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ABSTRACT 
Muscle adaptation to chronic resistance exercise (RE) is the result of a cumulative effect on 
gene expression and protein content. Following a bout of RE, muscle protein synthesis 
increases and, if followed by consecutive bouts (training), protein accretion and muscle 
hypertrophy develops. The protein synthetic capacity of the muscle is dictated by ribosome 
content. Therefore, the general aim of this thesis is to investigate the regulation of ribosome 
biogenesis during skeletal muscle hypertrophy. 

To begin addressing this question, we employed a prevalent rodent model of skeletal muscle 
hypertrophy, synergist ablation (SA) of plantar flexor muscles. SA resulted in muscle 
hypertrophy with a concomitant increase in total RNA content. We observed a marked re-
induction of c-Myc in overloaded skeletal muscle correlating with the expression of Pol I 
specific factors and 45S pre-rRNA levels. UBF and WSTF were increased at the protein level 
in myonuclei and enriched at the rDNA promoter following mechanical loading. This was 
associated with increased Pol I loading and epigenetic marks of active, de-condensed 
chromatin at the rDNA promoter.  Similarly, acute mechanical loading of human skeletal 
muscle resulted increased mTOR signalling, a re-induction of c-Myc and increased 45s pre-
rRNA abundance. Once the hypertrophic phenotype was evident in both mouse and human, 
rDNA transcription had returned to baseline levels. A conditional, skeletal muscle specific c-
Myc knockout model was generated to investigate the mechanistic importance of c-Myc in 
ribosome biogenesis and hypertrophy. Animals lacking c-Myc in skeletal muscle displayed 
normal post-natal development with respect to body weight, muscle size, rDNA transcription 
and RNA content. To further challenge the growth machinery in skeletal muscle lacking c-
Myc, animals were subjected to SA-imposed overload. No difference with respect to RNA 
accumulation or hypertrophic response was detected, indicating that c-Myc is dispensable for 
cellular hypertrophy in terminally differentiated muscle cells. These results were verified in 
C2C12 myotubes with compromised c-Myc function (Myra-A). On the contrary, c-Myc 
inactivation in proliferating C2C12 myoblasts severely compromised rDNA transcription, 
DNA synthesis as well as cell proliferation. Thus, our data suggests cell stage-specific effects 
of ablated c-Myc function in cells of the myogenic lineage. Moreover, the importance of the 
mTOR network for rDNA gene regulation during skeletal muscle hypertrophy was 
investigated. mTOR inhibition with rapamycin prevented the development of hypertrophy, 
and decreased mTOR binding to rDNA correlated with decreased 45S pre-rRNA synthesis 
and perturbed rRNA accumulation. Selective inhibition of RNA Pol I with CX-5461 
efficiently prevented skeletal muscle hypertrophy in a similar fashion. 

Collectively, the data presented in this thesis proposes an important role for ribosome 
biogenesis at the onset of skeletal muscle hypertrophy, which, if blocked, prevents the 
development of the hypertrophic phenotype. During the time in which measurable 
hypertrophy is evident, rRNA synthesis rates have normalized. In addition, our results 
indicate that mTOR regulates this process via numerous different mechanisms, including 
direct binding to the rDNA promoter but likely not via p70S6K1-dependent functions. c-Myc 
proved dispensable for Pol I transcription and skeletal muscle hypertrophy in the 
differentiated state both in vivo and in vitro, instead controlling cell proliferation in 
myoblasts, likely via a Pol I-dependent mechanism. 
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1 INTRODUCTION 
Empirical knowledge of the beneficial effects of exercise on skeletal muscle and general 
health stems back to ancient Greece. Hippocrates described the dangers associated with 
inactivity and the need for quick re-ambulation following periods of bed confinement to 
ensure full recovery (Hippocrates 1950). Resistance exercise (RE) as commonly practiced 
today is usually referred to as progressive RE, describing the incrementally imposed load on 
the muscle as strength increases during the course of training. One of the earliest descriptions 
of progressive RE is that of Milos of Croton, a 6th century BC Greek wrestler, who allegedly 
gained remarkable strength by lifting a calf and then repeating the exercise regularly as the 
bull matured, leading to an incremental workload over time. More recent and of higher 
scientific credibility is the pioneering work by TL Delorme that demonstrated the safety, 
feasibility and restorative effects of RE training on weakened muscle in different patient 
groups (Delorme et al 1948). Since then, besides its role in preventive medicine, resistance 
exercise has become an evidence-based treatment option for a wide range of conditions such 
as type 2 diabetes (T2D), systemic inflammatory disease, chronic kidney disease (CKD) and 
age associated muscle loss (Ikizler 2011; Lundberg and Nader 2008; Nader and Lundberg 
2009; Peterson and Gordon 2011; Strasser and Pesta 2013). Thus, being able to 
pharmacologically stimulate and eventually mimic the beneficial effects of RE on skeletal 
muscle and health would be of great value on an individual as well as global level 
(Srikanthan and Karlamangla 2014). 

Naturally, understanding the molecular mechanisms mediating skeletal muscle adaptations to 
RE and increased use is crucial to this process. The work described in this thesis investigates 
the role of ribosome biogenesis, the process of de novo synthesis of ribosomes during skeletal 
muscle hypertrophy, and how this process is regulated and adjusted to increased skeletal 
muscle growth demands following anabolic stimulus. 

1.1 SKELETAL MUSCLE DEVELOPMENT  

Skeletal muscle is the largest organ in most mammals and accounts for about 40% of body 
mass (Hoppeler and Fluck 2002). The role of skeletal muscle on an organismal level is 
multifaceted; besides enabling locomotion skeletal muscle represents a reservoir for protein 
during periods of low nutrient availability (Finn and Dice 2006), is a primary insulin-
sensitive target with marked impact on glucose homeostasis (Richter and Hargreaves 2013) 
and has been suggested to be an important secretory organ (Weigert et al 2014). The bulk 
load of protein in skeletal muscle is made up of the contractile proteins actin and myosin. 
These contractile elements form functional units called sarcomeres which in turn are arranged 
as tubular structures known as myofibrils. The prevailing theory behind muscular adaptation 
to training is that repeated bouts of exercise cause a cumulative effect on gene expression and 
protein content (Egan and Zierath 2013). Thus, repeated episodes of relative muscle overload 



 

10 

drive an adaptive process that increases the number of sarcomeres in parallel, thereby 
resulting in increased strength (MacDougall 2003). 

The majority of skeletal muscle (body and limbs) is of mesodermal embryonic origin, and 
skeletal muscle progenitor cells are known to locate to sites of myogenesis due to timely 
expressed determination factors e.g. MyoD, Myogenic regulatory factor 5 (Myf5), Myogenic 
regulatory factor 4 (Mrf4), Myogenin (MYOG) and the Myocyte enhancer factor-2 (Mef2) 
family (Buckingham et al 2003). Primary and secondary myogenesis is characterized by 
phases of proliferation and differentiation during which the normal cytoarchitectural 
appearance of skeletal muscle is established (Bentzinger et al 2012). The following post-natal 
growth of rodent skeletal muscle is rapid, with muscle mass increasing several-fold during 
the first weeks of life (Layman et al 1980). Between post partum day 3 (P3) and P21, the 
number of myonuclei per fiber increases almost 5-fold, concomitant to a decrease in the 
number of satellite cells per fiber, and thereafter remains stable until adulthood. Considering 
that fiber number also remains stable from 3 weeks of age (White et al 2010), the natural 
increase in muscle mass in growing animals depends on protein accretion (Sika and Layman 
1995) and therefore ribosome biogenesis. The importance of translational capacity, i.e. 
ribosome content to ensure proper muscle development during early life was recently 
underlined by a study in mice (Fiorotto et al 2014). Pups failed to recover an induced growth 
deficit if malnourished during the third week of life as compared to during the first weeks 
following birth. Pups malnourished P1-11 managed to recovered muscle protein thanks to a 
transient increase in ribosome content enabling increased protein synthesis rates. Thus, one 
can speculate that future muscle health and body composition could be defined during the 
first highly formative weeks of life. 

