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I Zusammenfassung 

Skelettmuskelregenerierung und Muskelwachstum sind zwei essentielle Aspekte der 

Muskelplastizität. Die Muskelregenerierung basiert auf dem komplexen und hoch 

konzertierten Prozess der Myogenese, der die Aktivierung der Muskelstammzellen, 

sogenannter Satellitenzellen, beinhaltet. Diese rufen proliferierende Vorläuferzellen 

hervor, die Myoblasten. Die Myoblasten verlassen den Zellzyklus und differenzieren 

zu gewidmeten Präkursoren, den Myozyten. Am Ende führt die Verschmelzung von 

mehreren Myozyten zur Bildung von Myofasern.  

Im ersten Teil meiner Doktorarbeit habe ich die Rolle des transkriptionellen Co-

regulators nTRIP6 bei der Regulierung der Myogenese untersucht. Frühere in vitro 

Arbeiten legen nahe, dass nTRIP6 eine Rolle bei der Myogenese, genauer am 

Übergang zwischen Proliferation und Differenzierung, spielen könnte. In einem in vitro 

Model der Myogenese mit der C2C12-Maus-Myoblasten-Zelllinie konnte ich zeigen, 

dass selektives Blockieren der nTRIP6-Funktion eine beschleunigte Expression der 

frühen Differenzierungsmarker hervorrief, ohne dabei die Dynamik der Zellzyklus-

Terminierung zu verändern. Diese vorzeitige frühe Differenzierung führte zu einer 

Verzögerung der Expression von späten Differenzierungsmarkern und der 

Verschmelzung der Myozyten. Somit verhindert nTRIP6 die vorzeitige Differenzierung 

der Myoblasten und ermöglicht in den späteren Stadien die korrekte Differenzierung 

und Verschmelzung der Myozyten. Dementsprechend führt ein Gen-Knockout des 

TRIP6-Gens in den Satellitenzellen von Mäusen zu deregulierten 

Skelettmuskelregenerationsdynamiken. Als Indikator für die Verschmelzung wurde 

eine erhöhte Anzahl an Myozyten sowie eine Verzögerung bei der Erhöhung des 

Myofaser-Durchmessers verwendet. Folglich trägt nTRIP6 Expression zur zeitlichen 

Kontrolle der Myogenese und der Skelettmuskelregeneration bei. 

Im zweiten Teil dieser Arbeit habe ich die Regulierung der Myofaser-Größe 

untersucht. Der Hauptinduktor der Muskelhypertrophie, die hauptsächlich auf der 

Vergrößerung der Myofaser basiert, ist der mTORC1-(mechanistic target of rapamycin 

complex 1) Signalweg. Der Upstream-Aktivator von mTORC1 ist das kleine G-Protein 

RHEB, das der Lysosomen-Membran zugeordnet und dabei farnesylierungsabhängig 

ist. RHEB wurde bereits im Zellkern gefunden, jedoch ist die nukleare Funktion von 
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RHEB, insbesondere im Zusammenhang mit dem Muskelwachstum, noch nicht 

erforscht. Mit Zebrafischen als in vivo Model konnte ich zeigen, dass RHEB in 

Myofasern adulter Fische vor allem zytosolisch ist. Im Gegensatz dazu befindet sich 

RHEB in Myofasern von Embryos ausschließlich im Nukleus. Nukleares RHEB könnte 

somit eine Besonderheit von schnell wachsenden Muskeln sein. Des Weiteren konnte 

in vitro gezeigt werden, dass in Zellen, in denen RHEB sowohl zytosolisch als auch 

nuklear vorkommt, die Verwendung eines Farnesylierungstransferase-Inhibitors die 

nukleare Lokalisation von RHEB erhöht. Dies deutet darauf hin, dass ein wesentlicher 

Faktor der nuklearen Anreicherung von RHEB ein Mangel an Farnesylierung ist. 

Darüber hinaus förderte eine konstitutive aktive Mutante von RHEB, welche nur im 

Zellkern vorhanden war, eine Vergrößerung der Myofaser in Zebrafisch-Embryonen, 

während eine dominant negative Mutante Atrophie verursachte. Erstaunlicherweise 

hemmte weder die Verwendung einer RHEB-Mutante mit reduzierter mTORC1-

Interaktion, noch die Verwendung eines mTORC1-Inhibitors, die Fähigkeit der 

konstitutiven aktiven RHEB Mutante, zur Vergrößerung der Myofaser. Somit fördert 

nukleares RHEB das Myofaser-Wachstum mTORC1-unabhängig. Schließlich konnte 

ich durch in vitro Experimenten zeigen, dass nukleares RHEB die Transkription von 

ribosomaler RNA - einer essenziellen Voraussetzung des Myofaser Wachstums - bei 

Zebrafischen fördert. Dieser Teil meiner Arbeit identifizierte eine nukleare Funktion 

von RHEB bei der Kontrolle des Muskelwachstums über einen mTORC1-

unabhängigen Mechanismus. Zusammengenommen zeigen die Ergebnisse dieser 

Arbeit die Vielfalt und Komplexität der Mechanismen, die an der Regulierung der 

Skelettmuskelplastizität beteiligt sind. 
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II Abstract 

Skeletal muscle regeneration and muscle growth are two essential aspects of skeletal 

muscle plasticity. Muscle regeneration relies on the highly orchestrated process of 

myogenesis, which involves the activation of muscle stem cells, the so-called satellite 

cells. These cells then give rise to proliferating progenitors, the myoblasts, which 

subsequently exit the cell cycle and differentiate into committed precursors, the 

myocytes. Ultimately, the fusion of myocytes leads to myofibre formation. In the first 

part of my thesis, I investigated the role of the transcriptional co-regulator nTRIP6, the 

nuclear isoform of the LIM-domain protein TRIP6, in the regulation of myogenesis. 

Previous work in vitro suggested that nTRIP6 may play a role in myogenesis at the 

transition between proliferation and differentiation. In an in vitro model of myogenesis 

using the C2C12 mouse myoblast cell line, I showed that selectively blocking nTRIP6 

function results in accelerated expression of early differentiation marker genes without 

modifying the dynamics of cell cycle exit. This premature early differentiation was 

associated with delays in the expression of late differentiation marker genes and in 

myocyte fusion. Thus, nTRIP6 prevents premature myoblast differentiation, allowing 

proper myocyte differentiation and fusion at later stages. Accordingly, knocking out 

the Trip6 gene in satellite cells in the mouse leads to deregulated skeletal muscle 

regeneration dynamics, with increased numbers of myocytes and a delay in the 

increase in myofibre diameter, used as an index of fusion. Thus, nTRIP6 expression 

contributes to the temporal control of myogenesis and of skeletal muscle regeneration. 

In the second part of this work, I investigated the regulation of myofibre size. The main 

inducer of muscle hypertrophy, which primarily relies on increases in myofibre size, is 

the mTORC1 (mechanistic target of rapamycin complex 1) pathway. The immediate 

upstream activator of mTORC1 is the small G-protein RHEB, which is associated to 

lysosomal membranes in a farnesylation-dependent manner. RHEB has also been 

found in the nucleus, however its nuclear functions have not been investigated, in 

particular in the context of muscle growth. Using the zebrafish as an in vivo model, I 

showed that RHEB is mostly cytosolic in myofibres from adult fish. In contrast, RHEB 

was nearly exclusively nuclear in myofibres from embryos. Thus, nuclear RHEB might 

be a feature of fast-growing muscles. Furthermore, in vitro in cells where RHEB is both 

cytosolic and nuclear, a farnesyl transferase inhibitor increased the nuclear 
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localisation of RHEB, suggesting that the lack of farnesylation is a major determinant 

of RHEB nuclear accumulation. In addition, a nuclear-targeted, constitutively active 

mutant of RHEB promoted an increase in myofibre size in zebrafish embryo, while a 

nuclear-targeted dominant negative mutant induced atrophy. Surprisingly, a mutation 

that reduces RHEB interaction with mTORC1, as well as treatment with an mTORC1 

inhibitor did not hamper the ability of the constitutive active RHEB mutant to increase 

myofibre size. Thus, nuclear RHEB promotes myofibre growth in an mTORC1-

independent manner. Finally, in vitro experiments showed that nuclear RHEB 

stimulated zebrafish ribosomal RNA transcription, which is an essential requirement 

for myofibre growth. Thus, this part of my work uncovered a nuclear function for RHEB 

in the control of muscle growth via an mTORC1-independent mechanism. Together, 

the data presented in this thesis illustrate the diversity and complexity of the molecular 

mechanisms involved in the regulation of skeletal muscle plasticity. 
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1. Introduction 

1.1 Skeletal muscle plasticity 
 
Skeletal muscle is a plastic and dynamic tissue which plays essential roles in the body 

including movement, generating force and power, control of breathing and 

metabolism. Skeletal muscle represents a different proportion of total body mass in 

different classes of vertebrates. In humans, for example, skeletal muscle represents 

approximately 40% of total body mass (Karagounis and Hawley, 2010), while in the 

zebrafish, the muscle mass is never fixed and increase continuously throughout life 

until reaching up to more than half of the body mass (Mommsen, 2001).  

The long syncytial muscle cells, the so-called myofibres, are arranged in bundles and 

surrounded by a layer of connective tissue. Each single myofibre is made of thousands 

of myofibrils which are assembled together in a very orderly pattern and form a 

repeated contractile unit, the sarcomere. Each sarcomere is composed of two main 

contractile proteins, myosin and actin, and  regulatory proteins such as the calcium-

dependent troponin complex, tropomyosin and actinin, and other associated protein 

like titin and nebulin, which contribute to the mechanical and physiological properties 

of muscle (Frontera and Ochala, 2015). 

On the basis of these plastic cells, skeletal muscle has the great capability to change 

its structure and function in response to different stimuli such as the availability of 

nutrients and growth factors, mechanical overload (physical activity) and 

pathophysiological conditions (Chromiak and Antonio, 2008). Due to this plasticity, 

skeletal muscle is able to maintain its mass, repair and regenerate itself, for example 

after injury or prolonged periods of immobilization and lack of nutrition. During aging 

and in certain pathological situations, the regeneration capacity of muscle declines 

(Carosio et al., 2011), muscle mass is lost, and these strongly affect the whole-body 

function, and consequently the quality of life. Hence, the homeostatic maintenance of 

muscle mass is crucial for human health (Wolfe, 2006).  
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In this work, I have investigated two aspects of skeletal muscle plasticity, muscle 

regeneration and the control of muscle size. 

1.2  Skeletal muscle regeneration 

 
Skeletal muscle regeneration is a highly orchestrated process which relies on the 

process of adult myogenesis and is based on resident muscle stem cells, the so-called 

satellite cells. These cells are normally in a quiescent state and located between the 

sarcolemma and the basal lamina of muscle fibres (Yin et al., 2013). The muscle repair 

process after an injury involves two major phases: degeneration and regeneration. 

During the degeneration phase, inflammatory cells, initially neutrophils then 

macrophages, infiltrate the injured muscle through blood vessels and remove the 

necrotic tissue and disrupted myofibrils (Ciciliot and Schiaffino, 2010; Karalaki et al., 

2009). The other important role of macrophages is the activation of satellite cells to 

promote the regeneration phase (Tidball and Wehling-Henricks, 2007). In the 

regeneration phase, satellite cells are activated, enter the cell cycle and proliferate to 

give rise to a population of proliferating progenitor cells, the myoblasts, which then 

differentiate into myocytes after exiting from the cell cycle. Myocytes then finally 

undergo terminal differentiation. At the first step of terminal differentiation, myocytes 

fuse to already existing myofibres or together to form new multinucleated immature 

muscle fibres, called myotubes (Chal and Pourquié, 2017) characterised by presence 

of centrally located nuclei (Ciciliot and Schiaffino, 2010). The newly formed myotubes 

then finally mature into functional contractile myofibres with nuclei positioned at their 

periphery (Cadot et al., 2015).  
 

1.2.1  Transcriptional control of adult myogenesis 

Myogenesis as a multistep process is tightly regulated by a network of transcription 

factors. The target genes of these transcription factors must be expressed only at the 

certain time point during the myogenesis process. Therefore, the expression of each 

transcription factor is highly temporally controlled. The paired domain transcription 

factor PAX7, basic helix-loop-helix myogenic regulatory transcription factors (MRFs) 

and members of the MADS-box transcription factor family, in particular the myocyte 
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enhancer factor-2 (MEF2) contribute to the activation of satellite cells, proliferation and 

differentiation during adult myogenesis (Karalaki et al., 2009) (Fig. 1).  

PAX7 is expressed in all quiescent satellite cells and is required for their postanal 

maintenance. PAX7 is also essential for satellite cells function to promote proliferation 

and inhibit differentiation during muscle regeneration. It has been reported that mouse 

lacking PAX7 showed a sever reduction in satellite cells pool and a limited muscle 

regeneration due to premature differentiation into committed myocytes without their 

normal proliferation (von Maltzahn et al., 2013). PAX7 acts upstream of myogenic 

regulatory factors which comprised of Myf5, MyoD, Myf4 (Myogenin), and MRF4, 

which promote the progression between the different stages of adult myogenesis 

(Karalaki et al., 2009). 

 

Figure1- Transcription factors involved in the control of adult myogenesis. Upon injury, quiescent 

satellite cells are activated and proliferate to give rise to a population of proliferating progenitor cells, 

the myoblasts. After a certain number of cell cycle, myoblasts stop proliferating and differentiate into 
committed myocytes which then fuse with each other to form new multinucleated myotubes. Each stage 

of this process is regulated by a network of myogenic transcription factors. The expression of these 

transcription factors is restricted to certain stages of myogenesis. Modified from Bentzinger et al., 

(2012). 
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Upon muscle damage, PAX7 positive quiescent satellite cells enter the cell cycle and 

begin to express Myf5 and MyoD at the same time. Therefore, myoblasts are 

characterized by high expression of Myf5 and MyoD. However, they play distinct roles 

during myogenesis. Myf5 is expressed during the proliferation phase but is unable to 

initiate myogenic differentiation. The loss of Myf5 results in a slow muscle regeneration 

with more mononucleated cells and also high levels of degenerated fibres, since the 

formation of new myofibres is impaired (Yamamoto et al., 2018). 

MyoD plays a key role in the regulation of adult myogenesis. Activated satellite cells 

follow one of two fates depending of MyoD activity: the myoblasts which downregulate 

PAX7 but keep MyoD expression commit to differentiate into myocyte. The ones which 

maintain PAX7 expression but lose MyoD expression, proliferate slowly, return to 

quiescent and repopulate the satellite cells pool (Karalaki et al., 2009; Shi and Garry, 

2006).  

Proliferation and differentiation are coregulated in an opposite manner in such a way 

that proliferating myoblasts do not differentiate, and that differentiating cells have 

stopped proliferating. MyoD plays crucial role in this dual regulation. Thereby, in 

proliferating myoblasts, MyoD induces the expression of Id3 and NP1 which inhibits 

the function of pre-differentiation regulatory factors, to prevent untimely differentiation 

(Wyzykowski et al., 2002). Then, at the proper time point MyoD activates the 

expression of differentiation promoting transcription factors such as Myf4 (Myogenin) 

and MRF4 to activate differentiation (Ishibashi et al., 2005). Therefore, the loss of 

MyoD leads to a high increase in the satellite cells pool, a cell proliferation defect and 

a delay in terminal differentiation (Yamamoto et al., 2018). 

Myogenin is essential for initiating terminal differentiation. When MyoD directs the 

expression of Myogenin, myoblasts exit the cell cycle and differentiate into myocytes 

(Zammit, 2017). Myogenin is also expressed in myotubes and in vivo targeted 

mutation in this gene causes an extreme reduction in myotube fusion, subsequently 

severe skeletal muscle deficiency (Karalaki et al., 2009; Musarò, 2014). Furthermore, 

Myogenin promotes the expression of important genes which are associated with late 

differentiation and skeletal muscle maturation such as myosin heavy chains (MHC) 

(Sartore et al., 1982)  and troponin 1 type 2 (Tnni2) (Yoshimoto et al., 2020). Moreover, 
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Myogenin is required for MRF4 expression, the last member of the MRF family 

(Musarò, 2014; Zhou and Bornemann, 2001).	

MRF4 is expressed in the late stage of terminal differentiation, when myotubes are 

fused and undergo maturation. Less is known about the function of MRF4 during 

muscle differentiation. However, it has been reported that MRF4 over-expression 

promotes early differentiation and myotube formation (Cornelison and Wold, 1997; 

Pavlath et al., 2003), while MRF4 knockdown in adult skeletal muscle leads to 

remarkable increase in muscle fibre size (Hernández-Hernández et al., 2017). 

The MEF2 family belongs to MADS domain (MCM1, Agamous, Deficiens and SRF) 

transcription factors and includes four members, MEF2A, B, C and D. MEF2 factors 

alone are unable to activate satellite cells or to promote myogenesis, but they 

cooperate with other members of myogenic transcription factors such as MyoD to 

regulate muscle regeneration at late stages (Liu et al., 2014; Taylor and Hughes, 

2017). Among MEF2 proteins, MEF2C plays an essential role during terminal 

differentiation and myotube maturation. MEF2C regulates the expression of late 

differentiation factors such as MRF4 to promote terminal differentiation and fusion 

(Moretti et al., 2016). MEF2C also promotes the expression of sarcomeric proteins, 

including the M-line-specific proteins Myomesin and M protein (Hinits and Hughes, 

2007). Although involved in late differentiation, fusion and myotube maturation, 

MEF2C starts to be expressed in proliferating myoblasts (Liu et al., 2014; Mokalled et 

al., 2012). Therefore, a tight temporal control of MEF2C is necessary to suppress its 

transcriptional activity in proliferating myoblasts and to induce it differentiating cells.  

Several mechanisms, involving transcriptional co-repressors and co-activators 

contribute to keep MEF2C inactive during proliferation and active in the differentiation 

phase. For example, GRIP-1 and CARM1 (coactivator-associated arginine 

methyltransferase-1) directly interact with MEF2C during the differentiation phase and 

cooperatively activate MEF2C activity (Chen et al., 2002). In parallel, Class IIa histone 

deacetylases (HDACs) such as HDAC4 and HDAC5 are examples of transcriptional 

co-repressors which bind MEF2C during the proliferation phase to suppress untimely 

differentiation during myogenesis (Thébault et al., 2001). However, these mechanisms 

seem not to be sufficient to timely control the activity of MEF2C during adult 

myogenesis, in particular at the transition between myoblast proliferation and 
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differentiation. Interestingly, our group has reported that nTRIP6, the nuclear isoform 

of the LIM domain protein TRIP6, acts as a co-repressor for MEF2C in the nucleus of 

myoblasts (Kemler et al., 2016). 
 

