder.

44



Materials and M#hods

2.2.5 cDNA synthesis

Reverse transcription reactions of total RNA were performed for cDNA synthesis misltheirst
Strand cDNA Syn#sisKitas per manufacturer 6s (Filipsvbetalct i ons
2010; or via theQuantiTect® Reverse Transcriptionkkits per manuf acturer 0s i
described ir(Filipova et al., 2018 Below is a brief description of both protocols.

AMV First Strand cONA Synthesis KitLl00O ng total RNA from each sample were used in each
reaction. 2 pl of 50 uM d(B} VN primer and nucleasiee HO to a final volume of 8 ul were
added to each sample. The samples were incubated at 70 °C for 5 minutes and place@ijdrofce. 1
AMV Reaction Mix and 2 pl of AMV Enzyme Mix were added to each sample. The samples were
incubated at 42 °C for one hour, followed by an inactivation at 80 °C for 5 minutes. Samples were
then put on ice and diluted with nucledsse HO to a finalvolume of 50 pl. All cDNA samples

were stored a20 °C.

QuantiTect® Reverse Transcription Kiine pg (10 pl of 100 ng/ul) total RNA was used for cDNA
synthesis. Genomic DNA elimination reactions were prepared according to Table 6 and incubated at
42 °C Pr 2 minutes. Subsequently, reverse transcription reacficable 6) were prepared and
incubated at 42 °C for 30 minutes, followed by an inactivation at 95 °C for 3 minutes. All cDNA

samples were diluted to a final volume of 1 ml and store20atC.

Table 6. QuantiTect® Reverse Transcription reactions setup

Component Volume
Genomic DNA elimination

gDNA Wipeout Buffer, 7x 2ul
Total RNA (100 ng/ul) 10 ul
nucleasdree H,O 2 pl
Total volume 14 ul
Reversedranscription

Quantscript Reverse Transcriptase 1l
Quantiscript RT Buffer, 5x 4 pl

RT Primer Mix 1l
Entire genomic DNA elimination reaction 14 ¢l
Total volume 20 pl

2.2.6 Quantitative reattime PCR (gRT-PCR)

Quantitative reatime PCRs (QRIPCRs) were used for deteination of the relative gerexpression
changesofselectegde nes of interest. All primers (Tabl e

Designer (Thermo Fisher) or PrimBLAST (Ye et al., 201pwith a melting temperature (Tm) range
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of 58 °Ci 60 °C , an optimal length of 20 bases and an amplbetween 100 and 120 bp, and were
purchased from Sigma Aldrich. The gfPCR reaction mixtures were mixed in 0.1 ml MicroAmp

Fast 96well Reaction Plates. THBoTag® gPCR Master Mikit was used for preparation of the

reaction mixtures accordingtothetm uf act urer s i nstructions i n a
cDNAs were diluted 1:10 with nucleafee HO and 4 pl of the dilutions were used as a reaction
templatein the gRFPCR reactions (Tablg). qRT-PCRs were performedia St ep One Pl us
reattime thermakycler. Technical triplicates of each sample were assayed in one run (4€) cycle
composed of three stages:Attivation at 95°C for 10 min, 2. Denaturation at 95°C for 15 s and
annealing/extension at 60°C for 1 min for each cycle, 3. Melecat 95°C for 15 s, 60°C for 1 min

and 95°C for 15 s.

Table 7. qRT-PCR reactions composition

Component Volume
GoTaq® qPCR Master Mix, 2X 10
CXR Reference Dye 0.2 ul
10 uM Fwd primer 2 pl

10 uM Rev primer 2ul
cDNA (diluted 1:10) 4 ul
nucleasdree HO 1.8 ul
Total volume 20 ul

gRT-PCR data were analyzed using relative quantification and the Ct method (Ct is the threshold
cycle) as described previouglyuan, Reed, Chen, & Stewart, 2006ith thereference genégsapdh

or Cytbgenes as the endogenous control (described in the Results and Discussion parts). For each
biological sample andnalyzedgene an average Ct value was cltad from the valug of the

technical triplicatesThe level of gene expressiavas calculated by subtracting the averaged Ct
values for endogenous contr ol from thassre of t
equaton(l) The rel ative expression was calcul ated
test samp@ (e.g. RYRT or Ca1.1"") minus that of the control sample (e.g. W&E)inequation(2).

The relative expression of genes of interest were calcuéatedfold change (FC) relative to the
expression of the same genes in the control saamplexpresseas 2**$ s shown in equation (3)
Equations for calculation of the relative gene expredsiosl in gRT-PCRexperiments:

(1) PCt  FrgetlCQAt Reference
(2) ppCt Fest st 1P C dontrol sample

— Ct
(3) FC Target gene in tesample— 2e®
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2.2.7AnalysisofCal . 1 f ul | | ength and ®m29 splice

The relative amount of G&.1 transcripts containing tackingexon 29, i.e. G4..1 full length and

p 2,9espectively, was determined within each sample by R&Rg the cDNA produced from

10 ng of total RNA fromeach sample as a template. The region betwegnXGaxons 28 and 32 was
amplified using the primers indicated in Table 2. PCRs were performed using the DreamTaq
Pol ymerase according to the imable8TeedCRipromm~os pr C
consisted of an initial DNA denaturing step at 95°C for 3 minutes, followed by 35 cycles of 95°C for

30 seconds, 55°C for 30 seconds and 72°C for 1 minute; with a subsequent 5 minute elongation step
at 72°C and afinal holding step at 4%l lengthCa,1.1 ranscripts containing exon 29 produced a

343 bp PCR produgtvhile those lacking exon2€3a,1.1n29,resulted in a smaller product, 286 bp.

The two PCR products were separated electrophoretically on 2 % agarose gels and the bands were
digitized viathe INTAS documentation systeifBand intensities were quantified with the image
analysis module implemented in the FluoView1000 software. In the process of band intensity
guantification, background correction was performed locally for each lane. Subbgqtien

intensity integral of each band was calculated by summing the intensity values of all pixels belonging
to that band. The sum of the two intepsittegrals was regarded as ¥90so that the fractional

intensity (in %) of each band, with or withaaiton 29, could be calculated

Table8. PCR reactions composit.iion of the Cavl.1 ®29 analy

Component Volume
HO 14.25 pl
10x DreamTaq Green Buffer 2.50 pl
10 mM dNTPs 0.50 pl
10 uM Fwd primer 1.25 pl
10 uM Rev primer 1.25 pl
DreamTaq 0.25 pl
cDNA 5.00 pl
Total volume 25.00 pl

2.2.8Microarrays

All microarray (MA) reagents, kits and instruments were purchased from Affymetrix (Thermo
Fisher) or from the suppliers recommended in the respective Affymetrix manuals. The first MA
analysis, examining the global transcriptomic changes in E18.5 RYRIRYRI" limb skeletal

muscle, was performed with Mouse Genome 430 2.0 array chips @aetinee Ch i p(BVit®Nj | VT
transcriptionExpress KitThe second MA analysis, examining the gene expression profiles of E14.5
and E18.5 WT(*), heterozygous™() and homozygous'{ mutant RYR1 and Ga.1 limb skeletal
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muscle was performed with MoGe2® ST array chips and teneChip® WT PLUS Reagent.Kit

All procedures were carried out according to t
sample hybridization to the array chips, as well as arrays wash and stain procedures were performed
via the GeneChip® Hybridization, Wash, and Stain (HWS)akitc or di ng t o t he ma
instructions. All array chips were scanned iBeneChip ScanneB000G7G instrument. Detailed

manuals about experimental procedures, kits specifications andmestroperations are freely
availabl e at t he htpd#vwwvitharmdfisher.eomBetow iwaebbef degcripteon

of the main experimental procedures of each of the performed MA analysis. Teblaniiahg of
array chips was performed with the kind assistance of Margit Henry and Tamara Rotshteyn from the

Gene Expression Affymetrix Facility at tiéenter for Molecular Medicine Cologi¢(€ MMC).

2.2.8.1 MA analysis of E18.5 RYR1vs. RYR1" limb skdetal muscle

An overview of the main steps and incubation times in the MA analysis of E18.5 RY&1
RYR1"" limb skeletal muscle is shown in Figl. All thermal incubation steps were performed via a

thermal cycler except if otherwise indicated.

All procedures were performed with components oftaeeChip& Nj | VT Easqgescebeds Ki t
in (Filipova et al., 201pand according tdhe kit usermanual Briefly, 100 ng of total RNA from
each biological replicate (limb skeletal muscles from 4 RYRAd 4 RYR1" E18.5 fetuses) were
used in the initial firsstrand singlestranded (ss§DNA synthesis reaction. On ice, 2 pl of
1:5.000.@0 diluted PolyA RNA controls, serving as internal positive controls, were mixed with
each RNA sample and nucledsee HO was added to each sample to a final volume of 5 pl. For the
first-strand cDNA synthesis procedure 5 pl of Fgstand Master Mix s added to each sample,
followed by incubation at 42 °C for 2 hours. Next, the seesirmhd cDNA synthesis step was
performed by adding 20 ul of Secefsdrand Master Mix to each sample on ice. Samples were
incubated at 16 °C for 1 hour, followed by 65f0€ 10 minutesln vitro transcription (IVT) of the
doublestranded (dsgDNA, yielding amplified RNA (aRNA) and aRNA biotilabeling was
performed by adding 30 pl of IVT Master Mix to eachaBNA sample, followed by an incubation

at 40 °C for 16 hours.
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Fig. 11: A schematic workflow of the E18.5 RYRY vs. RYR* MAs.
The scheme depicts the main experimental steps and incubation conditions in MAs preparation, starting with total RNA
samples up to hybridization to Mouse Genome 28array chips. Th€e ne Chi p E 3 Nj wa¥uBediealpr es s K
experiments up to the hybridization step. Master mixes containing all reagents except terRi¥dsample were used

in all steps to assure equal handling and conditions of all sampbetfiéd fromtheGe ne Chi p E

User Manual(Thermo Fisher).
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I VT Exp

In the following aRNA purification reaction unbound ribonucleotide triphosphates (NTPs), salts,

enzymes and inorganic phosphate are removed. Purification of aRNA is achievedduditiba of

60 ul of aRNA Binding Mix (containing 10 pl of RNA binding beads) to each aRNA sample in a 96

well U-Bottom Plate, followed by the addition of 120 pl of 100% ethanol to each sample and gently

shaking of the tBottom Plate at a plate shaker drminutes. The tBottom Plate was then
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transferred on a magnetic stand for 5 minutes to capture the-aBNAl magnetic beads. The beads
were then washed two times with 100pl of aRNA Wash Solution and again captured via a magnetic
stand. The purified aRNAsas eluted in 50 pl of preheated (60 °C) aRNA Elution Solution and kept

on ice or stored at80 °C. Next, the aRNAs concentrations were measured via a NanoDrop
spectrophotometet. 5 of egichbiotin-aRNA was fragmenteda an addition of 8 pl of 5x Array
Fragmentation Buffer and nucleafsee HO up to 40 pl total volume per reaction. The
fragmentation was induced by an incubation at 94 °C fo 35 minutes. Samples were placed on ice or
stored at20 °C.