1.2 SKELETAL MUSCLE HYPERTROPHY 

Skeletal muscle growth is generally understood to occur primarily through hypertrophic 
growth of preexisting fibers (MacDougall 2003). Despite this general consensus, evidence in 
favor of increased fiber number following chronic RE has been presented in human subjects 
(Larsson and Tesch 1986; Tesch and Larsson 1982) and other vertebrates (Mikesky et al 
1991). A tentative explanation for these findings is that partial splitting of existing mature 
skeletal muscle fibers rather than de novo synthesis of fibers is responsible for this 
phenomenon, potentially in an effort to maintain myonuclear domain size (Allen et al 1999) 
(Eriksson et al 2006). The maintenance of the myonuclear domain has also been presented as 
a plausible explanation for the proliferative response of satellite cells following RE. A higher 
number of myonuclei per fiber has been observed following periods of mechanical overload, 
and the number of myonuclei per fiber positively correlates to skeletal muscle growth rate 
during overload (Bruusgaard et al 2010) (Egner et al 2013). However, other studies have 
demonstrated that nuclei gained in this manner remain following periods of inactivity, calling 
the myonuclear domain hypothesis into question (Bruusgaard et al 2012). Nevertheless, 
according to recent data in a transgenic mouse strain with skeletal muscle conditionally 
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depleted of satellite cells, the capacity for skeletal muscle hypertrophy remained intact 
(Jackson et al 2012; McCarthy et al 2011). This would indicate that satellite cell proliferation 
and subsequent fusion to mature skeletal muscle fibers is not essential for hypertrophic 
growth. Similarly, a skeletal muscle specific transgenic mouse model expressing an inducible 
constitutive form of AKT displayed marked hypertrophy following 3 weeks of activation 
without evidence of satellite cell proliferation (Blaauw et al 2009). Similar results have been 
observed following myostatin inactivation in the adult animal (Amthor et al 2009; Lee et al 
2012). Collectively, these studies support the idea that a rapid increase in skeletal muscle 
mass can occur independently of satellite cell proliferation and changes in myonuclear 
domain size, as well as underlining the importance of muscle health prior to an insult 
(Gundersen and Bruusgaard 2008). The existence of functional hypertrophy despite the lack 
of satellite cell proliferation and addition of nuclei stresses the importance of ribosome 
content and protein accretion in individual pre-existing fibers to the hypertrophic process.  

1.3 SKELETAL MUSCLE TRANSLATIONAL CAPACITY 

Following a bout of RE muscle protein synthesis increases significantly (Kumar et al 2009; 
Murton and Greenhaff 2013). At the same time, degradation rates also increase but in a more 
modest fashion, resulting in a net positive protein balance (Tipton et al 2003; Zhang et al 
2014). The increased protein synthesis is the result of anabolic signaling pathways 
converging on the translational machinery. RE has been shown to activate several distinct 
signaling cascades including the Phosphatidylinositol-4,5-bisphosphate 3-kinase 
(PI3K)/mechanistic target of rapamycin (mTOR)/p70 S6 kinase 1 (p70S6K1) network, 
Mitogen activated protein kinase (MAPK) and calcium (Ca2+)-dependent signaling (Al-
Shanti and Stewart 2009; Glass 2010; Gundersen 2011; Schiaffino et al 2013). 

All of the aforementioned networks converge on regulatory factors involved in controlling 
protein translation. However, the mTOR pathway in particular is considered to be of special 
importance to the development of muscle hypertrophy as it represents a central signaling hub 
synchronizing anabolic input and coordinating anabolic and catabolic processes (Hoffman 
and Nader 2004; Zhang et al 2014). 

RE training is thought to result in increased muscle mass via repeated periods of augmented 
protein translation, resulting in protein accretion and thus muscle hypertrophy (Coffey and 
Hawley 2007). The rate of protein synthesis of skeletal muscle has been shown to be 
proportional to muscle ribonucleic acid (RNA) content (Millward et al 1973). As >80% of 
cellular RNA is made up of ribosomal RNA (rRNA), it can be inferred that the protein 
synthetic capacity of the muscle is dictated by ribosome content. It has long been known that 
muscle RNA content increases following increased loading (Goldberg et al 1975), and 
histochemical evidence of increased ribosome biogenesis has been described in growing 
skeletal muscle (Jozsa et al 1993). 
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Fig 1. mTOR coordinates anabolic stimuli and drives ribosome biogenesis.  mTOR synchronizes input from 
different anabolic signals and stimulates ribosome biogenesis via increased protein translation and RNA 
transcription by all subclasses of polymerases, with the exception of Pol II in some species. 

Furthermore, rRNA levels increase as a direct result of increased muscle loading in human 
subjects following RE (Haddad et al 2005), in rodent muscle following electrical stimulation 
(Haddad and Adams 2006) or mechanical overload (Chaillou et al 2013; Goodman et al 
2011; Miyazaki et al 2011) and in L6 myotubes following serum stimulation (Nader et al 
2005). Interestingly, the observation of augmented levels of rRNA at the onset of skeletal 
muscle hypertrophy indicates that de novo synthesis of ribosomes precedes any measurable 
increase in total protein content during skeletal muscle growth. Conversely, following periods 
of inactivity, denervation or even healthy aging, skeletal muscle rRNA content is decreased 
(Babij and Booth 1988; Galavazi and Szirmai 1971; Haddad et al 2005; Machida et al 2012) 
in accord with morphological evidence of decreased rRNA synthesis (Jozsa et al 1993). Thus, 
ribosome biogenesis represents a plausible candidate mechanism used by skeletal muscle to 
adjust protein synthesis and thereby regulate muscle mass in response to altered growth 
demands. 

1.4 RIBOSOME BIOGENESIS 

The ribosome is the cellular organelle responsible for translating messenger RNA (mRNA) 
transcripts into polypeptide chains. This 4-MDa ribonucleoprotein machine is made up of two 
subunits, the smaller 40S subunit and the larger 60S subunit. The 40S subunit is composed of 
33 RPs and 18S rRNA, while the 60S subunit consists of 46 ribosomal proteins (RPs) and 5S, 
5.8S and 28S rRNAs (Thomson et al 2013). During translation, the 40S subunit deciphers the 
mRNA code by matching the proper transfer RNA (tRNA), which containing the 
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corresponding amino acid, which is then incorporated into a polypeptide chain through the 
formation of peptide bonds, catalyzed by the 60S subunit. The rate-limiting step in ribosome 
biogenesis is considered to be RNA Polymerase I (Pol I)-dependent transcription of 45S 
rDNA (Moss et al 2007) generating a precursor transcript referred to as the 45S pre-rRNA. 
However, as de novo synthesis of ribosomes demands coordinated synthesis of equimolar 
amounts of all four rRNA subunits and >80 RPs, it engages all three subclasses of 
polymerases. The exact nature of how the polymerases are coordinated is not fully 
understood, but evidence indicates important roles for the PI3K/mTOR/p70S6K1 network 
and the transcription factor c-Myc (Iadevaia et al 2012a; Iadevaia et al 2014; Mayer and 
Grummt 2006; Oskarsson and Trumpp 2005; van Riggelen et al 2010; Xiao and Grove 2009).  