1.2.2 The LIM domain-containing protein TRIP6 and its nuclear 
isoform nTRIP6 

The LIM domain, first identified in the Lin-11, Isl-1 and Mec-3 homeodomain 

transcription factors, is 50-60 amino acids in size with highly conserved cysteine-rich 

structures consisting of a double zinc finger motif which are linked with two amino 

acids (Karlsson et al., 1990). The structures containing zinc fingers are typically 

organized to bind DNA but LIM domain mediate protein-protein interactions. LIM 

domain proteins usually harbour several LIM domains and act as adaptor molecule 

which recruit and interact with various proteins to regulate several fundamental cellular 

processes (Aoyagi and Archer, 2008; Dawid et al., 1998; Karlsson et al., 1990).  

LIM domain proteins are classified based on the arrangement and position of LIM 

domains (Zheng and Zhao, 2007). One particularly interesting class of LIM domain 

proteins belong to the ZYXIN and PAXILLIN families. These proteins are enriched in 

the cytosol at focal adhesion (FA) plaques and cell-cell contacts, where they regulate 

cytoskeletal dynamics, signal transduction, cell adhesion and migration (Smith et al., 

2014). However, most of these so-called focal adhesion LIM domain proteins have 

been shown to also regulate transcription in the nucleus, by shuttling between the 

cytoplasmic and nuclear compartments (Hervy et al., 2006; Wang and Gilmore, 2003). 

TRIP6 (thyroid hormone receptor interacting protein 6) is a member of the ZYXIN 

family which harbours three LIM domains in its C-terminal region. It is located in the 

cytoplasm because of a functional proline-rich nuclear export signal (NES) within the 

N-terminal pre-LIM region (Fig. 2). Like the other Zyxin family members, TRIP6 is 

detected mostly at focal adhesion plaques and cell-cell contacts, where it acts as an 

adaptor protein for a broad range of proteins involved in cell adhesion, migration and 

actin cytoskeletal rearrangement (Lin and Lin, 2011; Wang et al., 1999). It also 

regulates transcription in the nucleus. Thus, like the other members of the ZYXIN 

family, TRIP6 has been hypothesized to shuttle between the cytoplasm and the 

nucleus (Hervy et al., 2006; Wang and Gilmore, 2003). However, our group has 



Introduction 
 

 17 

demonstrated that TRIP6 is not shuttling, but that its transcriptional regulatory 

functions are mediated by a shorter isoform which is exclusively expressed in nucleus; 

therefore, our group named this nuclear isoform nTRIP6 (Kassel et al., 2004).  

 

 

 

Unpublished results of the group have shown that TRIP6 and nTRIP6 are generated 

from the same mRNA by an alternative translation mechanism. The mRNA contains 

two in frame AUG initiation codons. The first AUG codon is responsible to initiate the 

translation of TRIP6. However, AUG1 is not in a perfect Kozak sequence which leads 

to leaky ribosomal scanning. Thereby, during the scanning phase of translation 

initiation, some small ribosomal subunits skip this AUG and continue to scan until they 

reach the second AUG (AUG2) in an appropriate Kozak context to start translation. 

AUG (AUG2) is located in the middle of the NES encoding sequence. Therefore, 

initiation at this AUG leads to the translation of a shorter protein with a truncated, non-

functional NES, which is therefore localised in the nucleus (Fig. 3).  

Figure 2- Schematic representation of the LIM domain protein TRIP6. TRIP6 contains three C-
terminal LIM domains, each consisting of two zinc-fingers. A nuclear export signal (NES) is located 
within the N-terminal half.  

  

   



Introduction 
 

 18 

 

 

 

 

nTRIP6 still harbours the three C- terminal LIM domains as well as two protein-protein 

interaction motifs in its N-terminal pre-LIM region (Kassel et al., 2004). A short peptide 

has been developed that blocks the interaction of other proteins with these domains 

(Diefenbacher et al., 2008, 2010; Kassel et al., 2004). In the nucleus, nTRIP6 interacts 

with various transcription factors such as AP-1, NF-κB and the glucocorticoid receptor 

(GR) and increases their transcriptional activity via the recruitment of other 

transcriptional co-activators such as THRAP3 to the transcription factor-bound 

promoters of target genes (Diefenbacher et al., 2014). Surprisingly, our group has 

recently reported that nTRIP6 acts as a co-repressor for MEF2C in myoblasts. nTRIP6 

exerts this co-repressor function by interacting with MEF2C via its N-terminal pre-LIM 

region. At the MEF2C-bound regulatory region of target genes, nTRIP6 mediates the 

recruitment of HDAC5 to repress transcription (Kemler et al., 2016). This co-repressor 

function for MEF2C raises the hypothesis of a role for nTRIP6 in the regulation of 

myogenesis.  

1.3 Control of muscle size 

Skeletal muscle mass is determined mostly by the size of myofibres (Rennie et al., 

2004). Thus, alteration in muscle size occurs largely from the growth or shrinkage of 

Figure 3- Schematic representation of the alternative translation of Trip6 mRNA. Translation 
initiation at the first AUG produces the TRIP6 protein, which harbours a nuclear export signal (NES) 
and is therefore expressed in the cytosol. Translation initiation at the second AUG located within the 
NES-encoding sequence, produces nTRIP6, which is shorter in size and harbours a truncated, non- 
functional NES and is therefore in the nucleus. 
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pre-existing myofibres rather than an increase or decrease in cell number, hyperplasia 

or hypoplasia respectively (Goodman et al., 2011). Single myofibres consist of 

approximately 80% of structural and functional proteins. The loss or dysfunction of one 

of these proteins results in the reduction in myofibre size and muscle atrophy (Bonaldo 

and Sandri, 2013), while the increase in protein synthesis leads to muscle hypertrophy 

(Marcotte et al., 2015). Hence myofibre size depends on the balance between the 

rates of protein synthesis and degradation (Goldberg, 1969; Rennie et al., 2004). More 

specifically, myofibre size in both muscle hypertrophy and atrophy is controlled by 

several factors and signalling pathways that regulate gene expression on the 

transcriptional and translational level or interfere with protein degradation and 

autophagy (Sandri, 2008). 

The main signaling pathway which acts as a positive regulator of muscle growth is the 

insulin-like growth factor 1 (IGF1)/phosphoinositide-3-kinase (PI3K)/Akt-protein 

kinase B (PKB)/mechanistic target of rapamycin (mTOR) pathway (Schiaffino and 

Mammucari, 2011). The mTOR pathway is central to the regulation of muscle size, as 

most of the atrophy-inducing signals also converge to suppress mTOR activity (Lee, 

2004; Sandri, 2008; Schiaffino et al., 2013). Therefore, muscle mass is ultimately 

regulated by the activity of mTOR signalling, a key modulator of protein synthesis (You 

et al., 2015). 

1.3.1   The mechanistic target of rapamycin (mTOR) 

The mechanistic (originally mammalian) target of rapamycin (mTOR) is a 

Serine/Threonine kinase which is conserved throughout evolution. The mTOR 

pathway regulates a broad range of cellular processes including cell metabolism, 

growth, differentiation, migration and development in response to intra- and 

extracellular signals such as the availability of nutrients, growth factors, hormones, 

oxygen and mechanical loading (physical activity) (Liu and Sabatini, 2020). 

Dysregulation of mTOR, in response to stress, nutritional modification or hypoxia 

(Hoppeler et al., 2008), disturbs cellular homeostasis and leads to many diseases such 

as cancers, metabolic, autoimmune and age-related diseases (Kou et al., 2019; Perl, 

2015).  
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mTOR is the catalytic subunit of two structurally and functionally distinct complexes 

known as mTOR complex 1 (mTORC1) and mTORC2. These complexes are identified 

by their protein composition, their distinctive substrates and signalling roles in the cell, 

as well as different sensitivity to the chemical inhibitor rapamycin (Jhanwar-Uniyal et 

al., 2019). 

mTORC1 (Fig. 4A) is composed of mTOR and two other core components, 

mammalian lethal with Sec13 protein 8 (mLST8, also known as GβL) and the scaffold 

regulatory associated protein of mTOR (RAPTOR). mLST8 acts as a stabilizer of the 

kinase activation loop, although mice lacking mLST8 do not show effects on mTORC1 

kinase activity. RAPTOR acts as a bridge between mTORC1 and its substrates (Kim 

et al., 2002, 2003). It has been reported that ablation of RAPTOR leads to an early 

lethality during mice embryo development (Guertin et al., 2006). In general, RAPTOR 

is essential for regulating mTORC1 activity and its proper subcellular localisation 

(Sancak et al., 2008). In addition to the core components mTORC1 comprises also 

two inhibitory components, proline rich AKT substrate 40 kDa (PRAS40) and DEP 

domain containing mTOR interacting protein (DEPTOR) which interacts with RAPTOR 

(Wang et al., 2007). Rapamycin, which gave its name to mTOR, is a chemical inhibitor, 

that inhibits mTORC1 activity through binding to the small cytosolic FK506-binding 

protein of 12 kDa (FKBP12) and interacts with the binding domain (FRB) of mTOR 

(Yin Zheng, 2018). mTORC1 is responsible for the regulation of cell growth and 

metabolism by promoting various processes such as biosynthesis of proteins (Hara et 

al., 1998), lipids (Peterson et al., 2011), nucleotides (Robitaille et al., 2013) and ATP 

(Thoreen et al., 2009), while preventing autophagic breakdown of cellular components 

(Chen et al., 2012). 

 

 
Figure 4- Schematic representation of mTOR Complexes 1 (mTORC1) and mTORC2. A) mTORC1 
comprises mTOR, DEPTOR, RAPTOR, PRAS40 and mLST8 and is sensitive to rapamycin, while 
mTORC2 (B) comprises mTOR, DEPTOR, PROTOR1/2, RICTOR, mSin1 and mLST8 and is insensitive 
to rapamycin.  
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mTORC2 consists also of mTOR, mLST8 and DEPTOR (Fig. 4B). But instead of 

RAPTOR, mTORC2 is characterized by rapamycin insensitive companion of mTOR 

(RICTOR). RICTOR binds MAPK interacting protein 1 (mSIN1) and protein associated 

with RICTOR 1 or 2 (PROTOR 1/2) to assemble mTORC2 (Frias et al., 2006). Mice 

embryos lacking mLST8 and RICTOR show the same phenotype and die at the early 

stages of development, due to the essential role of mLST8 in interaction between 

RICTOR and mTOR. Thus, mLST8 and RICTOR are both required for mTORC2 

signalling activity (Guertin et al., 2006). RICTOR blocks the FKBP12–rapamycin 

complex binding site on mTOR, thereby mTORC2 is not sensitive to acute rapamycin 

treatment. However, rapamycin can inhibit mTORC2 after prolonged treatment in 

some cell types by preventing mTOR component to nucleate new mTORC2 (Yin 

Zheng, 2018). Less is known about the function of mTORC2, however it has been 

shown that mTORC2 plays a key role in cell survival via phosphorylation and activation 

of several members of the AGC family of protein kinases, such as Akt, a key effector 

of PI3K signalling to promote metabolism and to suppress apoptosis (Sarbassov et 

al., 2005). mTORC2 also activates protein kinase C (PKC), a regulator of cytoskeleton 

remodelling and cell migration (Jacinto et al., 2004), and serum- and glucocorticoid-

induced protein kinase (SGK1) a regulator of ion transport (García-Martínez and 

Alessi, 2008). 

There is some evidence that mTORC1 and mTORC2 components such as mTOR, 

mLST8, RAPTOR, RICTOR and mSIN1 can be detected in both the cytoplasm and 

the nucleus but at significantly higher levels in the cytoplasm (Rosner and 

Hengstschläger, 2008). However, the function of these components in the nucleus is 

not clear. 

1.3.2  mTORC1 activation 

Numerous studies have focused more specifically on mTORC1 because of its critical 

role in regulating protein biosynthesis as the most resource-intensive process in 

growing cells and in promoting, for example, skeletal muscle hypertrophy (Marcotte et 

al., 2015). In order to regulate the function of mTORC1 in the regulation of muscle 

growth, both activation and inhibition of several signalling cascades are required 
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(Kobayashi et al., 2019). The Insulin like growth factor I (IGF-I)/Akt/mTORC1 pathway 

is thought to be one of the important regulatory mechanism (Glass, 2003). This 

pathway is mainly influenced by physical activity, nutrition, and various diseased 

conditions (Rommel et al., 2001). This signalling pathway indirectly activate mTORC1 

via an upstream small G protein, RHEB (Ras homolog enriched in brain). The 

activation of mTORC1 by RHEB is illustrated in Fig. 5. RHEB is a member of the RAS 

super family of GTPase which predominantly localises at the surface of lysosomes 

(Parmar and Tamanoi, 2010; Sanders et al., 2019). The GDP-bound form of RHEB is 

inactive, RHEB is active in GTP-bound form. The active RHEB interacts with mTORC1 

through its switch I/II region, relieves an inhibitory interaction between mTOR and a 

binding protein (FKBP38), consequently activating mTORC1 (Long et al., 2005). This 

process is further regulated by an upstream GTPase-activating protein (GAP), called 

tuberous sclerosis complex (TSC1/TSC2 heterodimer). TSC2 maintain RHEB in the 

GDP bound state, therefore prevents its ability to activate mTORC1 (Inoki, 2003). 

Upon stimulation, the TSC complex dissociates from RHEB through Akt-dependent 

phosphorylation, resulting in the accumulation of GTP-bound RHEB, which recruits 

mTORC1 to the surface of lysosomes. This recruitment induces the activation of 

mTORC1 via conformational changes which lead to the activation of the mTOR kinase 

domain (Blaauw et al., 2017; Li et al., 2004) (Fig. 5). Upon activation, mTORC1 directly 

phosphorylates PRAS40 and DEPTOR, which releases their inhibitory interaction with 

mTORC1 (Peterson et al., 2009). Several canonical downstream targets of mTORC1 

contain a specific TOR signalling motif (TOS). RAPTOR may recognize TOS motif of 

mTORC1 substrates, interact with them and facilitate their phosphorylation (Nojima et 

al., 2003). 
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1.3.3  Molecular functions of mTORC1 

 
To regulate the biosynthesis of proteins, which is highly required for the muscle fibre 

growth, mTORC1 phosphorylates the eukaryotic initiation factor 4E (eIF4E)- binding 

protein 1 (4E- BP1) and the p70 ribosomal S6 kinase 1 (S6K1). Phosphorylation of 

4EBP promotes cap dependent translation through releasing its inhibitory interaction 

with eukaryote initiation factor E (eIF4E), which activates an essential eukaryote 

initiation factor complex (eIF4F). EIF4F complex is important to recruit small ribosomal 

subunit (40S) to promote cap-dependent translation initiation (Gingras et al., 1999). 

Activated mTORC1 also phosphorylates S6K1 which results in the degradation of 

translational machinery associated components including programmed cell death 

protein 4 (Pdcd4). Upon Pdcd4 degradation several substrates linked to translation 

initiation, such as eukaryote initiation factor 3 (eIF3) complex are released. EIF3 

complex serves as a scaffold for mTOR and S6K1 and also interacts with eukaryote 

initiation factor 4B (eIF4B), a positive regulator of eIF4F complex to facilitate cap-

dependent translation initiation (Dorrello et al., 2006; Harris et al., 2006). 

Phosphorylation of S6K1 is also proposed to activate the translation of a specific 

Figure 5- Schematic representation of mTORC1 activation. Upstream signals activate mTORC1 
through signaling cascades which converge to inhibit the TSC1/2 complex, the inactive GDP-bound 
RHEB switch to the active form (GTP-bound), recruits mTORC1 on the surface of the lysosome, leading 
to its activation. Activated mTORC1 phosphorylates various downstream targets.  
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subset of mRNAs. These mRNAs bear terminal oligopyrimidine (TOP) tracts at their 

5’ end encoding ribosomal components and translation elongation factors. However, 

the mechanism is still unclear (Pende et al., 2004). 

Furthermore, it has been recently shown that mTORC1 contributes to the regulation 

of several steps of ribosome biogenesis. Beside stimulating the translation of 

ribosomal proteins and other proteins required for ribosome assembly, mTORC1 also 

stimulates the transcription of ribosomal RNAs (Fig. 6).  

 

 
 

 

 

 

 

 

Ribosomes contain four rRNAs which are transcribed by two distinct RNA 

polymerases (Pol) I and III. RNA Pol I transcribes a precursor 45s rRNA that is further 

processed into 5.8s, 18s and 28s rRNAs (Mayer and Grummt, 2006). More 

specifically, the activation of S6K1 leads to the phosphorylation of the transcription 

intermediary factor 1(TIF-1A) and the carboxy terminal activation domain of the rDNA 

transcription upstream binding factor 1 (UBF), key regulators of rDNA transcription. 

The phosphorylated UBF-1 interacts with essential basal factor SL-1 and RNA Pol I in 

order to recruit them to rDNA promoter. Inhibition of mTORC1 by rapamycin results in 

a rapid dephosphorylation of UBF-1, leading to reduce its ability to promote rDNA 

Figure 6- Effects of mTORC1 on ribosome biogenesis. Activation of mTORC1 in the cytosol 
promotes an increase in the translation of ribosomal proteins and ribosome assembly factors. 
mTORC1 induces the phosphorylation of the transcription factors TIF-1A and UBF in the nucleolus, 
which then activate RNA polymerase I (Pol I) to transcribe the precursor 45s ribosomal RNA (45s 
pre-rRNA), which is further processed into 5.8s, 18s and 28s rRNAs. mTORC1 also promotes the 
phosphorylation of the Pol III repressor MAF1, which leads to the activation of 5s rRNA transcription. 
These different effects of mTORC1 contribute together to an increase in ribosome biogenesis.  
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transcription (Panov et al., 2006). TIF-1A is essential for efficient transcription initiation 

by RNA Pol I, associated with the formation of the initiation-competent form of RNA 

Pol I (Mayer et al., 2004). TIF-1A plays a key role in muscle hypertrophy, mediating 

the upregulation of rRNA synthesis in response to extracellular stimulation such as 

physical activity (Fyfe et al., 2018). Interestingly, upon treatment with rapamycin, TIF-

1A is not only phosphorylated at multiple site and inactivated but also translocated 

from the nucleolus to the cytoplasm and downregulates RNA Pol I transcription by 

sequestering various transcription factors (Mayer et al., 2004). Therefore, mTORC1 

controls muscle growth through regulating TIF-IA in response to environmental stimuli 

or availability of nutrients and growth factors (Fyfe et al., 2018; Mayer and Grummt, 

2006). In addition, mTORC1 increases the activity of RNA polymerase III which 

transcribes the 5s rRNA through the phosphorylation of MAF1, a key repressor of RNA 

polymerase III. Phosphorylation of MAF1 by mTOR promotes its dissociation from the 

Pol III complex and activation of 5s rRNA transcription (Michels et al., 2010). 