The following steps were performed via theneChip® Hbridization, Wash and Stain Kit (HWS)

12.5 ug of each biotitabeledaRNA sample were added to the Hybridization CocKiieable 9

left). TheHybridization Cocktail was heated at 99 °C for 5 minutes and at 45 °C for 5 minutes. 200
pl of PreHybridization Mix was added to each of tMouse Genome 430 2.0 array chgw the

chips were incubated at 45 °C for 10 minutes in a GeneChip® Hybridizatior@2%evith rotation.

The PreHybridization Mix was extracted from the array chips and replaced by 200 pl of
Hybridization Cocktail. The sample hybridization to the array chips was done at 45 °C with rotation
at 60 rpm for 16 hours in@eneChip® Hybridization Over645.

Table 9. Hybridization Cocktail for a single probe array.

Mouse Genane 430 2.0 arrays MoGene 2.0 ST arrays

Componerg Amount Componersg Amount
Fragmented and labelled aRNA 12.5 ug (33.3 pl)| Fragmented and labelled-BNA 3.5 ug (41 i)
Control Oligonucleotide B2 (3 nM) 4.2 ul Control Oligonucleotide B2 (3 nM) 2.5 pl

20x Hybridization Controls 125yl 20x Hybridization Controls 7.5 ul

(bioB, bioC, bioD, cre) (bioB, bioC, bioD, cre)

2x Hybridization Mix 125 pl 2x Hybridization Mix 75 pl

DMSO 25 ul DMSO 10.5 pl
Nucleasefree H,O 50 pl Nucleasefree HO 135l

Total wolume 250 Total volume 150 pl

After hybridization a project containing all necessary sample and experimental information was
defined in aGeneChip® Command Console (AGQ&pject. Each of th&#louse Genome 430 2.0
array chipsvere washed and stainedtw600 pl of Stain Cocktail I, 600 ul of Stain Cocktail 11 and
800ul of Array Holding Buffer from theHSW kit on a Gene&hip® Fluidics Statior450.
Subsequently, the array chips were scanned iifymetrix GeneChi® Scannet3000-7G.
Washing, staining argtanning was performed as described in the Gen@®xpression Analysis
Technical ManualThermo Fisher)Affymetrix GCOS software was used for the generation of .dat
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and .cel files. Microarray data are available in the ArrayExpress database

(www.ebi.acuk/arrayexpress) under the accession numbediTBEB -3608.

2.2.8.2 MA analysis of E14.5 and E1806 **, *~and” RYR1and Cal.1limb skeletal muscle

An overview of the main steps and incubation times in the MA analysis of E14.5 and E18"HWT (
heterozygous (") and homozygous'{ mutant RYR1 and Ga.1 limb sleletal muscle is shown in
Fig. 12. All thermal incubation steps were performed via a thermal cycler except if otherwise

indicated.

All procedures were performed with components of @eme®ip® WT PLUS Reagent Kiés
described ir(Filipova et al., 201Band according to thetkusermanual(Fig. 12).

In brief, from each sample 250 ng total RNA were used fordtrand cDNA synthesis. 5 pl Bfrst-

Strand Master Mix were added to each sample that has been previously mixed withFAy
controls as per théeneChip® WT PLUS Reagéfit User Manualnstructions. The reactions were
incubated at 25 °C for 1 h, then at 42 °C for 1 h and thehAGfar at least 2 minutes. Next, secend
strand cDNA synthesis and RNA degradation by RNase H were simultaneously performed by
addition of 20 pl of Secon&trand Master Mix to each sample and an incubation at 16 °C for 1 h,
then at 65 °C for 10 minutes atieén at 4 °C for at least 2 minutes. Next, the d8lAs were used as
template forin vitro transcription (IVT) reactions via the T7 RNA polymerase, resulting in
complimentary RNAs (cRNAs). For this purposeB®f IVT Master Mix were added to each
sample followed by incubation at 40 °C for 16 h, then &CAuntil further use. Next, the cRNAs

were purified from enzymes, salts, unbound NTPs and inorganic phosphates by adding 100 pl of
Purification Beads to each cRNA sample in an@8dl U-bottom plate. TheRNA-bound Purification

Beads were captured on a magnetic stand and washed 3 times wjith&0D% ethanolThe

cRNAs were eluted in 27 pl of preheated (€9 nucleasdree HO. The cRNAs concentrations

were measured via a NanoDrop spectrophotoméett, 15 pg of each cRNA sample were used for

a 2'“cycle sscDNA synthesis by adding 4 pl of2Cycle Primers, containing the unnatural dUTP,

to each cRNA sample and incubating the samples at 70 °C for 5 minutes, then at 25 °C for 5 minutes

and then at 4C for 2 minutes.
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Fig. 12: A schematic workflow of the E14.5 and E18.%", " and ’- RYR1and Cav1.1 MAs.

The scheme depicts the main experimental steps and incubation conditions in MAs preparation, starting with total RNA
sampes up to hybridization to MoGene 2.0 ST array chips. GaeeChip® WT PLUS Reagent Mias used in all
experiments up to the hybridization step. Master mixes containing all reagents except tleriRisésample were used

in all steps to assure equal hangland conditions of all samples. Modified from GeneChip® WT PLUS Reagent Kit

User Manual (Thermo Fisher).
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Then, 12ul of 2"%-cycle sscDNA Master Mix were added to each sample on ice and the reactions
were incubated at 25 °C for 10 minutes, the#2atC for 90 minutes, then at 70 °C for 10 minutes
and then at 4 °C for at least 2 mies. The cRNA templates were titeydrolyzedby an addition of

4 ul of RNase H to each sample and incubatib87 °C for 45 minutes, then at 95 °C for 5 minutes
and the at 4 °C for 2 minutes. Next, 11 ul of nucledisse HO were added to each sample, bringing

the total volume of the reactions to 55 pl. TAR:@/cle sscDNAs were than purified via 100 pl of
Purification Beads per sample, 1 x washing with 150 pl of 160%nol and 3 x washing with 200

pl of 80% ethanol as described above. The purified3dAs were eluted in 30 pl of preheated

(65 °C) nucleasdree HO and their concentration was measured on a NanoDrop spectrophotometer.
Next, 5.5 ug of each ssDNA sanple were fragmented via a Fragmentation Master Mix containing
uraciFDNA glycosylase (UDG) and apurinic/apyrimidinic endonuclease 1 (APEL1) that introduce
breaks at the dUTP residues. To eachBNA sample 16.8 ul of the Fragmentation Master Mix
were addednd the reactions were incubated at 37 °C for 1 h, then at 93 °C for 2 minutes and at 4 °C
for at least 2 minutes. 45 pl of the fragmentedB8IAs were terminallyabeledwith biotin via 15

pl of Labeling Master Mix, containing terminal deoxynucleotittghsferase (TdT). The reactions
were incubated at 37 °C for 1 h, then at 70 °C for 10 minutes and at 4 °C for at least 2 minutes.

Samples were placed on ice or store2at°C.

The following steps were performed via theneChip® Hybridization, Wash aidain Kit (HWS)

similar to the procedures described above (in 2.2.8.1). 3.5 ug of each fragmentibelad
ssDNA were used in the preparation of the Hybridization Cocktail (Table 9, right) and treated as
described above. 130 pl of each Hybridizatioockiail were pipetted intMoGene 2.0 ST array
chips(1 sample per array chip). Hybridization, wash, stain and scanning procedures were performed
as described above (in 2.2.8.Microarray data are available in the ArrayExpress database

(www.ebi.ac.uk/amyexpress) wter the accession numbeiMETAB-5755.

2.2.9 Statistical analyses

All statistical analyses are performed as describg@ilipova et al., 201p6and (Filipova et al.,
2018. In all analyse$ indicates a Pralue < 0.05; ** indicates a-Palue < 0.01; *** indicates a
P-value < 0.001
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2.2.9.1 Statistical analysis of qRPCR data

The relative expressioraluespresenteds a FC (2% for each biological sample from all qRT
PCRs weranalyzedn GraphPad Prism version 4.00 (GraphPad Software, La Jolla California USA,

www.graphpad.coi Unpaired itest analyses were done when comparing the relative expression

levels of one test group versus one controlandoaey A NOVA f ol | owed by Bonf
comparisons test was performeden comparing multiple groups. Relative quantification values are
presented as FCs plus/minus the standard error of the mean (S.E.M.) relative to the control group,

which was normalized to an expression rate of 1.

2.2.9.2 Statistical analysis of Galfu | | | engPCGRdatand @29

The Cal.1f ul | | e n dand intensitd valge® @s % of total intensity) were analyzed
GraphPad Prism version 4.00 (GraphPad Software, La Jolla Californiaid®Agraphpad.com

Unpaired {test analyses weperformedcomparing thentensity of the Ca..1f u | | l engt h an

band in each biological sample.

2.2.9.3 Statistical analysis of the Mouse Genome 430 2.0 Microarrays

Robust Multarray Analysis(RMA) was used for backgrod correction, summarization and
normalization(Bolstad, Irizarry, Astrand, & Speed, 2003he quantile normalization method was
implemented to normalize the raw ds¢t executable with-Backagédlrizarry, 2003, carried out at

the probe feature level. The differentyabxpressed genes were described by a linear model
implementing R and the LIMMA packagéSmyth, 2004 Differentially regulated genes were
determined based on eoff values of 5% error rate (P<Ib), calculated by Moderatedstatistics
according to Benjamini and Hochberg (Multiple Testing Correction). Additionallydeaotify
significantly expressed genes between the control and dysp sample grodegrekef change with
the threshold value O N 1.5 was wused. Princip
Stats package in R using the prcomp function. "KHattribute of the prcomp object was used to
generate 2 dimensional scatter pl@minformatical analyses in R were performed with the kind
assistance of Dr. John A. Gaspar fromghaup of Prof. DrAgapios Sachinidifrom thelnstitute

for Neurophy®logy at the University Hospital of Cologne.
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2.2.9.4 Statistical analysis of thdoGene 2.0 SMicroarrays

The .cel files obtained by the microarray analyses were subjected to background correction,
summarization and normalization by Robust Multiarraylfsia (RMA) and used for generation of

.chp summarization files via the /ErermoRsheg i on Cc
and subsequently were used to produce a three dimensional PCA plot. The .chp files were used for
gene level differentiakexpression quantification, accompanied by Ovi@y BetweerSubject

ANOVA statistical analysis via the Transcriptomeafysis Console 3.0 (Affymetrix)lranscripts
havingaPv al ue O 0. 05 and a |inear FC O N 2or&or cor
FC O N 1.5 for E14.5 vs. E14.5 and E18.5 vs. E
expressed genes (DEGS). Volcano plots were generated using the Transcriptome Analysis Console
3.0 (Affymetrix/ Thermo Fisher

2.2.10 Enrichment Anayses

Gene enrichment analyses for DEGs identified upon the comparisons of different groups were
performed with the databas€gne Ontology for Biological Proce§SO BP, versions 2015 and
2017)andCellular ComponenfGO CC versions 2015 and 20y KyotoEncyclopedia of Genes and
Genomeg$KEGG, version 201h Reactoméversion 2015)Panther(version 2015as well as with

Wiki PathwaygWP, version 201pusing theenrichronline enrichment togChenet al., 201R A P-

value ranking was applied to all enrichment analyses.

The David GO (version 6.7 and MGI GO (version 2015)database¢Huang da, Sherman, &
Lempicki, 2009 Smith et al., 201¢ as well asnanual data miningvere additionally applied to

identify DEGs directly connected to skeletal muscle.