1.4.1 The 45S rDNA genes 

The rDNA genes exist in roughly 400 copies per diploid genome in both humans and mice 
(Moss et al 2007). rDNA loci exist as tandem repeats containing 50-100 copies of rDNA, and 
are located on 4-5 chromosomes, depending on species (Ito et al 2008; Moss et al 2007). 
Each of these loci has the potential to form sites of active rRNA transcription in the 
nucleolus, and are therefore referred to as nucleolar organizing regions (NORs). The number 
and size of active NORs in the nucleus have long been known to correlate with cell 
proliferation and cell size; this was already recognized in the late 19th century by G. Pianese 
as a morphological feature of rapidly dividing malignant cells (Pianese 1896). The 
identification of the nucleolus as the active site of rRNA transcription came almost 70 years 
later from work in growing starfish oocytes (Edstrom et al 1961). However, we now know 
that NORs are not exclusively a marker for cell proliferation: increased numbers of NORs 
have also been identified as indicator of biosynthetic activity in non-dividing cells, including 
skeletal muscle (Jozsa et al 1993). 

The rDNA repeat is 43 & 45-Kb in the human and mouse genome, respectively. Only about 
the first 30% of the sequence is transcribed by Pol I resulting in the 45S pre-rRNA 
(Grozdanov et al 2003). The remainder of the repeat is referred to as the intergenic spacer 
(IGS). The IGS region contains several regulatory elements, including enhancer sequences 
and canonical and non-canonical promoter regions. The rDNA promoter includes a core 
element from where transcription is initiated following the recruitment and assembly of Pol I 
together with several transcription factors forming the pre-initiation complex (PIC). Besides 
the core promoter, a regulatory region known as the upstream control element (UCE) has 
been described and proven essential in promoting efficient rRNA transcription (Grozdanov et 
al 2003).  
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Fig 2. Organization of the 45S rDNA gene. 45S rDNA is arranged in tandem repeats containing approximately 
50-100 copies. The transcribed sequence is roughly 13kb long and is transcribed as one long precursor. 
Following several processing steps the 45S pre-rRNA gives rise to the mature 18S, 5.8S and 28S. The regulatory 
region upstream of the transcription start site includes the core promoter, the upstream control element (UCE), 
several e-boxes important for c-myc binding, and T0, the binding site for TTFI. Upon binding of a UBF dimer, 
the regulatory region loops upon itself, creating an enhanceosome important for efficient transcription. 

1.4.2 Pol I dependent transcription of 45S rDNA 

In addition to Pol I, 4 factors are required for basal transcription in vitro: TATA-binding 
protein (TBP) and three TBP associated factors (TAFI110, TAFI63, TAFI48), together 
referred to as the SL-1 complex. For efficient in vitro transcription one additional protein is 
required, RRN3, which is thought to attract Pol I to the promoter region (Russell and 
Zomerdijk 2005). 

The 45S pre-rRNA precursor gives rise to 18S, 5.8S and 28S following a number of 
processing events (Moss et al 2007). A total of 4 sequences, two external and two internal, 
have to be excised to produce the mature rRNAs. The first excision is the cleavage of the 
5’external transcribed sequence (ETS) segment, located at +650 bp in mouse and +414 bp in 
human (Kass et al 1987; Kent et al 2009). Following its excision, the 5’ETS fragment is 
rapidly degraded and the half-life of the primary cleavage product has been estimated to a 
few minutes in both mouse and human (Popov et al 2013). The fast clearance of the 5’ETS 
segment enables the approximation of Pol I transcription rate by quantification of this 
sequence, by Northern blot or quantitative real-time polymerase chain reaction (qRT-PCR). 
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1.4.3 45S rDNA gene organization 

Not all rDNA gene copies are transcriptionally active at a given time (Conconi et al 1989). 
Theoretically, this would allow for two possible, non-mutually-exclusive mechanisms to 
regulate rRNA synthesis in response to cellular growth conditions: (1) by adjusting Pol I 
loading and rate of transcription of individual genes; and/or (2) by modulating the number of 
active genes. Experiments in a gene dosage mutant line of chickens yielding individuals that 
are disomatic, trisomatic or tetrasomatic for the chromosome harboring the NORs in this 
species indicated no effect of rDNA copy number on biosynthetic activity: relative rates of 
rRNA synthesis and the amounts of rRNA precursor are similar for all three genotypes 
(Muscarella et al 1987). These findings were supported by similar experiments in a mutant 
yeast strain containing 42 instead of 143 rDNA genes (French et al 2003): in the mutant 
strain, all rDNA genes were observed to be active, whereas only around half of the rDNA 
genes were active in wild-type. However, growth rates were unaffected by the number of 
active loci, due to a compensatory increase in Pol I loading in the mutant strain (French et al 
2003). It is known that rDNA loci in aneuploid cells show an increased resistance to DNase 
digestion, indicating a densely packed, transcriptionally inactive heterochromatic 
configuration of rDNA (Yaniv and Cereghini 1986). Taken together, one can draw two 
conclusions: (1) a set number of rDNA genes is sufficient to support proper growth, and any 
genetic surplus becomes silenced; and (2) that rRNA biosynthesis is primarily regulated by 
Pol I activity, rather than by large variations in the number of active rDNA genes. 

1.4.3.1 45S rDNA methylation infers gene silencing 

As previously mentioned, only a subset of the rDNA genes is thought to be active in most 
vertebrates. The proportion of active genes has been reported to be able to increase upon 
stimulation or decrease, for example during differentiation. This reserve capacity is 
considered to be composed of two different gene populations: (1) a poised state, awaiting 
activation during periods of rapid growth, and (2) a permanently inactive state. The latter is 
characterized by heterochromatin configuration and repressive histone marks, such as 
methylation of H3K9 and H4K20 (Mayer et al 2006). Furthermore, methylation of the rDNA 
promoter at -133 has been shown to be inactivating (Santoro and Grummt 2001). However, 
the relative importance of the DNA methylation in rDNA repression is not completely 
understood, and contrasting reports exist. Initial reports concluded that in mammals, rDNA 
was predominately hypomethylated, whereas it was hypermethylated in fish and amphibians 
(Bird and Taggart 1980). Since then, data from 3T3 fibroblasts (40% methylation) and HeLa 
cells (70% methylation) indicate that rDNA methylation might vary depending on cell type 
and tissue investigated (Santoro and Grummt 2001; Vintermist et al 2011). It is well 
established that malignant transformation of cells commonly includes enhanced ribosome 
biogenesis. However, cancerous tissues have been reported to display hypo- and 
hypermethylated rDNA regions (Ghoshal et al 2004; Uemura et al 2012), indicating the 
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activity of other regulatory mechanisms governing transcription of rRNA in contrast to 
exclusively methylation-dependent repression. 