It has been shown that Pol I-dependent rRNA synthesis in response to nutrient and 

growth factors is maintained even upon silencing of S6K1, however blocking mTORC1 

with rapamycin prevents it (Mieulet et al., 2007; von Walden et al., 2016a). Therefore, 

phosphorylation S6K1 is not the only way that mTORC1 stimulates rRNA synthesis. 

In particular, mTOR is also localised in the nucleus and a helix-turn-helix motif has 

been found in mTOR, suggesting that it directly interacts with rDNA gene promoter in 

the nucleolus and regulate RNA pol I transcription of rDNA genes during myotube 

hypertrophy (Tsang et al., 2010; von Walden et al., 2016). 

1.3.4  The mTORC1 activator RHEB 

RHEB was originally identified as a gene whose expression is enriched in rat brain 

and upregulated in response to various stimuli to increase neuronal activity (Yamagata 

et al., 1994). RHEB is a small monomeric protein with a molecular weight of about 

21KD (Mahoney et al., 2018), which is closely related to the small GTPases RAS, Rap, 

and Ral (Schöpel et al., 2017). RHEB is a highly conserved protein, from yeast to 

human, that consists of 184 amino acids. The N-terminal 169 amino acids encode the 

GTPase domain which contains 5 short stretches, the G1-G5 boxes that is followed 

by a short alpha helical linker known as the hypervariable region (Fig. 8). The G1 box 

is the binding site for guanine nucleotides. Binding of GDP or GTP leads to a 
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conformational change of the G2 box which is the effector region. The G3 box is the 

site for binding nucleotide-associated Mg2+ ion. The G4 box forms a hydrogen bond 

with the guanine ring, stabilizing the protein via an interaction with the G1 box. Finally, 

the G5 box residues form indirect links with the guanine nucleotide (Groenewoud M. 

2013; Mizuki et al., 1996). The RHEB protein contains two switch regions (Switch I 

and Switch II) which are overlap with the G2 and G3 boxes, required for the recognition 

and interaction with GAPs and other effectors (Parmar and Tamanoi, 2010) (Fig.7). 

The switch I region is flexible and subjected to a conformational change when RHEB 

switches from the GTP to the GDP-bound form (Ma et al., 2008), while the switch II 

region keeps its configuration mainly unchanged (Long et al., 2007).	Furthermore, 

RHEB switch I is essential to interact with FKBP38, the mTORC1 endogenous 

inhibitory protein, to sequester it and thereby to activate mTORC1 (Ma et al., 2008). 

The switch II region plays important role in GAP-stimulated GTP hydrolysis (Mazhab-

Jafari et al., 2012). The last four C-terminal residues consist of a CAAX motif (in which 

“C” is cysteine, “A” is an aliphatic amino acid, and X is almost any amino acid), which 

is a signal for post-translational farnesylation (Parmar and Tamanoi, 2010). It has been 

reported that RHEB fanesylation plays an important role to promote the localisation of 

RHEB to membrane compartments such as the lysosome, Endoplasmic reticulum 

(ER) or Golgi (Buerger et al., 2006). However, a recent report showed that RHEB 

farnesylation is not necessary to activate mTORC1 (Ferguson and Angarola, 2020). 

 

 
 

 

 

 
 

To further characterize RHEB function, various mutants of RHEB have been created. 

For example, the switch II region has a highly conserved glutamine (Q64) which 

serves as a catalytic residue for GTP hydrolysis. Therefore, the RHEB Q64L mutant 

Figure 7- Schematic representation of RHEB structure. The N-terminal 169 amino acids constitute 
the GTPase domain and contains 5 short stretches, the G1-G5 boxes. G1 is essential for controlling 
the activaty of RHEB via binding GTP or GDP. Switch I and II regions are overlapping with G2 and G3 
boxes. The last 15 amino acids are known as the hypervariable region. The last C-terminal residues 
are a CAAX motif for RHEB farnesylation. Modified from Groenewoud M. (2013). 
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(Fig. 8A) is constitutively bound to GTP and acts as a constitutively active mutant (Li 

et al., 2004; Long et al., 2005). The D60K mutation in the switch II region renders 

RHEB unable to bind either GTP or GDP (Fig. 8B). However, RHEB D60K binds 

strongly to FKBP38 on mTORC1 but does not displace it. Thereby, it competes with 

endogenous RHEB-GTP and inhibits mTORC1 activity, thus behaving as a dominant-

negative mutant (Tabancay et al., 2003). Finally, the RHEB I39K mutant (Fig. 8C) 

harbours a mutation within the switch I region, which strongly reduces the ability of 

RHEB to interact with FKBP38 and to activate mTORC1(Ma et al., 2008). 

 

 

 

While most studies focused on the lysosome as a most characterized site for RHEB 

to promote the canonical cytoplasmic activation of mTORC1, some evidence showed 

that RHEB can be detected also in the nucleus of several mammalian cell lines 

(Rosner and Hengstschläger, 2008). However, the functions of RHEB in the nucleus 

are unknown. 

 
 
 
 

Figure 8- Schematic representation of RHEB mutants. A) RHEB-Q64L is constitutively bound to 
GTP, thus constantly activates mTORC1. (B) RHE- D60K is a dominant negative mutant which can 
bind neither GTP nor GDP, but still interacts with mTORC1 via FKBP38 and thus competes with 
endogenous RHEB-GTP. (C) RHEB I39K has a reduced ability to interact with FKBP38 and mTORC1.  
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1.3.5  mTORC1-independent function of RHEB 

Beside its effect on the mTORC1 pathway, RHEB has been shown to regulate other 

major signalling pathways, including  the Notch (Karbowniczek et al., 2010) and the 

RAS-RAF-MEK signalling pathways (Karbowniczek et al., 2006). For example, it has 

been reported that in brown and beige adipose tissues, RHEB selectively activates 

Notch signalling. This activation promotes protein kinase A (PKA) signalling by 

repressing the binding of the regulatory subunit of PKA from its catalytic subunit. 

Thereby, RHEB selectively regulates thermogenic gene expression in an mTORC1-

independent mechanism, thereby controls energy homeostasis (Meng et al., 2019). 

The other study using Drosophila sensory organ precursor (SOP) cell, a model of 

asymmetric cell division, suggests that RHEB regulates Notch signalling in an mTOR-

independent manner to control SOP cell fate decision, which divides asymmetrically 

in a Notch-dependent manner. RHEB overexpression-mediated increase in the activity 

of Notch as well as asymmetric division in inhibited neither by rapamycin nor by 

downregulation of RAPTOR (Karbowniczek et al., 2010). In addition, overexpression 

of a farnesylation defective RHEB mutant induces elongation of axonal length via the 

phosphorylation of 4EBP even in presence of rapamycin. It indicated that 

nonfarnesylated RHEB can regulate axogenesis in an mTORC1-independent pathway 

(Choi et al., 2019). It has also shown that RHEB interferes with the MAPK pathway in 

an mTORC1-independent manner. RHEB interaction with B-Raf, which leads to the 

inhibition the heterodimerization of B-Raf and C-Raf, was insensitive to rapamycin. 

Therefore, RHEB suppresses the C-RAF kinase activity in a mTORC1-independent 

manner (Karbowniczek et al., 2006). 

Thus, RHEB exerts several functions that are independent from its ability to activate 

mTORC1. However, whether RHEB in the nucleus can also exert mTORC1 

independent functions has not been investigated. 

1.3.6 Function of RHEB and mTORC1 in the control of muscle size 
 
A direct link between mTORC1 interaction with RHEB and the regulation of protein 

synthesis and muscle mass has been reported (Baar and Esser, 1999; Marcotte et al., 

2015; Song et al., 2017). The complex regulatory role of the mTORC1 pathway in 
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muscle fibre size has been intensively studied both in vitro and in vivo using different 

models. In these models, mTORC1 inhibitors such as rapamycin or various mutant of 

RHEB have been tested (Ogasawara et al., 2016). Collectively, all studies provide 

strong evidence that mTORC1 signalling is involved in muscle hypertrophy via 

modulating protein synthesis and ribosome biogenesis. More specifically, in addition 

to promoting an increase in the translation of multiple mRNAs in response to intra- and 

extracellular signals such as the availability of nutrients, growth factors or mechanical 

loading, mTORC1 promotes an increase in ribosome biogenesis which leads to an 

increase in the translation capacity of myofibres, consequently leading to an increase 

in protein synthesis and finally in myofibre size (Blaauw et al., 2017). As the direct 

activator of mTORC1, RHEB promotes muscle hypertrophy by increasing protein 

synthesis via an increase in both the translational efficiency (increased translation 

initiation) and translational capacity (increased ribosome biogenesis) (Long et al., 

2005). Whether cytosolic or nuclear RHEB can induce muscle hypertrophy in an 

mTORC1-independent manner remains to be elucidated.  

 
1.4 Hypotheses and aims 

1.4.1 Muscle regeneration 

The multistep process of muscle regeneration is tightly regulated by transcription 

factors which can exert different functions depending on the stage of adult 

myogenesis. Therefore, the temporal control of the activity of these transcription 

factors is critical to ensure the timely expression of their target genes (Bentzinger et 

al., 2012). The observation that nTRIP6 acts as a co-repressor for the transcription 

factor MEF2C in myoblast raised the hypothesis that nTRIP6 might have a role in the 

temporal control of myogenesis (Kemler et al., 2016). Therefore, the aim of the first 

part of my thesis was to investigate the possible role of nTRIP6 in regulating 

myogenesis in vitro and skeletal muscle regeneration in vivo in the mouse. 

1.4.2 Muscle growth 

The canonical mTORC1 pathway, which is activated in the cytosol by RHEB, is known 

to promote myofibre growth. However, RHEB is also present in the nucleus of various 
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cell types (Yadav et al., 2013). In the second part of my thesis, I investigated whether 

RHEB is present in the nucleus of myofibres, how it localises there as well as whether 

and how it regulates muscle growth, in vivo in Zebrafish embryos. 
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2. Materials and Methods 
 
2.1 Materials 
2.1.1 Consumables 

All cell culture consumables, unless otherwise stated, were obtained from Greiner Bio-

One, Frickenhausen, Germany.  

2.1.2 Chemicals 
 
Chemicals Company  
Collagen I (rat tail) Corning 

Collagenase  Sigma 

Notexin  Latoxan 

Lonafarnib Sigma 

Tamoxifen 99%  Sigma 

Rapamycin Sigma 

PeqGOLD TriFastTM  Peqlab Biotechnologie  

Phenol red Sigma 

PTU (N-Phenylthioure) Sigma 

Tricaine (Ethyl 3-aminobenzoate 

methanesulfonate salt) 

Sigma 

 

All other chemicals if not stated otherwise were purchased from Carl Roth GmbH&Co, 

Karlsruhe, Germany; Gibco BRL, Eggenstein, Germany or Sigma, Deisenhofen, 

Germany.  
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2.1.3 Kits 
 
Kits Company  
Amaxa Nucleofection V  Corning 

Amersham ECL Prime  GE Healthcare  

GeneJet Gel Extraction  Thermo Fischer 

In-Fusion HD cloning Kit Clonetech 

Nano-Glo Luciferase Assay Promega 

Nuclear extract kit Active Motif 

PeqGold Xchange Plasmid Midi Kit Promega 

QUIAGEN Maxi Plasmid Kit  Quiagen  

QuikChange Site-Directed Mutagenesis Kit  Stratagene 

TransIT X2  Mirus 

 
2.1.4 Hardware 
 
Device Company  
Cell incubator Hereus 

Chemidoc X Touch Imaging System Biorad 

Femtojet Eppendorf 

LSM 800 Zeiss 

Leica SP8 STED Leica 

Micropipet puller Sutter Instruments 

PeQstar PCR VWR 

Step one plus Real-time PCR system Applied Biosystem 

Trans blot turbo midi size Biorad 

 
2.1.5 Enzymes 

All enzymes and their corresponding buffers, if not otherwise stated, were purchased 

from NEB or Promega.  
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2.1.6 Antibodies 
2.1.6.1 Primary Antibodies 
Name Isotype Dilution Company (ordernumber) 
α-mCherry  Rabbit 1:2000 

(WB) 

1:1000 (IF) 

Abcam (167453)  

 

glucocorticoid receptor 

(GR)  

Rabbit 1:1000 Santa Cruz (sc1002) 

α-HDAC II  Rabbit 1:1000 Santa Cruz (sc7899) 

α-Laminin  Rat 1:5000 Abcam (ab11576) 

 

α-MyoD  Rabbit 1:100 ThermoFischer (PA5-

23078) 

α-myHC (MYH3)  Mouse 1:100 DSHB (F1.652) 

α-TRIP66/nTRIP6 Rabbit 1:100 Self made 

Ki67 Rabbit 1:100 Cell signaling (12075) 

RHEB Rabbit 1:50 Abcam (ab25873) 

mTOR Rabbit 1:50 GeneTex (GTX124771) 

α- Tubulin Mouse 1:1000 Santa Cruz (sc8035) 

Fibrillarin Mouse 1:1000 Novus Biology (NB300-

269) 

 
2.1.6.2 Secondary Antibodies 
 
Name Isotype Dilution Company (ordernumber) 
Alexa Fluor 488-

conjugated anti-rabbit  

Goat 1:1000 ThermoFischer (A-11059) 

Alexa Fluor 546- 

conjugated anti-rat  

Goat 1:1000 ThermoFischer (A-11081) 

Alexa Fluor 546-

conjugated anti-mouse  

Goat 1:1000 ThermoFischer (A-11030) 
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Alexa Fluor 633-

conjugated anti-mouse  

Rabbit 1:1000 ThermoFischer (A-21063) 

α-mouse- HRP  Goat 1:2000 DAKO (P0260) 

α-rabbit-HRP  Goat 1:2000 DAKO P0448  

α-rat-HRP  Goat 1:2000 DAKO P0450  

 
2.1.7 Buffers 
2.1.7.1 General buffers 
 
RIPA 50mM Tris pH 7.5, 150mM NaCl, 1% NP-

40; 0.5% NaDoc, 0.5% SDS  

TAE  40 mM Tris acetate, 1mM EDTA (pH 8,2-

8,4)  

 

2.1.7.2 Protein measurement according to Lowry  

Lowry I 20g/L Na2CO3, 4g/L NaOH in ddH2O 

Lowry II 1% CuSO4 

Lowry III 2% NaK Tartrat 

Lowry IV (freshly mixed) volume 100 Lowry I, volume 1 Lowry II, 

volume 1 Lowry III  

1:1 Folin reagent (freshly mixed)  in ddH2O  
 

2.1.7.3 SDS- PAGE and Western Blot buffers  

Separating gel  10% Acrylamid:Bisacrylamid, 375mM 

TrisHCL (pH 8.8), 0.1% SDS, 0.1% APS, 

0.04% TEMED 

Stacking gel  5 % Acrylamid:Bisacrylamid, 1 M Tris-

HCL (pH 6.8), 10 % SDS, 10% APS, 

0.1% TEMED  
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Electrophoresis buffer  25 mM Tris, 192mM Glycin, 0.1 % SDS 

2x Sample buffer 125 mM tris-HCl (pH 6.8), 4 % SDS, 20 % 

glycerol, 0.01 % bromphenol blue, 2% 2-

mercaptoethanol 

TBST buffer  20 mM tris, 150 mM NaCl, pH 7.6; 0.05 % 

TWEEN 20  

Transfer buffer  Trans-Blot Turbo 5x, 100% ethanol in 

ddH20 

Blocking buffer  5% skimmed milk powder in TBST 

5% BSA in TBST  

 

2.1.7.4 Luciferase Buffers 

Buffer Content 
GlyGly buffer  25 mM Glycylglycine, 15 mM MgSO4, 4 

mM EGTA, pH 7.8  

Reaction buffer 2 mM ATP, 1 mM DTT in GlyGly buffer 

Substrate 0.2 mM FireFly substrate in GlyGly buffer 

2.1.7.5 Immunofluorescence staining 

Fixation Buffer 2% Parafomaldehyde in PBS -/- pH 7.2 

Permeabilization buffer 0.5% Triton X-100 in PBS -/- 

Blocking buffer 5% BSA in PBS -/- pH 7.2 

 
2.1.8 Cell lines and cell culture medium 
2.1.8.1 Cell lines 
C2C12 Mus musculus muscle myoblast cells 

(ECACC No.: 91031101)  
PAC2 Zebrafish embryonic fibroblast cell line 
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2.1.8.2 Cell culture medium 
 
C2C12  Growth medium: Dulbecco’s Modified Eagle Medium (DMEM) + 

10% Fetal calf serum  

Differentiation medium: Dulbecco’s Modified Eagle Medium 

(DMEM) + 2% Horse serum  

PAC2 L-15 (Leibovitz-15) medium + 20% Fetal calf serum + 100 units/ml 

penicillin, 100 μg/ml streptomycin and 50μg/ml gentamicin 

Starvation medium Dulbecco’s Modified Eagle Medium (DMEM) + 0,1% Fetal calf 

serum  

 
2.1.9 Zebrafish strains and fish medium 
2.1.9.1 Zebrafish strain 

 
The wild-type zebrafish strain AB-B-KA were obtained from the KIT fish facility. 

 

2.1.9.2 Fish medium 
 
E3 medium (60x) 17.2 g NaCl, 0.76 g KCL, 2.6 g CaCl2.2H2O, 4.9 g MgSo4.7H2O 

in dd H2O  

PTU (100x) 0.3% dissolved in dd H2O 

Anaesthetizing buffer 400 mg Tricaine, 2.1 ml 1M Tris pH 9 in ddH2O. (final pH 7) 

 
2.1.10 Bacterial strains and growth media 
2.1.10.1 Bacterial strains 

DH5α chemically competent E.coli cells  

2.1.10.2 Growth media 
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Luria Both (LB):  

Yeast extract 10 g/l 

NaCl 5 g/l 

Tryptone 5 g/l 

pH 7.5 

2.1.11 Plasmids 
 
pminitol2 Empty vector contains Tol2 transposon 

with mini ITRs 

 

tol2pUnc45MCSpA a multiple cloning site (MCS)  

as well as a poly-adenylation signal of 

SV40, under a muscle specific promoter 

(pUnc45) was synthesised as a DNA string 

(GeneArt Strings DNA Fragments, 

ThermoFisher) and cloned to plasmid 

pminiTol2 (infusion cloning, see 2.2.7.10, 

using string DNA). 