2.2.11 Heatmaps and hierarchical clustering

Heatmapsid hierarchical clustering analyses were performed vig@lingVisonline tool(Metsalu
& Vilo, 2015) using unit variance row scaling. Hierarchical average linkage clustering measering th

average Euclidean distance was applied for both rows and columns.

55



Results

3 Results

3.1Part I: Analysis of fetal skeletal muscle lacking RYR1 at E18.5

The first objective of this work was to analyze how the absence of RYR1 affects fetal limb skeletal
muscle magphology in general, and to detect the accompanying changes in global gene expression of
this organ, in particular. To address these questions, | compared the gross body shape, limb skeletal
muscle histology, and transcriptomic profiles of homozygous RY&1d heterozygous RYR1

(control) littermates at E18.5, as reported(filipova et al., 2016 The heterozygous RYR1

animals were used as controls instead of WTs since they have been reported to show no phenotypic
changes in respect toability, fertility, muscle structure and performanuck et al., 199%
Moreover, by using the RYRA animals as controls the transcriptomic analysis tesemain
unaffected by possible genetic compensatory mechanisms, arising from the presence of a single
functional copy of theéRyrl gene, which would not play a role in the formation of the RYR1

phenotype. The main findings of this part of the resuéiseweported igFilipova et al., 2016

3.1.1 Absence of RYR1 leads to an impairmet of grossbody morphology and

limb skeletal muscle histology

In accordance tearlier studie§Buck et al., 1997Takeshima et al., 1994E18.5 RYR1 fetuses

already displayed severe abnormalities when compared to their control RitRtmates Fig. 13).

An analysis of fetuses obtained from three different female mice at E18.5 revealed that tHe RYR1
mice exhibited an overall smaller body size, thinner limbs, enlarged necks and a typical spinal
curvature. These changes indicated that the overall developmental program is severely affected in the
RYR1" fetuses.

In order to gain anore detailediew onhow skeletal muscle morphologaffected by the absence
of RYR1, histological crossections of the distal hind limbs of control (RYRland RYR"
littermates at E18.5 were prepared and analyzed. 10 um thick cryeseicigms were stained with
H&E and the limb skeletal muscle structure was examined under a-balghiicroscope at three
different magnification$ 50-fold, 20Gfold and 406fold (Fig. 14).
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Control  RYR1™ ) B) RYRT"

yorsboansboanslinstisns drasebesnsl

Fig. 13 Gross fetal morphology at E18.5.
Photographic representat®af heterozygous RYRA1controls(left) and homozygous RYR(right) littermates at day
E18.5 from three different litters (1, 1l and IIl). Modified frofRilipova et al., 2016

The control limb skeletal muscle exhibited@mal,advanced degree of development with clearly
visible fascicles, covered by a fascia (FIglA left, and middle), consisting of terminally
differentiated fetal fibers with peripheralbycated nuclei (FigL4A right). The RYRT" limb skeletal
muscle, on the other hand, wasaracterizedby disorganization (Figl4B). In these muscles no
fascia could b@bserved, fascicles were almost entirely missimith only small groups of cells
visible (Fig.14B left, middle). The predominant cell type in the RYRhuscles weremyotubes

with only a few disorganized, immature fibers (FigA right).

These evidenchanges in the limb skeletal muscles of E18.5 RYRaimals, compared to their

control littermates, strongly hint at a developmental retardatitmese animalsAt E18.5i at the

end of prenatal development in the moudée formation of the limb sketal muscle is almost
complete(Tajbakhsh, 2009 Therefore, the impaired development of the RYRIlnb skeletal

muscle may be caused by an active pause of the myogenic program at an earlier stage or by reactive

processesf degeneration and elimination of muscle fibers, or by a combination of both.
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Fig. 14: E18.5 limb muscle histology.

Histological cross sections of distal hind limbs of E18.5 coikphnd RYR1" (B) littermates(A) A well-developed

internal muscular organization with structured fascicles, covered by a fascia (arrows) and consisting predominantly of
terminally differentiated myofibers (*) were observed in the control anirg@)sn contrast, the RYR1skeletal muscle

was na well structured, fascia and fascicles were missing and only individual immature fibers with cdotatibyl

nuclei were present (arrowsh & B) H&E staining; original magnification x 50 (left panels), x 200 (insets I, middle);

x 400 (insets Il, right Micrographs were taken D Dr. Anna BrunnModified from (Filipova et al.2016).

3.1.2 Transcriptomic analysis of RYRI™ skeletal muscle reveals multiple

differentially regulated genes (DEGS)

One of the main aims of this study was to elucidate in detail the whole spectrum of transcriptomic
changes occurring in RYR1imb skeletamuscles at E18.5 that may be connected to the formation

of the specific muscle phenotype described above. In order to address this gtiestskeletal
muscles of the foreand hind limbs of 4 RYR1and 4 control RYRY littermates (n =4 biological
replicates per group) at E18.5 from 2 litters were dissected and pooled for each animal. The samples

from all animals were handled separately and used for RNA extracfioe quality and
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concentrations of the resulting RNAs were analyzed (FHgand sufected to microarray analyse
(MAs, Fig. 16) (Filipova et al., 2016

M RYRIRYRI* Ctrl Ctl M RYRI“RYRI- _
1 ) 1 2 3 4 3

o |

- h

" ET"F B

Sample c [ng/ul] c [ng/ul]
RYR17-1 142.3 RYR17-3 458.6
RYR17-2 224.0 RYR17-4 434.0
Ctrl 1 183.9 Ctrl 3 835.2
Ctrl 2 278.3 Ctrl 4 934.7

Fig. 15: RNA quality assessment.

Total RNA was extracted from the skeletal muscles of the & hind limbs of 4 RYRL(RYR1" samples 1 to 4) and

4 control (Ctrl samples-4) E18.5 mouse fetuses and 5 pl of each RNA sample weee tda an electrophoretic run on

a 2% agarose gel next to 5 Ol of RiboRuler High Range R
band given on the left, Thermo Fisher Scientific). The RNA concentration of each sample is giverbile tnader the

photograph. For each sample clear and distinct bands corresponding to the 18S and 28S rRNAs were observed indicating

a high degree of RNA integrity. Modified froRilipova et al., 201p

After background correction, summarization and normalization Rabaist Multrarray Analysis

(RMA), the microarrays yielded inforation about the expression of 41,101 transcript clusters,
spanning 21,569 unique annotated genetic loci. A subseg@shstatistical analysis combined with

a BenjaminiHochberg false discovery rate (FDR) test revealed that the expression of 417cgenomi

loci was significantly differentially regulated in the RYRImb skeletal muscle, meeting the criteria

offold changeF C O 1-1.%andan FDRdjustedP-v al ue O 0. 05. Of these
394 mapped within annotated genes aftdr correcting for genes which were detected multiple

times, 318 unique genes were identified as differentially expressed genes }DE@restingly,
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exactly 506 of the DEGs (159 DEGs) were negatively regulated artd G169 DEGs) were
positively regulated in RYR1 skeletal muscle (Tabl0).

RYRI1™- RYR1™-
Mouse 1 Mouse 2

& &

Y\ Y NN
E185 < <& & & & & &&

RYRI1- Control RYRI1"- Control
(1and2) (1 and2) (Gand4) (3and4)

NN

Skeletal muscle —=> RNAs —> cDNAs

AN AWV
| |

Microarrays qRT-PCRs

Fig. 16: Workflow scheme for the gene expression analysis of E18.5%R1" vs. RYR" limb skeletal muscle.

Two heterozygous RYR1male and female mice were subjected to timed pairings. The pregnant females were sacrificed
at day 18.5 post coitum (E18.5)and the skeletal muscles from the drmhthind limbs of 2 RYR1 and 2 control
(RYR1™) E18.5 fetuses were collected and used for RNA extractions. Equal amounts of total RNA from each sample
were used for individual hybridizations to Affymetrix Mouse Genome 430 2.0 array chips and microarray analysis was
performed aslescribed in Materials and Methods. Additionally, equal amounts of the total RNAs were used in reverse
transcription reactions and the resulting cDNAs were used inRREBH analyses. Modified frofilipova et al., 201p
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Table 10. E18.5 RYRI" vs. RYR" DEGs.

Total DEGs Annotated DEGs Unique annotatedDEGs
All 417 394 318
Downregulated 205 202 159
Upregulated 212 192 159
Numbers of the total, anno-liabedr a@dustedRt alFWD& nd olt.alt5e)d i DIEG

the RYRI" vs. RYRT" microarray analysis.
3.1.3 Principal component analysis (PCA) shows segregation of RYR1and

control samples in discrete groups

In order to assess the similarity and the variation between the individual samples based on their
global transcriptomic profiles, a tadimensional PCA plot was genegdtusing the intensity levels
of all transcripts detected in the MAs for all probes (i.e. the entire limb skeletal muscle transcriptome

of each sample, Fid.7A).

The PCA isamathematical algorithm that reduces the dimensionality of datavkatis contan a

high number of variables, but retains most of the variation in the dgRisgher, 2008 Each of

the biological RYRT andcontrol replicates can be viewed as a data set, in which the different
transcripts (genes) are the variables that differ in respect to their expression levels. Thus, the PCA
algorithm combines the original variables for each data set (i.e. each biokagigak), resulting in

much fewer new variablek the princi@ components (PCs) that still represent most of the
variation of the original data sets. By definitjiahe princi@ component 1 (PC1) is the direction
representing the highest percentagehef original variation between the sampl€ke princi@
component 2 (PC2) gefined ashe direction uncorrelated to PC1 along which the samples show the

second highest percentage of variation.

61



Results

A Entire Transcriptome B Difterentially Expressed Transcriptome
E @ Control 1 o @ Control 1
3 . RYR1"1
e - Litter 1
Control 2@ Control 3 @ RYR17-2
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X o 3 Control 4 @ h ~
2 D Litter 1 a3,
RYRI1-1 thter 2 " @ Control 3
RYR17-2 RYR17"-3
! Litter 2  RYRI"4
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RYR1"4 ¢ @ Control 4
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Fig. 17: E18.5 RYR1I" vs. RYR" i PCA plots.

Two-dimensional princigl component analysis (PCA) of the RYR{orange dots) and control (blue dots) samples
(biological replicates 1 to 4) subjected to MAs. The expression of the entire transciipdcane of the detected DEGs
(B) was potted. Samples from animals of the same litter (Litters 1 and 2) occupy the same shade@&seaere
performed with the help of Dr. John A. Gaspdndified from (Filipova et al., 2016

The PCA plot generated from the data of the entire skeletal muscle transcriptome for all samples
(Fig. 17A) showed a significant separatioroatj PC1 (3%) between the samples obtained from
animalsof the two different litters. This suggests that the variatfdhe transcriptomic signature of

the limb skeletal muscampless highly impacted by the specific sets of individual characteristics

of the parents (genotype, SNPs, mutation pool, etc.) and probably by the small differences in the time
of gestation time (+ 0.5 day) of the individual litters. However, a clear separation betwee RYR1
and control samples was observed along PC2)2dicating that the RYR1 skeletal muscles
exhibits evident global transcriptomic changes when compared to the skeletal muscle of the control

animals.

Next, a PCA was performed wit hl5tahdev aladeie® ®.fO0!
found in the RYRT samples (Figl7B). This time the most significant proportion of the variation

(PC1 = 87.%) between the sample was evidently duetothekaenp & genot ypaed as t h
the control biological replicates formed two distinct sample groups along PCL1. Still, a smaller but

present variation (4%9) between the samples coming from different litters was observed along PC2.