In vitro methylation of the promoter has been shown not to influence Pol I transcription in 
Xenopus oocytes (Pennock and Reeder 1984) supporting the necessity of additional 
epigenetic layers in mediating inactivation of rDNA transcription (Grummt 2007). The 
importance of the IGS was further highlighted by the identification of an alternative promoter 
referred to as the spacer promoter linked to the production of non-coding RNA (ncRNA) 
sequences of importance for rDNA promoter methylation (Kuhn and Grummt 1987; Mayer 
and Grummt 2006; Morgan et al 1984). One spacer-originated ncRNA, pRNA, is thought to 
interact with the rDNA promoter and via TTF-I interacting peptide 5 (TIP5) mediate 
recruitment of the nucleolar remodeling complex (NoRC)(Santoro and Grummt 2005). 
Conversely, reduced rDNA methylation is observed following either knockdown of TIP5 or 
pRNA resulting in a decreased number of silent rDNA genes and increases 45S pre-rRNA 
synthesis (Bierhoff et al 2010; Guetg et al 2010; Santoro et al 2009). Complete loss of CpG 
methylation also results in more actively transcribed genes, but surprisingly this increased 
transcriptional activity is not coupled to increased 45S pre-rRNA production (Gagnon-Kugler 
et al 2009). On the contrary, in the absence of promoter methylation, both rRNA synthesis 
and processing is reduced and increased levels of DNA recombination has been reported, 
indicative of a destabilization of the genome (Kobayashi and Ganley 2005). 

1.4.3.2 UBF dictates the number of active rDNA genes 

Beside the hyper-methylated and transcriptionally silent subsets of rDNA, two other 
chromatin states have been described: transcriptionally active, and transcriptionally 
competent/pseudo-silenced (Sanij and Hannan 2009). Common to both states is a 
hypomethylated rDNA promoter, but whereas the active genes are characterized by the 
presence of Upstream binding factor (UBF) all along the rDNA repeat the pseudo-silenced 
genes are bound by linker histone H1 and thus transcriptionally inactive (Chen et al 2004). 
The isoforms form both hetero- and homodimers; however, UBF 1 is considered to support 
Pol I transcription to a 5-fold higher degree (Hannan et al 1996) and is also the isoform 
considered to maintain the open-chromatin conformation of non-silent rDNA by out-
competing H1 (Sanij et al 2008). A wider architectural role has been proposed for UBF, 
given its lack of DNA sequence specificity and observed binding all along the rDNA repeat, 
in contrast to an exclusive role in rDNA transcription. Besides the chromatin remodeling 
machinery (McStay and Grummt 2008; Percipalle and Farrants 2006), UBF clearly 
contributes to maintenance of the euchromatic state of rDNA (Hamdane et al 2014; 
O'Sullivan et al 2002; Sanij et al 2008). Its role as a modifier of DNA conformation was 
further strengthened by in vitro experiments displaying the ability of UBF dimers to loop 
rDNA in 140bp segments, juxtaposing the UCE with promoter sequence and creating a 
structure referred to as the enhanceosome (Bazett-Jones et al 1994; Stefanovsky et al 2001). 
UBF has been shown to be expressed during hypertrophy of mouse cardiomyocytes in vitro 
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(Brandenburger et al 2003) and when overexpressed to induce rRNA synthesis in the same 
cell culture system (Hannan et al 1996). Moreover, UBF is up regulated in heart muscle 
during cardiac remodeling in human heart failure patients following implantation of a left 
ventricular assist device (LVAD) as well as in unloaded rat hearts in vivo (Razeghi et al 
2006). 

1.4.3.3 c-Myc regulates UBF expression 

UBF gene expression is under the control of the oncogene c-Myc (Poortinga et al 2004) and 
the UBF gene promoter contains a 6-bp motif (CACGTG) called E-box, the sequence with 
the highest affinity for c-Myc binding. c-Myc is a basic helix-loop-helix leucine zipper 
(bHLHZip) transcription factor that exerts most of its DNA binding activity by dimerization 
with another bHLHZip protein called Max. However, Max-independent c-Myc binding has 
been reported, as well as transcription-independent functions, such as regulation of translation 
and DNA replication (Cole and Cowling 2008; Pourdehnad et al 2013). The E-box sequence 
is common throughout the genome, and it’s estimated that >15-20% of all active gene loci 
can be classified as c-Myc target genes. Included in this group are genes belonging to a 
variety of ontologies, including cell proliferation, cell growth, metabolism and apoptosis. 
This diversity of its target genes has spawned the theory of c-Myc as a general amplifier of a 
gene expression, rather than a strict “ON-OFF” switch (Lin et al 2012, Nie et al 2012). 

1.5 C-MYC IN RIBOSOME BIOGENESIS 

High levels of c-Myc correlate with increased proliferation and large cell size, and is a 
common feature of cancer cells (Dang 2012; Piedra et al 2002). Conversely, cells with low 
levels or lacking c-Myc protein display slow cell cycle kinetics and smaller average diameter 
than controls (de Alboran et al 2001; Johnston et al 1999; Trumpp et al 2001). While c-Myc 
genomic deletion is lethal at embryonic day 10.5 (Davis et al 1993), it is worth noting that the 
cells of the embryo have divided extensively prior to this timepoint, indicating that c-Myc is 
not essential for proliferation per se in all cell types and developmental stages. During 
embryogenesis, hematopoiesis has been suggested to be the crucial process interrupted by the 
absence of c-Myc, causing termination of the embryo (Trumpp et al 2001). Trumpp and co-
workers circumvented embryonic lethality of c-Myc knock out animals by generating an 
allelic series of animals with a stepwise reduction in c-myc levels (Trumpp et al 2001). Low 
levels of c-Myc during embryogenesis and post-natal development resulted in dwarfism due 
to multiorgan hypoplasia. The authors concluded that in mammals, c-Myc levels during early 
development dictate body size by controlling organ cell number (Trumpp et al 2001). In 
Drosophila d-Myc has also been observed to dictate organismal size, but by controlling cell 
size instead of cell number (Johnston et al 1999). Thus, there seems to be drastic differences 
with respect to Myc function between insects and mammals. Furthermore, reduced c-Myc 
function has been studied in mice by overexpression of its partner, the negative regulator 
MAD1. Mice overexpressing MAD1 displayed increased early postnatal lethality and 
dwarfism coupled to decreased cell proliferation rate (Queva et al 1999). A common 
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denominator of the aforementioned studies is that they all affect c-Myc function during 
embryogenesis, thereby most likely affecting physiology of the adult organism differently in 
comparison to a postnatal deletion. 

Strong evidence in favor of association of c-Myc with ribosomal DNA and a direct effect of 
c-Myc on Pol I transcription as been described in insects and mammals (Arabi et al 2005; 
Grandori et al 2005; Grewal et al 2005). The presence of c-Myc at the rDNA repeat coincides 
with recruitment of and protein-protein interaction with SL-1 and increased acetylation of 
histones. In Drosophila, the c-Myc homologue d-Myc has also been suggested to regulate 
rRNA synthesis and coordinate transcription of RNA Pol II and III-dependent target genes 
involved in ribosome biogenesis (Gomez-Roman et al 2003; Grewal et al 2005). A similar 
role has been proposed with respect to c-Myc in mammalian cells (Poortinga et al 2011) . The 
observation of c-Myc binding to the promoter and downstream rDNA regions close to the 
transcription termination site inspired further research based on more historic speculations of 
gene looping in rapidly growing cells (Keppel 1986). Using chromatin conformation capture 
(3C), Shiue and co-workers presented evidence of similar gene loops working in a serum- 
and c-Myc-dependent manner (Shiue et al 2009). The necessity of c-Myc for efficient cell 
proliferation and ribosome biogenesis in single cells is undisputed (Oskarsson and Trumpp 
2005; van Riggelen et al 2010). However, the role of c-Myc as a mediator of growth in non-
proliferative, terminally differentiated cells such as skeletal muscle has yet to be elucidated. 