 

tol2pUnc45MCSLinker- mCherrypA 

 

a flexible linker (3xGGS) as well as a 

cherry-red fluorescent protein (mCherry) 

was cloned in the MCS of the above 

described vector, under the control of a 

muscle specific promoter (pUnc45). 

tol2pUnc45-hRHEBD60k- mCherry A dominant negative RHEB mutant, 

RHEBD60K, was synthesised as a DNA 

string (GeneArt Strings DNA Fragments, 

ThermoFisher) and cloned C-terminally to 

the mCherry under the control of a muscle 

specific promoter (pUnc45). 
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tol2pUnc45-hRHEBQ64L- mCherry 

 

A constitutively active RHEB mutant, 

RHEBQ64L, was synthesised as a DNA 

string (GeneArt Strings DNA Fragments, 

ThermoFisher) and cloned C-terminally to 

the mCherry under the control of a muscle 

specific promoter (pUnc45). 

tol2pUnc45- mCherry- NLS 

 

a functional Nuclear Localisation Signal 

(NLS) sequence was introduced N-

terminally to the mCherry under the control 

of a muscle specific promoter (pUnc45)  

tol2pUnc45-hRHEBQ64L- mCherry- 
NLS 

a functional Nuclear Localisation Signal 

(NLS) sequence was introduced N-

terminally to the mCherry tagged RHEB 

mutant Q64L under the control of a muscle 

specific promoter (pUnc45)  

tol2pUnc45-hRHEBD60K- mCherry- 
NLS 

 

a functional Nuclear Localisation Signal 

(NLS) sequence was introduced N-

terminally to the mCherry tagged RHEB 

mutant D60K under the control of a muscle 

specific promoter (pUnc45)  

tol2pUnc45-mCherry-NLS-T2A-eGFP 

 

An eGFP fluorescent protein was 

introduced N-terminally to a nuclear 

targeted mCherry protein with a self-

cleaving peptide (T2A) under the control of 

a muscle specific promoter (pUnc45) (PCR 

cloning see 2.2.7.6) 

tol2pUnc45-hRHEBD60K-mCherry-
NLS-T2A-eGFP 

 

An eGFP fluorescent protein was 

introduced N-terminally to the mCherry 

tagged nuclear targeted RHEB mutant 

D60K with a self-cleaving peptide (T2A) 

under the control of a muscle specific 

promoter (pUnc45) (PCR cloning see 

2.2.7.6) 
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tol2pUnc45-hRHEBQ64L-mCherry-
NLS-T2A-eGFP 

 

An eGFP fluorescent protein was 

introduced N-terminally to the mCherry 

tagged nuclear targeted RHEB mutant 

Q64L with a self-cleaving peptide (T2A) 

under the control of a muscle specific 

promoter (pUnc45) (PCR cloning, see 

2.2.7.6) 

tol2pUnc45- mCherry-NES 

 

a functional Nuclear Export Signal (NES) 

sequence was introduced N-terminally to 

mCherry under the control of a muscle 

specific promoter (pUnc45) (PCR cloning, 

see 2.2.7.6) 

tol2pUnc45-hRHEBD60K-mCherry-
NES 

 

a functional Nuclear Export Signal (NES) 

sequence was fused N-terminally to the 

mCherry tagged RHEB mutant D60K 

under the control of a muscle specific 

promoter (pUnc45) (infusion cloning, see 

2.2.7.10, using oligos) 

tol2pUnc45- hRHEBQ64L-mCherry-
NES 

 

a functional Nuclear Export Signal (NES) 

sequence was fused N-terminally to the 

mCherry tagged RHEB mutant D60K 

under the control of a muscle specific 

promoter (pUnc45) (infusion cloning, see 

2.2.7.10, using oligos) 

tol2pUnc45- mCherry-NES-T2A-eGFP 

 

An eGFP fluorescent protein was 

introduced N-terminally to the mCherry 

with a self-cleaving peptide (T2A) under 

the control of a muscle specific promoter 

(pUnc45) 
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tol2pUnc45-hRHEBD60K-mCherry-
NES-T2A-eGFP 

 

An eGFP fluorescent protein was 

introduced N-terminally to the the mCherry 

tagged cytoplasmic RHEB mutant D60K 

with a self-cleaving peptide (T2A) under 

the control of a muscle specific promoter 

(pUnc45) (PCR cloning, see 2.2.7.6) 

tol2pUnc45-hRHEBQ64L-mCherry-
NES-T2A-eGFP 

 

An eGFP fluorescent protein was 

introduced N-terminally to the mCherry 

tagged cytoplasmic RHEBD60K mutant 

with a self-cleaving peptide (T2A) under 

the control of a muscle specific promoter 

(pUnc45) (PCR cloning, see 2.2.7.6) 

tol2pUnc45-hRHEBI39KQ64L-
mCherry 

tol2Unc45b-hRHEBI39Q64L-mCherry-
NLS-T2A-eGFP 

tol2pUnc45-hRHEBI39KQ64L-
mCherry- NES- T2A- eGFP 

tol2pUnc45-hRHEBI39KD60K-
mCherry 

tol2Unc45b-hRHEBI39Q64L-mCherry-
NLS-T2A-eGFP 

tol2pUnc45-hRHEBI39KD60K-
mCherry- NES- T2A- eGFP 

 

A point mutation was conducted in the 

RHEB to mutate Isoleucine to Lysine using 

side directed mutagenesis (see 2.2.7.11) 

pcDNA3.1(+) Empty vector, basic mammalian 

expression cloning vector 

pcDNA3.1(+)-hRHEBQ64L- mCherry 

 

RHEB mutant Q64L was fused c-terminally 

to cherry-red fluorescent protein, under the 

control of a CMV promoter.  

pcDNA3.1(+)-hRHEBD60K-mCherry 

 

RHEB mutant D60K was fused c-terminally 

to cherry-red fluorescent protein, under the 

control of a CMV promoter. 
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pcDNA3.1(+) - mCherry- NES 

 

The cDNA of a functional Nuclear Export 

Signal (NES) sequence was fused to the 

mcherry, under the control of a CMV 

promoter (provided by Markus 

Diefenbacher, ITG, KIT). 

pcDNA3.1(+)-hRHEBD60K-mCherry- 
NES 

 

a functional Nuclear Export Signal (NES) 

sequence was cloned N-terminally to the 

mCherry tagged RHEB mutant D60K 

under the control of a CMV promoter. 

pcDNA3.1(+) - HA- mCherry- NLS 

 

The cDNA of a functional Nuclear 

Localisation Signal (NLS) sequence was 

fused to the mCherry under the control of 

a CMV promoter (provided by Margarethe 

Litfin, IBCS, BIP, KIT). 

pcDNA3.1(+) - hRHEBD60K- mCherry- 
NLS 

 

a functional Nuclear Localisation Signal 

(NLS) sequence was introduced N-

terminally to the mCherry tagged RHEB 

mutant D60K under the control of a CMV 

promoter. 

pcDNA3.1 (+)- hRHEBQ64L- mCherry- 
NLS 

 

a functional Nuclear Localisation Signal 

(NLS) sequence was introduced N-

terminally to the mCherry tagged RHEB 

mutant Q64L under the control of a CMV 

promoter. 

pcDNA3.1(+)- hRHEBI39KD60K- 
mCherry- NLS-T2A-eGFP 

pcDNA3.1(+)- hRHEBI39KD60K-
mCherry 

pcDNA3.1(+)- hRHEBI39KD60K-
mCherry- NES- T2A- eGFP 

pcDNA3.1(+) - hRHEBI39KQ64L- 
mCherry- NLS-T2A-eGFP 

A point mutation was conducted in the 

RHEB to mutate Isoleucine to Lysine using 

side directed mutagenesis (see 2.2.7.11) 
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pcDNA3.1 (+) -hRHEBI39KQ64L-  
mCherry 

pcDNA3.1 (+) -hRHEBI39KQ64L-
mCherry- NES- T2A- eGFP 

 

A point mutation was conducted in the 

RHEB to mutate Isoleucine to Lysine using 

side directed mutagenesis (see 2.2.7.11) 

pcDNA3.1 (+)- mCherryNLS- BP 

 

Corresponds to the interaction domain 1 

(ID1) of nTRIP6 (Diefenbacher et al., 2014; 

Kemler et al., 2016). 

pcDNA3.1 (+)- mCherryNLS- cBP Corresponds to the scrambled interaction 

domain 1 (ID1) of nTRIP6 (Diefenbacher et 

al., 2014; Kemler et al., 2016).  

pcDNA3.1 (+)- YPET-IRES-Firefly A Hoxa9b IRES sequence introduced to 

FireFly luciferase reporter under the 

control of CMV promopter. 

PNL-1-1-ZFrRNA-Nluc (Nanoluc 
Zebrafish ribosomal RNA (pol1) 
reporter) 

 

This construct was originally designed for 

measurements in vivo in zebrafish. It thus 

consists of a zebrafish rDNA promoter and 

terminator, which is transcribed by RNA 

pol1. However, in order to quantitate the 

transcription, the luciferase reporter gene 

(NanoLuc) coding sequence was 

introduced an Internal Ribosome Entry Site 

(IRES) before the NanoLuc coding 

sequence and a polyadenylation signal 

after.In a multi-step PCR cloning (see 

2.2.7.6), the zebrafish rDNA terminator 

and promoter was fused to PNL1.1-

NanoLuc vector, then an EMCV IRES 

sequence as well as a poly-adenylation 

signal of SV40 was C-terminally and N-

terminally, respectively, introduced to 

NanoLuc coding sequence. 
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2.1.12 Primers 
2.1.12.1 Genotyping 
 
 Sequences 5’ to 3’ 

Trip6 flox/flox     

mTrip6-28 For  TCACCTTTTCTCCCTTGCCTGCCTG  

mTrip6-29 Rev  GGTACCCCCGGAGGCTGATAACAG  

Pax7 CRE ERT2   

gtPax7CreERT2 for  GCTGCTGTTGATTACCTGCC  

gtPax7CreERT2m Rev  CTGCACTGAGACAGGACCG  

gtPax7CreERT2wt Rev  CAAAAGACGGCAATATGGTG  

 
2.1.12.2 Real-time PCR 
 

Gene name Forward primer (5’ to 3’)  Reverse primer (5’ to 3’)  

Myog  GAGACATCCCCCTATTTCTACCA  GCTCAGTCCGCTCATAGCC  

Rplp0  GGACCCGAGAAGACCTCCTT  GCACATCACTCAGAATTTCAATGG  

Tnni2  CATGGAGGTGAAGGTGCAGA  CTCTTGAACTTGCCCCTCAGG  

 

 
2.2 Methods 
 
2.2.1 Animals and animal handling 
2.2.1.1 Mouse methods  
 
Experiments were performed on C57/BL6 mice. Use and care of the animals was 

approved by German authorities (Tierschutzkommission of the Regierungspräsidium 

Karlsruhe, licenses G-232/11 and G261/15) according to national law (TierSchG §7).  
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2.2.1.1.2 Trip6 conditional knockout mouse (Cre/LoxP System)  

To knock out Trip6 conditionally in satellite cells, TRIP6 floxed line mice, Trip6
fl/fl

 

(Shukla et al., 2019), were crossed with  C57BL/6J-Pax7
tm1(Cre-ERT2)Gaka 

 mice, Pax7Cre-

ERT2 (Murphy et al., 2011). In Trip6
fl/fl

 mice, Trip6 is conditionally targeted by flanking 

exons 2 to 9 by loxP sites. In Pax7Cre-ERT2 the tamoxifen-inducible version of Cre-

recombinase (Cre-ERT2) is expressed only in satellite cells. In this version of Cre-

Recombinase the T2 mutation in the ligand binding domain of the Estrogen Receptor 

(ER) renders the receptor unable to bind endogenous Estrogen but still to Tamoxifen 

which acts as an agonist. After treatment of Trip6
fl/fl

; Pax7
Cre-ERT2/wt 

offspring with 

Tamoxifen, the fusion protein shuttles to the nucleus, recognizes loxP sites and finally 

deletes the Trip6 gene in satellite cells. 

 

2.2.1.2.3 Genotyping 

Trip6
fl/fl

; Pax7
Cre-ERT2/wt 

offspring were identified by PCR genotyping on tail DNA. Mice 

tails were digested in 200μl NID-buffer + 2μl (10mg/ml) Proteinase K at 55°C for 

overnight. Next day Proteinase K reaction was heat inactivated at 95°C for 30 min. 

Digested tails were then centrifuged at 13000rpm at 4°C for 15min. Genotyping was 

performed via PCR using the primers which are described in 2.1.12.1. 

 
 Trip6 flox/flox Pax7-Cre-

ERT2 

PCR program  

5x Buffer 10µl 10µl 95°C  5 min 

10mM dNTP  1µl 1µl 95°C  1 min 

10μM Primer  2µl 2µl 71°C 1 min 

Taq 
Polymerase  

0.25µl 0.25µl 72°C 1 min 

DNA 4µl 4µl 35-40 cycles  

Total volume 50µl 50µl 72°C 10 min 
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2.2.1.1.4 Treatment with Tamoxifen 

To selectively knock out Trip6 in satellite cells, Mice were injected intraperitoneally on 

5 consecutive days with Tamoxifen (10mg/ml stock) diluted in peanut oil at a 

concentration of 5μl/g body weight. 

2.2.1.1.5 Degeneration of Mice M soleus 

Three days after the last injection, soleus muscle degeneration was induced by 

Notexin injection as described (Danieli-Betto et al., 2010). Briefly, animals were 

anesthetized by an intraperitoneal injection of Ketamin (100 mg/kg body weight) and 

Xylasin (16 mg/kg body weight). Notexin (10 μl of a 5 ng/μl solution in PBS-/-) was 

injected unilaterally in the soleus muscle exposed through a small cutaneous incision. 

Animals were sacrificed by cervical dislocation 7, 14, 28 and 45 days post- injury (dpi) 

and both the regenerating and contralateral soleus muscles were dissected.  

2.2.2.2 Fish methods 
2.2.2.2.1 Ethics statement 

Zebrafish (Danio rerio) husbandry work was performed in accordance with the 

German Animal Welfare Act and was approved by the Regierungspräsidium 

Karlsruhe, Germany. A permit for experimental procedures or euthanasia was not 

required since no such procedures were carried out later than 5 days post fertilization 

(dpf).  

2.2.2.2.2 Fish husbandry 

Adult zebrafish were kept in tanks (50 fish per tank) with a water recirculation system 

at 28.5°C on a 14 hr/10 hr light-dark cycle. Adults were fed twice daily with commercial 

dry food and in-house hatched brine shrimp (live food). 

2.2.2.2.3 Breeding 
 
For pairwise breeding, small cages with divider were assembled in the late afternoon 

after the second feeding time. One male (slender and darker) and one female (with 
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bigger underbelly) were transferred to the opposite sites of a breeding cage. In the 

following morning, shortly after beginning the light cycle, divider was removed, and 

fish started mating. Eggs were collected every 20 minutes (mating time) using a 

strainer. Eggs were kept in a petri dish filled with egg water. (E3 medium + 2ml/l of 

0.1% methylene blue). 

 

2.2.2.2.4 Microinjection 
 
For injection, purified plasmid DNA was diluted in distilled H2O supplemented with 

0.1% phenol red at a concentration of 35-40 ng/µl. Fertilized eggs were collected in 

the middle of a petri dish with a minimum amount of egg water. One- or two-cell stage 

embryos were injected (femtoJet, Eppendorf) through the chorion, directly into the 

yolk, with a drop of approximately 10% of the yolk volume, using injection needles. 

The injection needles were pulled from borosilicate glass capillary tubes with filament 

(0.58 mm diameter, Warner Instruments, Hamden, CT) using a micropipette puller 

(Sutter Instruments, Novato, CA). Injected embryos were raised in egg water at 28,5°C 

for further experiments.  

 

2.2.2.2.5 Embryo treatment with rapamycin 

For rapamycin treatment, embryos were co-injected with rapamycin (2.7nM of a 10mM 

stock solution in DMSO) together with the plasmid DNA (see above).  

2.2.2 Immunofluorescence, microscopy and image analysis  

2.2.2.1 preparing and sectioning  
 
2.2.2.1.1 Mouse M soleus muscle 

Mice were sacrificed by cervical dislocation 7, 14, 28 and 45 dpi. M. soleus was 

dissected by cutting the tendons, then immobilzed in a stretched position and frozen 

in liquid nitrogen. The muscle was cut in two halves with a scalpel. Half of the muscle 

was then fixed onto a sample holder using O.C.T. compound (Tissue-Tek) and 25μm 

thick transverse sections were cut using the cryostat. Sections were placed on glass 

slides, air-dried and kept in -80°C till use. 
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2.2.2.1.2 Zebrafish Embryo  
 
2 dpf embryos were sacrificed using anesthetizing buffer and fixed in fixation buffer for 

1h at RT. After several washes with PBS, fixed embryos were incubated in 30% 

sucrose in PBS at 4°C until embryos sanked to the bottom of the tube (12-24 h). 

Thereafter, embryos were transferred to a plastic mould that was filled with O.C.T. 

compound (Tissue-Tek) in the desired orientation and frozen gently in liquid nitrogen. 

To attach the frozen block to the sample holder, O.C.T. compound (Tissue-Tek) was 

dropped in the centre of sample holder and incubated in the main cryostat chamber at 

-20°C for 5 min. Embedded embryos were cut in 20µm tick longitudinal sections using 

the cryostat. Sections were placed on glass slides, air-dried and kept in -80°C till use. 

 

2.2.2.1.3 Adult zebrafish trunk muscle 
 
Adult zebrafish were anesthetized and euthanized using the rapid cooling method. 

The head, tail and fins were removed using a scalpel and the skin was removed with 

forceps. Fish muscles were removed longitudinally along one side of the fish, parallel 

to the backbone using a scalpel, transferred to the fixation buffer and incubated for 1h 

at RT. After several washes with PBS, fixed muscles were placed in 15% sucrose in 

PBS until they sank and then placed in 30% sucrose in PBS for overnight at +4°C. 