These results indicatéat the absence of RYR1 changes the global transcriptomic profile of the

developing limb skeletal muscle and more specific, that it highly impacts the expression of the 318
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DEGs identified in the MAs. Betweditter variability also influences the globakhscriptomic

profile of murine E18.5 limb skeletal muscles.

3.1.4 Validation of the MAs via gRT-PCR

In order to validate the results obtained by the MAs, the relative expression levels of 4
downregulatedT(rib1, c-Jun c-FosandMyl2) and 3 upregulated-[cn, Bai3 andCol19al) genes

were analyzed via gRPCRs. These genes were randomly chéseover the whole spectrum of
detected DEGs in respect to the direction (doawrd upregulated) and FC magnitude (high or low
FC). For boththe MA and gRTPCR analyseshe FC of the control samples was set tGapdh

was used as an endogenous control in theBRRs. The gRIPPCR results demonstrated that all
tested genes exhibit the same direction of regulation (dowuapregulation) and similar FCs as
detected in the Ms (Fig.16) and thus, validated the results obtained by the MAs.
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Fig. 18 Validation of the results obtained in the MA analysis via gRTPCRs.

The expression level ¢R) four downregulated DEGSiribl (FC -1.50), ¢c-Jun (FC -2.07), c-Fos (FC -2.43), Myl2
(FC-10.85); as well aB) three upregulated DEGBlcn (FC 1.50) Bai3 (FC 2.02) Col19al(FC 5.13) were tested via
gqRT-PCRsGapdhwas used as an endogenous control. The mean relative expression levels of the four contfol (RYR1
samples were set as FC = 1. The FC of each of the 4 biological replicates per group” @Rdontrol) were
normalized to the mean FC of the control group. Error bars are S.E.M. ModifiedRilgpova et al., 2015

3.1.5 The DEGswith the highest FCsare related to muscle and ECM structure

Next, the ten DEGwith the highest posive and negative FCs in the RYR&keletal muscle were
analyzed (Tabl&l). The strongest downregulation was observed for the genes encodiagliae
slow myosin light chain 2(yl2, FC =-10.85) and smoothelilke 1 (Smtnll FC =-9.68). Among
the top 10 downregulated DEGs were also other genes encoding proteins assoitiatdae
structure and function of muscle and the the musculoskeletal siikenTppp3(FC =-4.56),
encoding a marker for tendon sheath and synovial joints different{&tiaverosky, Pryce, Watson,
& Schweitzer, 2009 Irf6 (FC =-3.58), encoding a transcription fact@rF) involved in limb,
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cranidacialand tongue developme(®oudy et al., 201;3ngraham et al., 2006andCnn1(FC

= -3.25), encoding a marker for smooth muscleeddhtiation in late embryonic development
(Duband, Gimona, Scatena, Sartore, & Small, 1988 DEG showing the highest upregulation in
the RYRI" samples waseollagencoding geneGol25al, FC = 6.51)and the expression of another
collagencoding gene found in the top 10 most upregulated g&w$4al FC =5.11 and 5.13) has
been demonstrated to diminish towards the final stages of differentiation affbtakkeletal muscle
(Sumiyoshi, Laub, Yoshioka, & Ramirez, 2Q000ther highly upregulated genes included the gene
encoding myoglobinNib, FC = 4.75), contrtéd by hypoxia and Gasignaling in skeletal muscle
(Kanatous et al., 2009Additionally, the gene encoding the RUNXE (Runx1 FC = 3.94 and 4.08)
known fa its protective functions against muscle wastimgyofibrillar disorganization and
autophagyn skeletal muscléWVang et al., 2005wvas highly upregulated as wel

Table 11. E18.5 RYRT" vs. RYR" i Top 10 DEGs.

Probe Set ID GeneTitle Gene Symbol FC
Downregulated genes

1448394 at myosin, light polypeptide 2, regulatory, cardiac, slow Myl2 -10.85
1419145 at smoothelinlike 1 Smtnll -9.68
1416713 _at tubulin polymerizatiorpromoting protein family member : Tppp3 -4.56
1452766 _& tubulin polymerization promoting protein Tppp -3.91
1418395 at solute carrier family 47, member 1 Slc47al -3.66
1418301 at interferon regulatory factor 6 Irf6 -3.58
1418714 at dual specificity phosphatase 8 Dusp8 -3.37
1418511 at Dermatopontin Dpt -3.34
1455203_at RIKEN cDNA A930003A15 gene A930003A15Rik -3.30
1417917 _at calponin 1 Cnnl -3.25

Upregulated genes

1438540 at collagen, type XXV, alpha 1 Col25al 6.51
1440085 _at ectodysplasin A2 receptor Eda2r 5.73
1438059 at cortexin 3 Ctxn3 5.23
1421698 a at  collagen, type XIX, alpha 1 Col1l9al 5.13
1456953 at collagen, type XIX, alpha 1 Col1l9al 5.11
1451203 at myoglobin Mb 4.75
1447807_s_at  pleckstrin homology domain containing, family H (wi Plekhhl 4.52
MyTH4 domain) member 1
1422864 _at runt-related transcription factor 1 Runx1 4.08
1422865_at runt-related transcription factor 1 Runx1 3.94
1418203 at phorbol12-myristate13-acetateinduced protein 1 Pmaipl 3.69

The ten DEGs exhibiting the highest devemd upregulation in RYR1fetal limb skeletal muscle. Modified from
(Filipova et al., 2016
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3.1.6 Processes and pathwgs enriched with RYRI" specific DEGs

In order to gain a better understandirfithebiological processeshichwere affected in the RYR1
skeletal muscle, the detected DEGs were subjected to a Gene Ontology enrichment analysis for

Biological Process (G BP, Fig.19A). Interestingly, the most significantly enriched GO BP category

was fASkeletal muscle cell differentiationo. Ot
|l i ke AOdciygedemdrf erentiationo, |[AiRegul difderrent.
ARegul ation of endothelial cell proliferationc
DEGs. Two categorigsi Response to oxygen | evelso and ARe

suggested significant changestie expression of genes related to oxygen metabolism in the RYR1
samples. Indications for changeshe expression of genes involved in the structure and composition

of the ECM were represented by the prtixsence
organi zati end udrmd & EX turThoseweranmmnggha X0 masesignificantly
affected biological processes in RYR&amples.

Next, to assess which processes and signaling pathways were most significantly affected in the
RYR1" skeletal muscle, the DEGs found in the RYRsamples were used in enrichment analyses
utilizing the KEGG (Fig19B), Reactome (Fidgl9C), and Panther (Fig.9D) databases. These data
bases resemble and are partly connected to thda@&Daseghowevetheir focus differs in respect to

type of interactions, functional categories and analyzed orgaf@&mesvdhury & Sarkar, 2035

The KEGG enrichmentanalysisn di cat ed t he AMAPK signaling pat
represented with DEGs (Fi$j9B). The MAPK pathway was also among the 10 most significantly
enriched categoriesRe act ome ( AMAPK targets / Nucl ear eve
Pantte r (Ap38 MAPK pathwayo and #Alnsulin / | GF
processes and pathways found multiple times as very significantly enriched in the different databases
include processes relattdo muscl e contractiont(i oRe®a ccatnamei:Sti

muscle contractiono), oxidative stress (Pant hce
AResponse to oxygen | evelso and AResponse to
AFocal adhesiono and; nBRBEMctemept BEXt naeebhbtul a
and AColl agen formationo).
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A GO BP B KEGG
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Response to oxygen levels | | B cell receptor signaling pdthway
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Fig. 19: Enrichment analysis of the DEGs detected in the RYR1vs. RYR1" MAs.

The DEGs were subjected to an enrichment analysis using the G&) BREGG (B), ReactoméC) and PanthefD)
databases using the Enrichr online gene list analysig¢Gbein et al., 201, Xuleshov et al., 209)6P-value ranking was
used in the analyses, represented by the bar I§AgthD). The values on the-axis correspond to the measured
P-values. Modified fron{Filipova et al., 2016

3.1.7 Signaling pathways enriched with DEGin RYR1" skeletal muscle

The enrichment analyses of the DEGs found in RYRHEeletal muscle at E18.5 (Fig9A-D)
identified severahffectedmajor signaling pathways and networks that. In order to gain a deeper
insight into the degree and the direction in which these signaling pathwayegdetedthe DEGs
encoding proteins amueptides involved in the MAPK, Wnt, PI3Kkt/mTOR, G proteincoupled
receptors (GPCR®athwaysand other TFsvere closely examined (Tahl®).
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Table 12. E18.5 RYRI" vs. RYR" i DEGs involved in signaling pathways.

Probe Set D Gene Title Gene Symbol FC
MAPK signaling pathway
1418714 at dual specificity phosphatase 8 Dusp8 -3.37
1438933 x at RAS, guanyl releasing protein 2 Rasgrp2 -2.94
1419625 at heat shock protein-like Hspall -2.81
1423100_at FBJ osteosarcoma oncogene Fos -2.43
1448694 at Jun oncogene Jun -2.07
1417164 at dual specificity phosphatase 10 Duspl10 -2.06
1438883 at fibroblast growth factor 5 Fgf5 -2.05
1427582 at fibroblast growth factor 6 Fgf6 -2.03
1448830_at dual specificity phosphatase 1 Duspl -1.%
1418401 a at dual specificity phosphatase 16 Duspl6 -1.76
1449117 at Jun proteoncogene related gene D Jund -1.75
1439205 at nuclear factor of activated T cells, cytoplasmic, calcineurin  Nfatc2 -1.64
dependent 2
1438030_at RAS, guanyl releasing prate3 Rasgrp3 -1.63
1449773 s at growth arrest and DNAlamageinducible 45 beta Gadd45b -1.62
1435196 at neurotrophic tyrosine kinase, receptor, type 2 Ntrk2 1.52
1421897 _at ELK1, member of ETS oncogene family Elk1 1.56
1417856 _at avian reticuloendothilsis viral (vrel) oncogene related B Relb 1.58
1421324 a at thymoma viral proteoncogene 2 Akt2 1.65
1420895 at transforming growth factor, beta receptor | Tgfbrl 1.72
1440343 at ribosomal protein S6 kinase, polypeptide 5 Rps6kab 1.75
1436912 at caldum channel, voltageependent, beta 4 subunit Cacnb4 1.83
Wnt signaling pathway
1449425 at winglessrelated MMTV integration site 2 Wnt2 -2.54
1423760_at CD44 antigen Cd44 -2.29
1451031 _at secreted frizzledelated protein 4 Sfrp4 -2.20
1418136 at transforming growth factor betkinduced transcript 1 Tofblil -1.82
1427138 at coiled-coil domain containing 88C Ccdc88c -1.80
1417985 at Notchregulated ankyrin repeat protein Nrarp -1.72
1455689 at frizzled homolog 10 (Drosophila) Fzd10 -1.56
1429506 at naked cuticle 1 homolog (Drosophila) Nkd1 1.53
1451689 a at SRY-box containing gene 10 Sox10 1.59
1460187 _at secreted frizzledelated protein 1 Sfrpl 2.36
PI3K/Akt/mTOR signaling pathway
1451038_at apelin Apln -1.96
1449022_at nestin Nes -1.62
1421679 a at cyclin-dependent kinase inhibitor 1A (P21) Cdknla 1.52
1421324 a_at thymoma viral proteoncogene 2 Akt2 1.65