1.6 MTOR IN THE REGULATION OF PROTEIN SYNTHESIS AND RIBOSOME 
BIOGENESIS 

The mTOR kinase is a member of the phosphoinositide 3-kinase-related kinases (PIKK) 
family (Harris and Lawrence 2003). It is an essential gene, demonstrated by reports of 
embryonic lethality as early as E5.5 in transgenic mice lacking mTOR (Gangloff et al 2004; 
Murakami et al 2004). mTOR displays protein serine/threonine kinase activity and complexes 
with several proteins with regulatory and scaffolding functions. Binding partners include 
Raptor and Rictor, which bind to mTOR to form two distinct complexes, mTOR complex 1 
(mTORC1) and mTOR complex 2 (mTORC2), respectively. mTORC1 conveys most of the 
growth promoting functions commonly associated with increased mTOR activation and lack 
of Raptor in skeletal muscle compromises size and function (Bentzinger et al 2008). FKBP12 
is an immunophilin protein which when dimerized with rapamycin binds and inhibits mTOR. 
mTORC2 was initially described as rapamycin- insensitive (Jacinto et al 2004; Sarbassov et 
al 2004) but was recently demonstrated to be affected by long-term rapamycin treatment 
(Sarbassov et al 2006). Even though mTORC2 is considered responsive to growth factors, the 
involved intracellular pathways remain poorly defined. When activated, it’s believed to 
regulate cytoskeletal organization, metabolism and cell survival mainly via phosphorylation 
of AGC kinase family (Laplante and Sabatini 2012).  

mTOR signaling is increased by growth factors, hormones, nutrients and most likely by 
mechanical stimulation via phosphatidic acid (You et al 2012; You et al 2014). Increased 
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mTORC1 activity promotes ribosome biogenesis by at least two mechanisms; 1) stimulated 
mRNA translation of proteins involved in the ribosome biogenesis program and 2) increased 
RNA transcription. 

mTOR promotes mRNA translation via inhibiting the repressive effects on initiation exerted 
by eukaryotic translation initiation factor 4E binding protein 1 (4EBP1). In its repressive, 
hypophosphorylated state 4E-BP1 binds eukaryotic translation initiation factor 4E (eIF4E) at 
the same region responsible for binding to the large scaffolding protein eIF4G. Together with 
the RNA helicase eIF4A, eIF4A/E/G constitute a complex commonly referred to as eIF4F. 
The helicase activity of eIF4A, of special importance for unwinding of the mRNA secondary 
structure, is increased further by yet another factor, eIF4B, speculated to be a phosphorylation 
target of p70S6K1 (Gingras et al 1999). Furthermore, mTORC1 is considered to control 
translation elongation via phosphorylation of eukaryotic elongation factor 2 (eEF2) (Wang 
and Proud 2006). By increased mTOR activity, eEF2 promotes the translocation step of 
elongation thus causing the ribosome to continue onwards the equivalent of one codon. 
Together with translation initiation via inactivation of the 4EBPs, the additional ability of 
mTOR to fine tune translation elongation allows for a more accurate adjustment of protein 
synthesis to current growth demands and nutrient availability (Wang and Proud 2006). 

Besides modulating mRNA translation, mTOR regulates transcription by all three RNA 
polymerases (Mayer and Grummt 2006). Results from early studies indicated that Pol I 
transcription in mammalian cells is dependent on essential amino acids (Grummt et al 1976). 
Proof of a regulatory role for mTOR was put forward when 45S rDNA transcription was 
shown to be rapamycin-sensitive (Mahajan 1994); several years later, RRN3 was established 
as the main mediator of mTOR activity on rDNA transcription (Claypool et al 2004; Mayer et 
al 2004). mTOR affects RRN3 by altering the balance between the activating 
phosphorylation site Ser44 and the inactivating site Ser199. mTOR also influences the 
subcellular localization of RRN3, as shown by translocation of RRN3 from the nucleus to the 
cytosol upon rapamycin treatment (Mayer et al 2004; Philippi et al 2010). Furthermore, 
mTOR regulates UBF, as it has been shown to control retinoblastoma protein (pRb) 
phosphorylation and inactivation and thereby availability of free UBF (Nader et al 2005). In 
turn, mTOR-dependent phosphorylation of UBF via p70S6K1 has been described in cardiac 
muscle cells (Hannan et al 2003). In addition, upstream of mTOR, PI3K has been 
demonstrated to phosphorylate UBF (Drakas et al 2004). The interaction between the SL-1 
complex and the rDNA promoter is also influenced by mTOR following IGF-1 stimulation, 
possibly regulating the assembly of the PIC (James and Zomerdijk 2004). 

mTOR also influences gene expression via direct interaction with promoter regions 
(Cunningham et al 2007; Tsang et al 2010). mTOR binds to the 45S rDNA, 5S rDNA and 
tRNA promoters in a serum-dependent and Rapamycin-sensitive manner in both yeast and 
mammalian cells (Li et al 2006; Tsang et al 2010; Wei et al 2009). Upon mTOR activation, 
increased association of mTOR to the Pol III promoter specific factor TFIIIC has een 
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described, thereby allowing for rapid shifts in gene activity depending on growth demands. 
mTOR is believed to exert its stimulatory activity by phosphorylation and inactivation of the 
Pol III specific repressor protein Maf1 (Kantidakis et al 2010).  

Pol II transcribes all ribosomal protein genes. Common to these mRNA transcripts is that 
they share a polypyrimidine tract at their 5’ end, termed 5’TOP (terminal oligo-pyrimidines). 
This common sequence allows for them to be regulated together and contribute to ribosome 
biogenensis. Unlike in yeast, mTOR is not considered to stimulate RP gene expression in 
mammals, instead exerting its effects on the level of translation (Powers and Walter 1999). 
Furthermore, nuclear abundance of RPs was recently suggested to be regulated by a 
subfraction of mTOR found at the nuclear envelope and complex bound to the nuclear import 
protein Ran Binding protein 2 (RanBP2) (Kazyken et al 2014). The number of identified 
5’TOP mRNAs is growing, with recent studies estimating the existence of approximately 
150-200 5’TOP mRNAs, exceeding the number of RPs originally suggested to make up this 
group (Yamashita et al 2008). The 5’TOP sequence participates in translational rather than 
transcriptional regulation. Upon mTOR-dependent stimulation, 5’TOP mRNAs are rapidly 
recruited to polyribosomes and translated (Warner 1999). The observation of simultaneous 
rpS6 phosphorylation, spurred the hypothesis that p70S6K1 mediates nutrient-dependent 
translation of 5’TOP mRNAs (Jefferies et al 1997; Kawasome et al 1998). In recent years, 
evidence in favor of p70S6K1- and rpS6-phosphorylation-independent regulation of 5’TOP 
mRNAs has been presented (Pende et al 2004; Tang et al 2001), cementing the importance of 
mTOR in this process but lacking a proper mechanism. 

