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I Zusammenfassung 

Der Signalweg „mechanistic target of rapamycin complex 1“ (mTORC1) ist eine treibende 

Kraft des Skelettmuskulaturwachstums, dies wird durch die Förderung der Hypertrophie 

der Muskelzellen, Muskelfasern genannt, erzielt. Verschiedene Signalwege 

konvergieren, um im Zytosol den direkt vorgeschalteten Aktivator von mTORC1, die 

kleine GTPase RHEB, zu aktivieren. RHEB ist durch seine C-terminale Farnesylierung 

an Endomembranen verankert, insbesondere an der des Lysosoms. Darüber hinaus kann 

RHEB auch im Zellkern vorhanden sein, zum Beispiel im Zellkern embryonaler 

Muskelfasern von Zebrabärblingen. Dort fördert RHEB unabhängig von mTORC1 das 

Muskelwachstum. In adulten Zebrabärblingen ist RHEB jedoch vorwiegend im Zytosol 

vorhanden. Dies weist auf eine Regulierung der subzellulären Lokalisation von RHEB 

während der Entwicklung hin. In dieser Arbeit habe ich zunächst die zeitliche 

Koordinierung der Zellkernlokalisation von RHEB in den embryonalen Muskelfasern von 

Zebrabärblingen untersucht. Ich konnte zeigen, dass RHEB vor dem Schlüpfen, in den 

embryonalen Stadien, im Zellkern lokalisiert ist. Diese Präsenz im Zellkern nahm nach 

dem Schlüpfen nach und nach ab. Da das Schlüpfen mit einem Anstieg der 

Muskelaktivität verbunden ist, habe ich den Effekt von Muskelkontraktion auf die 

Zellkernlokalisation von RHEB untersucht. Das Reduzieren der Muskelaktivität führte zu 

einer verlängerten Zellkernlokalisation von RHEB, das Erhöhen zu einer beschleunigten 

Reduktion. Vor dem Hintergrund der fördernden Wirkung von Muskelkontraktion auf die 

Muskelfaserreifung wäre es möglich, dass die skizzierten Erkenntnisse auf einen 

allgemeinen Prozess hinweisen, der in Verbindung mit Zellreifung zu einer Abnahme der 

Zellkernlokalisation von RHEB führt. Letztlich führte die Hemmung der Farnesylierung in 

den Muskelfasern geschlüpfter Zebrabärblingen zu einer Retention von nuklearem 

RHEB. Aufgrund dieser Ergebnisse nehme ich an, dass RHEB in unreifen Zellen in zwei 

Formen auftritt, einerseits farnesyliert und zytosolisch und andererseits unfarnesyliert und 

nuklear. Vollständige Zellreifung würde demnach zu einer vollständigen Farnesylierung 

von RHEB führen, welches vorwiegend im Zytosol vorhanden wäre. Dies deutet zudem 

darauf hin, dass nukleares RHEB bei der Zelldifferenzierung und der Zellreifung eine 

Rolle spielt.
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II Abstract 

The mechanistic target of rapamycin complex 1 (mTORC1) pathway is the main driver of 

skeletal muscle growth, by promoting the hypertrophy of skeletal muscle cells, the 

myofibres. Various signals converge to activate its direct upstream activator, the small 

GTPase RHEB in the cytosol. RHEB is anchored to endomembranes, in particular that of 

the lysosome, through its C-terminal farnesylation. Furthermore, RHEB can also be 

present in the nucleus, for example in the nucleus of zebrafish embryonic myofibres, 

where it promotes growth in an mTORC1-independent manner. However, RHEB is 

predominantly cytosolic in adult zebrafish myofibres, suggesting a regulation of RHEB 

subcellular localisation during development. In this work I first investigated the timing of 

RHEB nuclear localisation in embryonic zebrafish myofibres. I showed that RHEB is 

present in the nucleus at embryonic stages, before hatching. This presence in the nucleus 

then progressively decreased. Given that hatching is associated with an increased 

skeletal muscle activity, I then studied the effect of contraction on RHEB nuclear 

localisation. Reducing muscle activity in embryos prolonged the presence of RHEB in the 

nucleus, while increasing muscle activity accelerated the reduction of nuclear RHEB. This 

effect might be related to the maturation-promoting effect of contraction. This suggests 

that the decrease in RHEB nuclear localisation is a general process linked to maturation. 

Finally, inhibiting farnesylation resulted in the nuclear retention of RHEB in post-hatching 

myofibres. Based on these results, I assume that in immature cells RHEB exists as two 

pools, one farnesylated and cytosolic and the other non-farnesylated and nuclear. Upon 

final maturation, all RHEB would be farnesylated and predominantly retained in the 

cytosol. This also suggest a function for nuclear RHEB in cell differentiation and 

maturation. 
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1. Introduction 

1.1. Skeletal muscles 

Skeletal muscles are an important tissue in the body, representing a major portion of total 

body mass. This proportion can vary in different vertebrates. In humans, skeletal muscles 

represent 30-40% of body mass (Janssen et al., 2000). In zebrafish they can exceed 50% 

of the total body mass, as the skeletal muscles continuously grow throughout their life 

(Mommsen, 2001). Skeletal muscles exert a multitude of functions, such as posture, 

mechanical force generation and locomotion. Furthermore, skeletal muscles contribute to 

the control of breathing and the regulation of the metabolism. 

In mammals, muscles are made up of bundles of myofibres, which are their basic cellular 

unit (figure 1). The muscles are surrounded by layers of connective tissue. In zebrafish 

the body is segmented in distinct repeating muscle units along the anterior-posterior axis, 

arranged in a typical chevron shape (figure 1). These muscle units are known as 

myotomes and are surrounded by connective tissue. The myofibres are aligned in parallel 

in these myotomes (Kimmel et al., 1995; Waterman, 1969).  

Myofibres are long, multinucleated cells. They are surrounded by the sarcolemma, a cell 

membrane, and contain thousands of parallel myofibrils. These myofibrils consist of long 

series of sarcomeres, which are the contractile unit of the muscle (figure 1). Sarcomeres, 

in turn, are formed of myofilaments. These chains of proteins, primarily actin and myosin, 

are arranged in specific characteristic patterns. These are further supported by proteins 

necessary for other mechanical and physiological properties (Frontera & Ochala, 2015). 

These myofilaments can move against each other in what is called the power stroke of 

the sarcomere. The power stroke is a contraction of the sarcomere and as the sarcomeres 

are synchronised this leads to the contraction of the myofibrils and thus the entire 

myofibre. 
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Myofibres are formed in a process known as myogenesis. Progenitor cells first proliferate 

as mononucleated myoblasts. These exit the cell cycle and start differentiating into 

precursor cells, the myocytes. Myocytes in turn fuse to form multinucleated immature 

myofibres, the myotubes, which in turn mature into functional myofibres (Abmayr & 

Pavlath, 2012; Chal & Pourquié, 2017). Myogenesis can be categorized into embryonic 

and adult myogenesis. Embryonic myogenesis is essential for muscle formation, whereas 

adult myogenesis plays a key role in muscle repair and regeneration. In adult myogenesis 

quiescent muscle stem cells (satellite cells) located between the basal lamina and the 

sarcolemma (Yin et al., 2013) exit quiescence, proliferate and give rise to the myoblasts. 

While muscle size is pre-determined in mammals, zebrafish can continuously grow 

throughout their entire life (Mommsen, 2001). For embryonic myogenesis many events 

are common in all vertebrates, both in mammals and zebrafish (as a representative of the 

teleost). Among these are the regulation of progenitor cell fate, proliferation, differentiation 

and fusion, as well as the genetic regulation through transcription factors (Barresi et al., 

Figure 1: Schematic representation of mammalian and zebrafish muscles 

Mammalian muscles are made of bundles of myofibres. These are comprised of thousands of myofibrils, 

which in turn are long repeating series of sarcomeres. In contrast zebrafish muscles are repeating 

muscle units called myotomes which are arranged in a chevron shape. In these myotomes the 

myofibres are parallel. Zebrafish myofibres are also made of myofibrils organized in sarcomeres. 
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2001; Devoto et al., 1996; Devoto et al., 2006; Rescan, 2001). Despite this, there are 

several differences in both the timing and mechanisms of development.  

In mammals, embryonic myogenesis occurs well into segmentation, involving muscle 

progenitor cells from the dermomyotome. In mice, segmentation and somitogenesis 

begins on embryonic day 8.5 (of 19 days of gestation) and ends on embryonic day 13 

(Saga, 2012). The dermomyotome is an epithelial layer of proliferating precursor cells, 

which gives rise to the trunk, muscles and dermis (Hollway et al., 2007; Stellabotte et al., 

2007; Stellabotte & Devoto, 2007). In mammals there are two regions of the 

dermomyotome. One gives rise to the deeper muscles of the back, the other to the more 

superficial muscles, as well as the diaphragm, the body wall and limb muscles (Cossu et 

al., 2000).  

In zebrafish, there are two populations of muscle precursor cells. One is known as adaxial 

cells, which commit to embryonic myogenesis before segmentation (Devoto et al., 1996; 

Stickney et al., 2000). The other population, the lateral presomitic cells, only start 

differentiation after the onset of segmentation (Henry & Amacher, 2004). In zebrafish, 

somitogenesis occurs very early into development, starting at 10.3 hours post fertilization 

(hpf) and ending at 24 hpf, hatching occurring between 2 days post fertilization (dpf) and 

3 dpf (Kimmel et al., 1995). Together, the adaxial and lateral presomitic cells form the 

primary myotome which is already functional after segmentation. In zebrafish the initial 

formation of the myotome is independent of the dermomyotome (Hollway et al., 2007; 

Stellabotte et al., 2007). Myogenic progenitor cells from the dermomyotome are however 

necessary for continued growth of the myotome (Devoto et al., 2006). The timepoint of 

the first muscle contraction and the onset of the heartbeat differs in mammals and 

zebrafish. Mice experience the first myocardial pulsation (heartbeat) on embryonic day 9 

(Navaratnam et al., 1986), the first movement can be detected on embryonic day 12.5 

(Suzue, 1996) and body movement begins on embryonic day 14 (Kodama & Sekiguchi, 

1984). In Zebrafish the first muscle contractions in the form of random twitching can start 

occurring after 17 hpf, while the heartbeat starts at 24 hpf. The overall muscle activity is 

low until it starts increasing in preparation for hatching at 60 hpf, with free movement 
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occurring post hatching in the larval form (Kimmel et al., 1995; Saint-Amant & Drapeau, 

1998). 

Myofibres are very plastic cells, allowing skeletal muscles to adapt in structure and 

function as a response to a variety of stimuli. These stimuli include the presence and 

availability of nutrients and growth factors, as well as pathophysiological conditions and 

mechanical overload. This plasticity allows for the adaptation of various characteristics, 

such as their force-generation capacity, their resistance to fatigue, their ability to change 

contraction velocity, their repair capability, and their ability to change mass (Chromiak & 

Antonio, 2008; Flück & Hoppeler, 2003; Furrer et al., 2023).  

 

 1.2. Control of muscle size  

In mammals, the mass of skeletal muscles is primarily determined by the size of the 

myofibres (Rennie et al., 2004). Therefore, changes to the overall muscle mass are 

primarily a result of changes in the size of pre-existing myofibres, as opposed to changes 

to the number of myofibres. Increasing the size of myofibres results in an increase in 

overall muscle mass, this is known as hypertrophy. Whereas a reduction in myofibre size 

results in a reduction in muscle mass, known as atrophy. In many fish, hyperplasia, an 

increase in the number of myofibres, is a further possibility for muscle growth (Mommsen, 

2001). However, in zebrafish very little hyperplasia takes place after the juvenile phase 

has been reached (Biga & Goetz, 2006). 

Individual myofibres, when excluding water content, are comprised of approximately 80% 

structural and functional protein (Frontera & Ochala, 2015). Thus, an important aspect of 

controlling myofibre size is the regulation of the available proteins. The degradation of 

proteins can lead to a reduction of myofibre size and ultimately to muscle atrophy, 

whereas increased protein synthesis can result in an increase in myofibre size and 

muscle hypertrophy. Therefore, the balance between the processes of protein synthesis 

and degradation plays an important role in determining the size of myofibres (Goldberg, 

1969; Rennie et al., 2004). Environmental factors and various signalling pathways tightly 
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control these processes. They modulate gene expression at not only the transcriptional 

level but also the translational level. Furthermore, they can affect protein degradation and 

autophagy (Sandri, 2008). 