67



Results

Probe Set D Gene Title Gene Symbol FC
1425515 at phosphatidylinositol &Kinase, regulatory subunit, polypeptide Pik3rl 1.73
(p85 alpha)
G protein-coupled signaling
1444409 _at rabphilin 3Alike (without C2 domains) Rph3al -2.37
1417625 s at chemokine (EX-C motif) receptor 7 Cxcr7 -2.18
1455466 _at G proteincoupled receptor 133 Gprl33 -2.10
1451038 _at apelin Apln -1.96
1440009 _at olfactory receptor 78 Olfr78 -1.81
1431326 _a_at tropomodulin 2 Tmod2 -1.68
1455689 at frizzled homolog 10 (Drosophila) Fzd10 -1.56
1418394 _a_at CD97 antigen Cd9a7 -1.56
1420940 x_at regulator of Gprotein signaling 5 Rgs5 -1.54
1417327_at caveolin 2 Cav2 -1.53
1416286_at regulator of Gprotein signaling 4 Rgs4 -1.50
1460440 _at latrophilin 3 Lphn3 1.62
1451411 at G proteinrcoupled receptor, family C, group 5, member B Gprchb 1.63
1456833 at G proteinrcoupled receptor 17 Gprl7 1.68
1442082_at complement component 3a receptor 1 C3arl 1.81
1436912 at calcium channel, voltagdependent, beta 4 subunit Cacnb4 1.83
1420401 a at receptor (calcitonin) activity modifying protein 3 Ramp3 1.86
1454782_at brain-specific angiogenesis inhibitor 3 Bai3 2.02
1434172 at cannabinoid receptor 1 (brain) Cnrl 2.11
1432466 _a_at apolipoprotein E Apoe 2.17
1460123 at G proteircoupled receptor 1 Gprl 2.37
1450875 at G proteinrcoupled receptor 37 Gpr37 2.54
1436889 at gammaaminobutyric acid (GABA) A receptor, subunit alpha Gabral 2.54
Other transcript ion factors and transcriptional modulators
1455267 at estrogerrelated receptor gamma Esrrg -3.04
1449363 at activating transcription factor 3 Atf3 -2.58
1418572 _x_at tumor necrosis factor receptor superfamily, member 12a Tnfrsfl2a -2.39
1418762_at CD55 antigen Cd55 -2.14
1425518 at Rap guanine nucleotide exchange factor (GEF) 4 Rapgef4 -1.73
1422742 _at human immunodeficiency virus type | enhancer binding prot Hivepl -1.72
1
1420696 _at sema domain, immunoglobulin domain (Ig), short basic dom Sema3c -1.68
secreted, (semaphorin) 3C
1456796 _at snail homolog 3 (Drosophila) Snai3 -1.66
1418936 _at v-maf musculoaponeurotic fibrosarcoma oncogene family, Maff -1.61
protein F (avian)
1451932 _a at ADAMTS-like 4 Adamtsl4 -1.58
1425896 a at fibrillin 1 Fbnl -1.57
1418394 a at CD97 antigen Cd97 -1.56
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Probe Set D Gene Title Gene Symbol FC

1459372 at neuronal PAS domain protein 4 Npas4 -1.51
1424880 _at tribbles homolog 1 (Drosophila) Tribl -1.50
1428983 at scleraxis Scx 1.53
1429841 at multiple EGFlike-domains 10 Megf10 1.53
1422210_at forkhead box D3 Foxd3 1.57
1441107_at doublesex and ma® related transcription factor like family Az Dmrta2 1.58
1435775 at circadian locomotor output cycles kaput Clock 1.60
1457342_at IKAROS family zinc finger 4 Ikzf4 1.60
1452650_at tripartite motifcontaining 62 Trim62 1.61
1449164 at CD68 antigen Cd68 1.61
1452021 a at hairy and enhancer of split 6 Hes6 1.66
1434458 at follistatin Fst 1.93
1450042_at aristaless related homeobox Arx 2.18
1454693 at histone deacetylase 4 Hdac4 2.36
1418937_at deiodinase, iodothyronine, type Il Dio2 2.87
1422864 at runt related transcription factor 1 Runx1 4.08
1440085 _at ectodysplasin A2 receptor Eda2r 5.73

DEGs in RYR1™ skeletal muscle involved in the MAPK, Wnt, PI3K/mTor, GPCR and other signaling pathways
Downregulated DEGs are highlighted in blue and upregulated DEGsange. Modified fronfFilipova et al., 2016

The MAPK pathway, identified as one of the most significantly affected pathways in all four
enrichment analyses (GO, KEGG, Reactome and Panthet9rigias represented by 21 DEGs, 14

of which were negatively andwere positively regulated (Fig20). The observed DEGs encode
proteins from the MAPK/ERK and the p38/JNK pathways. Interestingly, the majority of the
downregulated DEGs encode proteins that are involved in the late and final steps of the pathway, like
the calcineurirdependent nuclear factor of activated T celldfaic2d), the Jun oncogene-un), the

FBJ osteosarcoma oncogereF0s), and the Jun protoncogeneaelated gene DJund. The
products of these genes are glob&k involved in the regulatioand modulation of multiple
physiological cellular processes like differentiation, proliferation, programmed cell death and
inflammation. The products afFos c-JunandJunDcan exert their regulatory functions alone or
after dimerizationwith one anotheparticipating in the compositioaf the activating protein 1
(AP-1). AP-1 isa pleiotropicTF that is involved, among other things, in muscle cell differentiation
and during pathological alternationgy muscle wastingAndreucci et al., 20Q2Moore-Carrasco et

al., 2006. On the other hand, three upregulated DEGs from the MAPK pathway encodedaed s
receptor proteing the beta 4 subunit of voltagkependent calcium channel€acnbj, the

neurotrophic tyrosine kinase receptor typeN2rk2), and the transforming growth factor beta
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receptor | Tgfbrl). A downregulation was observed for four dsgécificity phosphatase transcripts
(Duspl, Dusp8, Duspl0 and Dusplénd one heat shock proteidsfpal) gene, all of which
inactivate ERK, JNK or p38.

RasGRP
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Fig. 20: DEGs in the MAPK pathway.

A simplified schematic representation tfe MAPK pathway in KEGG pathways. The proteins encoded by
downregulated DEGs are shown as blue boxes, the ones encoded by upregulatédaPBfasige boxes, and those
proteins for which no change in expression was detédbgdyrey boxes. If multipleenes encoding proteins from the

same category grroteinsubunits were detected as differentially expressed, these genes are shown in brackets in the
respective boxes. Solid lines stand for direct and broken iiffes indirect interactions. Arrowhead endhdicate
activation and blunt ends represent inhibition.

Furthermore, among the DEGs related to signaling processes, ssteradgenes encoded key

proteins connecting the MAPK cascade to other signaling pathways. For example, the upregulated
thymomaviral proto-oncogene 24kt2) encodes a central member of the PISK/Akt/mTOR pathway,

a pathway regulating skeletal muscle hypertroflgdine et al., 2001 Othe¢ DEGs from this

pat hway included the Akt 0s twofthd phasphatidylnpsBob al p |
3kinase (Pik3rl) and a Akt O6-dependentgirase,nhilittr #A ge n e
(P21) (Cdknla)All three @Akt2 Pik3rlandCdkrla) were upregulated in RYRkamples. Annother

major signaling pathway in muscle development, the Wnt pathway, was represented by 10 DEGs, 7

of wich were downregulated, including tie@nglessrelated MMTV integration site 2 (Wnt2),

secreted frizzledelated protein 4 (Sfrp4) and the induced transcript 1 of transforming growth factor
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beta 1 (Tgfbl1il). Three DEGs from the Wnt pathways were upregulated, on e of Wigdecreted
frizzled-related protein 1 (Sfrpl), inhibits myoblast fus{@escamps et al., 2008

Other DEGs encode GPCRs or modulators of Gip@&iated signaling, as well as variouss,
revealing a complex and entangled network of expressiorgelanfluencing the majority of the

cellular signaling pathways in the RYR$keletal muscle.

3.1.8 DEGs in processes related to muscle function and structure

The enrichment analyses of the DEGs found in the RY&inples revealed multiple processes and
pathways related to muscle structure, functions and developmentl@gD). Changes in these
processes are of special interest in the frame of this project, since they can directly infer which
physiological parameters of the skeletal muscle organ are rkelst dffected by the absence of
RYR1, the RYRimediated C& release and the resulting excitaticontractionuncoupling.
Therefore, the entire set of DEGs identified in the MAs was subjected to additional enrichment
analyses using the David GO and MGI G&abasefHuang da et al., 200$mith et al., 2019 as

well as to manual data mining in order to assdgsh and how many DEGs were directly connected

to skeletal muscle. The results were sorted in two main giompscle contraction and mechanical
force generation, and muscle structure and morphogenesis (T@blalthough many DEGs
contribute to both d¢agories. Multiple genes involved in muscle contractoldjtionallytake part in

the structure of the sarcomeres. The majority of them were systematically downregulated, especially
genes coding myosin light chain isoformddy{2, Myl3, Myl9) and coding Zdisc and costamere
proteins Ankrdl Krt8, Nrap, Csrp3 Pdlim1, Fhi1, Cripl). Only one DEG involved in the sarcomere
structure was mildly upregulated Tnnt2(FC = 1.59), coding for a troponin T isoform. The
expression of thBbnddlgene, encoding a proteparticipating in the costamere structure, was also
slightly higher in the RYRT samples (FC = 1.75). Some of the detected DEGs encode protein
isoforms that are described as typically expressed not in skeletal, but rather in cardiac muscle.
However, duing embryonic and fetal development many such genes, like for example the genes
encoding the myosin light chaand actin isoforms, are expressed in skeletal, cardiac and smooth
muscle and their specific expression pattern is laid later during the pbdeatlbpmen({Takanoe
Ohmuro, Obinata, Kawashima, Masaki, & Tanaka, 1986odcockmitchell eal., 1988.

The transcription levels of multiple genes related to focal adhesion, ECM structure and organization,

collagen matrix formation and EGMceptor interactions were also changed in the RY&inples.
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Since these processes are also intiga@mhnected to the function and morphogenesis of the skeletal
muscle organ, the detected DEGs were analyzed
13). A total of 22 such DEGs were identified, 14 of which were downregulatedianpr8gulated.

A strong upregulation was observedr ftwo collagen genes Coll9aland Col25ali both
associated with the development of the skeletal muscle organ.