The 45S pre-rRNA transcript goes through several splicing steps to produce the mature 18S, 
5.8S and 28S rRNA subunits. Recent data from rapamycin-treated HeLa cells supports a role 
for mTOR in the processing of 45S pre-rRNA as well as transcriptional regulation (Iadevaia 
et al 2012b). Furthermore, biosynthesis of pyrimidines (Ben-Sahra et al 2013) and cellular 
import of uridine (Iadevaia et al 2012b) have been suggested to be under mTOR regulation, 
thus directly affecting rRNA synthesis by affecting available levels of nucleotides. 

In summary, mTOR is an important regulator of ribosome biogenesis, acting at numerous 
distinct levels including transcription, translation and trafficking of RPs, as well as affecting 
pyrimidine biosynthesis and uptake, transcription and processing of rRNA. 
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Fig 3. mTOR drives ribosome biogenesis.  In a coordinated fashion, mTOR is thought to stimulate Pol I and III 
rRNA transcription/processing, translation and nuclear import of ribosomal proteins. Yellow sun symbol 
illustrates mTOR stimulated event. 

1.7 C-MYC AND MTOR IN SKELETAL MUSCLE HYPERTROPHY 

c-Myc protein levels are generally low in terminally differentiated cells (Armstrong and Esser 
2005; Poortinga et al 2011) and decrease continuously during myogenic differentiation (Ali et 
al 2008; Endo and Nadal-Ginard 1986). Factors involved in skeletal muscle lineage 
progression (MyoD, Myogenin) have been shown to increasingly localize to the rDNA 
promoter as c-Myc levels fall (Ali et al 2008). As one might expect, rRNA synthesis 
decreases during skeletal muscle differentiation (Ali et al 2008; Bowman 1987; Zahradka et 
al 1991). Similarly, skeletal muscle c-Myc gene expression is gradually attenuated during 
post-natal development and is barely detectable in adult animals (Veal and Jackson 1998; 
Whitelaw and Hesketh 1992). However, several studies have shown that skeletal muscle 
retain the ability to re-induce c-Myc even at mature age in response to growth factor 
availability and increased loading (Armstrong and Esser 2005; Endo and Nadal-Ginard 1986; 
Nakahara et al 2003; Osbaldeston et al 1993). 
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Fig 4. Hypothetical response of skeletal muscle to acute RE. An acute bout of RE triggers ribosome biogenesis 
via re-expression of c-Myc and increased mTOR network activity. 

The effects of re-induction of c-Myc in aged quail skeletal muscle is decreased compared to 
young controls and has been suggested in part to be responsible for reports of anabolic 
resistance (less growth following RE training) in skeletal muscle of old age human 
individuals (Alway 1997). In support of c-Myc as an important factor in cell size regulation 
in the terminally differentiated state, tissue specific overexpression of c-Myc in 
cardiomyocytes results in cardiac hypertrophy (Xiao et al 2001) and correspondingly, 
conditional heart c-Myc knockout animals show stunted cardiac hypertrophy (Bello Roufai et 
al 2007). 

The mechanism behind increased c-Myc levels in response to overload and the relative 
importance of c-Myc function in mediating skeletal muscle hypertrophy is not known. The 
Wnt pathway has been implicated as a mediator of β-catenin and c-Myc function in growing 
skeletal muscle (Armstrong and Esser 2005) and recent reports on Wnt7a-Fzd7 signaling as 
being directly involved in activating the Akt/mTOR pathway indicates that this mechanism 
may be quite complex (von Maltzahn et al 2012). 

The importance of increased activity of the mTOR network for skeletal muscle hypertrophy 
to develop in response to mechanical or nutrient loading is undisputed (Bodine et al 2001; 
Nader et al 2005; Rommel et al 2001). Thus, one possible scenario is that of a concerted 
action of c-Myc and mTOR driving ribosome biogenesis and growth in response to an 
anabolic stimulus.  



 

 23 

2 AIMS 
The general aim of the work presented in this thesis was to investigate the mechanisms 
controlling ribosome biogenesis during skeletal muscle hypertrophy. 

The specific aims of the present thesis were to: 

1. Investigate the regulation of rDNA gene transcription in response to mechanical 
loading-induced skeletal muscle hypertrophy. 
 

2. Clarify the effect of chronic training on expression of growth associated genes 
following an acute bout of RE. 

 
3. Investigate the role of c-Myc in skeletal muscle hypertrophy. 

 
4. Further elucidate mTOR function in Pol I-mediated transcription in skeletal muscle 

cells. 
 

5. Establish whether de novo ribosome biogenesis is necessary for skeletal muscle 
hypertrophy. 
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3 MATERIAL AND METHODS 

3.1 ANIMAL MODELS AND SURGICAL PROCEDURES 

3.1.1 Animal models 

Male mice of the commercially available inbred strain C57Bl/6J were used for Paper I. For 
Paper III, a conditional skeletal muscle c-Myc knockout mouse was generated. More 
specifically, we crossed C57Bl/6J c-Mycfl/fl mice (de Alboran et al 2001) with FVB MCK-

Cre+/- mice  (Bruning et al 1998). The F1 generation yielded Myc Δ/fl mice, which were then 
intercrossed to obtain the F2 generation that yielded conditionally deleted c-Myc mice (c-

MycΔ/Δ). F2 mice were born at the expected Mendelian frequency, displayed normal perinatal 
morphology, growth rates and fertility. Prior to any data collection and/or experimentation 
the F2 generation was backcrossed onto the C57Bl/6J c-Myc fl/fl background for more than 
ten generations to ensure 99.9% genetic similarity to the parental strain. Genotypes were 
verified in all mice by genomic PCR for MCK Cre, c-Myc floxed alleles and recombination 
at all breeding stages. All animals were kept on a 12:12-h light-dark cycle, had unlimited 
access to water and were fed a standard rodent chow diet ad libitum. 

3.1.2 Single fiber preparation 

To minimize the influence of non-muscle cells on assessment of degree of recombination, 
single muscle fibers were isolated and used for PCR (Paper III). Flexor digitorum brevis 
(FDB) muscles were cleaned of connective tissue, fat and blood vessels under a dissecting 
microscope using a pair of micro-iris scissors and jeweler’s forceps. Subsequently, the clean 
FDB muscles were incubated for 2-3 hours at 37 ºC in 0.3% Type I collagenase in 
Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS). Next, the muscles were transferred to fresh DMEM at 37 ºC and gently triturated to 
produce a suspension of single muscle fibers. 300 µl of the resultant muscle fiber suspension 
was then placed in laminin coated glass-bottom Petri dishes and fibers were allowed to attach 
for 15 minutes before 2.7 ml DMEM supplemented with antibiotic, antimycotic solution (1 
µL/ml) was added. Dishes containing muscle fibers were cultured for up to 24 hours at 37 ºC. 

3.1.3 Synergist ablation model 

In Paper I and III a rapid and robust hypertrophic response was induced in the plantaris 
muscle by the synergist ablation model (Bodine and Baar 2012; Goldberg et al 1975). 
Functional overload was imposed by bilaterally removing soleii and gastrocnemii muscles. 
Control animals underwent a sham operation, where muscles were separated by blunt 
dissection, paying special attention to avoid any tissue damage. Animals were operated under 
surgical depth anesthesia, induced, and maintained with Isofluorane (Baxter, Norfolk, UK). 
All procedures were approved by the local ethics committee and were carried out following 
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Federation of Laboratory Animal Science Associations guidelines for animal experimentation 
(FELASA). 