 

1.3. The mechanistic target of rapamycin (mTOR) 

The mTOR signalling pathway derives its name from the serine/threonine kinase 

mechanistic (formerly mammalian) target of rapamycin (mTOR). The mTOR pathway acts 

as a central signalling hub, which is involved in a variety of cellular processes, such as 

cell metabolism and cell growth, as well as the differentiation, migration, and development 

of cells (Liu & Sabatini, 2020). mTOR is the central regulator and key modulator of 

myofibre growth and muscle mass as it both promotes protein synthesis (Ma & Blenis, 

2009) and is suppressed by atrophy inducing signals (Yoon, 2017). mTOR has been 

shown to be involved in the growth of individual myofibres induced by external stimulation 

(Glass, 2005; Yoon, 2017). The absence of mTOR has been shown to lead to sever 

myopathy in mTOR knockout mice (Risson et al., 2009). 

Several signalling pathways act as inputs to the mTOR signalling pathway, which thereby 

integrates both extracellular and intracellular signals. Among these signals are the 

presence and availability of nutrients, growth factors and hormones as well as the 

presence of oxygen and mechanical loading (Liu & Sabatini, 2020; You et al., 2019). 

Conversely, the disruption of the mTOR pathway can result in many diseases such as 

cancers, metabolic disorders, or autoimmune diseases (Kou et al., 2019; Perl, 2015), This 

can be for example in response to stress, changes in the presence of nutrients or hypoxia 

(Flück & Hoppeler, 2003; Sengupta et al., 2010). 

The mTOR kinase acts as the catalytic subunit in two different complexes called mTOR 

complex 1 (mTORC1) and mTOR complex 2 (mTORC2). These vary not only in 

composition but also in their associated pathways, regulation, localisation, sensitivity to 

rapamycin and especially their function (Jhanwar-Uniyal et al., 2019). The complex 
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responsible for the regulation of myofibre size is mTORC1, which is also the better 

researched of the two complexes (Yoon, 2017). 

 

1.3.1. mTOR complexes 

The core components of the mTOR complex 1 (figure 2) are the mTOR kinase, the 

regulatory associated protein of mTOR (RAPTOR) and the mammalian lethal with Sec13 

protein 8 (mLST8). RAPTOR plays a role in promoting the recruitment of substrates to 

mTORC1, by interacting with the substrates TOR signalling (TOS) motive (Hara et al., 

2002; Kim et al., 2002; Kim et al., 2003). Several canonical targets of mTORC1 display 

this TOS motif and it is crucial for their regulation by mTOR (Schalm & Blenis, 2002). 

mLST8 - also known as GβL - interacts with mTOR and stabilizes the kinase activation 

loop (Kim et al., 2003). However, unlike RAPTOR it may not be essential for proper 

mTORC1 activity (Guertin et al., 2006). Further proteins are associated with mTORC1, 

such as proline-rich Akt substrate 40 kDa (PRAS40) and DEP domain containing mTOR 

interacting protein (DEPTOR). These act as inhibitory subunits, necessary for the 

regulation of mTOR activity. Furthermore, Rapamycin, a macrolide responsible for the 

naming of mTOR, acts as an inhibitor of mTORC1 activity. Rapamycin can interact with 

FK506-binding protein of 12 kDa (FKBP12), forming a complex which can bind do the 

FKBP12-Rapamycin binding domain (FRB) of mTOR (Huang et al., 2003; Huang & 

Houghton, 2001). This leads to an inhibition of mTOR and inhibits mTOR by preventing 

interaction with RAPTOR and its substrates (Cafferkey et al., 1993). 

mTOR complex 2 (figure 2) is, similarly to mTORC1, comprising of mTOR, mLST8 and 

DEPTOR. mTORC2 does not have RAPTOR. Instead, rapamycin insensitive companion 

of mTOR (RICTOR) in combination with MAPK interacting protein 1 (mSIN1) and protein 

associated with RICTOR 1 and 2 (PROTOR 1/2) are responsible for the assembly of 

mTORC2. Furthermore, RICTOR blocks the FKBP12-rapamaycin complex, giving it its 

name as it makes mTORC2 insensitive to rapamycin. While the function of mTORC1 still 

remains less understood, it is involved in many processes such as cellular homeostasis, 

cell survival and cytoskeleton organization (Oh & Jacinto, 2011).  
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1.3.2. mTORC1 function in muscle growth 

mTORC1 plays an important role in muscle size. More specifically, mTORC1 activation 

has been shown to promote hypertrophy (Bodine et al., 2001; Marcotte et al., 2015). 

Indeed, IGF-1 and leucine induced myofibre hypertrophy depends on mTORC1 (Anthony 

et al., 2000; Rommel et al., 2001). Moreover, in mice, knocking out RAPTOR in skeletal 

muscle is associated with a severe muscle atrophy (Bentzinger et al., 2008). Furthermore, 

muscle activity itself, promoted by mechanical stimulation (Sancak et al., 2008; Sancak 

et al., 2010; Yoon, 2017) or by mechanical loading (Bodine et al., 2001; Sandri, 2008) has 

been shown to promote mTORC1 activation. Resistance exercise has been shown to 

induce hypertrophy in an mTORC1-dependent manner (Gonzalez, 2016; Terzis et al., 

2008). 

mTORC1 primarily promotes muscle growth through the regulation of protein synthesis 

(Bodine, 2022; You et al., 2019). mTOR stimulates protein synthesis on the one hand 

through translation initiation and on the other hand through ribosome biogenesis (Mayer 

& Grummt, 2006; Morita et al., 2015; Wang & Proud, 2006). mTORC1 has several 

downstream targets which it can phosphorylate upon activation. This is facilitated through 

RAPTOR, one of the components of mTORC1, which can interact with these substrates 

Figure 2: Schematic representation mTOR complex 1 and 2 

mTOR complex 1 (mTORC1) comprised of mTOR, RAPTOR, mLST8, DEPTOR and PRAS40. 

mTOR complex 2 (mTORC2) comprised of mTOR, RICTOR, mLST8, DEPTOR, mSIN1 and 

PROTOR. Adapted from Norizadeh Abbariki, 2021. 
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through their TOS motif and helps facilitate their phosphorylation (Hara et al., 2002; Kim 

et al., 2002; Kim et al., 2003).  Through the phosphorylation of its targets, mTORC1 can 

regulate metabolism, proliferation and ultimately cell growth by, on the one hand 

promoting the biosynthesis of proteins, lipids, nucleotides and ATP through various 

pathways and on the other hand inhibiting autophagy (Chauvin et al., 2013; Düvel et al., 

2010; Gingras, Gygi, et al., 1999; Holz et al., 2005; Michels et al., 2010; Morita et al., 

2013; Peterson et al., 2011; Porstmann et al., 2008; Rabanal-Ruiz et al., 2017). 

Well known classical targets of mTORC1 activity are ribosomal S6 kinase B1 (S6K1) and 

eukaryotic initiation factor (eIF) 4E-binding proteins 1 (4E-BP1), important for translation 

initiation and protein synthesis (Gingras, Gygi, et al., 1999; Holz et al., 2005). However, 

other examples of downstream targets of mTORC1 are the sterol responsive element 

binding proteins (SREBP) (Porstmann et al., 2008) and lipin1 (Peterson et al., 2011), both 

of which are involved in lipid synthesis. Examples in other areas are the hypoxia-inducible 

transcription factor HIF-1α which is involved in glycolysis (Düvel et al., 2010) or MAF1 in 

ribosome biogenesis (Michels et al., 2010). 

An important function of mTORC1 is promoting muscle growth, which it does through 

translation initiation by phosphorylating S6K1 and 4E-BP1. Activated mTORC1 interacts 

with and phosphorylates 4E-BP1. This phosphorylation leads to the inactivation of 4E-

BP1 which releases its inhibitory interaction with the cap-binding eukaryotic initiation 

factor 4E (eIF4E). eIF4E promotes cap dependent translation by activating the eukaryote 

initiation factor 4F pre-initiation complex (eIF4F) (Gingras, Gygi, et al., 1999) (figure 3). 

eIF4F is necessary for cap-dependent translation, it is responsible for the recruitment of 

the small ribosomal subunit (40S) to the 5’ cap of mRNAs (Gingras, Raught, et al., 1999). 

mTORC1 further promotes translation initiation through the phosphorylation and 

activation of S6k1. While inactive S6K1 binds the eukaryotic initiation factor 3 complex 

(eIF3), phosphorylation of S6K1 releases eIF3 which acts as a scaffold for S6K1 and 

mTOR (Holz et al., 2005) as well as for eIF4F (Lefebvre et al., 2006). S6K1 can in turn 

phosphorylate various components associated with the translational machinery. Among 

these is programmed cell death protein 4 (Pdcd4). This phosphorylation leads to the 
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inactivation of Pdcd4 which releases translation initiation factors such as eIF4A, a part of 

the eIF4F complex (Dorrello et al., 2006)(figure 3).  

 

 

mTORC1 can also promote muscle growth through the stimulation of ribosome 

biogenesis (von Walden et al., 2016; Wen et al., 2016). This allows for greater 

translational capacity and an increase in protein synthesis in myofibres. The increase in 

translation initiation through the phosphorylation of 4E-BP1 and S6K1 promotes ribosome 

biogenesis through the translation of ribosomal proteins and assembly factors (Chauvin 

et al., 2013; Holz et al., 2005).  

Furthermore, mTORC1 can also promote the transcription of ribosomal RNA. There are 

four ribosomal RNAs the 5.8s, 18s and 28s (processed from 45s pre rRNA) and the 5s 

rRNA. These are transcribed by different RNA polymerases. The 45s pre rRNA is 

transcribed by the RNA polymerase I (Pol I), which is present in the nucleolus (Mayer & 

Grummt, 2006), while the RNA polymerase III (pol III) is responsible for the 5s rRNA and 

is located in the nucleus (Geiduschek & Tocchini-Valentini, 1988; Haeusler & Engelke, 

2006). S6K1 can phosphorylate transcription intermediary factor 1 (TIF-1A) and upstream 

binding factor 1 (UBF), a rRNA transcription factor (Mayer et al., 2004; Panov et al., 2006). 

Both are key regulates of rRNA transcription via Pol I and through S6K1 are indirectly 

regulated by mTORC1 (figure 4). TIF-1A has been shown to play a key role in muscle 

hypertrophy, as extracellular stimulation through physical activity promotes rRNA 

Figure 3: Schematic representation of translation initiation via mTORC1 

mTORC1 phosphorylates its substrates 4E-BP1 and S6K1. 4E-BP1 releases its inhibition of eIF4E 

which can activate eIF4F. eIF4F is necessary for cap-dependent translation. S6K1 phosphorylates and 

inactivates Pdcd4. Pdcd4 releases eIF4A which acts as a scaffold for eIF4F.  
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synthesis (Fyfe et al., 2018). mTORC1 has been further linked to rRNA transcription 

through its phosphorylation and inactivation of MAF1 (figure 4) a repressor of Pol III 

(Michels et al., 2010). It has been suggested that mTORC1 may promote myotube 

hypertrophy through a direct interaction with rDNA gene in the nucleolus (Tsang et al., 

2010; von Walden et al., 2016). 

 

 

 

 

 

 

 

 1.3.3. mTORC1 activation 

Various upstream signals including stress signals, the presence of nutrients, growth 

factors and amino acids can indirectly activate mTORC1 through several signalling 

pathways. The Insulin like growth factor I (IGF-I)/ Protein kinase B pathway is of 

importance for this activation (Huang & Manning, 2008; Rommel et al., 2001). Signalling 

through this pathway has been shown to be crucial in promoting muscle hypertrophy in 

an mTORC1-dependent manner (Glass, 2003).  