Table 13. DEGs in RYR1' skeletal muscle involved in muscle contraction, structure ahmorphogenesis.
Probe Set ID Gene Title Gene Fold Localization / Function /

Symbol Change Reference

Muscle contraction and mechanical force
1448394 at myosin, light polypeptide 2, Myl2 -10.85 Sarcomere; part of myosin
regulatory, cardiac, slow filaments(Sheikh, Lyon, & Chen,

2019 (Schiaffino, Rossi, Smerdu
Leinwand, & Reggiani, 2015

1419145 at smaothelinlike 1 Smtnll -9.68 Sarcomere; binds calmodulin an
tropomyosin(Ulke-Lemee,
Ishida, Chappellaz, Vogel, &
MacDonald, 2013

1417917 _at calponin 1 Cnnl -3.25 Sarcomere; binds tropomyosin
and inhibits cros®ridge cycle in
a C&"-dependent manner
(Winder, Walsh, Vasulka, &
Johnson, 1993

1449996 a at tropomyo#n 3, gamma Tpm3 -3.24 Sarcomere; actin filament
associated; increases contractilit
and decreases Easensitivity
(Pieples et al., 2002

1420991 at ankyrinrepeat domain 1 (cardiac Ankrdl -2.99 Sarcomere; Alisc,
muscle) Part of tititN2A mechanosensor
complex(Miller et al., 2003
1427768 s at myosin, light polpeptide 3 Myl3 -2.93 Sarcomere; part of myosin
filaments(Schiaffino et al., 2016
1439204 _at sodium channel, voltaggated, Scn3a -2.93 Sarcolemma; Nachannel; binds
type lll, alpha to CaM, and is regulated by CaN

and C&" (Lee-Kwon, Goo,
Zhang, Silldorff, & Pallone,
2007); regulates ECCAronsen,
Swift, & Sejersted, 2013

1452670_at myosin, light polypeptide 9, Myl9 -2.65 Involved in actomyosin
regulatory contractility and
stress fiber assembfizicht et al.,
2010
1420647 _a at Kkeratin 8 Krt8 -2.58 Sacomere; Alisc and Mline

domains, at costameres, at the
sarcolemmal membrar{grsitti et
al., 2004

1421253 at nebulinrelated anchoring protein Nrap -2.41 Sarcomere; Alisc; terminal actin
binding (Luo, Herrera, &
Horowits, 1999

1460318 at cysteine and glycineich protein 3 Csrp3 -2.37 Sarcomere; Alisc(Knoll,
Buyandelger, & Lab, 20)1
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Probe Set ID

Gene Title

Localization / Function /

Reference

1416554 at PDZ and LIM domain 1 (elfin) Pdlim1 -2.31 Sarcomere; Alisc; Interaction
wi t-#ctinld(Knoll et al., 201}
143574 _at sodium channel, voltaggated, Scn3b -2.23 Sarcolemma; Nachannel;
type lll, beta regulates ECCAronsen et al.,
2013
1417872_at four and a half LIM dorains 1 Fhi1 -1.94 Sarcomere; Alisc(Knoll et al.,
2011
1416326 at cysteinerich protein 1 (intestinal) Cripl -1.76 Sarcomere; Alisc; Interaction
wi t-&ctinld (Knoll et al., 201)
1422635 at acetylcholinesterase Ache -1.71 Neuromuscular junctions;
Regulation of ECGQuinn, 1987
1450650_at myosin X Myo10 1.57 Link between integrins and
cytoskeletorn(Marotta et al.,
2009
1424967 x_at troponin T2, cardiac Tnnt2 1.59 Sarcomere; interaction with
tropomyosin of actin filaments
1449307 _at dysbindin (dystrobrevin binding Dbndd1 1.75 Costamere; part of dystrophin
protein 1) domain containing 1 glycoprotein complex (DGC)
(Hijikata et al., 2008
1436912 at calcium channel, voltage Cacnb4 1.83 Sarcolemma; couples electrical
dependent, beta 4 subunit acivity to gene expression
(Tadmouri et al., 2012
1418852 at cholinergic receptor, nicotinic, Chrnal 2.28 Neuromuscular junctionsnuscle
alpha polypeptide 1 (muscle) excitation(Beeson, Jeremiah,
West, Povey, & NewsofDavis,
1990
Muscle structure and morphogenesis
1418511 at dermatopontin Dpt -3.34 Cell-matrix adhesioOkamoto &
Fujiwara, 200%
1449082 at microfibrillar associated protein 5 Mfap5 -3.13 ECM; glycoprotein associated
with microfibrils like elastin
(Llano-Diez, Gustafson, Olsson,
Goransson, & Larsson, 2011
1450798 at tenascin XB Tnxb -2.85 ECM; collagen formation
(Voermans, Gerrits, van Engeler
& de Haan, 204)
1456344 at tenascin C Tnc -2.63 ECM; glycoprotein; interaction
with fibronectin(Mackey et al.,
2011
1416697 at dipeptidylpeptidase 4 Dpp4 -2.25 Cell surface peptidase; cetiell
connectiongLambeir, Durinx,
Scharpe, & De Meester, 2003
1424701 _at protocadherin 20 Pcdh20 -2.35 Transmembrane protein; cedl
connectiongSuzuki, 2@0)
1423760_at CD44 antigen Cd44 -2.29 Cell surface glycoprotein;
migration and myoblast fusion
(Mylona, Jones, Mills, & Pavlath
2009
1449388 at thrombospadin 4 Thbs4 -2.14 ECM glycoprotein; C& binding
(Greco et al., 2010
1426529 a at transgelin 2 Tagln2 -1.93 Cytoskeleton; Actirgelling

protein(Shapland, Hsuan, Totty,
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Probe Set ID Gene Title Localization / Function /
Reference
& Lawson, 1993

1437218 at fibronectin 1 Fnl -1.74 ECM glycoprotein; cell adhesion

regulation of fiber organization
(Snow, Peterson, Khalil, &
Henry, 2003

1434928 at growth arresspecific 2 like 1 Gas2I1 -1.72 Cytoskeleton; Crosslinking of
microfilaments and microtubules
(Goriounov, Leung, & Liem,
2003

1449022_at nestin Nes -1.62 Cytoskeleton; intermediate
filament, colocalized with
desmin in Zdisc of embryonic
skeletal muscléSejersen &
Lendahl, 1993

1451932 a at ADAMTS-like 4 Adamtsl4 -1.58 ECM,; glycoprotein; microfibril
biogenesigGabriel et al., 2012
1425896 a at fibrillin 1 Fbnl -1.57 ECM glycoprotein; microfibril
biogenesigGabriel et al., 2012
1436425 at KN motif and ankyrin repeat Kank4 1.56 Control of actin polymerization
domains 4 (Zhu, Kakinuma, Wang, &
Kiyama, 2008
1434709 at neuronglia-CAM-related cell Nrcam 1.64 Transmembrane cell adhesion
adhesion molecule protein; axon guidance

(Kostrominova, Dow, Dennis,
Miller, & Faulkner, 200%

1418204 s at allograft inflammatory factor 1 Aifl 1.68 Actin-polymerizing protein
(Autieri, Kelemen, & Wendt,
2003

1419050_at transmembrane protein 8C Tmem8c 1.74 Transmembrane cell surface
protein; myoblast fusiofMillay
et al., 2013

1429861 at protocadherin 9 Pcdh9 1.90 Transmembrane protein; €a
dependent ceftell
communicatior(Wang et al.,
2012

1418139 at doublecortin Dcx 2.03 Mar ker for Pax
subpopulation contributing to
myofiber maturation during
muscle regeneratiof©@gawa et
al., 2015

1456953 at collagen, type XIX, alpha 1 Co19al 5.11 ECM; expressed during muscle
developmen{Sumiyoshi et al.,
2007

1438540_at collagen, type XXV, alpha 1 Col25al 6.51 ECM; branching of axon bunei
within the musclé¢Tanaka et al.,
2014

Downregulated DEGs are highlighted in blue and upregulated DEGzangeModified from(Filipova et al., 2016

3.1.9 Elevated mRNA levels of several MRFs

The complex multistep skeletal myogeprogram is regulated by a variety of extrinsic and intrinsic

signals(Bentzinger et al., 20)2EightTFs transmit some of the most potent irgisignals in the
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progression of the skeletal myogenesis and thus constitute canonical myogenic regulatory factors
(MRFs). These MRFs are encoded by the g&ie$ Six4 Pax3 Pax7, Myf5 MyoD, MyoG and

Mrf4, each expressed in a particular cell populdtiom the myogenic lineage. Their spatiotemporal
expression patterns safeguards and reflects the proper developmental transitions during myogenesis
(Bentzingeret al., 2012 Goulding, Chalepakis, Deutsch, Erselius, & Gruss, 1@9ifone et al.,

2005 Jostes, Walther, & Gruss, 19®bwnall, Gustafsson, & Emerson, 208assoon et al., 1989
(Fig.21A). The MAs detected no significantchasgei n t he expressi on for a
+1.5 FDRadjusted R al ue O 0.05), although tehdenciesdrwer e i
some of themSix4 (FC = 1.38, P = 0.0027Rax7 (FC = 1.27, P = 0.0074Myf5 (FC = 1.25,

P =0.04),MyoD(FC =1.53, P =0.0018) attiyoG(FC = 1.46, P = 0.0001). Because of the eminent
importance of these MRFs for muscle development, their mRNA levels in the RMRIRYR1"

samples were more precisely examined viafCRs (Fig21B) .  Si g n i 5)upcegufaton ( p O
in RYR1" vs. RYR1"" samples was observed ®ix1, Six4 Pax7, MyoD, MyoG andMrf4 (Table

14). These increases in the MRFs expression levels, that are physiologically downregulated in
differentiated myofibers, indicate a delay in RYRdkeletal myogenesis.

Table 14. MRFs expression levels.
Microarray analyses gRT-PCR analyses

FC S.E.M. FC S.E.M.
Six1 1.04 + 0.05 0.717 1.27 +0.07 0.014
Six4 1.38 + 0.09 0.003** 1.66 +0.19 0.014*
Pax3 0.93 +0.02 0.165 0.69 +0.19 0.234
Pax7 1.27 +0.02 0.007** 1.57 +0.18 0.018*
Myf5 1.25 +0.04 0.040* 1.40 +0.23 0.139
MyoD 1.53 + 0.08 0.002** 2.39 +0.30 0.005**
MyoG 1.46 +0.05 0.0001*** 1.97 +0.18 0.002**
Mrf4 1.38 +0.18 0.217 1.50 +0.19 0.034

Comparison of MAs and gRIPCR analysiskFC, S.E.M. andP-value (from unpaired-tests) of the examined MRFs
found in the RYRT samples in the MAs and in the gfPICR analyses. FC values are relative to the expression in
control samples. * represent®avalueO 0. 05, ** viad pree Ve Wt L 1la alvda I*Fer O elp.r0elle.
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A Embryonic Satellite Myoblasts Myocytes Myotubes
progenitors stem cells

Myofibers

Specification Activation Early Late differentiation Late differentiation

Committment Proliferation  differentiation Primary fusion Secondary fusion
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Fig. 21: MRFs expression during myogenesis.

(A) Progression of the skeletal myogenic lineage throughout myogenesis and expression levels of SBig VEtks

Pax3 Pax7, Myf5, MyoD, MyoGandMrf4 (modified from(Bentzinger et al., 2032 (B) Expression levels of the MRFs

shown in (A) in RYRY skeletal muscle measured as FC of the respective MRF mRNA levels in"Ri¢Ratrol)

skeletal muscle samples. Four biological replicates (n = 4) were tested in each group. Hollow bars represent the results
from the MAs and crossed bars represent thdteesf the gRTPCRs using th&apdhtranscriptas endogenous control.