Afterward, each tissue was transferred to a plastic mould that was filled with O.C.T. 

compound (Tissue-Tek) and oriented in the longitudinal direction, and frozen gently in 

liquid nitrogen. Embedded tissues were cut in 25µm thick longitudinal sections using 

the cryostat. Sections were placed on glass slides, air-dried and kept in -80°C till use. 

 

2.2.2.2 Immunofluorescence staining  

After fixation in 4% PFA in PBS-/-, sections were washed 3 times for 5 min at RT in 

PBS -/-. Then, they were permeabilized in permeabilization buffer for 10 min at RT. 

After washing again with PBS -/-, sections were blocked in blocking solution for 1 h, at 

RT. The first antibody was diluted at an appropriate concentration in blocking solution 

and incubated on the section overnight at 4°C. On the next day, sections were washed 

with PBS -/- and proper secondary antibody was applied for 1h at RT in the dark and 
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sections were washed again with PBS-/-. In order to counterstain nuclei, diluted DAPI 

in blocking buffer (1:1000) was added on the sections and incubated for 10 min at RT 

in the dark. After washing with PBS-/-, sections were mounted with Mowiol 4-88 and 

a glass coverslip. The slides were maintained in the dark until imaging was performed. 

The same procedure was used for mouse M soleus muscle, adult zebrafish trunk 

muscle and embryos. 

2.2.2.3 Confocal microscopy and image analysis 
2.2.2.3.1 Regenerating Mouse M soleus muscle 

Muscle sections were stained according to 2.2.2.2 and images were acquired in tiling 

mode to image the entire section using a 20x/0.8 Plan-Apochromat objective on a 

Zeiss LSM 800. Images were analysed using the Fiji software (Schindelin et al., 2012). 

The regenerated myofibres (central nuclei) were segmented using the Laminin 

staining in order to determine their number and minimum Feret’s diameter as a 

measure of muscle fibre cross- sectional size (Schindelin et al., 2012). The number of 

Ki67 positive nuclei and the total number of nuclei were determined by automated 

segmentation whereas the number of nuclei within myofibres was determined by 

manual counting, in order to calculate the percentage of non-myofibre nuclei 

expressing Ki67. The number of MYOD positive cells normalized to the number of 

myofibres was determined by manually counting the MYOD positive nuclei, excluding 

those within myofibres. Linear brightness and contrast adjustments were made for 

illustration purposes, but only after the analysis had been made. 

2.2.2.3.2 Cross sectioned Zebrafish myofibre imaging 
Embryo and adult zebrafish muscle sections were stained according to 2.2.2.2 and 

imaged by confocal microscopy on a Zeiss LSM 800. Z- stack images were acquired 

using a 63x Plan- Apochromat oil immersion objective. Images were analysed using 

the Fiji software. 
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2.2.2.3.2 In vivo imaging of Zebrafish embryos and quantification of 
myofibre size 

Zebrafish embryos were dechorionated by sharp forceps and anesthetized using 

anesthetizing buffer. Afterward, embryos were transferred to 35mm confocal dish and 

mounted in low melt agarose (preheated at 42°C). Once agarose was fully gelled, E3 

medium containing tricaine was added to prevent drying out of agarose and embryos. 

Embryos were imaged by confocal microscopy on a Zeiss LSM 800. Images were 

acquired using a 20X/0.8 Plan- Apochromat objective. 3D reconstructed images were 

created from 70 stacks images using the Imaris software. On each image, single 

myofibre was segmented and the myofibre volume and mCherry intensity was 

measured using the Imaris software. The number of nuclear targeted RHEB 

constitutive active mutant (RHEB-Q64L) positive nuclei within myofibres were 

determined by manual counting. 

2.2.2 Cell cultures methods 
2.2.2.1 Cell culture conditions 

C2C12 myoblast cells were cultured at 6 % CO2 and 95 % humidity at 37 °C. The 

zebrafish PAC2 fibroblast cell line was cultured under atmospheric CO2, in a non-

humidified incubator at 26.5°C. The manipulation of cells was performed under a 

sterile hood. Media, buffers and glassware were sterilized before work (120 °C, 1.4 

bar, 20 min).  

2.2.2.2 Passaging and seeding of cells 

First, the medium was removed, and cells were washed two times with PBS -/-. 

Thereafter cells were treated with trypsin solution and incubated for 3 min in the 

incubator. After detachment of the cells, the trypsin reaction was stopped by 

resuspending the cells with culture medium. Then cells were centrifuged, resuspended 

in culture medium, counted in a Neubauer chamber and cultured as follows: 
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Format Cell number  

(PAC2 cells) 

Format Cell number  

(C2C12 cells) 
T75 flask 
 

1x 107 15 cm dish 
 

2.5x 105 

6 well plate 
 

5x 105 6 well plate 
 

5x 104 

 24 well plate 1x105  24 well plate 1x104 

                                                       
 2.2.2.3 Differentiation of C2C12 myoblasts 

A standardized protocol was used for the differentiation of C2C12 myoblasts. Cells 

were seeded at a density of 5.103 cells / cm2 in growth medium (GM, 10% FCS-

containing DMEM) at day -3, relative to the induction of differentiation at day 0. When 

cells reached confluence at day 0, differentiation was induced by changing the medium 

to differentiation medium (DM, 2% horse serum-containing DMEM), which was then 

replaced every day.  

2.2.2.4 Collagen coating of coverslips 
 
Glass coverslips were placed in a 24 well plate after sterilization by 70% ethanol and 

flaming. 500 μl of a sterile filtered 0.01 % collagen and 0.2 % acetic acid mixture was 

added on each coverslip and incubated for 1 h at RT. The mixture was removed, and 

the coverslips were dried overnight.  

 
2.2.3 Transfection methods 
2.2.3.1 Transfection of C2C12 cells with TransIT-X2 

Cells were seeded either on collagen coated cover slips for imaging or in well plates 

according to 2.2.2.2 and incubated overnight. Proper amounts of DNA were diluted in 

serum-free medium. Then, TransiT-X2 (2.5 µl per 1 µg of DNA) was added and the 

mixture was incubated for 30 min at RT. During this time the growth medium on the 

cells was changed. Subsequently, the transfection mixture was added to the cells 

dropwise. The medium was changes after 6 h incubation.  
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siRNAs were also transfected at a concentration of 20 mM into C2C12 cells using this 

method. 

2.2.3.2 Transfection of PAC2cells with FuGENE HD 

Cells were seeded according to 2.2.2.2 and incubated overnight. Proper amounts of 

DNA were diluted in the serum-free medium. Then, FuGene HD (4 µl per 1 µg of DNA) 

was added and the mixture was incubated for 30 min at RT. During this time the growth 

medium on the cells was changed. Subsequently, the transfection mixture was added 

to the cells dropwise. The cells were incubated for 48h, however medium was changed 

after 24h.  

2.2.3.3 Transfection C2C12 cells with Amaxa  

1x106 cells were transfected by nucleofection using the Nucleofector® Kit V with 5μg 

of plasmid DNA according to manufacturer’s protocol. Before reseeding, cells were 

stained with trypan blue and counted to estimate the number of viable cells. 

2.2.4 Cells treatment with farnesyl transferase inhibitor (FTI) 

3x105 C2C12 myoblast cells were seeded in 10 cm dish. The day after seeding, 4µM 

FTI (Lonafarnib) dissolved in DMSO was added to the cell culture medium. Treated 

cells were harvested after 24h incubation. 

2.2.5 Edu staining 

C2C12 myoblasts transfected with either the nTRIP6 blocking peptide (BP) or the 

control peptide (cBP) and grown on coverslips were pulsed for 1 h with 10 μM EdU 

and then fixed for 15 min with 2% paraformaldehyde, permeabilized for 20 min with 

0.5% Triton X-100 in PBS and blocked for 1h in 5% BSA in PBS-/-. Incorporated EdU 

was reacted with 6-FAM-Azide as recommended by the manufacturer. Cells were then 

stained with a rabbit anti-mCherry primary antibody and an Alexa Fluor 546-

conjugated anti-rabbit secondary antibody. Nuclei were counterstained with DAPI and 

analysed by confocal microscopy on a Zeiss LSM 800 (see 2.2.7). 
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2.2.6 Adhesion assay 

For adhesion assays, plasmid or siRNA transfected C2C12 cells were re-seeded 48h 

post-transfection onto collagen-coated glass coverslips at a density of 2.5x104 

cells/cm2 and allowed to adhere for 1h. Non-adhered cells were washed away and 

adhered cells were fixed for 10 min fixation buffer. Nuclei were stained with DRAQ7, 

imaged and counted (see 2.2.7). 

2.2.7 Immunofluorescence, microscopy and image analysis of cells 

Immunofluorescence analysis was performed on C2C12 cells grown and differentiated 

on glass coverslips coated with collagen Type I, fixed for 10 min in fixation buffer, 

permeabilized for 10 min in 0.5% Triton X- 100 in PBS-/-and blocked for 1h in 5% BSA 

in PBS-/-. The primary antibodies were diluted at an appropriate concentration in 

blocking solution and incubated on the fixed cells overnight at 4°C. On the next day 

cells were washed three times with PBS-/- and the appropriate secondary antibody 

was applied for 1h at room temperature in the dark. After washing three times with 

PBS -/-, nuclei were counterstained with DAPI or DRAQ7 for 10 min in the dark. The 

coverslips were then mounted with Mowiol 4-88 and subjected to analysis.  

For investigating nTRIP6 function to regulate the dynamics of myoblast differentiation 

in vitro, C2C12 myoblasts were transfected with either the nTRIP6 blocking peptide 

(BP) or the control peptide (cBP), grown and differentiated on coverslips and prepared 

for image analysis as described above. Imaging was performed using confocal 

microscopy on a Zeiss LSM 800.Cells images were acquired in tiling mode using a 

10x/0.3 Plan- Neofluar objective resulting in 3 X 2 mm2 images. The number of 

transfected cell nuclei (mCherry positive) and the number of MYH3 or of EdU positive 

cells (see 2.2.5) were determined by a combination of automated segmentation and 

manual counting in order to calculate the number of positive cells among transfected 

cells. The fusion index was calculated as the percentage of mCherry positive nuclei 

within fused myotubes. 

To study the subcellular localisation of RHEB and mTOR, C2C12 cells were grown on 

glass coverslips coated with collagen Type I and prepared for image analysis as 

described above. Z- stack images were acquired using either a 63x Plan- Apochromat 
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oil immersion objective on a Zeiss LSM 800 or a 93x Plan- Apochromat glycerol 

immersion objective on a Leica 800. Images were analysed using the Fiji software.  

2.2.6 Protein methods 
2.2.6. Whole cell protein isolation (in RIPA Buffer) 
 
Cells were washed twice with ice cold PBS -/-, lysed with appropriate amounts of RIPA 

(supplemented with the cocktail of protease/phosphatase inhibitors (PIC, PhIC and  

PMSF), scraped and transferred to the clean 1.5 ml tubes. Subsequently, cells were 

sonicated for 5 min with 20s pulse / 20s pause at the low intensity. To denature the 

proteins, the mixture was boiled at 94°C for 5 min, and 2x Laemmli buffer was used 

as a loading buffer. 

 

2.2.6.2 Cytoplasmic, nuclear and nucleolar fractionation 

Cytoplasm and nuclei from either untreated or C2C12 cells treated with FTI (see 2.2.4) 

were prepared using the Nuclear Extract Kit (Active Motif), according to 

manufacturer’s protocol. Nucleoli were extracted from the nuclear. Briefly, Cells were 

washed with ice-cold PBS-/- supplemented with phosphatase inhibitor and collected 

as pellets. A hypotonic buffer was used to lyse the cells and extract the cytoplasm. 

After centrifuging and washing with the detergent-containing buffer, the nuclear pellet 

was collected. Pellets were resuspended in Buffer S2 (350mM Sucrose, 0.5mM 

MgCl2, supplemented with phosphatase inhibitor (PhIC), sonicated, layered over 

Buffer S3 (880mM Sucrose, 0.5mM MgCl2, supplemented with PhIC) and spun at 

2800 xg for 5 min at 4 C. Supernatant was retained as the enriched nucleoplasmic 

fraction. The nucleolar pellet was resuspended in Buffer S2 and spun at 2800 xg for 

5min at 4 C. The cleaned nucleolar pellet was resuspended in 1x RIPA (supplemented 

with PIC, PhIC, PMSF), briefly sonicated and centrifuged at 18000 xg for 10min at 4 

C, and enriched lysates were collected.  
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2.2.6.3 Measurement of total protein concentration according to  
Lowry  

The Lowry protein assay was used to measure total protein concentration in lysates. 

First, 250µl Lowry I -Buffer, then 500µl Lowry IV-buffer solution were added to 4µl of 

sonicated lysate. The mixture was incubated for 5 min at RT. Subsequently, 50µl Folin 

(1:1 in water) was added to the mixture and incubated for 30 min at RT in the dark. 

Two sets of BSA standards were mixed containing known amounts of protein. The 

protein concentration was evaluated by spectrometry at 595nm and the absorbance 

was measured and compared to a standard curve.  

2.2.6.4 Separation of proteins via SDS-PAGE 

Proteins were separated according to their size using an electrical field (Laemmli, 

1970). The polyacrylamide gels were cast according to Sambrook (Sambrook, J., 

2001). The gels were run in a Mini-PROTEAN Tetra Vertical Electrophoresis Cell 

(BioRad) at 100 V for 1 h.  

2.2.6.5 Western bloting 

After separation on the gel, the proteins were transferred to a Polyvinylidene fluoride 

(PVDF) membrane which was soaked and activated in Ethanol.  For the transfer a 

trans-blot turbo (BioRad) at 1.3 mA/cm2 for 7 minutes was used with western blot 

buffer. Following this the membrane was incubated for 1 h at RT in blocking buffer. 

After blocking, the primary antibody (diluted in blocking buffer) was incubated on the 

membrane over night at 4°C under constant shaking. The next day the membrane 

were washed three times with TBST for 5 min at RT, then the secondary antibody 

(conjugated with HRP), again diluted in blocking buffer, was incubated on the 

membrane for 1 h at RT. The membrane was then washed three times in TBST. The 

specific signal of HRP was detected by enhanced chemoluminescence using the 

ChemiDoc Touch Imaging System (BioRad).  
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2.2.6.6 Luciferase assay 
2.2.6.6.1 FireFly- Luciferase assay 
 
After two washes with ice cold PBS-/-, cells were lysed with the Promega passive lysis 

buffer (5x lysis buffer diluted to 1x with ddH2O). 10 μl of cell lysates were then 

transferred into a white 96 well plate and subjected to luciferase measurement. The 

luminometer automatically injected 70 μl of the reaction buffer together with 20 μl of 

the substrate buffer in each well. The luminescence was measured for 2 seconds.  

 

2.2.6.6.2 Nanoluc- Luciferase assay 

As with the FireFly-Luciferase Assay the cells were lysed with the Promega passive 

lyse buffer. 5 μl of the cell lysates were transferred into a white 96 well plate and 45 μl 

of Promega passive lyse buffer were added to the lysate. The Nano-Glo Luciferase 

Substrate was diluted 1:200 in Nano-Glo Luciferase Buffer (Promega). 50 μl of this 

substrate buffer mixture was added to each well and the luciferase activity was 

measured for 2 seconds.  

2.2.7 DNA methods 
2.2.7.1 DNA digestion 

In order to double digest plasmid DNA, 2µg plasmid DNA was digested using 2 units 

of each corresponding restriction endonucleases in 10 times concentrated buffer. After 

1 h incubation at 37°C, the separate digested plasmid DNA were mixed to complete 

digestion followed by 1 h incubation at 37°C. 

2.2.7.2 Electrophoresis 
 
Agarose gel electrophoresis was used to separate DNA fragments according to their 

size. To cast the gel, 1% agarose powder was dissolved in 1x TAE buffer under 

heating and ethidium bromide was added to it after cooling down. After loading DNA 

into the wells on the gel, an electric current with voltage of 100V was applied. The 

separation of DNA fragments lasted approximately 1 h and was visualized by UV- light. 
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2.2.7.3 Extraction of DNA fragment out of agarose gel 

DNA fragments with the size of interest were cut out of the gel on a UV- light table 

using scalpel and purified from the piece of gel using GeneJet Gel Extraction Kit 

according to its protocol. The concentration of purified DNA was measured from its 

absorbance (A260) using NanoDrop spectrophotometer. 

2.2.7.4 Dephosphorylation of 5´end of DNA 
 
In order to prevent self-ligation of plasmid DNA, 1 unit of rSAP was added to 1 pmol 

of DNA ends in 10 times concentrated buffer. After 30 min incubation at 37°C, the 

reaction was stopped by 5 min heat-inactivation at 65°C. 

 
2.2.7.5 Ligation 

According to manufacturer’s instruction (NEB), 2µl of T4 DNA ligase was added to a 

combination of a vector and an insert in 10 times concentrated buffer (the molar ratio 

of vector to insert was calculated using NEB calculator). The reaction mix was 

incubated at 16°C overnight in a PCR cycler. The reaction was inactivated by 10 min 

heating at 65°C the next day. 

2.2.7.6 PCR 

To amplify the DNA of interest, a sequence specific primer pair was combined with 

DNA fragment in a PCR reaction mix which was involved, 10% DMSO, 0.2mM dNTPs, 

1U Pfu-DNA-Polymerase in 5 times concentrated PCR buffer. The volume of DNA 

fragment and primers were different per reaction depending on the DNA construct and 

primers size. The PCR reaction was implemented in the PeQstar PCR device in a 30 

cycles of denaturation (95°C, 1min), annealing (the temperature and duration was 

depended on melting point of each primer) and elongation (72°C, the duration was 

depended on the size of DNA fragment (2min/kb)) after 5 min primary denaturation 

(95°C). The PCR reaction was completed after another 10 min elongation and cooled 

down to 8°C. 
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2.2.7.7 Transformation of E. coli (DH5α) 

0.1 µg of plasmid DNA was added to 100 µl of of chemically competent E. coli (DH5α), 

which were thawed on ice. After 30 min incubation of mix on ice, bacteria were heat 

shocked by 45 s heating at 42°C using a heating block subsequently placed on ice for 

2 min. Afterwards, the mix was added to 900µl SOC medium in a sterile polypropylene 

tube and incubated at 37°C for 1 h under constant shaking. Thereafter, the 

transformed bacteria were transferred into a 1.5 ml reaction tube and centrifuged for 

1 min at 13000 rpm. After removing the supernatant, the pellet was resuspended in 

100 µl of remaining medium and transferred to preheated LB agar plate containing the 

antibiotic which was necessary to select the plasmid of interest. The transformed 

bacteria were incubated at 37°C to grow overnight. 