Figure 4: Schematic representation of mTORC1 regulating ribosome biogenesis. 

mTORC1 phosphorylates its substrates 4E-BP1 and S6K1. This leads to translation initiation and 

promotes the translation of assembly factors and ribosomal proteins involved in ribosome biogenesis. 

S6K1 can activate TIF-1A and UBF which are regulators of Pol I rRNA transcription. mTORC1 can 

also phosphorylate and inhibit Maf1 directly lifting its repression of Pol III. This allows the transcription 

of the rRNAs necessary for ribosome biogenesis. These are possibilities of how mTORC1 can 

promote ribosome biogenesis. 
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The signalling cascades elicited through the various upstream signals converge to 

activate the small G-protein Ras homolog enriched in brain (RHEB). RHEB directly 

activates mTORC1 (Sato et al., 2009; Yang et al., 2006) (figure 5). RHEB is a part of the 

RAS family and localises at the surface of the lysosome (Angarola & Ferguson, 2019; 

Parmar & Tamanoi, 2010; Sancak et al., 2008). RHEB is a GTPase alternating between 

an active (GTP-bound) and inactive (GDP-bound) state. It is directly regulated by 

tuberous sclerosis complex 1 and 2 (TSC 1/ TSC 2 heterodimer). TSC1/2 binds to RHEB 

and keeps it in its GDP-bound, inactive, form. TSC2 is a GTPase-activating protein (GAP) 

and promotes hydrolysis of GTP to GDP (Huang & Manning, 2009). The signalling 

cascade leads to a phosphorylation of TSC1/2, facilitated by either Akt (Huang & 

Manning, 2009; Inoki et al., 2002) or ERK (Ma et al., 2005). This phosphorylation leads 

to the disassociation of TSC1/2 from RHEB. Following this disassociation RHEB can 

switch into the active GTP-bound state (figure 5). Active RHEB, along with other factors 

recruits mTORC1 to the membrane of the lysosome (Sancak et al., 2008; Sancak et al., 

2010). At the lysosome RHEB activates mTORC1 by preventing the interaction between 

mTOR and an inhibitory binding protein (FKBP38) (Bai et al., 2007). It has also been 

suggested that RHEB may also interact directly with mTORC1 and activate it (Uhlenbrock 

et al., 2009). Subsequently, mTORC1 can recruit its substrates and phosphorylate them 

(figure 5). 
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1.4. RHEB 

RHEB is ubiquitously expressed, however it derives its name from being initially identified 

in the brain of rats (Yamagata et al., 1994). RHEB is a small highly conserved (both in 

mammals and zebrafish) monomeric protein consisting of 184 amino acids and has a 

molecular weight of roughly 21 kDa. As the name further implies it is in the same family 

of small GTPases as RAS, RAP and RAL (Im et al., 2002). There are two RHEB genes 

RHEB1, and RHEB2 (also known as RHEB like 1 (RHEBL1)), which are expressed in 

different areas. RHEB1 is more ubiquitously expressed, nevertheless higher levels of 

expression have been seen in skeletal and cardiac muscles (Parmar & Tamanoi, 2010). 

The RHEB protein contains five G boxes, followed by a hypervariable region and a CAAX 

motif (figure 6). The five G boxes are conserved stretches of amino acids and are encoded 

in the first 169 amino acids from the N-terminus. Following this is a hypervariable region 

which acts as a short alpha helical linker comprised of 11 amino acids. The CAAX motif 

Figure 5: Schematic representation of mTORC1 activation 

Signalling cascades lead to the phosphorylation and inactivation of TSC1/2. TSC1/2 dissociates from 

RHEB. RHEB can therefore switch to its active, GTP bound state and help recruit mTORC1 to the 

membrane of the lysosome. There RHEB can facilitate the activation of mTORC1 which can in turn 

phosphorylate its substrates. 
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follows the hypervariable region (figure 6) and is a signal for posttranslational modification 

(Parmar & Tamanoi, 2010).   

The G boxes are GTP-binding and GTPase activity motifs and thus essential for correct 

binding and hydrolysis. The G1 box, which includes the phosphate-binding loop (P-loop), 

is the binding site for the guanine nucleotide. The G1 box interacts with the beta 

phosphate of GDP and GTP. The G2 box helps stabilizing this interaction by binding the 

terminal phosphate. The G2 box also partially coincides with the switch I region (figure 6). 

The G3 box further helps the guanine nucleotide binding by interacting with the nucleotide 

associated Mg2+ ion. The G3 box also partially coincides with the switch II region (figure 

6). The G4 and G5 box play a role in the high-affinity binding of GTP and GDP. The G4 

box is a major determinant of guanine nucleotide specificity. The G4 box interacts with 

the G1 box, thereby helping in stabilizing RHEB. The G5 box is also required for correct 

selection and binding by interacting with the guanine moiety (Osaka et al., 2021). RHEB 

possesses two switch regions (switch I and switch II), these are necessary for recognition 

by and interaction with GAPs or downstream effectors. Allowing RHEB to the change 

between its GTP- and GDP-bound form, thus acting as a molecular switch (Parmar & 

Tamanoi, 2010).  

 

 

 

Figure 6: Schematic representation of RHEB 

RHEB a 184 amino acid long protein consists of 5 G-boxes. Boxes 2 and 3 partially coincide with 

switch region I and II. At the end of RHEB there is a hypervariable region which acts as a linker 

followed by a CAAX motif. This motif is target of posttranslational farnesylation. Schematic adapted 

from an annotated amino acid sequence (Heard & Tamanoi, 2018). 
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While the switch I region can undergo conformational changes depending on the 

hydrolysis of GTP to GDP, the switch II region is only subjected to minor conformational 

changes (Parmar & Tamanoi, 2010). The switch I region contains an effector domain and 

is necessary for relaying its activity to downstream effectors (mTORC1). It allows the 

interaction between RHEB and the mTORC1 inhibitory protein FKBP38 and is necessary 

for mTORC1 activation. The switch II region is important due to its involvement in the GTP 

hydrolysis by the GAP activity of TSC2 (Mazhab-Jafari et al., 2012).  

For the characterization of RHEB and its function, several RHEB mutants have been 

created. Several of these are located in the switch I or switch II region. A mutation in the 

switch region I, termed RHEB I39K, in which the isoleucine (I) is replaced with lysine (K), 

strongly reduces the interaction between RHEB and FKBP38. This allows for a functional 

RHEB, however strongly reduces the interaction with mTORC1 (Ma et al., 2008). A mutant 

termed RHEB Q64L, in which the glutamine (Q) in the switch II region has been replaced 

with a leucine (L), remains, due to this mutation, permanently bound to GTP and functions 

as a constitutively active RHEB (Li et al., 2004; Long et al., 2005). A further mutant with 

a mutation located in the switch II region is RHEB D60K in which the aspartic acid (D) is 

replaced with lysine (K), preventing the binding of GTP and GDP. This mutation results in 

a strong binding to FKBP38. Thus, FKBP38 stays bound to mTORC1 and RHEB D60K 

acts as a dominant negative mutant, competing with GTP-bound RHEB (Tabancay et al., 

2003).  

RHEB harbours a C-terminal CAAX motif, a cysteine (C) followed by two aliphatic amino 

acids (A) and a variable amino acid (X). This is a signal for a posttranslational 

modification, a farnesylation. The farnesyltransferase adds a farnesyl group to the CAAX 

motif. This farnesylation has been reported to promote localisation and attachment of 

RHEB to the membrane of the lysosome, endoplasmic reticulum or Golgi (Angarola & 

Ferguson, 2019; Buerger et al., 2006; Hanker et al., 2010; Sancak et al., 2008), which is 

in turn required for the activation of cytosolic mTORC1 (Buerger et al., 2006). 

 



Introduction 

22 
 

1.4.1. mTORC1-independent functions of RHEB 

Besides its role in activating mTORC1 in the cytosol, RHEB has also been shown to exert 

several mTORC1-independent functions (Karbowniczek et al., 2006; Karbowniczek et al., 

2010; Lacher et al., 2010; Meng et al., 2019; Sato et al., 2015). Notably, RHEB is involved 

in the Notch pathway. In brown and beige adipose tissue RHEB has been reported to 

selectively activate Notch signalling and to promote protein kinase A (PKA) signalling 

(Meng et al., 2019). Thus, RHEB controls the expression of thermogenic genes through 

an mTORC1-independent mechanism. RHEB is further involved in the Notch signalling 

pathway, regulating Notch signalling in Drosophila sensory organ precursor (SOP) cells. 

Inactivation of TSC1 or overexpression of RHEB led to a switch in SOP cell fate decision, 

indicating the activation of Notch and Notch target genes by RHEB. Furthermore, the 

experiments indicated that this activation was in an mTORC1 independent manner, as 

the use of rapamycin or downregulation of RAPTOR showed no effect on the Notch 

activation (Karbowniczek et al., 2010). In the RAS-RAF-MEK signalling pathway RHEB 

has been shown to inhibit the B-RAF kinase. This impacts its ability to associate with RAS 

and C-RAF and prevents B-RAF and C-RAF heterodimerization (Karbowniczek et al., 

2006). RHEB has also been shown to have several mTORC1-independent downstream 

effectors such as carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase, and 

dihydroorotase (CAD) (Sato et al., 2015). Interestingly, 5' adenosine-monophosphate-

activated protein kinase (AMPK), an enzyme which inhibits protein synthesis and 

promotes muscle atrophy (Afinanisa et al., 2021) is also an mTORC-1-independent 

effector of RHEB (Lacher et al., 2010). Whether these mTORC1-independent functions 

of RHEB are conserved in zebrafish and whether they are involved in the control of 

muscle growth is unknown. 

 

1.4.2. Nuclear functions of RHEB 

Besides its canonical role in the activation of mTORC1 in the cytosol, RHEB might also 

exert nuclear functions. RHEB, mTOR and some mTORC1 components have indeed 

been observed in the nucleus of cells in culture (Zhong et al., 2022). Furthermore, RHEB 
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and mTOR have been shown to interact in the nucleus (Yadav et al., 2013), and a growth 

factor-stimulated mTORC1 activity, as measured by a FRET sensor has been detected in 

the nucleus of cultured fibroblasts (Zhou et al., 2015). Interestingly, this activity was 

stimulated by treatment with a growth factor (Zhong et al., 2022). However, the 

physiological role of such a nuclear RHEB-induced mTORC1 activity is unknown. In 

particular, whether this nuclear activation of mTORC1 also occurs in skeletal muscle and 

whether it plays a role in muscle growth is unknown.  

Previous results from the laboratory (Norizadeh Abbariki, 2021) showed that RHEB not 

only has a nuclear function in muscle growth in zebrafish, RHEB also has a mTORC1-

independent function. The results indicate that in zebrafish embryo, nuclear RHEB 

promotes muscle growth. Over-expression, selectively in myofibres, of the constitutively 

active mutant RHEB Q64L targeted to the nucleus by the use of a nuclear localisation 

signal (NLS) resulted in an increase in myofibre volume. This increase occurred without 

any modification of the number of myonuclei, indicating that nuclear RHEB promotes 

hypertrophy and not hyperplasia. Conversely, the dominant negative mutant RHEB D60K 

harbouring an NLS resulted in a reduction in myofibre volume. The use of rapamycin to 

inhibit mTORC1 and of the RHEB I39K mutation showed that the hypertrophy promoting 

effect of nuclear RHEB is mTORC1-independent (Norizadeh Abbariki, 2021). 

Furthermore, while RHEB was mostly detected in the cytosol of adult zebrafish myofibres, 

it was strongly enriched in the nucleus of embryonic myofibres (Norizadeh Abbariki, 

2021). This result suggests a regulation of RHEB subcellular localisation during zebrafish 

development. Interestingly, while RHEB farnesylation is required for its anchoring to 

endomenbranes and the activation of mTORC1 in the cytosol (Angarola & Ferguson, 

2019), inactivating farnesyltransferase through the use of an inhibitor (Hanker et al., 2010) 

or mutation of the CAAX motif (Takahashi et al., 2005) results in RHEB localising in the 

nucleus. Furthermore, farnesylation of RHEB is not necessary for the activation of nuclear 

mTORC1 (Zhong et al., 2022). Thus, one might hypothesize that the regulation of RHEB 

farnesylation plays a role in the regulation of its subcellular localisation and therefore in 

its nuclear functions. 
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1.5. Hypotheses and aims 

Previous results of the laboratory (Norizadeh Abbariki, 2021) showed that in adult 

zebrafish myofibres RHEB is primarily located in the cytosol, whereas it is strongly 

expressed in the nucleus of myofibres in the early embryo. This observation suggests a 

regulation of RHEB subcellular localisation during muscle development and/or myofibre 

maturation. My first aim was to investigate the precise timing of the change in RHEB 

subcellular localisation as a first step towards elucidating the underlying mechanism. 