For each gene the FCs were normalized to the mean FC of the control group, thus eaCrcByRL group (in MAs

and gRFPCRs) has a mean FC = 1. Unpairéests were performed fofR1” vs. control for eachene, * represents a

Pval ue O 0. 05 ,valle* O &p r0els eamtds -v a ¥ RD.80&.@moe mrs areé SE.My P
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3.2 Part Il: Analysis of the embryonic (E14.5) and fetal (E18.5)
skeletal muscle lacking RYR1 oiCa,1.1

The second part of this thesis analyzes the changes occurring in the developing murine limb skeletal
muscle in the absence of either RYR1Cay1.1 Precisely, he end othe embryonicmarkingthe
beginning of fetal development (E14.5) and the end af éitvelopment shortly before birth (E18.5)

were analyzed and comparddhe limb skeletal muscle morphology, developmental markeis

global gene expression were closely examined and evalé@dteoth time point$ E14.5 and E18.5

i WT ("), heterozygas (") and homozygous§ mutant animals from the RYR1 a@@d,1.1 mouse

model were examined. Thus, the physiological changes in limb skeletelemorphology and gene
expression during fetal developmergre compared to those in the absend®¥R1’ andCa,1.1"

limb skeletal muscleThe main findings of this part of the results were reportéHilipova et al.,

2018.

3.2.1 Gross morphology of WT, RYRI", RYR1", Ca,1.1" and Ca,1.1" fetuses
at E14.5and E18.5

First, the gross morphological appearance of entire mouse fetuses was analyzed at embryonic days
E14.5 and E18.5. For this analysis whole embryos preparations were performed with 3 littermates
from each genotype, RYRI(WT), RYRI" and RYRT", as well a€a,1.1"* (WT), Ca,1.1" and

Cal.1" (Fig. 22). At E14.5,n0 apparent macroscopic differences in the morphology were observed
between the WT, heterozygou)(and homozygous’{ mutants.At E18.5 the heterozygous
RYR1" and Cal1.1"" mutants were undistinguishable from their WT littermatdsch is in
accordance witpreviously repod(Pai, 1965aTakeshima et al., 1994ndthe results described in

the previous Results pahh contrasthomozygous RYRI andCa, 1.1 mutants exhibited severe
morphological changes comprising a characteristic spinal curvature, smaller limbs and enlarged

necks, as well as a smaller body size (EB).
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Fig. 22: Gross fetal morphological appearance at E14.5 and E18.5.
Whole mouse fetuses were photographed at E14.5 and E18.5. Three littermates from each(g@WRE"" (WT),

RYR1" and RYRT"; as well a§B) Ca,1.1"* (WT), Ca1.1" and Cal.1” were analyzed. Representative photographs
are shown. Modified fronfFilipova et al., 2018
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3.2.2 Histological alterations in RYR1", Ca,1.1"" and Ca,1.1" fetuses at E14.5
and E18.5

In order toexaminethe structure and composition of the limb skeletal muscle at E14.5 andif£18.5
more detail histological cross sections from the hind limbs of WT, heterozyg8ys gnd
homozygous’{() RYR1 andCa 1.1 mouse fetuses were analyzed. At Effdscicle formation was
already initiated in WT musclg§ig. 23A, B), the predominant cell type was myotuliesg some
primary muscle fibers were detectable. As expected, the KYRiiscle morphologylosely
resembled that of WT fetus@&g. 23D, E), whereas the hind limb muscles of homozygous RYR1
mutantswere characterized by multiple unorganized myotubes and onlyifievwidual muscle
fiberswith smallfiber caliber(Fig. 23G, H). No indicationof any organization of muscle fascicles in
the RYRT" musclesvas detectableSimilar morphological alterations were found in muscles from
Cal.1" animals at E14.5 (Fi®23M, N). However, while the muscles of heterozygous RYR1
animals were morpholagglly identical to those of the WT fetuses, the muscles of heterozygous
Ca1.1" animals exhibited similar but less severe disorganization of the muscle fasobek &S
animals (Fig 237, K). Thus, the most severe phenotype was observed in hoowz@g1.1"
fetuses, with skeletal muscles consisting almost exclusively of small caliber myotubes and myoblasts
while mature muscle fibers were virtually absent (8V, N). Additionally, only inCa,1.1"
skeletal muscle there was an indication dagoing apoptosis, revealed by a positive nuclear
activated caspasgstainingn a small fraction of myotubes (Fig30, arrows), which was absentin

the other fetuses.
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Fig. 23: Histological cross sections of mouse hind limb skeltmuscle at E14.5.

Cross sections of the lower hind limb of a WT fettisC), a RYRI' fetus(D-F), a RYR1 fetus(G-I), a Cgl.1" fetus
(J-L), and a Cal.1" fetus(M-O) at E14.5, respectively.
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At E14.5, the skeletal muscte the WT fetus(A, B) and RYR1" fetus (D, E) already exhibited muscle fascicles
(surrounded by dotted line) comprised of primary muscle fibers with almost no myoblasts. In contrast, the skeletal muscle
of the RYR1 (G, H), Cal.1" (J, K), and Cal.1" (M, N) fetuseshadeither disorganized (asterisks) or completely
lacking muscle fascicles and contained numerous myoblasts. Immunohistochemistry watttieatitd caspase

revealed prominent apoptosis only in nuclei of the myotubes oflalCdetus(O, arrows). H&E staining(A, B, D, E,

G, H, J, K, M, and N); original magnification x100A, D, G, J, M) andx200(B, E, H, K, N). Immunohistochemistry

(C, F, I, L, O) with rabbit antimouse activated caspa3éclone C92605; BD Biosciences) and slight counterstaining

with hemalum; original magnification x400. Scale bars correspond to 100 um in all microphotdgieggugaphs were

taken byPD Dr. Anna BrunnModified from (Filipova et al., 2018

At E18.5, WT and RYRT muscles exhibited a normal development and consisted almost entirely of
differentiated muscle fibers organized in fascicles.(®44\-F), whereas the RYR1skeletal muscle
lacked a distinct fascicle formation and consisted mostly of myotubes and sroadjadiged fibers

(Fig. 24G, H), as shown before (Fi@4). In contrast to the WT and the unaffected RYgtuses, the
skeletal muscles of the heterozyg@ss1.1"" fetuses displayed a bigger percentage of small fibers
and myotubes and a higher degreelisbrganization as evident from the large spaces devoid of
fibers within the fascicle&Fig. 24 asterisks in J and KAt E18.5 homozygou€a,1.1" skeletal
muscle still exhibited the greatest signs of immaturity, consisting predominantly of myobthsts an
myotubes antladvirtually no differentiated muscle fibers. (F&fIM,N). Moreover, the hind limb of

the E18.5Ca,1.1" fetuses also exhibited a retarded bone maturation, as the bones consisted of a
hyaline cartilage at a time point when mineralizabéibones should be active (FRy; arrows in

M). The activated caspaSestainings revealed no signs of apoptosis in any of the analyzed
genotypes at E18.5 (Fig4C, F, I, L,O).
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Fig. 24: Histological cross sections of mouseittd limb skeletal muscle at E18.5.

Cross sections of the lower hind limb of a WT fetisC), a RYRT' fetus(D-F), a RYRT fetus(G-1), a Cal.1" fetus

(J-L), and a Cgl..1" fetus(M-O), respectively. At E18.5, the fetal skeletal muscles of a WiE(atC) was mature with
regularly developed muscle fascicles consisting of differentiated muscle filsergll as inconspicuous bone having
reached a normal state of mineralization. In a RYRatus(D-F), skeletal muscle and bone were normally dgwedh

thus, being similar to WT mice. In contrast, the skeletal muscle of RY&1H) andCa,1.1" (M, N) fetuses consisted
predominantly of small, unorganized myotubes \aitdck of fascicular organization. In addition, bone of the hind limb

of a Cg1.1" (M-O) fetus was impaired in development as evidenced by persisting hyaline cartilage while mineralization
had not been initiate@rrows in M). The skeletal muscle of a (1al*” fetus exhibited milder signs of an incomplete
development such as piaitfiber disorganization within the fascicléssterisks in J, K). At day E18.5 apoptosis was
completely absent from all mutant strains as evidenced by the absence of nuclear immunoreaction in
immunohistochemistry with anéictivated caspasg H&E staining A, B, D, E, G, H, J, K, M, and N} original
magnification x10qA, D, G, J, M) and x20Q(B, E, H, K, N). Immunohistochemistry with rabbit astiouse activated
caspase (clone C92605; BD Biosciences) and slight counterstaining with hemalum; origimghification x400. Scale

bars correspond to 100 um in all microphotographisrographs were taken @D Dr. Anna BrunnModified from
(Filipova et al., 2018

3.2.3 Global transcriptome analyses ofimb skeletal muscle at E14.5 and E18.5

In order to elucidate the global transcriptomic changes accompanying fetal development and
secondary myogenesis in mouse limb skeletal muscle from H14k& beginning of fetal
development and of secondary myogenéste E18.57 the end of prenatal development and
secondary myogenesis, microarray analyses (MAs) were performed as desdflilgzbia et al.,

2018. In particular, at E14.5 and E18te skeletal muscles from the ftcend hind limbs of 3
littermates of each of the genotypes RYRMWT), RYRI" and RYRYT", as well a€a 1.1 (WT),

Cal.1"" andCa,1.1" were collected separately and used for total RNA extractionsJjigrhe

RNA concentration was measured dmel RNA integrity was analyzed ofaagarose gels (Fig6).
Subsequently, 250 ng of each sample were subjected to microarray analyses. The Affymetrix
MoGene 2.0 ST array chips were used for the MAs, which provided information about the expression
levels d 41,345 genomic loci. One advantage of these chips over the previously used Mouse
Genome 430 2.0 chips (E18.5 RYRis. RYRL™) is, that they span not only the coding regions of

the mouse transcriptome but also provide information about the exprefsstorcoding RNAs like

micro RNAs (miRNAS) or long neeoding RNAs (IncRNAS).
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Fig. 25: Workflow scheme for the gene expression analysis of limb skeletal muscle at E14.5 and E18.5.

Six heterozygous RYR1 and Cav1.¥ male and feales mice were subjected to timed pairings (always RYR1

RYR1" and Cavl.1" x Cav1.1"). Three pregnant females were sacrifices at day 14.5 anditiategay 18.5 post

coitum. From each litter the skeletal muscles from the front and hind lintyedNVT {™*), one heterozygoud') and

one homozygous'{) fetus were collected and used for RNA extractions. Equal amounts of total RNA from each sample
were used for individual hybridizations to Affymetrix MoGene 2.0 ST array chips and MAs wasypextfas described

in Materials and Methods. Additionally, equal amounts of the total RNAs were used in reverse transcription reactions and
the resulting cDNAs were used in gfPCR analyses. Modified frofifilipova et al., 2018
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Fig. 26: RNA quality assessment for MAs
RNA agarose electrophoresis. 250 ng or 500 ng total RNA extracted from the skeletal muscle& df Nefetozygous

(*") or homozygous™) RYR1 and Cav1l.1 fetuses meesubjected to electrophoresis on 2% agarose gels next to 2 pll

Ri boRul er High Range RNA Ladder as size marker (marked
same litter at each time point (E14.5 or E18.5) were marked as 1,2amd@8,istag f or Al i tter 10, Al i
Samples marked with fAn. 0 wer dgFilipogatetas,2ddp ect ed t o MAs. Mo

3.2.3.1 PCA identifies distinct global transcriptomic profiles of RYRland Ca, 1.1 limb
skeletal muscle at E18.5 but not E14.5

Next, the results of the MAs (.CEL files) were subjected to background correction, summarization
and normalization via a robust Mulirray Analysis (RMA) using the Affymetrix Expression
C o n s o(Affgrietrix® / Thermo Fisher The resulting summarization files ((CHP) were used for
the construction of a 3D PCA plapresentinghe variance between the samples on the basis of the
detected expression levels for the entire transcriptomeZBigrhe PCAidentified that the factor
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responsible for the biggest part of the observed variance among the samples (P@d) w43 the
developmental stageE14.5 or E18.5, as all samples separated along PC1 according to this criteria.
At E14.5 no genotypeelatedseparation was observed between the samples. In contrast, the samples
taken at E18.5 segregated into two groups along PC2 (PC26} fndhe first group are the RYR1
andCa,1.1" samples, which are grouped together and separated from the othehgtaapsists of

all of the other (WT and heterozygous) genotypes. This is best seen@a; ik’ samples (green
squares in Fig27) which are located most distantly from the samples of the WT and heterozygous
fetuses. Additionally, the E18.5 RYREBndCa,1.1" samples appeared slightly closer to the E14.5
sample group along PC1. This indicates that at E18.5 the R¥RdCa,1.1" limb skeletal muscles
possess similar global transcriptomic profiles, which differ significantly from those of WT an
heterozygous (RYRT andCa,1.1") limb skeletal muscle.