3.2 HUMAN SUBJECTS AND RESISTANCE EXERCISE 

In Paper II 13 human subjects (six women and 7 men, mean age 24 ± 1.4 years) participated. 
None of the subjects had prior RE training history, were not diagnosed with a chronic disease 
and were dietary supplement- and medication-free. All subjects maintained their normal 
dietary habits during the study. All participants gave their informed written consent to 
participate, and the local ethical committee approved all procedures. 

3.2.1 Group designation 

Subjects were randomly allocated to one of two groups, the training+acute (T+A) or acute 
(A) group. Both groups trained the non-dominant (ND) arm for 12w and performed an 
acute bout of RE 7 days after the last training session, but differed with respect to treatment 
for the dominant (D) arm. T+A used the D arm as a non-exercise control and A performed 
the same acute bout of RE as described for the ND arm. Considering the aim of 
investigating acute gene expression before and after 12 weeks of RE training, we 
designated the D arms of those in the T+A group as control (i.e., no exercise), the D of the 
A group as acute RE, and the ND arm of both groups as training+acute RE. 

3.2.2 RE training and dynamic strength testing 

RE training consisted of a supervised, 12w progressive weight-lifting program of the upper 
arm 2 days per week as previously describe (Gordon et al 2012). In short, upper arm 
exercises (biceps preacher curl, biceps concentration curl, standing biceps curl, overhead 
triceps extension, and triceps kickback) were performed for three sets using the six repetition 
maximum (RM) weight. Two min rest was allowed between sets. Prior to and after (48-72h 
after last training session) the 12w training program, dynamic strength was tested using the 1 
RM weight for the elbow flexors (preacher curl). Two warm-up sets were completed at 50% 
and 75% of the predicted 1 RM for 8 repetitions and 5 repetitions, respectively. Single 
attempts were performed until one single repetition with full range of motion was completed. 
Dynamic strength gain was determined by calculating the percent difference between post-
training and pre-training 1 RM strength. 

3.2.3 Muscle CSA measurements 

Magnetic resonance imaging (MRI) was used to observe changes in whole muscle cross-
sectional area (CSA). Pre-training MRI scans were performed before or 48h after 1 RM 
testing and post-training MRIs were performed 48–96h after the last training session. To 
ensure precise and reliable measurements, six slices from each image were analyzed using 
bone morphological landmarks to ensure the same regions were measured pre- and post-
training. Once the region of interest was segmented, total volume was determined for the six 
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evaluated slices. Repeatability and reliability of Rapidia® volume measurements were 
verified using a phantom of known volume. 

3.3 MATERIALS 

C2C12 myoblasts were from American Type Culture Collection (Manassas, VA, USA). All 
chemicals were purchased from Sigma (Sigma-Aldrich, St.Louis, MO, USA) unless 
otherwise stated. Horse serum (HS) was purchased from GIBCO (Grand Island, NY, USA). 
Laemmli buffer and DC Protein assay were obtained from Bio-Rad Laboratories (Hercules, 
CA, USA). TRIzol, Superscript VILO cDNA synthesis kit, Lipofectamine 2000, 
Carboxyfluorescein diacetate succinimidyl ester (CFSE) and Live/Dead cell dye were from 
Invitrogen (Invitrogen, Carlsbad, CA, USA). Complete Mini protease inhibitor cocktail and 
PhoStop phosphatase inhibitor were from Roche Diagnostics (Indianapolis, IN, USA). All 
siRNA oligos were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Primary antibodies used for Immunoblotting were from Santa Cruz Biotechnology, Cell 
Signaling  (Beverly, MA, USA) or Abcam (Cambridge, UK). 

3.4 CELL CULTURE 

3.4.1 Culturing conditions of the C2C12 myogenic cell line 

All cell culture experiments described in Paper III and IV were performed using the C2C12 
myogenic cell line (Yaffe and Saxel 1977). Myoblast were grown to 90-100 % confluence in 
growth medium (GM) consisting of DMEM with 10% FBS and were induced to fuse into 
myotubes by differentiation medium (DM), DMEM with 2 % HS for 4 days. To clear the 
terminally differentiated myotubes from undifferentiated myoblast, 20µM arabinofuranosyl 
cytidine (AraC) was added to the media for 24h on the third day of differentiation. Medium 
was changed every 2 days. At Day 4 post differentiation, myotubes were either maintained in 
DM (control group) or stimulated with GM high serum medium (DMEM +20% FBS) for 
different times depending on the experiment. All experiments were performed in a 
humidified environment at 37°C in a 5% CO2 atmosphere. Depending on the experiment 
different plate formats was used. 

3.4.2 Small molecule inhibitors 

Chemical inhibitors were used to block c-Myc function (Paper III) and PI3K, mTOR, 
p70S6K1, protein synthesis and Pol I and II  (Paper IV). In Paper III c-Myc inhibition was 
accomplished using either Myra A (10-40 µM) (Mo and Henriksson 2006) or 10058-F4 (60-
100 µM) depending on the experiment. PI3K, mTOR and p70S6K1 inhibition was 
accomplished using LY294002 (20µM), rapamycin (25ng/ul) and PF-4708671 (20µM, 
Pearce et al 2010), respectively. Protein synthesis was inhibited by cycloheximide treatment 
(10-50µM) and Pol I and II by CX-5461 1µM (Drygin et al 2011) and DRB (75µM), 
respectively. DMSO was used as vector for all chemical inhibitors and the control group was 
supplemented with 0.1% DMSO. 
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3.4.3 Assessment of cell proliferation 

In Paper III, the effect of compromised c-Myc function on cell proliferation was assessed by 
two different approaches, 5-bromo-2'-deoxyuridine (BrdU)-incorporation assay detecting 
DNA synthesis and CFSE staining followed by fluorescence-activated cell sorting (FACS) to 
estimate number of cell divisions during a set period of time. For the BrdU-labeling assay 
myoblasts were grown on 8-chamber glass slides. After BrdU-incorporation, cells were 
washed with PBS followed by fixation in 15mM glycine-methanol solution for 20 min at -
20°C. Fixed cells were incubated with working solution for 30min, incubated with an anti-
BrdU mouse antibody for 30 min and allowed to dry at room temperature, then covered with 
VectaShield Mounting Media containing 4,6-diamidino-2-phenylindole (DAPI). 
Visualization was performed using a multichannel Zeiss LSM-710 confocal microscope. For 
CFSE followed by FACS, myoblasts were labeled with 5µM CFSE for 10min at 37°C before 
plating and inhibitor treatment. After 48 or 72h samples were collected by trypsinization, 
labeled with Live/Dead cell dye (Invitrogen) for selection of viable cells only and run through 
a Gallios Flow Cytometer (Argon laser 488). Data analysis was performed using the Kaluza 
Analysis Software (Beckman Coulter, Brea, CA). 

3.4.4 siRNA gene knockdown 

Paper III describes siRNA-mediated gene knockdown in C2C12 myoblasts. Cells were 
seeded in 6-well plates and transfected with c-Myc siRNA (50pM), Rrn3 (50pM) siRNA or 
control (50pM) siRNA. In Paper IV C2C12 myoblasts were seeded in 12-well plates and 
double transfected at Day 3 and Day 5 post differentiation with p70S6K1 siRNA (50pM), 
rpS6 siRNA (50pM) or control siRNA (50pM). All siRNA products used were purchased 
from Santa Cruz and Lipofectamine 2000 (Invitrogen) was used as a transfection agent 
according to the manufacturers instructions. 