Furthermore, at early embryonic stages, zebrafish skeletal muscle is composed of 

immature myofibres with very little contraction. Then skeletal muscle activity strongly 

increases when myofibres mature and contract more frequently. This, together with my 

first results prompted me to investigate the effect of skeletal muscle activity on RHEB 

subcellular localisation. Finally, given the critical role of farnesylation in determining RHEB 

subcellular localisation, I investigated whether it is involved in the change of RHEB 

localisation in myofibres. 
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2. Materials and Methods 

2.1. Materials 

2.1.1. Consumables 

Consumables Company 

6 well plate Greiner 

35 mm glass bottom plate Greiner 

12 mm glass coverslip Epredia 

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

One GmbH, Frickenhausen, Germany. 

 

2.1.2. Chemicals 

Chemicals Company 

Lonafarnib  Sigma (Merck) 

Phenol red Sigma (Merck) 

PTU (N-Phenylthiourea) Sigma (Merck) 

Tricaine (Ethyl 3-aminobenzoate 

methanesulfonate salt) 
Sigma (Merck) 

BSA (HyClone Bovine Serum Albumin) Cytiva  

DAPI (4′,6-Diamidin-2-phenylindol) Sigma (Merck) 

All other chemicals, unless otherwise stated, were obtained from Carl Roth GmbH + Co. 

KG, Karlsruhe, Germany; Thermo Fisher Scientific GmbH, Dreieich, Germany or Merck 

KGaA, Darmstadt, Germany. 
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2.1.3. Kits 

Kit Company 

mMESSAGE mMACHINE (SP6 

Transkriptionskit) 
Invitrogen 

Plasmid Midi Kit Qiagen 

 

2.1.4. Hardware 

Device Company 

Micropipette puller Sutter Instruments 

Micro injector MINJ-D Tritech Research 

C-Dish 6 well Ion Optix 

C-Pace EM Ion Optix 

LSM 900 Zeiss 

 

2.1.5. Antibodies 

2.1.5.1. Primary 

Name Isotype Dilution 
Company 

(Ordernumber) 

Anti-RHEB (E1G1R) Rabbit 1:50 Cell Signaling (#13879) 

Anti-Fibrillarin (38F3) Mouse 1:200 
Novus Biology (NB300-

269) 

Anti-Fibrillarin (38F3) Mouse 1:200 Merck (MABE1154) 
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2.1.5.2. Secondary 

Name Isotype Dilution 
Company 

(Ordernumber) 

Alexa Fluor 546 – 

conjugated anti-rabbit 
Goat 1:1000 

Thermo Fischer (A-

11010) 

Alexa Fluor 488 – 

conjugated anti-mouse 
Goat 1:1000 

Thermo Fischer (A-

11001) 

 

2.1.6. Buffers 

2.1.6.1. Immunofluorescent staining 

Buffer Contents 

Fixation buffer 4 % Formaldehyde in PBS -/- 

Blocking buffer 
5 % BSA, 1 % DMSO, 0,1% Tween 20 

in PBS -/- 

Wash buffer 0,1% Tween 20 in PBS -/- 

 

2.1.7. Zebrafish and medaka strains and medium 

2.1.7.1. Zebrafish strains 

The zebrafish wildtype (ABO) and mutant embryos were obtained from the KIT fish facility 

(B319).  

Mutation name Genotype ZFIN Genotype 

Steif unc45b het incross  unc45b sb60/sb60 (AB)  

fixe AB_ZIRC_KA2 X fixe  chrnd sb13/+ (AB, ABO)  
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2.1.7.2. Medaka strain 

The medaka wildtype (iCab) embryo was obtained from the group of Felix Loosli (KIT 

IBCS-BIP)  

 

2.1.7.3. Fish Media 

Media Recipe 

E3 media (60x) 

17.2 g NaCl, 0.76 g KCL, 2.9 g 

CaCl2x2H2O and 4.9 g MgSO4x7H2O in 

1 l dd H2O 

ERM media (100x) 
100 g NaCl, 3 g KCL, 4 g CaCl2x2H2O 

and 16 g MgSO4x7H2O in 1 l dd H2O 

PTU (N-Phenylthiourea) (100x) 0.3 % dissolved in dd H2O 

Tricaine 20x 
400 mg Tricaine, 2.08 ml Tris Base, 100 

ml dd H2O, pH adjusted to 7.0 

 

2.1.8. Bacterial strain and media 

2.1.8.1. Bacterial strain 

DH5α – a strain of chemically competent E. coli 
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2.1.8.2. Bacterial media 

Media Recipe 

LB (Lysogeny Broth) 
10 g Tryptone, 5 g Yeast extract, 10 g 

NaCl in 1 l of dd H2O (pH set to 7.5) 

LB Agar (Lysogeny Broth + Agar) 

4 g Tryptone, 2 g Yeast extract, 4 g 

NaCl, 8 g Agar-Agar, in 400 ml of dd 

H2O 

S.O.C (SOB (Super Optimal Broth) + 

glucose) 

20 g Tryptone, 5 g Yeast extract in 1 l dd 

H2O + 10 mM NaCl, 2,5 mM KCl, 10 mM 

MgCl2, 10 mM MgSO4, 20 mM Glucose 

 

2.1.9. Genetic tools 

2.1.9.1. Plasmids 

Plasmid Function 

PC2 alpha-Bungarotoxin 

Vector containing α-Bungarotoxin 

sequence for mRNA generation and 

subsequent injection. α-Bungarotoxin 

binds to nicotinic acetylcholine receptor 

preventing binding of acetylcholine 
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2.1.9.2. Morpholino 

Name Function Sequence Company 

smoc2 (ATG) Mo cont 
Morpholino 

control 
ctggctcacttagtggatcgaccat GeneTools 

ZfRheb Mo 

Morpholino 

against 

zebrafish 

RHEB 

ctgcggcatctttatttactcccta  GeneTools 
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2.2. Methods 

2.2.1. DNA and RNA 

Plasmid DNA for the creation of mRNA was transformed in competent cells and a plasmid 

preparation was performed. Subsequently the plasmid was used for mRNA transcription.  

 

2.2.1.1. Transformation 

50 µl of the chemically competent E. coli strain DH5α were thawed (on ice). Following this 

1 µl of the plasmid DNA was added and incubated for 30 minutes on ice. This was followed 

by a 45 second heat shock at 42°C with subsequent cooling for 2 minutes on ice. After 

this 500 µl of S.O.C-Medium was added to the mix and it was incubated for 1 hour at 

37°C. Following the incubation 100 µl of the mix was plated on LB agar plates containing 

the necessary 50 µg/ml Ampicillin for selection. After 24 hours incubation at 37°C a single 

colony was picked and placed into 100 ml of LB media containing 50 µg/ml ampicillin and 

incubated for a further 24 hours at 37°C. A plasmid preparation was performed with the 

pellet from these cells. 

 

2.2.1.2. Plasmid preparation 

The plasmid preparation was performed using the Midi prep kit from Qiagen and following 

the manufacturer’s instructions. After final centrifugation the pellet was resuspend in TE 

buffer. Following the preparation, the concentration of the DNA was adjusted to 1 µg / µl 

and frozen at -20°C for storage.  

 

2.2.1.3. mRNA transcription 

mRNA transcription was performed on linearized PC2 alpha-Bungarotoxin plasmid using 

the mMessage mMachine SP6 kit. After transcription the mRNA content was measured 

and frozen at -80°C until used in micro-injection. 
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2.2.2. Fish methods 

2.2.2.1. Ethics statement 

The animal husbandry for zebrafish (Danio rerio) and medaka (Oryzias latipes) was 

carried out in compliance with the German Animal Welfare Act. It was approved by the 

Regierungspräsidium Karlsruhe, Germany under the permits Aktenzeichen 35-

9185.64/BH KIT and 35-9185.64/BH IBCS-BIP. For the experimental procedures or 

euthanasia no permits were required, as any such procedures were performed before 

animals were capable of independent feeding (5 days post fertilization for zebrafish and 

10 days post fertilization for medaka). 

 

2.2.2.2. Zebrafish husbandry 

Adult zebrafish were kept in a one-to-one ratio of female to male fish in tanks with a 

recirculating water system kept at 28.5 °C. A constant light-dark cycle of 14 h light 10 h 

dark was maintained. Feeding was done twice daily with commercial dry food and 

additionally once a day with brine shrimp (live food) hatched in-house. 

 

2.2.2.3. Medaka husbandry 

Adult medaka were kept in a one-to-one ratio of female to male fish in tanks with a 

recirculating water system kept at 26 °C. A constant light-dark cycle of 14 h light 10 h dark 

was maintained. Feeding was done twice daily with commercial dry food and additionally 

once a day with brine shrimp (live food) hatched in-house. 

 

2.2.2.4. Zebrafish breeding 

Zebrafish breeding was performed in the KIT zebrafish fish facility in building 319. The 

afternoon before breeding male and female zebrafish were separated pairwise into small 

tanks. Male and female separated by a clear divider. The following morning the divider 
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was removed, allowing zebrafish mating (this was only done once the light cycle had 

begun). After ~ 20 minutes the zebrafish eggs were collected. The collected eggs were 

sorted and fertilized eggs were kept in 100 mm petri dishes filled with 1x E3 buffer in an 

incubator of 28°C with 14 hours light 10 hours dark cycle. 

 

2.2.2.5. Medaka breeding 

Medaka eggs were obtained from the group of Felix Loosli (KIT IBCS-BIP). Breeding was 

performed in the KIT medaka fish facility. Eggs were kept in 100 mm petri dishes with 1x 

ERM buffer in an incubator of 28°C with 14 hours light 10 hours dark cycle. 

 

2.2.2.6. Zebrafish micro-injection 

The needles for injection were made using a micropipette puller and glass capillary tubes 

with a filament (borosilicate glass, 0,58 mm). In preparation of injection the mRNA or 

morpholino was prepared via dilution in dd H2O and supplemented with phenol red as a 

visibility marker.  

Micro-injection was performed on fertilized eggs in the single cell stage. The eggs were 

injected (using the micro injector MINJ-D) through the chorion into the single cell, with a 

drop of the prepared injectant (mRNA or morpholino) approximately 10 % the size of the 

cell. After injection the eggs were incubated and raised at 28°C 14 h light 10 h dark in a 

petri-dish with 1x E3 buffer.  

Injected material 
Final concentration / 

molarity 
Phenol red 

α-Bungarotoxin mRNA 100 ng/µl 0,1% 

Morpholino (smoc cont & 

zfRHEB) 
0,4 mM (1:5 dilution) 0,1% 
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2.2.2.7. Zebrafish selection 

2.2.2.7.1. steif mutant selection 

Heterozygous zebrafish carrying one copy of the unc45b mutation (+/-), were used for 

crossing (no effect on phenotype). The expected outcome of this crossing was 

homozygous (-/-) steif mutant embryos carrying two copies of the mutation and resulting 

in paralysis and a change in phenotype, heterozygous (+/-) embryos carrying one copy 

of the mutation, and homozygous (+/+) wildtype embryos.  

For selection of the homozygous (-/-) steif mutant embryos, several factors were 

observed. Changes in phenotype (disorganization of the myofibers), as well as a lack of 

early random twitching and overall movement, as well as a lack of a heartbeat and a lack 

of a touch response. These steif mutant embryos were pre-sorted at 1 dpf and checked 

at 2 and 3 dpf. Due to the lack of movement in the steif mutants the embryos had to be 

manually dechorionated. This was done at 2 dpf to allow embryos to slowly straighten, as 

a lack of motility results in embryos being curved due to the chorion directly after 

dechorionation. 