2.2.7.8 Annealing of oligos 
 
Equimolar concentration of each oligos in a total volume of 100µl were annealed at 

95°C for 5 min and then slowly cooled to room temperature. Annealed oligos was kept 

in -20°C till use. 

 

2.2.7.9 Phosphorylation of oligos 

300 pmol of annealed oligos was phosphorylated using T4 PolynucleotideKinase 

(PNK) in 10 times concentrated Ligase buffer. The reaction mix was incubated at 37°C 

for 30 minutes and then heat inactivated at 65°C for 20 minutes. 

2.2.7.10 Infusion Cloning 

The infusion cloning was performed using the In-Fusion HD Cloning Kit of Clontech 

according to its protocol.  

2.2.7.11 Site directed mutagenesis 
 
Site directed mutation was conducted using QuikChange Site-Directed Mutagenesis 

Kit from Agilent according to its protocol. 
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2.2.7.12 Cloning 

The cloning was accomplished in multiple steps. It was started with creating a desired 

expression vector and insert. The plasmids which were digested with the appropriate 

restriction enzymes, were used as the vector. The insert was either created by 

digestion, PCR, annealed oligos or by using pre-ordered string DNA. The vector and 

insert were then either ligated or fused and chemically transformed to the proper 

competent cell. The transformed construct was purified using peqGOLD Xchange 

Plasmid Midi Kit. The concentration of the purified DNA was determined from its 

absorbance (A260) using the NanoDrop spectrophotometer and diluted to a 

concentration of 1 μg/μl and stored at -20°C until use. The plasmids that were cloned 

were sequence verified and are described in 2.1.11. 

2.2.9. RNA isolation and quantitative real-time PCR 

Total RNA was extracted using PeqGOLD TriFastTM. Cells were collected in 

PeqGOLD TriFastTM, mixed with Chlorofom and vortexed for one minute. 

Centrifugation was performed with 12000xg for 10 minutes. The RNA containing 

aqueous phase was transferred into a fresh reaction tube and was mixed with 

isopropanol for precipitation. After that, centrifugation was performed at 12000 xg for 

10 minutes and the RNA pellet was washed with 75% EtOH, and, after drying 

resuspended in 20-50μl ddH2O. RNA was then reverse-transcribed into cDNA. RNA 

samples were treated with DNase I and incubated for 30 minutes at 37 C. DNase I 

was then heat inactivated by adding EDTA and incubating for 10 min at 65 C. 

Thereafter, first strand was synthesized by incubating for min at 70 C in random primer 

and mixed with following reagents: 

5x MLRVT Buffer 4 µl 

dNTP (10mM) 2 µl 

MLRVT 1 µl 

H2O 3 µl 

 

and incubated for:     
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10 min 25°C 

60 min 42°C 

10 min 70°C 

Store in  4°C 

Synthesized cDNA was diluted in 50-100 µl RNase free water. 

Myog (myogenin) and Tnni2 mRNAs, as well as the transcript of the large ribosomal 

subunit P0 gene (Rplp0) used for normalization, were quantified by real-time PCR 

using the ABI Prism Sequence Detection System 7000 (Applied Biosystems, Foster 

City, CA) using SYBR green. 

2x SYBR green  10 µl 

Primer (10 pmol/µl) 2 µl 

cDNA 4 µl 

H2O 4 µl 

 

 

 

 
2.2.10 Statistical analysis 
 
Statistical analyses were performed using R. Where indicated, significant differences 

were assessed by two-sided t-test analysis, with values of P < 0.05 sufficient to reject 

the null hypothesis. A Bonferroni correction was applied when multiple comparisons 

were performed. The normal distribution of myofibre size in zebrafish embryo was 

assessed by the Shapiro Wilk normality test (P=0.009). 

Program   

95°C 5 min 

95°C 30 sec 

60°C 30 sec 

72°C 30 sec 

35 cycles  

72°C 5 min 

8°C store 
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3. Results 

3.1 Function of nTRIP6 in myogenesis and skeletal muscle 
regeneration  

3.1.1 nTRIP6 regulates the dynamics of myoblast differentiation in 
vitro 

Our group has reported that nTRIP6 acts as a transcriptional co-repressor for MEF2C 

in myoblasts (Kemler et al., 2016), suggesting a role for nTRIP6 in the regulation of 

myogenesis. I first investigated this question in the C2C12 mouse myoblast cell line. 

In order to investigate the involvement of nTRIP6 in their differentiation, I used a 

genetically-encoded, nuclear targeted blocking peptide (BP) which was developed by 

our group. The peptide is fused to a nuclear localization sequence (NLS), to target it 

to the nucleus, and tagged with mCherry for visualization purposes. This blocking 

peptide competes with nTRIP6 to interact with MEF2C and selectively inhibits the 

function of nTRIP6 in the nucleus without interfering with TRIP6 in the cytosol 

(Diefenbacher et al., 2014; Kemler, 2017). As a control, I used a scrambled version of 

blocking peptide (cBP).  

Upon transfection in C2C12 cells, both the blocking peptide and control peptide were 

exclusively located in the nucleus, as assessed by the mCherry florescence signal 

(Fig. 9A). Thereafter, I examined whether the blocking peptide affect the cytosolic 

function of TRIP6, i.e. cell adhesion (Gur’ianova et al., 2005; Yi et al., 2002). C2C12 

cells were transfected with either the blocking peptide (BP), the control peptide or 

mCherry fused to an NLS as an additional negative control. As a positive control, an 

siRNA targeting TRIP6 mRNA, which knocks down both the nuclear and cytosolic 

TRIP6 isoforms (Diefenbacher et al., 2008) was used. A nonspecific siRNA was used 

as a control. The adhesion assay results show that the blocking peptide did not have 

any effect on cell adhesion (Fig. 9B), whereas the siRNA significantly decreased it 

(Fig. 9C). Taken together, these results confirm the selectivity of the blocking peptide 

to block nTRIP6 function. I therefore used it to assess the function of nTRIP6 in 

myogenesis.  
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Figure 9- The blocking peptide does not interfere with the cytosolic functions of TRIP6. A) C2C12 
myoblasts were transfected with the nuclear-targeted mCherry-tagged nTRIP6 blocking peptide or the 
control scrambled version of the peptide. Cell nuclei were counter stained with DRAQ7 and imaged by 
confocal microscopy (Scale bar: 20 µm). (B) C2C12 myoblasts were transfected with either nuclear-
targeted mCherry as a vector control (V), the control peptide (cBP) or the blocking peptide (BP) and an 
adhesion assay was performed 48h later. The number of adhered transfected cells (mCherry positive) 
is presented as mean ± SD of 3 independent experiments. A representative Western Blot of the cell 
lysates probed with an anti-mCherry antibody and an anti-GR antibody as a loading control is presented. 
(C) C2C12 myoblasts were either untransfected (-) or transfected with a control siRNA (Co) or an siRNA 
targeting Trip6 mRNA. An adhesion assay was performed 48h later and nuclei were stained with 
DRAQ7. The number of adhered cells is presented as mean ± SD of 3 independent experiments. A 
representative Western Blot of the cell lysates probed with an anti-TRIP6/nTRIP6 antibody and an anti-
GR antibody as a loading control is presented.  
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I used a standardized protocol for the differentiation of C2C12 myoblasts. Cells were 

seeded at a low density in growth medium (GM) at day -3, relative to the induction of 

differentiation at day 0. When cells reached confluence at day 0, medium was switched 

to differentiation medium (DM), to induce the differentiation. To study the putative role 

of nTRIP6 in myoblast differentiation, we used MyoG (myogenin) mRNA as an 

indicator of early myocytic differentiation (Edmondson and Olson, 1990) and Tnni2  a 

marker of late differentiation (Lin et al., 1994). In C2C12 cells expressing the blocking 

peptide, MyoG was expressed earlier in the proliferation phase and remained more 

elevated during the differentiation phase than in cells expressing the control peptide 

(Fig. 10A). In contrast, the expression of Tnni2 was delayed in C2C12 cells expressing 

the blocking peptide compare to the control (Fig. 10B). These results suggest that 

blocking nTRIP6 function accelerates early differentiation and delays late 

differentiation.  

              

 

 

 

 

Myoblast exit from the cell cycle and entry into the differentiation phase are 

coordinated  process (Ruijtenberg and van den Heuvel, 2016). Thus, the accelerated 

early differentiation in cells expressing the blocking peptide could be due to an 

accelerated cell cycle exit.  

Figure 10- Blocking nTRIP6 function accelerates early differentiation and delays late 
differentiation. C2C12 cells were transfected with either the mCherry-tagged, nuclear-targeted 
nTRIP6 blocking peptide (BP) or the control, scrambled version of the peptide (cBP). After 
transfection, the cells were kept in growth medium (GM, 10% FCS-containing DMEM) for two days 
(day -2 till 0), then switched to the differentiation medium at day 0 (DM, 2% horse serum-containing 
DMEM). Cells were harvested at the indicated day and the relative levels of the Myog (A) and Tnni2 
(B) mRNAs were determined by real-time PCR. Results are plotted relative to the expression of the 
RPLP0 gene (mean ± SD of three independent experiments). Bonferroni corrected P values are for 
A) α= 0.044, β= 0.027 and γ=0.012 and for B) α =0.050, β =0.053 and γ=0.047.  
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Therefore, I tested whether blocking nTRIP6 function affects myoblast proliferation 

and cell cycle exit, using again the blocking peptide. There was no difference between 

the number of C2C12 cells transfected with the blocking peptide and those expressing 

the control peptide during the proliferation and early differentiation phases (Fig. 11A). 

Furthermore, there was no difference in the kinetics of cell cycle exit, as assessed by 

Edu pulsed labelling, between cells expressing the blocking peptide and cells 

expressing the control peptide (Fig. 11B). Thus, blocking nTRIP6 function in myoblasts 

has no effect on cell proliferation or on the kinetics of cell cycle exit, although it 

accelerated early differentiation. 

 

 

 

 

 

To confirm the effect of blocking nTRIP6 function on late differentiation, in 

collaboration with Denise Kemler, the number of C2C12 cells expressing MYH3 

(embryonic skeletal myosin heavy chain 3) was quantified upon transfection with the 

nTRIP6 blocking peptide or the control peptide. MYH3 is a contractile protein which is 

expressed during myogenic differentiation and provides a specific marker of the late 

differentiation phase (Schiaffino et al., 2015). At day 0, one day before the induction 

of differentiation, very few cells expressed MYH3, as expected. At day 1, about 10% 

Figure 11 - Blocking nTRIP6 function does not affect myoblast proliferation and cell cycle exit. 
C2C12 cells were transfected with either the mCherry-tagged, nuclear-targeted nTRIP6 blocking peptide 
(BP) or the control, scrambled version of the peptide (cBP). After transfection, the cells were kept in 
growth medium (GM) for two days, then switched to the differentiation medium (DM) at day 0. (A) Cells 
were counted at the indicated day and results are shown relative to the cBP-transfected cells at day -2 
and are mean ± SD of three independent experiments. (B) Cells were pulsed with EdU for 1 h at the 
indicated time point, fixed, stained for EdU incorporation and peptide expression (mCherry) and 
analysed by confocal microscopy. The percentage of EdU-positive nuclei among transfected cells 
(mCherry positive) is presented as mean ± SD of three independent experiments.  
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of the cells transfected with the control peptide expressed MYH3, whereas this number 

was significantly decreased in the cells transfected with the nTRIP6 blocking peptide 

(Fig. 12). Therefore, blocking nTRIP6 function delays late differentiation.  

 

 

 

 

 

I then tested whether blocking nTRIP6 function has also an effect on myocyte fusion. 

In cells transfected with the control peptide, cell fusion started at day 2 of differentiation 

and strongly increased at day 3 to reach of fusion index of about 40%. However, in 

cells transfected with the blocking peptide, cell fusion was significantly inhibited at both 

day 2 and day 3. (Fig. 13). Thus, blocking nTRIP6 function leads to impaired myocyte 

fusion.  

 

 

 

 

Figure 12- Blocking nTRIP6 function delays late differentiation. C2C12 cells were transfected 
with either the mCherry-tagged, nuclear-targeted nTRIP6 blocking peptide (BP) or the control, 
scrambled version of the peptide (cBP). After transfection, the cells were kept in growth medium (GM, 
10% FCS-containing DMEM) for two days, then switched to the differentiation medium at day 0 (DM). 
Cells were fixed at the indicated day and subjected to immunofluorescence analysis using antibodies 
against MYH3 and mCherry. Nuclei were counterstained using DAPI. The percentage of MYH3 
expressing cells among transfected cells (mCherry positive) is presented as mean ± SD of three 
independent experiments.  
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3.1.2  Skeletal muscle regeneration in Trip6 knockout mouse 

In order to investigate the in vivo relevance of the results showing the regulatory role 

of nTRIP6 in myoblast differentiation in vitro, I studied skeletal muscle regeneration in 

a mouse model in which the Trip6 gene is knocked out in satellite cells. To this end, I 

used the C57BL/6J-Trip6Tm(loxP) line, hereafter termed Trip6
fl/fl

, in which Trip6 is 

conditionally targeted by flanking exons 2 to 9 by loxP sites (Shukla et al., 2019). 

Figure 13 - Blocking nTRIP6 function leads to impaired myocyte fusion. C2C12 cells were 
transfected with either the mCherry-tagged, nuclear-targeted nTRIP6 blocking peptide (BP) or the 
control, scrambled version of the peptide (cBP). After transfection, the cells were kept in growth medium 
(GM) for two days (day -2 till 0), then switched to the differentiation medium at day 0 (DM). Cells were 
fixed at the indicated day and subjected to immunofluorescence analysis using antibodies against MYH3 
and mCherry. Nuclei were counterstained using DAPI. (A) Representative images are shown (Scale 
bar: 200 µm). (B) The fusion index (percentage of mCherry positive nuclei within fused myotubes) is 
presented as mean ± SD of three independent experiments. 
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Trip6
fl/fl 

mice were crossed with C57BL/6J-Pax7
tm1(Cre-ERT2)Gaka 

(short name Pax7Cre-

ERT2) mice, in which the tamoxifen-inducible version of Cre-recombinase (Cre-ERT2) 

is expressed only in satellite cells (Murphy et al., 2011). The Trip6
fl/fl

; Pax7
Cre-ERT2/wt 

offspring were treated with Tamoxifen for 5 consecutive days to delete Trip6 only in 

satellite cells. I then tested the muscle repair capacity of these Trip6 knockout mice, 

hereafter termed Trip6
scko

. The wild type Trip6
fl/fl 

mice were used as a control. To this 

end, in collaboration with Denise Kemler, the animals were subjected to a muscle 

injury by injection of Notexin directly into the soleus muscle. Notexin promotes a 

complete degeneration of the muscle, followed by a complete regeneration (Danieli-

Betto et al., 2010). Then muscle regeneration was followed at time 7, 14, 28 and 45 

days post injury (dpi) (Fig. 14A). As an index of myogenic differentiation during 

regeneration, I counted the number of mononuclear cells expressing MYOD, which 

includes both proliferating myoblasts and differentiated myocytes (Füchtbauer and 

Westphal, 1992; Yablonka-Reuveni and Rivera, 1994) (Fig. 14B). Seven, 14 and 28 

dpi, the number of MYOD-positive cells was significantly higher in the regenerating 

soleus muscle of Trip6scko animals than in the soleus muscle of the Trip6fl/fl control 

mice. At 45 dpi, the number of MYOD-positive cells had strongly decreased and no 

difference between the knockout and control group was observed at this day (Fig14. 

C). This increase in the number of MYOD-positive cells might due to an increased 

myoblast proliferation. To address this hypothesis, the number of cells expressing the 

Ki67 proliferation marker was quantified (Fig. 14B). At 7 dpi, the number of cells 

expressing Ki67 was not different between the Trip6
scko and Trip6

fl/fl 
regenerating 

muscles. However, at 14 dpi, this number had increased more in the Trip6
fl/fl 

than in 

the Trip6
scko regenerating muscles. At 28 and 45 dpi, it had strongly decreased in 

muscles from both genotypes compared to 14 dpi (Fig. 14D). These results showed 

that the higher number of MYOD-expressing cells in the Trip6scko muscle is not caused 

by an increased myoblast proliferation. An alternative hypothesis would be a 

decreased myocyte fusion. 
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Figure 14 - Skeletal muscle regeneration in Trip6 knockout mice. A) Schematic representation of the 
protocol. The Trip6 gene was knocked out in satellite cells by intraperitoneal injection of tamoxifen in 

Trip6fl/fl; Pax7Cre-ERT2/wt mice and muscle degeneration was induced by injection of notexin in the M. 

soleus. (B-D) The regenerating and uninjured contralateral muscles of Trip6scko (ko) and Trip6fl/fl control 
animals (fl/fl) were harvested at the indicated day post-injury (dpi). Transverse cross sections of M. soleus 
muscles were immunostained with antibodies against Laminin (gray) to delineate the myofibres, MYOD 
(green) to visualize myoblasts and myocytes, Ki67 (red) to visualize proliferating cells. Nuclei were 
counterstained with DAPI (blue). Section were imaged by confocal microscopy. (B) Representative 
images are shown (Scale bar: 100 μm). (C) Number of MYOD-positive mononuclear cells normalized to 
the number of myofibres; (D) Percentage of non-myofibres nuclei expressing Ki67; (E) Minimum Feret’s 
diameter of the regenerating myofibres expressed as percent of the contralateral uninjured muscle. 
Bonferroni corrected P values are presented (5 animals per group).  
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To investigate this hypothesis, I measured the size of regenerating myofibres (the 

minimum Feret’s diameter), as an index of fusion during regeneration. At 7 dpi, the 

size of the myofibres was larger in Trip6scko than in Trip6fl/fl muscles. On the contrary, 

at 14 and 28 dpi, the size of myofibres was larger in Trip6fl/fl muscles. Finally, at 45 dpi, 

there was no more observable difference in the size of the regenerated myofibres in 

both genotypes (Fig. 14E). Therefore, the delay in the increase in myofibre size 

despite the higher number of MYOD expressing cells in the Trip6scko muscle is very 

similar to our in vitro observations that blocking nTRIP6 functions delays myocyte 

fusion.  