B RYR1*
BWT (RYR1*)
g - RYR1"
" s . WCa 1.1+
o "am o WT (Ca 1.1+)
a = .‘ v
2 1 . e® ¢ WCal11+
o (&) « v
o ¢ o
ki BME185
5 i" @c145
PC3
4% variance PCA1

47.2% variance

Fig. 27: A 3D PCA plot from the MAs results.
PCA was performed for all samples with all their genes detected by the MAs via the Expression Analysis Console 3.0

(Affymetrix® / Thermo Fisher). The shape of each sample corresponds to its ermblgyi14.5 circles, and E18.1

squares. The color of each sample corresponds to its genotype. Modifie@fiipova et al., 2018

3.2.3.2 DEGs criteria and numbers

The MAs summarization files (.CHP) were further subjected tevame ANOVA analyses via the
Transcriptome Analysis Console 3.0 (Affyme@ix Thermo Fish@rfor detection of differentially
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regulated geng®EGS. One major ainof this analysis was to identigndcompare DEGs arising

from E14.5to E18.5 (E18.5 vs. E14.5 comparisons) within each genotype. In thisagpeaetwas

considered to be differeially expressed ifithadRv al ue O 0. 05 -Zanar a0 |2 n(eRi
28A). Another main purpose of this work was to analyze the differences in gene expression between

the different genotypes at each develeptal point (E14.5 and E18.5) drder to be able to analyze

less propunced changes in gene expression, a gene was considered as a DEG iPivhadau e O
0.05anda i nea+l. BCo® 08B)10nk geheB inaeting these criteria (Tabie were

subjected to further analyses.
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Fig. 28: Crit eria for DEGs.
(A) When comparing different developmental stages (E18.5 vs. E14.5),iféaiteria for being considered as a DEG

were a FQaaRRaloue GO 0.05 (the example shown isBfrom th
When canparing groups from the same developmental stage, ttetut cr i t er i a Wb andaRaludE C O +1 .
O 0.05 (the exampl e shoWB&18i5wes. WTEDSH). Madiied frogritippeaetials2088 Cav 1. 1
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Table 15. Number of DEGs found in various comparisons.

Test group Comparison Total DEGs Downregulated Upregulated
(Test vs. Control group) DEGs DEGs
WT E18.5 vs. WT E14.5 1314 541 773
RYR1" E18.5 vs. RR1" E14.5 1426 611 815
E14.5 vs. WT E14.5 36 27 9
E18.5 vs. WT E18.5 21 13 8
RYR1" E18.5vs. RYRT E14.5 812 311 501
E14.5 vs. WT E14.5 61 32 29
E18.5 vs. WT E18.5 493 304 189
Ca,1.1" E18.5vsCal.1" E14.5 1079 433 646
E14.5 vs. WTE14.5 8 5 3
E18.5 vs. WT E18.5 33 10 23
Ca/1.1" E18.5vsCal.1" E14.5 900 282 618
E14.5vs. WT E14.5 97 66 31
E18.5 vs. WT E18.5 1047 571 476

As shown by Tablé5, the highest numbers of DEGs were detected in the comparisongwbthe
devdopmental stage€£18.5 vs. E14.5or WT (1314 DEGs), RYRT (1426 DEGs) an€a,1.1"
(1079 DEGs) samples. The homozygous RYRAdCa,1.1" mutants exhibited a smaller number of
DEGs (812 and 900 DEGs, respectively) in this comparison, going iwilinehe suggestion that
the secondary myogenesis in these muscles is incoraplgétherefore less genes are expected to be
significantly changedVhen comparing the RYR1andCa,1.1"" mutants to their WT littermates at
E14.5 and E18,%oth heterozygus mutants revealed only a handful of DEGs, the majority of which
had a FC between 1.5 and 2b15 and-2. Therefore, the gene expression changes in the RYR1

andCa,1.1"" mutants were not further analyzed.

When comparing the homozygous RYRar Ca, 1.1 vs. WT samplesit E14.561 DEGs were
identified in the RYRT samples and 97in theCa,1.1 samplesAt E18.5 hese numbers grew by 8

to 10-fold comparinchomozygous EA.5RYR1" (493 DEG$or Ca,1.1" (1047 to thewT samples

Thus, this dranatic increase in DEGs indicated that the majority of the transcriptomic changes in
limb skeletal muscle due to the absence of RYRCa&#f.1 occur between E14.5 and E18r15.
agreement with the slightly more severe phenotyj@sagf.1” skeletal muscleRigs. 23and24) two

times moreDEGs were detected in t@®,1.1" as in the RYRT vs. WT sampleat bothE14.5 and
E18.5
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3.2.3.3 gRP-PCRs validation of the MAs

Next, the gene sets found as differentially regulated in the MAs were validated vREQRS. This
required suitable reference genes, having stable expressionriglielsvoexamined developmental
stages, E14.5 and E18dnd beinghot affected by the RYR1 ar@h,1.1 deficiency Many of the

genes traditionally used as references in iR analyse$ke Gapdhor Actb change their
expression profiles during development or have been found to be regulated in muscle dystrophies or
upon exercis@Hildyard & Wels, 2014 Mahoney et al., 20Q®Rivers, Simpson, Robertson, Gaskell,

& Beynon, 2007Ruiz-Villalba et al., 2017Seilertuyns, Eldridge, & Paterson, 1988ince nouse
development between E14.5 and E18.5 is connected to active growth and protein synthesis
enhancement, it is to beected that the majority of the genes alter their expression profiles. In
order to find the best reference genes that could be utilized as endogenous controls HGRgRT

the expression levels of all detected genes (not only Dia@s analyzed ma@e genotypes (RYR1
andCa,1.1:**, " and™) were compared between the two developmestégies E18.5andE14.5.
Additionally, the expression levels of all heterozygous and homozygous mutants for each time point
were compared to those of the WTshat tespective time point (i.e. E14.5 or E18.§s."" and™”

vs."™). The comparisons identified two genes, putatively suitablediog used agferencé Cyth,
encoding cytochrome b, andba52 encoding ubiquitin A2 residue ribosomal proteindion
product 1. qRTPCRs were performed, measuring the expressiQytf Uba52 Gapdh Actband

RplpQ the latter encoding the large ribosomal protein®fbwas used an endogenous control (Fig.

29). Indeed the analysis revealed an upregulatiorGafpdh and a downregulation dctbin WT
samples when comparing E18.5 vs. EIMdreover,Actbwas downregulated in RYR1vs. WT
samples at E14.5d Gapdh although not significantly, exhibited a tendency of a downregulation in
Cal.1" vs. WT samples aE18.5. However,Uba52 and Cytb genes exhibited stable relative
expression levelsand could therefore bsuitable forbeing used aseference (Fig29A). For

consistancyCytbwas used as an endogenous control in all subsequeAPGIRE.
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Fig. 29: qRT-PCR analyses of putative endogenous controls.

The relative expression levels®apdh Actb, RplpQ Uba52andCytB(used as endogenous control) were measured via
gqRT-PCRs for WT E18.5 vs. E14.5 samples (A), as well as for RMB1IWT (B and C) and for Ga.1" vs. WT (D and

E) at E14.5 and E18.5. Expression levels of control samples (blue bars) were set to 1. Stédistscakere performed

for each gene, ***representsaPal ue O 0. 00 1. Error [Féipowetalr, 2018S. E. M. Mo d i

For validation of the MAsesults whichcompaed changesn the expression occurring between
E14.5 and E18.5 the WT, RYRI and Ca,1.1"" samples, seven to eight DEGs were randomly
chosen and subjected to f*CR analysis (Fig30A-C). The DEGs spanned both directions of
regulation (upand downregulation), as well as the entire analyzed FC spectrum, containing genes
exhibiting low, medium or high expression changes. Since much fewer DEGs were identified in the
E14.5 RYRY vs. WT and E14.8a,1.1" vs. WT analysetSee Tabld5), four DEGs were used for

the validation of these comparisons (RB@D, E). Six DEGs were analyzedavgRT-PCRs in the

E18.5 RYRI vs. WT and E18.8a,1.1" vs. WT analyses (Fi®O0F, G). The results showed that all
analyzed DEGs were regulated in the same direction and with a similar FC as observed in the MAs.
The mostlearlyup- ordownregulated DEs tested revealed a much stronger differential regulation

in the gRFPCR experimentshanin the MAs. This was most likely due to the much higher
sensitivity of the gRTIPCR technique and its wider dynamic raifg®rey, Ryan, & Van Dolah,

2009. HencetheMA comparisongould be confirmed via qRPCR, suggesting validity of the MA

analysis also for the genes not additionally tested by-BRR.
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Fig. 30: Validation of the MAs results via qRT-PCRs.

DEGs found in the E18.5 vs. E14.5 analyses were validated in (A), WT vs. WT samples, 8 genes, n = 6 biological
replicates per group (WTs from both the RYR1 anglQalines); (B) RYRI vs. RYRI", 7 genes, n =3 biological
replicates permup; (C), Cal.1" vs. Cg1.1", 7 genes, n =3 biological replicates per group. At E14.5 four DEGs were
analyzed for the RYR1vs. WT (D) and for the Ga.1" vs. WT (E) analyses, n=3 biological replicates per group. At
E18.5 six DEGs were analyzeat the RYR1 vs. WT (F) and seven DEGs for the,C4” vs. WT (G) analyses, n=3
biological replicates per groumn all MAs and gqRFPCR analyses the FCs of the control samples were set to 1. The
relative expression levels obtained by gRTR analysis are normalized t&yth which was used as endogenous
control. Error bars are S.E.M. Modified fro(filipova et al., 2018

3.2.3.4  Distinct transcriptomic changes in the RYR1and Ca 1.1 skeletal muscle at E14.5

At E14.5 61 DEGs were detected in the samples from R¥éR&letal muscle and 97 DEG$ the
samples fronCa,1.1" skeletal muscléin comparisorto samples fromWT skeletal muscléTable
15). This indicated that initial changémd already occurrexh the global transcriptomes at the

crucial transition phase ehd of embryonic developmenmispectivelyprimary myogenesi®wards
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