The heterozygous (+/-) embryos, as well as the homozygous (+/+) wildtype embryos, 

showed no change in phenotype or behaviour. From these the control embryos were 

carefully chosen. 

 

2.2.2.7.2. fixe mutant selection 

Heterozygous zebrafish carrying one copy of the chrnd mutation (+/-), were used for 

crossing. The expected outcome of this crossing was: homozygous (-/-) fixe mutant 

embryos carrying two copies of the mutation resulting in immobilization, heterozygous 

(+/-) embryos carrying one copy of the mutation, and homozygous (+/+) wildtype 

embryos.  

For selection of the homozygous (-/-) fixe mutant embryos, several factors were observed. 

They were selected by observation of a lack of early random twitching and overall 
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movement, as well as a lack of a touch response. These fixe mutant embryos were pre-

sorted at 1 dpf and checked at 2 and 3 dpf. Due to the lack of movement in the fixe 

mutants the embryos had to be manually dechorionated. This was done at 2 dpf to allow 

embryos to slowly straighten, as a lack of motility results in embryos being curved due to 

the chorion directly after dechorionation. 

The heterozygous (+/-) embryos, as well as the homozygous (+/+) wildtype embryos, 

showed no change in phenotype or behaviour. From these the control embryos were 

carefully chosen. 

 

2.2.2.7.3. α-Bungarotoxin immobilization selection 

Zebrafish embryos injected with α-Bungarotoxin were sorted, injected embryos were 

expected to show similar behaviour to the fixe mutants. Only embryo showing no random 

twitching or movement and no touch response after sorting at 1 dpf, 2 dpf and 3 dpf were 

chosen as “α-Bungarotoxin injected” embryos. Due to the lack of movement the embryos 

had to be manually dechorionated at 2 dpf to allow embryos to slowly straighten, as a 

lack of motility results in embryos being curved due to the chorion directly after 

dechorionation. 

 

2.2.2.8. Zebrafish treatment 

2.2.2.8.1. PTU treatment 

To increase transparency of zebrafish embryos they were dechorionated and 

subsequently treated with PTU (1-phenyl 2-thiourea) preventing pigmentation and thus 

increasing transparency. 100x PTU buffer was diluted to a final 1x concentration in E3 

buffer (0,003% PTU in 1x E3). Zebrafish embryos were kept in this buffer in a 100 mm 

petri dish after 1 dpf. 
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2.2.2.8.2. Tricaine treatment 

To prevent zebrafish muscle activity zebrafish embryos were dechorionated and 

subsequently treated for multiple days in tricaine. Tricaine (4 g per l) was diluted 1:40 in 

E3 buffer (for short-term anesthetizing a dilution of 1:20 is used). At 1 dpf zebrafish 

embryos were placed in this long-term anesthetizing buffer and incubated. Proper 

anesthetisation was tested daily (lack of random movement and touch response). Long 

term anesthetizing buffer was replenished daily.  

 

2.2.2.8.3. Lonafarnib treatment 

To prevent farnesylation zebrafish embryos were dechorionated and subsequently 

treated with the farnesyl transferase inhibitor (FTI) lonafarnib. Embryos were placed into 

small wells (24 well plate) at 24 hpf and treated with 40 µM lonafarnib in 1xE3 (dilution 

1:250 from 10 mM stock). Lonafarnib was replaced each day. 

 

2.2.2.8.4. Electrical pulse stimulation 

Electrical pulse stimulation (EPS), adapted from Kilroy et al., 2022 was performed on 

zebrafish embryos starting at 17 hpf. In preparation 6 well chambers well filled ¾ with 1% 

agarose in E3 medium. After cooling, agarose was cut to make space for the electrodes 

of the 6-well C-Dish electrode element (Ion Optix) (figure 7). Furthermore, small wells 

were cut into the agarose, perpendicular to the electrodes (figure 7). After filling the wells 

with E3+Hepes (0,01%) the 17 hpf old embryos were dechorionated and carefully placed 

into the small wells. The plate was carefully placed in an incubator and the C-Dish 

connected to the C-Pace power supply. Movement was induced through pulsing for 1 

second (10 x 10 ms pulse + 90 ms wait at 7 V), this was followed by an 8-hour resting 

period. After roughly 20 hours the media was replaced and a new C-Dish electrode 

element was used, as overuse of both can affect media quality. At 48 hpf, the embryos 

were removed and used for further experiments, e.g. wholemount fixation. 
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2.2.3. Wholemount fixation and immunofluorescence 

2.2.3.1. Wholemount fixation 

2.2.3.1.1. Zebrafish wholemount fixation 

1 and 2 dpf old zebrafish embryos were dechorionated prior to fixation (if not already 

dechorionated for treatment). For fixation the zebrafish embryos (1, 2 and 3 dpf) were 

euthanized through anesthetization via tricaine. After euthanasia the embryos were 

placed in 4% formaldehyde (diluted in PBS -/-) for 30 minutes (longer fixation prevented 

proper immunoreactivity of the anti-RHEB E1G1R antibody). After fixation the embryos 

were washed for 5 minutes in PBS -/- before immunofluorescent staining. 

 

2.2.3.1.2.  Medaka wholemount fixation 

Hatched medaka (7 and 8 dpf) were fixed using the same method as for zebrafish 

embryos. Unhatched medaka embryos were fixed in the chorion in 2% formaldehyde (in 

PBS -/-) over night at 4°C. After fixation the embryos were placed in PBS -/- and 

dechorionated. After an additional 5-minute wash in PBS -/- immunofluorescent staining 

was performed.  

 

Figure 7: Setup for electrical pulse 
stimulation in 6-well plates 

6-well plate for electrical pulse stimulation. 

Filled with agarose (in grey) ¾ of the height of 

the well. Space cleared from agarose for the 

electrodes (in red) and small wells (in blue) 

made perpendicular to the electrodes in which 

the embryos are placed. 
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2.2.3.2. Immunofluorescent staining 

After fixation and subsequent washing immunofluorescent staining was performed. For 

this the embryos were permeabilized by incubating at -20°C in cold acetone (stored at -

20°C). The incubation time depended on the age of the embryos:  

Species Age Incubation duration 

Zebrafish 1 dpf 7 minutes 

Zebrafish 2 dpf 8 minutes 

Zebrafish 3 dpf  9 minutes 

Medaka 4, 5, 6, 7 and 8 dpf 9 minutes  

After permeabilization embryos were washed 5 times for 5 minutes in PBS -/-. Following 

this they were blocked for 4 hours at room temperature in blocking buffer. After blocking 

the embryos were incubated over night at 4°C with the primary antibody diluted in blocking 

buffer. The following day the embryos were washed 5 times for 10 minutes at room 

temperature with wash buffer. After washing the embryos were incubated over night at 

4°C with the secondary antibody diluted in blocking buffer. The following day the embryos 

were washed 3 times for 10 minutes in wash buffer, following this they were washed again 

3 times for 5 minutes in PBS -/-. Finally, the embryos were incubated in DAPI (1 µg / ml 

in PBS -/-). After incubating a minimum of 30 minutes at room temperature microscopy 

could be performed on the embryos. Otherwise, they were stored at 4°C for later 

microscopy. 

 

2.2.4. Microscopy, image analysis and statistical analysis 

2.2.4.1. Microscopy 

Performed on zebrafish and medaka embryos after wholemount immunofluorescent 

staining (see 2.2.3). For microscopy of the embryos, they were placed in a 35 mm glass 

bottom plate with a few drops of PBS -/-, after which a 12 mm glass coverslip was carefully 
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placed on top (to ensure contact with the bottom glass plate and better microscopy). 

Confocal microscopy was performed using either a 40x oil immersion objective or a 63x 

oil immersion objective on a Zeiss LSM 900. Microscopy images were taken with lasers 

(405 nm, 488 nm and 561 nm) and filters appropriate for the secondary antibodies and 

dyes (Alexa 488, Alexa 546 and DAPI). In the microscope the muscles of the zebrafish 

embryos were observed, however for consistency and due to possible deviations in 

development the images were only taken from the first third of the muscle area (figure 8).   

 

2.2.4.2. Image analysis 

For image analysis and subsequent statistical analysis, the surface area and signal 

intensity of the myofibre and nucleus was measured. Image analysis was done using the 

Fiji ImageJ software package version 2.14.0/1.54f (Schindelin et al., 2012). Of importance 

for this was the choice of the myofibres. Each image shows a multitude of myofibres, 

however, only myofibres that were in the focal plane were used. Furthermore, only 

myofibres that had a clear in-focus nucleus (as seen with the DAPI channel) were used. 

Single myofibres were selected manually and the surface area and signal intensity of 

RHEB channel was acquired. For the nuclear signal, the selection of the nuclear area 

was manually performed in the DAPI channel (or a composite). The measurement of the 

values for area size and signal intensity was performed in the RHEB channel.  

The surface area and signal intensity of the cytosol was obtained mathematically, by 

subtracting area and signal intensity of the nucleus from that of the whole myofibre. After 

this the average signal intensity of the cytosol and the nucleus was calculated by dividing 

Figure 8: Microscope imaging area 

Images of myofibres were only taken in the shown 

imaging area. This was done to keep consistency 

and to prevent possible effects of different 

development in different areas. 
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the signal intensity by the area. The average signal intensities were then used to create 

a ratio of average nuclear signal intensity to average cytosolic signal intensity. Where 

possible the experiment represented at least 30 myofibres from 7 fish embryos from 3 

experiments. This ratio was displayed in a boxplot.  

 

2.2.4.3. Statistical analysis 

The statistical significance was determined by using a two-sided students t-test. A p-value 

of P < 0.05 considered sufficient to reject the null hypothesis. In experiments in which 

multiple comparisons were performed a Bonferroni correction was applied.
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3. Results 

3.1. Subcellular localisation of RHEB in zebrafish muscle 

Given the previous results from the laboratory showing that in the myofibre of two-day old 

zebrafish embryo RHEB localises to the nucleus while it is exclusively cytosolic in adult 

myofibres (Norizadeh Abbariki, 2021), I first investigated the timing of this change in 

subcellular localisation of RHEB during muscle development in zebrafish embryo. 

 

3.1.1. Localisation of RHEB in muscle during zebrafish development 

As RHEB was reported in the nucleus of zebrafish myofibres at 2 days post fertilization 

(2 dpf) I first investigated the localisation of RHEB during the first days of zebrafish 

development. For this a wholemount immunofluorescent staining was performed at 1, 2 

and 3 dpf. During the first two days of zebrafish development RHEB was indeed present 

in the nuclei of the myofibres (figure 9a). At 3 dpf there was a reduction in this nuclear 

presence of RHEB (figure 9a). Notably, starting at 2 dpf the cytosolic signal of RHEB 

seemed stronger and RHEB started to accumulate around the z-band of the sarcomere. 

In the nucleus, RHEB was strongly enriched in the nucleolus at 1 and 2 dpf, as shown by 

its co-localisation with fibrillarin used as a nucleolar marker. In several images this 

nucleolar enrichment persisted at 3 dpf, a time point when RHEB nuclear localisation had 

strongly decreased. These results show that RHEB is in the nucleus during early zebrafish 

development, a shift occurring between two- and three-days post fertilization in which the 

nuclear RHEB decreases. To confirm these results a quantification of the signal was 

performed (figure 9b). This quantification compares the overall intensity of the nuclear 

RHEB signal with the cytosolic RHEB signal of single myofibres (shown as a ratio). 