Taken together, these results show that the loss of nTRIP6 expression in satellite cells 

delays muscle regeneration. 
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3.2 Nuclear function of RHEB in muscle growth in the zebrafish 
embryo 

3.2.1 Subcellular localisation of mTOR and RHEB in vitro in C2C12 
myoblast cells and in vivo in Zebrafish myofibres  

It has been reported that mTOR and RHEB are localised in the cytoplasm and nucleus 

in many cell lines. In addition, a study in murine myoblasts revealed that mTOR is 

mainly nuclear during myogenic differentiation (Zhang et al., 2002). Whether RHEB is 

also localised in the nucleus in these cells is unknown. Therefore, I first studied the 

subcellular localisation of mTOR and RHEB in C2C12 myoblasts. In proliferating 

myoblasts (day-2 and -1), mTOR and RHEB immunoreactivity was detected mainly in 

the nucleus. By day 4 of differentiation, mTOR and RHEB were observed more in the 

nucleus with detectable level in the cytoplasm of fused myotubes (Fig. 15). These 

results indicate that RHEB and mTOR are localised mainly in the nucleus in C2C12 

myoblast cells during proliferation and differentiation, with an increase in cytoplasmic 

localization towards the late differentiation phase. 

   

 

 

 

Figure 15 - Subcellular localisation of mTOR and RHEB in C2C12 myoblasts. C2C12 cells were 
seeded at low density and kept in proliferation medium for 2 days (day -2 till 0). At day 0 the medium 
was switched to low serum containing differentiation medium and kept for 4 days (day +4). Cells were 
fixed at the indicated day and subjected to immunofluorescence analysis using antibodies against 
mTOR and RHEB (green). Nuclei were counterstained using DAPI (blue) and imaged by confocal 
microscopy. Images representative of three experiments are shown (Scale bar: 20µm). 
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What could be the determinant of the nuclear localisation of RHEB? Farnesylation of 

the C-terminal CAAX motif of RHEB by the cytoplasmic farnesyl transferase supports 

its subcellular localisation to membrane comportments like the lysosome, Golgi or 

Endoplasmic reticulum (ER) (Buerger et al., 2006). Farnesyl transferase inhibitors 

prevent this step of RHEB post-translational modification, leading to the scattering of 

RHEB in the cytosol (Ferguson and Angarola, 2020). To investigate whether 

farnesylation plays a role in the nuclear localization of RHEB, I used a farnesyl 

transferase inhibitor (Lonafarnib) (Basso et al., 2005) in proliferating C2C12 

myoblasts. Western blot analysis of subcellular fractions showed an increase in the 

nuclear localisation of RHEB upon treatment with Lonafarnib, while its cytoplasmic 

localisation was reduced (Fig. 16). This preliminary result suggests that the lack of 

farnesylation is a major determinant of RHEB nuclear accumulation.  

 

 

 

 

mTORC1 regulates cell growth rather than cell proliferation (Khor et al. 2019) and the 

over-expression of RHEB induces skeletal muscle hypertrophy (Emerman et al., 

2010). If RHEB is also expressed in the nucleus of growing muscle, its effect on 

muscle growth might not be only due to its canonical function in the cytosol, but also 

to a nuclear function. Therefore, I assessed the subcellular localisation of mTOR and 

RHEB in vivo, in the myofibres of fast-growing 2 days post fertilization zebrafish 

embryo, as well as in adult zebrafish in which muscles grow at a much slower rate 

(Keenan and Currie, 2019; Rowlerson et al., 1995). In longitudinal cross section, 

immunostaining revealed a predominantly nuclear localisation of mTOR and RHEB in 

Figure 16 - Nonfarnesylated RHEB accumulates in the nuclei of C2C12 myoblast cells. C2C12 
cells were seeded at low density and were kept in proliferation medium for one day in the presence 
or absence of a farnesyl transferase inhibitor (FTI). Cytosolic and nuclear fractions were subjected 
to western blot analysis using an anti-RHEB antibody, an anti-HDAC II antibody as a nuclear marker 
and an anti-alpha tubulin antibody as a cytosolic marker. The presented western blot is representative 
of three independent experiments. 
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the embryonic myofibres (Fig. 17A), whereas they were nearly exclusively cytosolic in 

the adult (Fig. 17B). Thus, the mostly nuclear localisation of RHEB of embryonic 

myofibres might be a feature of fast-growing muscles during embryonic development. 

This prompted us to study the effect of RHEB on muscle growth in the developing 

embryo. 

 

 

 

 

 

 

3.2.2 The effect of RHEB mutants on myofibre size  

To this end, I quantified the volume of myofibres expressing mCherry-tagged versions 

of constitutively active (Q64L) and dominant negative (D60K) mutants of RHEB in the 

Figure 17 - Localization of mTOR and RHEB in Zebrafish myofibres. Longitudinal cross sections 
through the trunk region of zebrafish embryos at 2 dpf (A) and adult zebrafish (B) were subjected to 
immunofluorescence analysis using antibodies against mTOR and RHEB (green). Nuclei were 
counterstained with DAPI (blue). Representative images (n=3) are shown. (Scale bar: 20 μm).  
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developing zebrafish embryo. The expression of the constructs from the injected 

plasmids was driven by a promoter fragment of the muscle-specific myosin chaperone, 

Unc45b, which directs gene expression exclusively in zebrafish skeletal muscle 

(Rudeck et al., 2016). Single cell stage embryos were injected with RHEB-Q64L, 

RHEB-D60K and mCherry plasmids (Fig. 18A) and raised for two days. The 

expression of the RHEB constructs was clearly visible in both the cytoplasm and 

nucleus of myofibres two days post-fertilization (2dpf) (Fig. 18B). Quantifying the 

volume of the myofibres expressing the RHEB-Q64L mutant showed a significant 

increase in size compared to the mCherry expressing myofibres. Conversely, in the 

myofibres expressing RHEB-D60K, I observed a strongly decrease in size, or they 

were even not detectable anymore (Fig. 18C). Together, these results validate the 

effect of RHEB mutants in vivo on zebrafish myofibre size. Given that the mutants are 

localised both in the cytoplasm and in the nucleus, these effects could be due to the 

function of cytosolic RHEB in the activation of the canonical mTORC1 pathway in the 

cytosol, or to a nuclear function of RHEB. 

 

 

 

 

 

Figure 18 - Effect of RHEB mutants on myofibre size. A) Schematic representation of the constructs 
used. B, C) Zebrafish embryos at the first cell stage were injected with plasmids in which the unc45b 
promoter drives the expression of either mCherry, RHEB- Q64L or RHEB-D60K fused to mCherry. (B) 
The trunk region of the 2dpf embryos were imaged by confocal microscopy. The images of the mCherry 
and bright field channels represent a restricted expression in the myofibres (Scale bar: 50 μm). (C) 
Embryos were imaged by confocal microscopy to generate Z-stacks covering the entire depth of the 
embryo trunk region. The mCherry-positive myofibres were segmented in 3D using Imaris to determine 
their volume. Five animals with 20 myofibres per animal were analyzed per group.  
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To address this question, the RHEB mutants were first targeted to the cytosol by fusing 

them to the strong nuclear export signal (NES) of the mitogen-activated protein kinase 

kinase (MEK) (Adachi et al. 2000). I then tested the effect of these cytosolic RHEB 

mutants on zebrafish myofibre size. RHEB-Q64L-NES, RHEB-D60K-NES and 

mCherry-NES were injected in the single cell stage embryos (Fig. 19A) and raised for 

two days. Confocal imaging confirmed that RHEB constructs were localised only in 

the cytoplasm of myofibres at 2dpf (Fig. 19B). In order to quantify the volume of the 

whole myofibre, a green fluorescent protein (eGFP) was introduced to the constructs 

using the self-cleaving peptide T2A. I observed a significant increase in the volume of 

myofibres which expressed RHEB-Q64L-NES at 2dpf compared to the mCherry 

control. Conversely, the volume of myofibres expressing RHEB-D60K-NES was 

significantly reduced (Fig. 19C). These results are compatible with the known function 

of RHEB in the activation of the canonical mTORC1 pathway in the cytosol.  

 

 

 

 

 

Figure 19 - Effect of cytosolic RHEB mutants on myofibre size. A) Schematic representation of the 
constructs used. (B, C) Zebrafish embryos at the first cell stage were injected with plasmids in which the 
unc45b promoter drives the expression of either mCherry-NES, RHEB- Q64L-NES or RHEB-D60K-NES 
fused to mCherry. In order to visualise the whole fibres for quantifying the volume, the constructs also include 
T2A-eGFP.  (B) The trunk region of the 2dpf embryos were imaged by confocal microscopy. The images of 
the mCherry,  eGFP and bright field channels represent a restricted expression of the RHEB mutants in the 
myofibres cytosol (red) (scale bar: 50 μm). (C) Embryos were imaged by confocal microscopy to generate Z-
stacks covering the entire depth of the embryo trunk region. The mCherry-positive myofibres were 
segmented in 3D using Imaris to determine their volume. Five animals with 20 myofibres per animal were 
analyzed per group. 
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In order to investigate the nuclear effect of RHEB on muscle growth, the strong nuclear 

localisation sequence (NLS) from Simian virus 40 (SV40) T antigen (Collas and 

Aleström, 1996), was introduced to the RHEB mutants (Fig. 20A).  

 

 

 

 

 

 

 

Figure 20 - Effect of nuclear RHEB mutants on myofibre size. Zebrafish embryos at the first cell 
stage were injected with plasmids in which the unc45b promoter drives the expression of either 
mCherry-NLS, RHEB-Q64L-NLS or RHEB-D60K-NLS fused to mCherry. In order to visualise the 
whole fibres for quantifying the volume, the constructs also include T2A-eGFP. (A) Schematic 
representation of the constructs used. (B) The trunk region of the 2dpf embryos were imaged by 
confocal microscopy. Representative images of the mCherry, eGFP and bright field channels are 
presented (scale bar: 50 μm). (C) Embryos were imaged by confocal microscopy to generate Z-
stacks covering the entire depth of the embryo trunk region. The mCherry-positive myofibres were 
segmented in 3D using Imaris to determine their volume. Five animals with 20 myofibres per animal 
were analyzed per group. (D) The correlation between the volume of the myofibres expressing 
RHEB-Q64L-NLS and the expression level of the construct, assessed by the intensity of the 
mCherry signal was performed by linear regression analysis. The correlation coefficient (R2) and 
the P value of the linear regression t-test are presented. 
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The expression of the RHEB constructs was clearly visible in the myofibres nuclei (Fig. 

20B). The volume of the myofibres expressing the RHEB-Q64L-NLS mutant was 

significantly increased at 2 dpf compared to the mCherry control (Fig. 20C). This effect 

was dose-dependent, as the myofibre volume was linearly correlated to the amount of 

expressed RHEB-Q64L-NLS (Fig. 20D). Conversely, the volume of the myofibres 

expressing the RHEB-D60K-NLS mutant was significant decreased. Furthermore, I 

observed a lot of collapsed myofibres among RHEB-D60K-NLS expressed cells (Fig. 

20C). These results show that nuclear RHEB promotes myofibre growth.  

3.2.3 Mechanism of the effect of nuclear RHEB 

3.2.3.1 Nuclear effect of RHEB on myofibre size: Myofibre 
hypertrophy or myocyte fusion? 

The increase in myofibre size occurs by either the incorporation of more nuclei by the 

fusion of myocytes or by hypertrophy of the myofibres (Wagner, 1996). In mammals, 

muscle growth via an increase in the number of myonuclei through myocyte fusion 

mostly stops after birth, and therefore in adults the increase in muscle mass is mostly 

related to myofibre hypertrophy. In contrast, in teleost fish, reaching the ultimate body 

size is the results of a combination between myofibre hypertrophy and myocytes fusion 

as a result of multiple waves of myogenesis during adult life (Rossi and Messina, 2014; 

Vo et al., 2016). To investigate whether the effect of the nuclear-targeted RHEB-Q64L 

mutant on myofibre size in zebrafish embryos is related to hypertrophy or myocyte 

fusion, I counted the number of myonuclei per myofibre expressing RHEB- Q64L in 

the nucleus. There was no significant difference in the number of myonuclei between 

myofibres expressing RHEB-Q64L-NLS and those expressing the mCherry-NLS 

control (Fig. 21). Thus, the nuclear effect of RHEB on myofibre size is not related to 

myocyte fusion but to myofibre hypertrophy. 
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3.2.3.2 Dependence on mTORC1 of the effect of RHEB on myofibre 
size 

Given that mTORC1 is the main driver of myofibre hypertrophy, I investigated whether 

the effect of nuclear RHEB is mTORC1-dependent. Two approaches were used to 

address this question, I introduced another mutation in the constitutive active RHEB-

Q64L mutant, I39K, to reduce its interaction with mTORC1 (Ma et al., 2008), and 

treated the RHEB-Q64L injected embryos with rapamycin, a potent chemical inhibitor 

of mTORC1 (Reijnders et al., 2017).  

I first examined the effect of the cytosolic RHEB-I39K-Q64L on muscle growth in vivo 

in the zebrafish (Fig. 22A-B). mCherry-NES and RHEB-Q64L-NES injected embryos 

were used as controls. While the embryos injected with RHEB-Q64L-NES showed a 

significant increase in myofibre size, as compared to mCherry-NES, the embryos 

injected with RHEB-I39K-Q64L-NES did not (Fig. 22C). Thus, reducing the interaction 

between the mTORC1 and RHEB via the I39K mutation, abolishes the ability of the 

cytosolic constitutively active RHEB mutant to increase muscle fibre size. This result 

confirms that cytosolic RHEB regulate muscle growth via the activation of the 

canonical mTORC1 pathway. Furthermore, this result validates the use of the I39K 

mutation to investigate the mTOR dependency of the nuclear function of RHEB. 

Figure 21 –Effect of nuclear RHEB on myocyte fusion. The trunk region of the 2dpf embryos injected 
with RHEB-Q64L-NLS or mCherry-NLS was imaged by confocal microscopy. The mCherry-positive 
myofibres were segmented in 3D using Imaris to count their myonuclei as an index of myocyte fusion. 
Five animals with 20 myofibres per animal were analyzed per group.  
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I thus tested the effect of the nuclear-targeted RHEB-I39K-Q64L on muscle growth in 

the zebrafish embryo (Fig. 23A-B). A significant increase in the size of myofibres which 

expressed RHEB-I39K- Q64L in the nucleus was observed compare to the mCherry-

NLS control at 2dpf (Fig. 23C). The size of the myofibres expressing RHEB-I39K-

Q64L-NLS was even significantly larger than those expressing RHEB-Q64L-NLS. This 

result suggests that nuclear RHEB regulates muscle growth in an mTORC1 

independent manner.  

Figure 22 - Effect of cytosolic constitutive active RHEB-I39K mutant on myofibre size. 
Zebrafish embryos at the first cell stage were injected with plasmids in which the unc45b promoter 
drives the expression of either mCherry-NES, RHEB-Q64L-NES or RHEB-I39K-Q64L-NES fused to 
mCherry. In order to visualise the whole fibres for quantifying the volume, the constructs also include 
T2A-eGFP. (A) Schematic representation of the constructs used. (B) The trunk region of the 2dpf 
embryos was imaged by confocal microscopy. Representative images of the mCherry, eGFP and 
bright field channels are shown (scale bar: 50 μm). (C) Embryos were imaged by confocal microscopy 
to generate Z-stacks covering the entire depth of the embryo trunk region. The mCherry-positive 
myofibres were segmented in 3D using Imaris to determine their volume. Five animals with 20 
myofibres per animal were analyzed per group. 
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To confirm this result, I used rapamycin to inhibit mTORC1. To do so, rapamycin was 

co-injected together with either RHEB-Q64L-NES or RHEB-Q64L-NLS, or their 

respective control constructs mCherry-NES and mCherry-NLS (Fig. 24 A). Although 

the increase in myofibre size elicited by RHEB-Q64L-NES was totally abolished by the 

rapamycin treatment. (Fig. 24 B), that elicited by RHEB-Q64L-NLS was not affected 

by rapamycin (Fig. 24 C).  

 

 

 

Figure 23 - Effect of nuclear constitutive active RHEB-I39K mutant on myofibre size. Zebrafish 
embryos at the first cell stage were injected with plasmids in which the unc45b promoter drives the 
expression of either mCherry-NLS, RHEB-Q64L-NLS or RHEB-I39K-Q64L-NLS fused to mCherry. In 
order to visualise the whole fibres for quantifying the volume, the constructs also include T2A-eGFP. 
(A) Schematic representation of the constructs used. (B) The trunk region of the 2dpf embryos was 
imaged by confocal microscopy. Representative images of the mCherry, eGFP and bright field 
channels are shown (scale bar: 50 μm). (C) Embryos were imaged by confocal microscopy to generate 
Z-stacks covering the entire depth of the embryo trunk region. The mCherry-positive myofibres were 
segmented in 3D using Imaris to determine their volume. Five animals with 20 myofibres per animal 
were analyzed per group. 
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3.2.3.3 Effect of nuclear RHEB on rRNA transcription 

The increase in protein synthesis capacity is essential for myofibre hypertrophy and is 

associated with the increase in ribosomal DNA (rDNA) transcription by RNA 

polymerase I (Pol I), leading to ribosomal RNA (rRNA) accumulation, and to an 

increase in ribosome content (von Walden et al., 2012). Cytosolic RHEB-mTORC1 

Figure 24 - Effect of Rapamycin on RHEB-mediated increase in myofibre size. Zebrafish embryos 
at the first cell stage were co-injected with rapamycin together with plasmids in which the unc45b 
promoter drives the expression of either mCherry-NLS, RHEB-Q64L-NLS fused to mCherry, mCherry-
NES or RHEB-Q64L-NES fused to mCherry. In order to visualise the whole fibres for quantifying the 
volume, the constructs also include T2A-eGFP. (A) The trunk region of the 2dpf embryos was imaged 
by confocal microscopy. Representative images of the mCherry, eGFP and bright field channels are 
shown (scale bar: 50 μm). (B) Embryos were imaged by confocal microscopy to generate Z-stacks 
covering the entire depth of the embryo trunk region. The mCherry-positive myofibres were segmented 
in 3D using Imaris to determine their volume. Five animals with 20 myofibres per animal were analyzed 
per group. 

Taken together these results show that the nuclear effect of RHEB on myofibre growth 

is independent of mTORC1. 
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and nuclear mTOR are involved in this process (Ghosh et al., 2014; Mayer et al., 2004; 

von Walden et al., 2016). However, the role of nuclear RHEB in stimulating rRNA 

transcription is unknown.  