Indeed, the quantification shows that at 1 and 2 dpf there is a strong nuclear RHEB signal 

with no significant change between these two days. At 3 dpf there was a significant 

reduction of the ratio. Zebrafish hatch between 2 dpf and 3 dpf, changing from embryo to 

larvae. Thus, these results show the presence of nuclear RHEB in the myofibres of 

embryonic zebrafish (1 and 2 dpf) and is reduced in zebrafish larvae.  
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Figure 9: Subcellular localisation of RHEB during 
zebrafish muscle development 

Zebrafish embryo at 1 dpf, 2 dpf and larvae at 3 dpf 

were subjected to a wholemount immunofluorescent 

analysis using an antibody against RHEB (magenta) 

and Fibrillarin (green). DAPI was used for 

counterstaining of the nuclei (blue). a) Representative 

confocal microscopy images are shown (scale bar: 25 

µm). b) The ratio of the mean signal intensity of RHEB 

in nuclei (nuclear signal normalized to nucleic surface 

area) to the mean signal intensity in the cytosol 

(cytosolic signal normalized to cytosolic surface area) 

is presented as a box and whiskers plot. For each 

group at least 30 single myofibres from at least 7 

animals were analyzed. Bonferroni adjusted α:  

p<0.01667. 
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The co-localisation of the anti-RHEB antibody and the anti-fibrillarin antibody in the 

nucleolus shows that indeed the antibodies can penetrate the different cell layers and 

subcellular structures. However, to validate the antibody (anti-RHEB E1G1R) and test its 

specificity, a RHEB knockdown experiment was performed using a morpholino 

oligonucleotide. For the experiments single cell stage zebrafish embryos were injected 

with either a RHEB or control morpholino. At 3 dpf a wholemount immunofluorescent 

staining against RHEB was performed. Indeed, while RHEB was clearly visible in 

zebrafish embryos injected with the control morpholino (figure 10), there was an almost 

complete reduction of the signal in the zebrafish embryos injected with the RHEB 

morpholino (figure 10). Thus, the RHEB antibody is indeed specific in zebrafish. However, 

a strong RHEB immunoreactivity was still visible in myofibre nucleoli in the zebrafish 

injected with the RHEB morpholino. 

 

 

Figure 10: Effect of RHEB morpholino on RHEB antibody binding in zebrafish embryo 

Single cell stage zebrafish embryos were injected with either a control morpholino or a RHEB 

morpholino. At 3 dpf the zebrafish larvae were subjected to a wholemount immunofluorescent 

analysis using antibodies against RHEB (magenta) and Fibrillarin (green). DAPI was used for 

counterstaining of the nuclei (blue). Representative (6 animals of each condition) confocal 

microscopy images of muscles are shown (scale bar: 25 µm). 
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3.1.2. Localisation of RHEB in muscle during medaka development 

As the localisation of RHEB in zebrafish changed around the timepoint of hatching, the 

question arose whether this change could indeed be connected to hatching. Therefore, I 

studied the subcellular localisation of RHEB in a different model organism. Oryzias 

latipes, also known as medaka (or Japanese rice fish), was chosen for these experiments. 

Both medaka and zebrafish belong to the teleost group. Medaka are similar in size to 

zebrafish and offer similar advantages as a model organism, the embryo being nearly 

transparent, easy to observe and handle.  

However, medaka development is slower, segmentation starting at 27 hpf (Iwamatsu, 

2004), whereas in zebrafish it starts at 10 hpf (Kimmel et al., 1995). Furthermore, hatching 

in medaka occurs at a later timepoint, between 6 and 7 dpf under our husbandry 

conditions. In medaka embryos, RHEB was detected in the nucleus of myofibres until 6 

dpf (figure 11a). After hatching, at 7 dpf and 8 dpf, there was a reduction in nuclear RHEB. 

These results indeed mirror those in zebrafish, a change in localisation occurring between 

embryonic and larval stage. As with zebrafish, there was a localisation of RHEB around 

the z-band of the sarcomere at later stages (7 and 8 dpf). As opposed to zebrafish, no 

nucleolar RHEB immunoreactivity was observed in medaka myofibres. As with the 

zebrafish a quantification was performed comparing the nuclear and cytosolic signal. The 

quantification indeed shows that there is a significant decrease in nuclear RHEB after 

hatching (figure 11b). Thus, in both medaka and zebrafish, RHEB is present in the nucleus 

in the embryonic stage, then a strong decrease in nuclear RHEB occurs around hatching. 
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Part b and figure legend on next page. 
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3.1.3. Localisation of RHEB in the eye during zebrafish development 

The reduction of nuclear RHEB in myofibres around the timepoint of hatching raised the 

question of whether this is also occurring in other cell types. I investigated the localisation 

of RHEB in the eye of zebrafish. The eye was chosen due to the clarity of the structure 

during early developmental stages. At 16 hpf RHEB was present in the nucleus, with an 

enrichment in the nucleolus (figure 12). At 24 hpf there was a slight reduction of nuclear 

RHEB, a strong signal still being in the nucleolus in the nucleolus. Finally, at 48 hpf there 

was a strong reduction in nuclear RHEB (preliminary results, as images represent two 

Figure 11: Subcellular localisation of RHEB during Medaka muscle development 

Medaka embryo at 4 dpf, 5 dpf and 6 dpf and larvae at 7 dpf and 8 dpf were subjected to wholemount 

immunofluorescent analysis using an antibody against RHEB (magenta). DAPI was used for 

counterstaining of the nuclei (blue). a) Representative confocal microscopy images are shown (scale 

bar: 25 µm). b) The ratio of the mean signal intensity of RHEB in nuclei (nuclear signal normalized to 

nucleic surface area) to the mean signal intensity in the cytosol (cytosolic signal normalized to 

cytosolic surface area) is presented as a box and whiskers plot. For each group at least 30 single 

myofibres from at least 7 animals (the exception being 8 dpf with 27 myofibres from 6 animals) were 

analyzed. Bonferroni adjusted α: p<0.01. 
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fish). This suggests that in the developing eye RHEB is also present in the nucleus at 

early stages. However, the reduction of nuclear RHEB in the eye occurs before hatching, 

i.e. earlier than in myofibres. 

 

All in all, these results show that RHEB is present in the nucleus during the early 

developmental stages of the teleost zebrafish and medaka. Nuclear RHEB is reduced 

during development, the timing of these changes in subcellular localisation being cell type 

specific.  

 

3.2. Role of muscle activity on RHEB localisation 

In zebrafish embryo random twitching can occur after 17 hpf (Saint-Amant & Drapeau, 

1998). While this represents the first muscle activity in the embryo the overall muscle 

movement is very low. In preparation for hatching, muscle activity considerably increases 

in zebrafish embryo starting at around 60 hpf. This is due to rapid movement being 

necessary for the process (Kimmel et al., 1995). Finally, in the larval stage the embryo 

can freely swim and overall muscle activity and movement is increased. Given that the 

Figure 12: Subcellular localisation of 
RHEB during zebrafish eye development 

Zebrafish embryo at 16 hpf, 24 hpf and 48 

hpf were subjected to wholemount 

immunofluorescent analysis using an 

antibody against RHEB (magenta). DAPI 

was used for counterstaining of the nuclei 

(blue). The presented confocal microscopy 

images of the eye are representative of 7 

animals at 16 hpf and 24 hpf and of 2 

animals at 48 hpf (scale bar: 25 µm). 
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presence of RHEB in myofibre nuclei strongly decreases around hatching and that 

hatching is associated with a change in skeletal muscle activity, I investigated the effect 

both decreased and increased muscle activity has on RHEB subcellular localisation in 

zebrafish myofibres. Several approaches for reducing muscle activity were utilized: 

genetic mutation, genetic manipulation and pharmacological treatment.  

 

3.2.1. Effect of motility mutants on RHEB localisation 

In a first approach, I used the steif/unc-45b zebrafish mutant which show a total lack of 

movement (Etard et al., 2007). This mutation is in the gene for the unc-45b protein, which 

is responsible for the folding of the myosin filament in sarcomeres (Barral et al., 2002). 

Homozygous (-/-) steif mutants do not produce functional unc-45b, resulting in 

disorganized myofibrils and thus leading to paralyzed zebrafish embryos. Due to the 

lethality of this mutation this mutant can only be used at early developmental stages. For 

the experiments the embryos were carefully sorted to ensure that indeed homozygous (-

/-) steif mutants were chosen, based on the absence of random twitching, movement and 

touch response. At 3 dpf the structure of the muscle in the mutant was totally disorganized 

(figure 13). For example, while in the control (heterozygous (+/-) and homozygous (+/+) 

siblings) (figure 13) the z-band was visible (as also before in figure 9a at 2 and 3 dpf), it 

was not in the homozygous steif mutants (figure 13). In the steif mutants RHEB was still 

present in the nuclei of myofibres at 3 dpf, while it had decreased in the control fish. Thus, 

preventing muscle activity via the mutation of unc-45b results in a prolonged nuclear 

localisation of RHEB in these mutants. Due to the structural deficiencies in the muscle a 

quantification of RHEB immunoreactivity in the nuclei and cytosol of single myofibres was 

not possible. 

 

 

 



Results 

49 
 

 

 

 

 

 

The steif mutation clearly inhibits the decrease in nuclear RHEB at 3 dpf. However, due 

to the severe disorganization of the myofibres in this mutant, it is not clear whether this 

effect is caused only by the lack of muscle activity. For further clarification, I used a 

different mutation, the sopfixe or fixe mutation (Etard et al., 2005), which also prevents 

muscle activity. Homozygous (-/-) fixe mutants lack clusters of nicotinic acetylcholine 

receptors, thereby preventing the neurotransmission from motoneurons to myofibres, 

resulting in a paralysis of the animal. The homozygous (-/-) fixe mutants were sorted by 

checking for a lack of random twitching, movement and touch response. Unlike the steif 

mutants the fixe mutants show no disorganisation of the myofibres. The fixe mutants also 

show a retention of RHEB in myonuclei at 3 dpf (figure 14a), as compared to control 

(heterozygous (+/-) and homozygous (+/+)) larvae. As the fixe mutation does not damage 

the muscle and myofibre structure a quantification was possible. This quantification 

(figure 14b) confirms that the difference in nuclear RHEB between the paralysed 

homozygous fixe and the moving control larvae is indeed significant. Thus, preventing 

muscle activity prolongs the localisation of RHEB in the nucleus. 

Figure 13: Subcellular localisation of RHEB in steif mutants at 3 dpf 

Control (heterozygous (+/-) and homozygous (+/+)) and homozygous (-/-) steif mutant 

zebrafish larvae at 3 dpf were subjected to a wholemount immunofluorescent analysis using 

an antibody against RHEB (magenta). DAPI was used for counterstaining of the nuclei (blue). 

Images of the muscle acquired by confocal microscopy are representative of at least 7 animals 

of each genotype (scale bar: 25 µm). (7 no steif 10+ steif) 
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Figure 14: Subcellular localisation of RHEB in fixe mutants at 3 dpf 

Control (heterozygous (+/-) and homozygous (+/+)) and homozygous (-/-) fixe zebrafish larvae at 

3 dpf were subjected to a wholemount immunofluorescent analysis using an antibody against 

RHEB (magenta). DAPI was used for counterstaining of the nuclei (blue). a) Images of the muscle 

acquired by confocal microscopy are representative of at least 7 animals of each genotype (scale 

bar: 25 µm). b) The ratio of the mean signal intensity of RHEB in nuclei (nuclear signal normalized 

to nucleic surface area) to the mean signal intensity in the cytosol (cytosolic signal normalized to 

cytosolic surface area) is presented as a box and whiskers plot. For each group at least 30 single 

myofibres from at least 7 animals were analyzed.  
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While my results obtained with the steif and fixe mutants provide a good indication that 

preventing muscle activity results in a prolonged retention of RHEB in the nucleus, both 

experiments were dependent on a mutation which could affect other aspects of zebrafish 

muscle development. Therefore, I complemented these results by using two other 

approaches to immobilize zebrafish independently of a mutation. 

 

3.2.2. Effect of α-Bungarotoxin on RHEB localisation 

In the first approach, I used α-Bungarotoxin which has been shown to be ideal for 

prolonged immobilization of zebrafish embryos (Swinburne et al., 2015). α-Bungarotoxin 

is a neurotoxin from the venom of the Southeast Asian banded krait which immobilizes 

the muscles in a similar way to the fixe mutant. It binds with very high affinity to the 

acetylcholine binding sites of the nicotinic acetylcholine receptor (Tzartos & Changeux, 

1983), thereby preventing all skeletal muscle activity. After α-Bungarotoxin mRNA 

injection, the immobilized embryos were selected based on the absence of random 

twitching, movement or touch response. Similar to the fixe mutants (figure 14a) these 

embryos showed no apparent disorganization of the myofibre and muscle structure (figure 

15a). At 3 dpf, α-Bungarotoxin injected larvae showed a significant nuclear retention of 

RHEB, as compared to un-injected larvae (figure 15) thus confirming the results obtained 

with the fixe mutant.  
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Figure 15: Subcellular localisation of RHEB in zebrafish injected with α-Bungarotoxin 

Single cell stage zebrafish embryos were injected (or not injected) with α-Bungarotoxin. At 3 dpf the 

zebrafish larvae were subjected to a wholemount immunofluorescent analysis using antibodies 

against RHEB (magenta). DAPI was used for counterstaining of the nuclei (blue). a) Representative 

confocal microscopy images of the muscle are shown (scale bar: 25 µm). b) The ratio of the mean 

signal intensity of RHEB in nuclei (nuclear signal normalized to nucleic surface area) to the mean 

signal intensity in the cytosol (cytosolic signal normalized to cytosolic surface area) is presented as a 

box and whiskers plot. For each group at least 30 single myofibres from at least 7 animals were 

analyzed.  
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3.2.3. Effect of tricaine on RHEB localisation 

In the previous experiments in which I used paralyzed mutants and α-Bungarotoxin mRNA 

injection, I observed a clear nuclear retention of RHEB at 3 dpf. However, I cannot formally 

exclude that this effect is an indirect consequence of the manipulation at the very onset 

of embryonic development. For this reason, I also used a pharmacological approach to 

immobilize embryos at a time point when skeletal muscle shows spontaneous activity 

(Saint-Amant & Drapeau, 1998). To this end, I treated 1 dpf zebrafish embryos with 

tricaine, a widely used anesthetic which immobilizes zebrafish by blocking voltage-gated 

sodium channels (Attili & Hughes, 2014). Two days of treatment with tricaine resulted in 

a significant nuclear retention of RHEB at 3 dpf, as compared to untreated animals (figure 

16). 

Together these experiments confirm that preventing muscle activity in zebrafish embryo 

results in a prolonged nuclear localisation of RHEB in zebrafish larvae. 

 

 

 

 

 

 

 

 

 

 

 



Results 

54 
 

 

 

 

Figure 16: Subcellular localisation of RHEB in tricaine treated zebrafish larvae 

Zebrafish embryos were either untreated or anesthetized with tricaine at 1 dpf and then subjected to a 

wholemount immunofluorescent analysis using an antibody against RHEB (magenta) at 3 dpf. DAPI was 

used for counterstaining of the nuclei (blue). a) Representative confocal microscopy images of the 

muscles are shown. b) The ratio of the mean signal intensity of RHEB in nuclei (nuclear signal 

normalized against nuclei area) to the mean signal intensity in the cytosol (cytosolic signal normalized 

against cytosol area) is presented as a box and whiskers plot. For each group at least 30 single 

myofibres from at least 7 animals were analyzed.  
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3.2.4. Effect of electrical pulse stimulation on RHEB localisation 

My results show that inhibiting muscle activity inhibits the decrease in nuclear RHEB 

which occurs around the time of hatching. If indeed the increase in muscle activity which 

occurs around the hatching time is the trigger for the loss of nuclear RHEB, then 

increasing muscle activity before that time point might result in an earlier reduction of 

nuclear RHEB. Increasing muscle activity in adult zebrafish is commonly done through 

swimming exercise models (Palstra et al., 2010; Palstra et al., 2014; Pelster et al., 2003). 

These systems are clearly not applicable in unhatched embryos, which are not yet freely 

swimming. For this reason, I adapted a recently described electrical pulse stimulation 

(EPS) system (Kilroy et al., 2022). The EPS protocol started at 17 hpf, when embryonic 

myofibre contraction is possible (Saint-Amant & Drapeau, 1998) and ended at 2 dpf, a 

time point when RHEB is still in the nucleus (see figure 9a at 2 dpf above). Muscles of 

control embryos raised in the same conditions in the stimulation chambers but without 

applying EPS showed myonuclear RHEB (figure 17a) and were indistinguishable from 

the muscles of 2 dpf embryos raised in standard conditions (see figure 9a above). 

However, in myofibres of EPS treated embryos there was less nuclear RHEB than in the 

control myofibres (figure 17a). Moreover, the subcellular localisation of RHEB in the EPS 

treated 2 dpf myofibres was similar to that in untreated wildtype 3 dpf larvae (see figure 

9a above). Indeed, the quantification showed a significant difference between EPS 

treated embryos and untreated (figure 17b). Thus, increasing muscle activity in the 

embryo prior to hatching accelerates the decrease in nuclear RHEB in myofibres. 
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Figure 17: Subcellular localisation of RHEB after electrical pulse stimulation 

Zebrafish embryos were either unstimulated or subjected to trains of electric pulses (10 ms, 7 V, 10 Hz) 

separated by 8 h recovery periods from 17 to 48 hpf. The embryos were then subjected to wholemount 

immunofluorescent analysis using an antibody against RHEB (magenta). DAPI was used for 

counterstaining of the nuclei (blue). a) Representative confocal microscopy images of the muscle are 

shown. b) The ratio of the mean signal intensity of RHEB in nuclei (nuclear signal normalized against 

nucleic surface area) to the mean signal intensity in the cytosol (cytosolic signal normalized against 

cytosolic surface area) is presented as a box and whiskers plot. For each group at least 30 single 

myofibres from at least 7 animals were analyzed.  
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3.3. Role of farnesylation on the localisation of RHEB 

Together, my results show that in early embryonic myofibres RHEB is strongly localised 

to the myonuclei, and then progressively leaves the nucleus around hatching time, in a 

muscle activity-dependent manner. A major determinant of RHEB subcellular localisation 

is the farnesylation of its C-terminal CAAX motif. Indeed, farnesylation is responsible for 

the cytosolic retention of RHEB (Angarola & Ferguson, 2019; Buerger et al., 2006; Hanker 

et al., 2010; Sancak et al., 2008), while inhibiting farnesylation in mammalian cells in 

culture results in the nuclear accumulation of RHEB (Hanker et al., 2010; Norizadeh 

Abbariki, 2021). Therefore, a logical hypothesis is that farnesylation is involved in the 

regulation of RHEB subcellular localisation in zebrafish embryonic myofibres, in particular 

in the decrease in nuclear RHEB around the time of hatching. To test this hypothesis, I 

treated 15 hpf zebrafish embryos with the farnesyltransferase inhibitor (FTI) lonafarnib 

until 3 dpf. Nuclear RHEB had strongly decreased in myofibres from control 3 dpf embryos 

(figure 18a, see also figure 9a above), whereas it was still present at high levels in the 

myonuclei from FTI treated embryos (figure 18a & 18b). 

These results strongly suggest that preventing the farnesylation of RHEB promotes its 

nuclear retention in the myofibres of post-hatching zebrafish larvae. 
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Figure 18: Subcellular localisation of RHEB in FTI treated zebrafish larvae 

Zebrafish embryos were either untreated or treated with the farnesyltransferase inhibitor (FTI) at 1 dpf 

and then subjected to a wholemount immunofluorescent analysis using an antibody against RHEB 

(magenta) at 3dpf. DAPI was used for counterstaining of the nuclei (blue). a) Representative confocal 

microscopy images of the muscles are shown. b) The ratio of the mean signal intensity of RHEB in 

nuclei (nuclear signal normalized against nuclei area) to the mean signal intensity in the cytosol 

(cytosolic signal normalized against cytosol area) is presented as a box and whiskers plot. For each 

group at least 30 single myofibres from at least 7 animals were analyzed.  
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4. Discussion 

In this work, I have investigated the regulation of RHEB subcellular localisation in the 

myofibres of zebrafish during early development. I show that RHEB is present in the 

nucleus before hatching and progressively decreases after. This change in subcellular 

localisation depends on muscle activity and requires RHEB farnesylation. 

 

4.1. Subcellular localisation of RHEB 

The first significant observation I made is that RHEB is present in the nucleus of myofibres 

of zebrafish embryos at 1 and 2 dpf. This nuclear presence of RHEB is strongly reduced 

at 3 dpf. RHEB has been shown to localise to endomembranes such as those of the 

lysosome, Golgi and endoplasmic reticulum (Angarola & Ferguson, 2019; Buerger et al., 

2006; Hanker et al., 2010; Sancak et al., 2008). However, in several mammalian cell lines 

RHEB has also been shown to be present in the nucleus (Yadav et al., 2013; Zhong et 

al., 2022). In zebrafish less is known about the subcellular localisation of RHEB. However, 

previous results from the laboratory showed that RHEB is also nuclear at 2 dpf in 

zebrafish myofibres, while being exclusively cytosolic in adult zebrafish myofibres 

(Norizadeh Abbariki, 2021). I was also able to show that RHEB is not detected in the 

cytosol of myofibres at 1 dpf. Previous results showed that blocking the cytosolic function 

of RHEB through the use of a dominant negative RHEB mutant targeted to the cytosol 

(RHEB-D60K-NES) resulted in a significant reduction in myofibre size at 2 dpf (Norizadeh 

Abbariki, 2021). Thus, RHEB is present, and necessary in myofibre cytosol at these early 

stages. These results strongly suggest that the anti-RHEB antibody which I used in the 

wholemount immunofluorescent staining very weakly recognizes zebrafish cytosolic 

RHEB. Interestingly, this antibody has been shown to preferably bind to non-farnesylated 

RHEB (Sugiura et al., 2022), which may explain the weak cytosolic signal, given that 

cytosolic RHEB is farnesylated (Buerger et al., 2006; Sancak et al., 2008). This 

interpretation is further supported by my results showing that inhibition of farnesylation 

results in the retention of RHEB in myonuclei (see also discussion of farnesylation below).  
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My results also show a strong enrichment of RHEB immunoreactivity in myofibre nucleoli. 

This enrichment in some cases persisted after 3dpf while immunoreactivity was very 

strongly reduced in the myonuclei. Knocking down RHEB expression using a morpholino 

oligonucleotide strongly reduced both the cytosolic and nuclear staining. It had only a 

weak effect on the nucleolar staining. These results might suggest an increased stability 

of RHEB in the nucleolus. However, RHEB nucleolar enrichment was not detected in 

medaka myofibres, strongly suggesting that the antibody recognizes another epitope on 

a zebrafish nucleolar protein.  

Furthermore, both in zebrafish and medaka myofibres, once cytosolic RHEB becomes 

more prevalent it localises predominantly along the z-line of the sarcomere. While it is 

possible that this is an artefact due to antibody entrapment, it may also reflect the 

localisation to internal membranes. In myofibres the lysosome, which is a described 

localisation of RHEB (Angarola & Ferguson, 2019; Parmar & Tamanoi, 2010; Sancak et 

al., 2008), is present throughout the cytosol and not located around the z-line (Douillard-

Guilloux et al., 2010; Steen et al., 2009). Nonetheless, RHEB has been shown to localise 

at other structures, including the Golgi, endoplasmic reticulum (ER), mitochondria and 

autophagosome (Angarola & Ferguson, 2019; Dengjel et al., 2012; Hanker et al., 2010; 

Melser et al., 2013; Yang et al., 2021). In myofibres, these structures can be localised at 

the myofibrils and around the z-line (Douillard-Guilloux et al., 2010; Leduc-Gaudet et al., 

2023; Ogata & Yamasaki, 1987; Walker & Edge, 1971; Xiao et al., 2015). Thus, cytosolic 

RHEB may localise around the z-line due to the endomembrane structures in myofibres.  

Together, this shows that before 3 dpf, RHEB is present both in the cytosol and nucleus 

of myofibres and is then progressively reduced in the nucleus after 3 dpf. 