Ribosome biogenesis occurs in the nucleolus (Abraham et al., 2020; Chen and Huang, 

2001). Therefore, I first studied whether RHEB is localised in the nucleolus. 

Immunofluorescence staining showed no RHEB immunoreactivity in nucleoli, which 

were visualized by an anti-fibrillarin antibody (Fig. 25A). To confirm this result, I also 

performed subcellular fractionations. RHEB was not detected in the nucleolus as 

shown by western blot analysis (Fig. 25B). 

 

 

 

 

 

 

 

Figure 25 - RHEB is not localised in the nucleolus. C2C12 cells were seeded at low density and kept 
in proliferation medium for one day. (A) Cells were fixed and subjected to immunofluorescence analysis 
using antibodies against RHEB (green) and Fibrillarin (nucleolar marker, red). Nuclei were 
counterstained using DAPI (blue) and imaged by confocal microscopy. Representative images are 
shown (Scale bar: 10µm). (B) Representative Western Blot of cytosolic, nuclear, nucleolar fractions and 
whole cell lysates of C2C12 cells probed with an anti-RHEB antibody, an anti-Fibrillarin antibody as a 
marker of nucleolus, anti-HDAC II antibody as nuclear marker and anti-alpha tubulin antibody as a 
cytosolic marker. The presented western blot is representative of three independent experiments. 
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Yet, nuclear RHEB could regulate rRNA transcription in an indirect manner. To 

address this question, we used a luciferase reporter gene to measure the transcription 

of the 45s pre-rRNA. This construct consists of a zebrafish rDNA promoter and 

terminator so that it is transcribed by RNA Pol I. However, in order to quantitate the 

transcription, the luciferase reporter gene (NanoLuc) coding sequence should be 

translated. For this reason, we flanked the NanoLuc coding sequence by a 5’ Internal 

Ribosome Entry Site (IRES) and a 3’ polyadenylation signal (Fig. 26A). This reporter 

was transfected in Zebrafish PAC2 fibroblasts together with either RHEB-Q64L-NLS 

or mCherry-NLS as a negative control. As a positive control, RHEB-Q64L-NES, which 

is expected to increase 45s rRNA transcription via the canonical mTORC1 pathway, 

as well as mCherry-NES as a negative were used. In order to normalize for possible 

differences in transfection efficiency, PAC2 cells were also co-transfected with an 

expression vector for Firefly luciferase which is translated from the same IRES (Fig. 

26A). As expected, RHEB-Q64L-NES, as compared to mCherry-NES, significantly 

increased 45s rRNA transcription. Similarly, cells which expressed RHEB-Q64L-NLS 

showed a significant increase in rRNA transcription (Fig. 26B). These results indicate 

that nuclear RHEB stimulates rRNA transcription, most likely in an indirect manner 

given that RHEB is not present in the nucleolus. 

 

 

 

 

Figure 26 – Effect of RHEB on rRNA transcription. A) Schematic representation of the reporters 
used. (B) PAC2 cells were transfected with the NanoLuc rRNA reporter together with an expression 
vector for Firefly luciferase for normalization, and either expression vector for nuclear targeted RHEB-
Q64L, nuclear targeted mCherry as control vector, or cytoplasmic RHEB-Q64L and cytoplasmic 
mCherry as a control. Cells were serum starved for 24 h after serum, lysed, and NanoLuc and Firefly 
luciferase activities were determined. The relative Luciferase activity, i.e. NanoLuc activity normalized 
against Firefly activity, is presented as mean ± SD of three independent experiments. 
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4. Discussion 

In this work, I have investigated two aspects of skeletal muscle plasticity, muscle 

regeneration and the regulation of myofibre size. 

In the first part, I have unravelled the role of nTRIP6 in the temporal control of 

myogenesis. At early stages, nTRIP6 temporarily represses myoblast differentiation, 

allowing proper myocyte differentiation and fusion at later stages. In the second part, 

I have uncovered that in the zebrafish embryo nuclear RHEB regulates myofibre 

growth via an mTORC1-independent mechanism.  

 

4.1 Skeletal muscle regeneration 

Our first finding is that nTRIP6 prevents premature differentiation. Indeed, blocking 

nTRIP6 function using a nuclear-targeted peptide (Diefenbacher et al., 2014; Kemler 

et al., 2016) accelerated early differentiation. Given the coordination between cell 

cycle exit and entry into differentiation (Singh and Dilworth, 2013), the accelerated 

expression of early differentiation markers upon blocking nTRIP6 function could have 

been due to an accelerated cell cycle exit. However, the blocking peptide had no effect 

on myoblast proliferation and cell cycle exit. Thus, nTRIP6 appears to mainly repress 

early differentiation. What could be the mechanism of such an effect of nTRIP6? Our 

group has shown that this transcriptional co-regulator exerts a co-repressor function 

for the transcription factor MEF2C in myoblasts (Kemler et al., 2016). Although 

involved in late differentiation and fusion (Hinits and Hughes, 2007; Potthoff et al., 

2007), MEF2C is already expressed during the myoblast proliferation phase (Liu et al., 

2014; Mokalled et al., 2012) and its activity must be repressed to prevent premature 

differentiation. Therefore, I propose that nTRIP6 prevents premature differentiation at 

least in part by repressing MEF2C activity during the late myoblast proliferation phase.  

We also observed that blocking nTRIP6 function inhibits late differentiation and fusion. 

The lack of nTRIP6 activity delayed the expression of the late differentiation genes 

Tnni2 and MYH3. The expression of both these genes is directly (Tnni2) or indirectly 
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(MYH3) driven by MEF2C (Nakayama et al., 1996). Thus, one would have expected 

an increase in their expression upon blocking the co-repressor function of nTRIP6 for 

MEF2C. An explanation for this apparently contradictory result is given by the 

dynamics of nTRIP6 expression during myogenesis. Indeed, previous results of our 

group have shown that nTRIP6 expression is very low at the beginning of myoblast 

proliferation. It is then transiently up-regulated at the transition between myoblast 

proliferation and differentiation to reach a maximum towards the late proliferation 

phase, then it progressively decreases along with late differentiation and fusion 

(Kemler, 2017). Thus, nTRIP6 expression is maximal at the transition between 

proliferation and differentiation, when MEF2C activity has to be repressed, but back to 

very low levels for late differentiation and fusion, when MEF2C activity is required. 

Therefore, the inhibitory effect of blocking nTRIP6 function on late differentiation and 

fusion seems to be an indirect consequence of the loss of nTRIP6 function at earlier 

time points. The resulting premature activation of MEF2C and the subsequent 

premature expression of proteins of the contractile apparatus could be the cause of 

the impaired fusion observed upon blocking nTRIP6 function. Taken together, nTRIP6 

prevents premature myoblast differentiation to allow proper myocyte differentiation 

and fusion at later stages. 

The in vivo relevance of these findings is confirmed by our results on muscle 

regeneration in mice in which Trip6 is knocked out in satellite cells. I observed an 

increase in the number of MYOD-expressing cells in Trip6scko regenerating muscle. 

Given that both myoblasts and myocytes express MYOD (Füchtbauer and Westphal, 

1992; Yablonka-Reuveni and Rivera, 1994), this increase could be due to either an 

increased myoblast proliferation or a decreased myocyte fusion. I did not observe an 

increased number of proliferating cells (myoblasts) in the Trip6scko regenerating muscle 

but rather a decrease at 14 dpi. Thus, the increased number of MYOD-positive cells 

corresponds to an increased number of myocytes, which matches the accelerated 

early differentiation that was observed upon blocking nTRIP6 function in vitro. 

Furthermore, the delay in the increase in myofibre size in the Trip6scko regenerating 

muscle despite the increased number of myocytes is clearly indicative of a delay in 

myocyte fusion. This observation is very similar to the inhibitory effect the blocking 

peptide on myocyte fusion in vitro. Therefore, the deregulated dynamics of muscle 
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regeneration in the Trip6scko animal is very reminiscent of the deregulated dynamics 

of in vitro myogenesis that we observed upon blocking nTRIP6 function.  

Finally, in the Trip6scko knock out animals the expression of both the long cytosolic 

isoforms (TRIP6) and short nuclear isoform (nTRIP6) is lost. Thus, the observed 

regeneration phenotype could be due to the loss of either nTRIP6 in the nucleus or 

TRIP6 in the cytosol or both. The main function of the cytosolic isoform TRIP6, like 

that the other members of the ZYXIN family of focal adhesion LIM domain proteins 

(Smith et al., 2014), is to regulate adhesion (Lin and Lin, 2011; Willier et al., 2011). 

However, no general phenotype was observed upon the total deletion of the Trip6 

gene in the mouse, as could have been expected from the loss of such an important 

function (Shukla et al., 2019). This observation, together with the absence of obvious 

phenotypes in the Zyxin (Hoffman et al., 2003), Lpp (Vervenne et al., 2009) , Ajuba 

(Pratt et al., 2005), Limd1 (Feng et al., 2007) and Migfilin (Moik et al., 2011) knockout 

mice, strongly suggests that TRIP6 and the other ZYXIN family members are 

redundant for their cytosolic function. It is therefore unlikely that the muscle 

regeneration phenotype that we observed in Trip6scko animals is due to the loss of the 

cytosolic function of TRIP6. Furthermore, the similarities between the phenotype of 

the Trip6scko knockout mouse and the in vitro effects of the nTRIP6 blocking peptide, 

which is targeted to the nucleus and can therefore only block the function of nTRIP6, 

very strongly suggests that the delayed muscle regeneration in the knockout is a 

consequence of a loss of nTRIP6.  

 

4.2 Muscle growth 

In the second part of this thesis, I report that nuclear RHEB promotes myofibre growth 

in an mTORC1-independent manner. My first observation is that while RHEB is mostly 

cytosolic in adult zebrafish myofibres, it is nearly exclusively nuclear in embryonic 

myofibres. Although RHEB is reported to be associated with the lysosomal membrane 

and other membrane compartment (Buerger et al., 2006; Takahashi et al., 2005), a 

nuclear localisation has already been described (Yadav et al., 2013). However, my 

results represent the first report of a nearly exclusive nuclear localisation. RHEB is 
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targeted to lysosomal and other membranes via the farnesylation of its C-terminal 

CAAX motif (Buerger et al., 2006; Clark et al., 1997; Moores et al., 1991). In this 

regard, RHEB differs from the other members of the RAS superfamily, which contain 

additional membrane-targeting motifs. For example, in addition to the farnesylated 

CAAX motif, H-RAS and K-RAS-4B also harbour palmitoylated cysteines and 

polybasic domains in their hypervariable regions, which together contribute to their 

enrichment at the plasma membrane (Takahashi et al., 2005). The hypervariable 

region of RHEB does not harbour any of these additional membrane-targeting signal 

and RHEB is therefore not specifically targeted to the plasma membrane. RHEB CAAX 

motif is necessary and sufficient for transient farnesylation-dependent membrane 

interactions. Thus, RHEB has a weak interaction with the lysosome via farnesylation, 

which is sufficient to activate mTORC1 (Angarola and Ferguson, 2019). However, it 

has been recently shown that RHEB localisation is not restricted to the surface of 

lysosome but that it can also scatter in the cytosol (Ferguson and Angarola, 2020). 

However, whether this “free” cytosolic form of RHEB as well as RHEB in the nucleus 

are also farnesylated is not known. My results in vitro, in cells where RHEB is both 

cytosolic and nuclear, showed that a farnesyl transferase inhibitor increased the 

nuclear localisation of RHEB, suggesting that nonfarnesylated RHEB passively 

diffuses to the nucleus where it can accumulate. Thus, two pools of RHEB might 

coexist in the cell, one farnesylated and retained at membranes, and the other 

nonfarnesylated and freely diffusing to and accumulating in the nucleus. However, 

such a nuclear accumulation implies that RHEB is somehow retained within this 

compartment, presumably via an interaction with resident proteins. Whether a lack of 

farnesylation is the cause of the nearly exclusive nuclear localisation of RHEB in 

embryonic myofibres remains to be investigated. The striking difference in the 

subcellular localisation of RHEB between embryonic and adult myofibres strongly 

suggests a major difference in the control of myofibre growth. In adult zebrafish, 

farnesylated RHEB associated to lysosomal membranes is most likely involved in the 

activation of the canonical mTORC1 pathway, which is required for muscle growth in 

response to various hypertrophic stimuli (Khor et al., 2019). In the embryo, the nuclear 

localisation of RHEB strongly suggests that muscle growth is not driven primarily by 

the canonical mTORC1 pathway. Thus, nuclear RHEB appears to be a feature of fast-

growing muscles. 
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The second prominent finding of this work is that nuclear RHEB promotes embryonic 

myofibre growth. In the embryo, over-expression of the nuclear-targeted, constitutively 

active mutant RHEB-Q64L (Scheffzek, 1997) increased myofibre size, while the 

nuclear-targeted dominant negative mutant RHEB-D60K decreased myofibre size. 

Given that the nuclear localisation of the RHEB mutants was achieved through fusion 

to an NLS, which promotes cytosol to nucleus shuttling, one might argue that during 

its residence time in the cytosol, RHEB-Q64L-NLS might have activated mTORC1 and 

thereby increased myofibre size. However, while rapamycin inhibited the growth 

promoting effect of the mutant when targeted to the cytosol, it did not inhibit the effect 

of the nuclear-targeted mutant. Similarly, the I39K mutation in RHEB switch one region 

which reduces mTORC1-RHEB interaction (Ma et al., 2008) abolished the growth 

promoting effect of RHEB-Q64L when targeted to the cytosol, but not when targeted 

to the nucleus. Therefore, the increase in myofibre growth is indeed a direct 

consequence of RHEB- Q64L presence in the nucleus. Furthermore, these results 

clearly show that nuclear RHEB regulates myofibre growth via an mTORC1-

independent mechanism.  

What could be the mechanism of nuclear RHEB mediated myofibre growth? The two 

main mechanisms that can drive an increase in myofibre volume are either increased 

myocyte fusion or increased protein synthesis (Mommsen, 2001). Given that 

myogenic differentiation and fusion is negatively regulated by RHEB (Ge et al., 2011), 

the growth promoting effect of nuclear RHEB is unlikely to be due to an effect on 

myocytes fusion. This putative mechanism is further excluded by my results showing 

that nuclear targeted RHEB-Q64L does not increase the number of myonuclei per 

myofibre. Thus, the myofibre growth promoted by nuclear RHEB most likely relies on 

increased protein synthesis. One mechanism could be through ribosomal biogenesis 

(Liu et al., 2014b). Indeed, ribosomal protein synthesis and ribosomal DNA (rDNA) 

transcription by RNA Pol I are initial events that are required to increase the protein 

synthesis capacity during muscle hypertrophy (von Walden et al., 2016). My results 

showed that nuclear targeted RHEB-Q64L promotes an increase in rRNA 

transcription, suggesting that this might be one of the mechanisms of nuclear RHEB-

mediated myofibre growth. However, RHEB was not localised to the nucleolus, where 

rRNA transcription takes place. rRNA synthesis by RNA Pol I requires the cooperative 

interaction of the transcription initiation factors TIF-IA, B and the upstream binding 
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factor UBF-1. Given that TIF-IA plays an essential role in the regulation of rRNA 

synthesis in growing myofibres and that its activity is regulated by diverse extracellular 

signals like resistance training and growth factors (Fyfe et al., 2018; Ghosh et al., 

2014), it is tempting to speculate that nuclear RHEB may indirectly stimulate rRNA 

transcription in part via TIF-IA. 

Another possible mechanism of mTORC1-independent effect of nuclear RHEB on 

myofibre size could be through Notch signaling which plays a key role in skeletal 

muscle maintenance and growth (Al Jaam et al., 2016). Indeed, RHEB was shown to 

stimulate Notch signaling in a mTORC1-independent manner: the activated form of 

Notch, NotchR intracellular domain (NICD), interacts with RHEB in the cytoplasm of 

brown adipocytes (Meng et al., 2019). However, NICD due to its nuclear localisation 

domain localised mainly in the nucleus of myofibres (Bröhl et al., 2012). A possibility 

is therefore that nuclear RHEB promotes the interaction of NICD with the primary 

transcriptional mediator of Notch signaling, Rbpj, and with mastermind-like (Maml), to 

initiate the expression of direct Notch target genes such as HeyL which is required for 

muscle hypertrophy (Fukuda et al., 2019; Jarriault et al., 1995). Therefore, RHEB 

might regulate myofibre size in a mTORC1-independent manner via the Notch 

signaling pathway. 

Furthermore, in brown adipocytes, RHEB promotes a Notch-dependent activation of 

the PKA signaling pathway, which in turn activates the cyclic AMP (cAMP) response 

element binding protein (CREB) transcription factor (Meng et al., 2019). Interestingly, 

CREB stimulates the expression of genes that are involved in the regulation of skeletal 

muscle mass (Rahnert et al., 2016). For example, the Nr4a family nuclear hormone 

receptors and the transcription factor JunB, which are both direct CREB target genes, 

are involved in myofibre hypertrophy (Kawasaki et al., 2011; Raffaello et al., 2010). 

Thus, it is tempting to speculate that nuclear RHEB promotes myofibre growth in a 

mTORC1-independent mechanism at least in part through the Notch signaling 

pathway, although additional experiments have to be performed to dissect these 

possibilities. 
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4.3 Conclusion 

In this thesis work, I have investigated two essential aspects of skeletal muscle 

plasticity, muscle regeneration and muscle growth. 

The first part revealed a novel function for the transcriptional co-regulator nTRIP6 in 

the regulation of regenerative myogenesis. I propose that during the late myoblast 

proliferation phase, nTRIP6, whose expression is transiently upregulated (Kemler, 

2017), prevents premature differentiation. This early anti-differentiation function 

appears necessary to allow a timely myocyte differentiation and fusion at later stages. 

Thus, nTRIP6 modulates the dynamics of myogenesis in vitro and of skeletal muscle 

regeneration in vivo by preventing premature differentiation. 

The second part of this work uncovered an unconventional function of the mTORC1 

activator RHEB. In zebrafish embryo myofibres, RHEB, which is nearly exclusively 

localised in the nucleus promotes the growth of myofibres in an mTORC1-independent 

manner. Although some reports have described mTORC-1 independent functions of 

RHEB as well as its nuclear localisation, to my knowledge, this work represents the 

first description of an mTORC1 independent function of RHEB in the nucleus. This 

nuclear function appears essential to regulate the growth of myofibres in the embryo. 

Together, this work illustrates the diversity and complexity of the molecular 

mechanisms involved in the regulation of skeletal muscle plasticity. 
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