 

4.2. Regulation of RHEB nuclear localisation 

The time at which I observed a decrease in RHEB presence in the nucleus of zebrafish 

myofibres corresponds to hatching. Indeed, in zebrafish the timepoint of hatching, when 

the embryos emerge from the chorion and are classified as larvae, is between 2 and 3 
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dpf (Kimmel et al., 1995). I confirmed this result using medaka as another fish model. I 

showed that in medaka myofibres RHEB is nuclear during the first 6 dpf and that there is 

a reduction in nuclear RHEB at 7 dpf. Zebrafish and medaka are both teleost fish which, 

while similar in size, anatomy and physiology, are only distantly related. The development 

of the two fish differs, medaka developing significantly slower. Zebrafish embryo 

segmentation starts at around 10 hpf with the 1-4 somite stage and ends at around 24 

hpf (Kimmel et al., 1995). In medaka it only starts at around 27 hpf and ends at around 

101 hpf (Iwamatsu, 2004). In medaka hatching takes place between 6 and 7 dpf (under 

our incubation conditions). My results show that in myofibres of two different teleost fish 

RHEB is present in the nucleus of myofibres of embryos and, after hatching there is a 

reduction of nuclear RHEB in the myofibre of the larvae. 

What could be the mechanism of RHEB relocalisation at the time of hatching? A major 

change occurring in zebrafish muscle around the time of this process is muscle activity. 

During early zebrafish development, after 17 hpf, random twitching can occur, this being 

the first muscle activity of the zebrafish (Saint-Amant & Drapeau, 1998). However, the 

overall movement and muscle activity is very low. During the process of hatching (starting 

at ~60 hpf) rapid movement is necessary (Kimmel et al., 1995) and after hatching the 

larvae can swim freely and overall muscle activity is greatly increased. The zebrafish 

myofibres after hatching are fully differentiated and have a functional sarcomere structure 

that can fully contract. This leads to a visible striation of the myofibre as well as multiple 

myonuclei with a peripheral localisation. These are all indications of fully differentiated 

mature myofibres at the larval stage. Furthermore, at 72 hpf there is an increase in muscle 

hypertrophy and hyperplasia, the first pax7-expressing muscle stem cells arise and the 

zebrafish myotome expands giving rise to the secondary myotome (Hollway et al., 2007; 

Rowlerson & Veggetti, 2001; Seger et al., 2011; Stellabotte et al., 2007).  

My findings are that indeed muscle activity can influence the nuclear localisation of RHEB 

in zebrafish embryo myofibres. Reducing or preventing muscle activity through the use of 

genetic models (steif mutant and fixe mutant), genetic manipulation (injection of α-

Bungarotoxin mRNA) or pharmaceuticals (tricaine), resulted in a longer presence of 

RHEB in the nucleus. RHEB was still present in the nucleus of myofibres at 3 dpf, while 



Discussion 

62 
 

there was a strong reduction in untreated wildtype fish. Furthermore, increasing muscle 

activity through the use of electrical pulse stimulation resulted in the reduction of nuclear 

RHEB occurring earlier, at 2 dpf.  

Whether muscle contraction itself regulates the presence of RHEB in the nucleus is still 

unclear. Another possibility is that the reduction in nuclear RHEB occurring after hatching 

in the larval stage is the result of myofibre maturation. Indeed, there are indications that 

muscle activity promotes myofibre maturation. Exercise has been shown to promote 

production of transcription factors necessary for differentiation and to affect muscle 

remodeling (Ferraro et al., 2014). It has also been shown that mice with advanced 

endurance exercise performance showed increases in myogenic markers, functionality 

and differentiation (Petkov et al., 2022). Finally, electrical pulse stimulation, which I used 

to increase muscle activity in the zebrafish embryo, has been shown to accelerate 

myotube maturation (Fujita et al., 2007). Furthermore, preliminary results from the 

laboratory suggest that electrical pulse stimulation increases myofibre maturation in vitro 

in C2C12 mouse myoblasts and affects RHEB subcellular localisation. Therefore, it 

seems likely that RHEB is excluded from the myonucleus as a result of myofibre 

maturation. 

My results also suggest that this mechanism is not restricted to myofibre maturation. I 

show that in cells of the zebrafish eye RHEB is strongly present in the nucleus at 18 hpf 

and 24 hpf. My preliminary results also suggest that this is followed by a strong reduction 

in nuclear RHEB at 48 hpf, an early timepoint compared to the decreased RHEB presence 

in myonuclei. The cells of the zebrafish eye develop differently from myofibres and are 

consequently not dependent on muscle activity and hatching. During the first 28 hours 

post fertilization there is a rapid development of the eye in the zebrafish embryo, from an 

early formation of the optic lumina at 14 hpf to detachment of the lens mass at 28 hpf 

(Richardson et al., 2017). Thus, the differentiation and maturation of the zebrafish eye 

seems to also be accompanied by a decrease in nuclear RHEB, suggesting that this 

regulation of RHEB nuclear localisation might be a general developmental process.  
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4.3. Role of farnesylation in the regulation of RHEB localisation  

My results show that preventing farnesylation in zebrafish embryo, through the use of a 

farnesyl transferase inhibitor, results in the retention of RHEB in myonuclei at 3 dpf, a 

time point at which RHEB was excluded from the myonuclei in the untreated embryo. The 

C-terminal farnesylation of RHEB, which is achieved through the addition of a farnesyl 

group to the C-terminal CAAX motif of RHEB, promotes the localisation and attachment 

of RHEB to internal membranes (Buerger et al., 2006).  

While other members of the Ras family are also farnesylated, there are further 

mechanisms which cooperate with farnesylation to target them to the plasma membrane. 

Both H-Ras and K-Ras-4B have palmitoylated cysteines, additionally K-Ras-4B has 

polybasic regions (Hancock et al., 1990; Takahashi et al., 2005; Zhou & Hancock, 2018). 

RHEB however, does not harbor additional targeting signals and is only loosely targeted 

to internal membranes via farnesylation (Ferguson & Angarola, 2020).  

Thus, it is unclear if the nuclear form of RHEB is farnesylated. Recent studies have shown 

that preventing farnesylation of RHEB by inhibiting farnesyltransferase activity in 

mammalian cells in vitro leads to an accumulation of RHEB in the nucleus (Hanker et al., 

2010). My experiments corroborate these findings, however taking place in vivo in 

zebrafish embryos. These results suggest an involvement of farnesylation in the retention 

of RHEB in the cytosol. The mechanism behind nuclear localisation of RHEB is not yet 

understood. A possibility is diffusion into the nucleus through nuclear pores due to the 

small size of RHEB (21 kDa). Thus, cytosolic localisation could be due to accumulation 

and retention at endomembranes via farnesylation, whereas nuclear localisation could be 

due accumulation and retention in the nucleus. While the mechanism behind the nuclear 

retention is not yet known, a possibility could be an interaction with proteins residing in 

the nucleus. 

An indication that nuclear RHEB may not be farnesylated comes from the relative levels 

of nuclear and cytosolic RHEB in myofibres during the first day of zebrafish development. 

The RHEB antibody that I used recognizes both the farnesylated and non-farnesylated 

form of RHEB, with a demonstrated preference for binding to the non-farnesylated form 
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(Sugiura et al., 2022). The almost undetectable RHEB immunoreactivity in the cytosol at 

1 dpf, even though RHEB is present in the cytosol at this stage (see above), together with 

the strong immunoreactivity in the nucleus may indicate that indeed cytosolic RHEB is 

farnesylated, while nuclear RHEB is not and thereby efficiently recognized by the 

antibody. My observation that farnesyltransferase activity is required for the decrease in 

nuclear RHEB at the time of hatching also strongly suggests that nuclear RHEB is not 

farnesylated.  

A corollary is that RHEB farnesylation is somehow regulated. A general regulation of 

farnesyltransferase expression or activity is rather unlikely. Indeed, members of the Ras 

family of proteins are mostly farnesylated (Kho et al., 2004). For example, K-Ras is 

required during early zebrafish development (Liu et al., 2008). However, while K-Ras is 

generally farnesylated (Kho et al., 2004; Takahashi et al., 2005) it has been shown that 

blocking farnesylation leads to a geranylgeranylation (a different prenylation) of K-Ras 

(Whyte et al., 1997). Nevertheless, a regulation of the expression or activity of 

farnesyltransferase seems unlikely as the regulatory mechanism behind the regulation of 

RHEB subcellular localisation.  

Thus, before hatching there might be two pools of RHEB, one farnesylated and localised 

in the cytosol, and one not farnesylated and accumulating in the myonucleus. At time of 

hatching all newly expressed RHEB would be farnesylated and retained in the cytosol, 

with as a consequence a progressive decrease in nuclear RHEB. 

 

4.4. Putative function of nuclear RHEB in embryonic myofibres 

Previous results of the laboratory have shown that in zebrafish embryonic myofibres 

nuclear RHEB promotes myofibre growth (Norizadeh Abbariki, 2021). The mechanism 

behind such an effect remains as of yet unknown. The mechanism of such an effect 

remains unknown.  

One possibility is the activation of mTORC1 in the nucleus. Indeed, mTORC1 activity is a 

strong driver of muscle growth (Bodine, 2022; Bodine et al., 2001; Schiaffino & 
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Mammucari, 2011; You et al., 2019), and nuclear RHEB has been shown to activate 

nuclear mTORC1 (Zhong et al., 2022). However, the myofibre growth-promoting effect of 

nuclear RHEB has been shown to be mTORC1-independent (Norizadeh Abbariki, 2021).  

RHEB has been shown to regulate several signalling pathways in an mTORC1-

independent manner (Karbowniczek et al., 2006; Karbowniczek et al., 2010; Lacher et 

al., 2010; Meng et al., 2019; Norizadeh Abbariki, 2021; Sato et al., 2015). Interestingly, 

some of these regulations might take place in the nucleus. Among these are the AMPK 

and the Notch signalling pathway (Karbowniczek et al., 2010; Lacher et al., 2010; Meng 

et al., 2019).  

RHEB has been shown to interact with AMPK and activate it in the cytosol in an mTORC1 

independent manner (Lacher et al., 2010). Furthermore, AMPK has been shown to be 

present in the nucleus (McGee et al., 2003) and has been shown to be involved in energy 

delivery to the muscle especially in response to stress (O’Neill et al., 2011; Zong et al., 

2002). This prompts the speculation that RHEB could also activate AMPK in the nucleus 

in an mTORC1 independent manner. However, AMPK has been shown to upregulate 

muscle degradation and inhibit muscle growth (Mounier et al., 2009; Nakashima & 

Yakabe, 2007; Sanchez et al., 2012; Williamson et al., 2009) while nuclear RHEB 

promotes myofibre growth. 

RHEB has also been reported to interact with Notch in an mTOR-independent manner 

(Karbowniczek et al., 2010; Meng et al., 2019). For example, RHEB has shown to activate 

Notch in an mTOR-independent manner during Drosophila development (Karbowniczek 

et al., 2010). RHEB also helped promote Notch-dependent activation of PKA in brown 

adipocytes (Meng et al., 2019). Notably, Notch regulates somite differentiation (Jiang et 

al., 2000; Lewis et al., 2009) and severs a crucial role in the maintenance and growth of 

skeletal muscles (Al Jaam et al., 2016). Given that upon activation Notch intracellular 

domain (NICD) is released and translocates to the nucleus, including in myofibres (Bröhl 

et al., 2012), it is tempting to speculate that RHEB in the nucleus interacts with NICD and 

regulates the expression of Notch target genes. Such a target gene might be c-Myc which 

is directly regulated by Notch signalling (Palomero et al., 2006). Interestingly, c-Myc is 



Discussion 

66 
 

present in myonuclei (Veal & Jackson, 1998) and promotes ribosome biogenesis in 

muscles (Mori et al., 2021), which is a major driver of protein synthesis required for muscle 

hypertrophy (von Walden et al., 2016). 

 

4.5. Conclusion 

In this work I have uncovered a regulation of RHEB subcellular localisation in embryonic 

myofibres. I propose the existence of two pools of RHEB, one farnesylated and localised 

to the cytosol, and the other not farnesylated and nuclear. My results showing the role of 

muscle activity in the decrease in RHEB nuclear localisation around the time of hatching 

strongly suggest that RHEB subcellular localisation is linked to the maturation of 

myofibres. Furthermore, I propose that the regulation of RHEB nuclear localisation might 

be a general mechanism linked to cell differentiation and maturation. 
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