3.5 TISSUE COLLECTION 

In Paper I and III mouse muscles were collected from live animals under surgical anesthesia 
induced and maintained by isoflurane. Excised muscles were cleaned of non-muscle tissue, 
blotted to remove blood and weighed on a precision scale (Sartorius Acculab ATL-84, 
Göttingen, Germany). Muscles were then snap frozen in liquid nitrogen, or mounted for 
histochemistry in OCT mounting medium and frozen in liquid nitrogen cooled isopentane. 
Following dissections, animals were euthanized by cervical dislocation.   

In Paper II, muscle samples were collected bilaterally from the m. Biceps brachi using the 
Bergström needle biopsy technique (Bergstrom 1962). In order to facilitate sample collection, 
suction was applied to the needle. Muscle biopsies were cleaned from visible fat and 
connective tissue, dry blotted and snap frozen in liquid nitrogen.  

All samples were stored at -80°C until subsequent analysis. 
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3.6 PROTEIN ANALYSIS 

In Paper I, II and III mouse and human muscle was homogenized in 
radioimmunoprecipitation assay (RIPA) buffer by use of a 5-mm generator coupled to a 
polytron (Kinematica, Kriens, Switzerland). In Paper IV cells were lysed in a 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-based lysis buffer. The lysis buffer 
was supplemented with protease and phosphatase inhibitors. Following additional passive 
lysis at +4°C on a rotating wheel, lysates were spun down at 12,000 x g to pellet insoluble 
material. Supernatants were collected and protein concentrations assessed by the DC Protein 
Assay (Biorad, Hercules, California, USA). Protein homogenates were diluted with lysis 
buffer if needed and mixed 1:1 or 3:1 with 2X (Paper I and II) or 4X (Paper III and IV) 
Laemmli buffer containing 5-10% β-mercaptoethanol. Samples were boiled at 95°C for 10 
min and immediately cooled on ice and stored at -20°C until further use. Samples were 
separated by SDS-page on 7.5-12.5% polyacrylamide gels (Paper I and III) or precast 
Biorad gradient gels (4-20%) (Paper II and IV), depending on the size of the protein 
studied, and transferred to polyvinylidene difluoride (PVDF) membranes activated in 100% 
methanol. Western blotting was performed using standard techniques: membranes were 
blocked in a protein-containing buffer, and washes were performed with Tris buffered saline-
Tween 0.1% (TBS-T). Primary antibodies used were as follows: Paper I, c-Myc (1:500, 
Santa Cruz), UBF (1:1,000, Santa Cruz), WSTF (1:1,000, Abcam) and Pol I (1:1,000) was 
provided by Dr. T. Moss (Laval University, Quebec, Canada). Paper II, rpS6 and PO4-rpS6 
Ser235/236(1:1000, Cell Signaling) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 
1:1000, Santa Cruz Biotechnology). Paper III, c-Myc (1: 1000, Abcam), c-Myc (1:500, 
Santa Cruz Biotechnology), RRN3 (1:1000, Abcam) and GAPDH (1:1000; Santa Cruz 
Biotechnology). Paper IV, mTOR, PO4-mTOR Ser2448, p70S6k1, PO4-P70S6k1 Thr389, rpS6, 
PO4-rpS6 Ser235/236, PDCD4 (1:1000, Cell signaling) and GAPDH (1:1000, Santa Cruz 
Biotechnology). All primary antibodies were diluted in a TBS-based buffer supplemented 
with 1% NaN3 and 1% bovine serum albumin (BSA). Secondary antibodies (Anti-rabbit 1: 
5000; GE Healthcare) were diluted in 5% milk in TBS-T. 

3.7 RNA ANALYSIS 

Mouse and human skeletal muscle (Paper I, II, III) was homogenized in TRIzol using a 
5mm generator coupled to a polytron (Kinematica). TRIzol muscle slurries were spun down 
12000g for 5 min to pellet insoluble material and supernatant transferred to new tube. Cells 
sheered by repeated passage through a 23G needle and spun down as previously described. 
The centrifugated TRIzol homogenates were thereafter extracted using chloroform phase 
separation and precipitation of RNA in isopropanol overnight at -20°C accordingly to the 
manufacturers instructions. In paper II, the RNA was subsequently cleaned through RNeasy 
mini columns and DNase treated (Qiagen, Venlo, Limburg, Netherlands). In Paper IV, 
TRIzol was added straight to the wells of the cell culture plate (following 1X PBS wash x 3) 
and lysed by one freeze-thaw cycle at -80°C. TRIzol homogenates were thereafter spun down 
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as described above and RNA extracted using Direct-Zol columns (Zymo Research, Irvine, 
CA, USA). Extracted RNA was assessed for purity and quantity using a Nanodrop 
spectrophotometer (Saveen Werner AB, Malmö, Sweden) and RNA integrity and was 
verified by agarose gel electrophoresis. RNA was stored at -80°C until further use. 
Complementary DNA (cDNA) was synthesized from 0.5-1µg of total RNA by the VILO 
cDNA synthesis kit (Invitrogen) accordingly to the manufacturer’s recommendations. The 
cDNA stock was further diluted for downstream qRT-PCR depending on the target gene. 
qRT-PCR was performed using a SYBR-chemistry based supermix (GoTaq, Promega, 
Fitchburg, WI) on the Bio-Rad CFX 384 system. Reactions were run in triplicate for each 
sample on 384 well, white hard-shell, clear-well plates. Primers were tested on a 64-54°C 
heat gradient in order to optimize annealing temperature and verify a primer efficiency of 
approx. 100%. A melt-curve analysis was performed for each primer pair to ensure the 
amplification of a sole PCR product and calculated amplicon size was verified by agarose-gel 
electrophoresis. Relative expression levels were obtained by normalization to GADPH (or 
28S for DRB treated samples in Paper IV) by the comparative CT (ΔΔCT) method in the 
Bio-Rad CFX Manager (version 2.0-3.0) software. 

3.8 CHROMATIN IMMUNOPRECIPITATION 

Chromatin Immunoprecipitation was performed on homogenized mouse muscle (Paper I) 
and C2C12 myotubes and myoblasts (Paper III and IV) to assess protein association to 
promoter regions of interest. Sham and overloaded plantaris muscles were finely minced in a 
HEPES-based crosslinking buffer into a muscle slurry and cross-linked for 30 min in 1% 
formaldehyde. Myoblasts and myotubes were cross-linked by addition of formaldehyde 
directly to the cell culture media at a final concentration of 1%. The cross-linking reaction 
was quenched by the addition of glycine. Cells were collected in PBS and spun down at 1400 
rotations per minute (rpm) for 5 min at +4°C. After removal of PBS, cells were lysed in ice-
cold FA lysis buffer. Chromatin was sheered to produce DNA fragments of approximately 
500-1500bp. Cross-linked and sonicated homogenates were stored at -80°C until further use. 
Sample DNA concentration was assessed using heat de-cross-linking overnight, proteinase K 
treatment and subsequent glycogen assisted precipitation of DNA following 
phenol/chloroform separation. The air-dried DNA pellet was diluted in 
RNase/DNase/nucleotide free H2O and rehydrated for 1h at +65°C. DNA was quantified by 
Nanodrop at 260nm. For Paper I 180ng of DNA was used per immunoprecipitation (IP) 
reaction and 5-10µg of DNA in Paper III and IV. Samples were diluted to a final volume of 
500µl. 2-3µg of antibody was added to each reaction and samples incubated overnight at 
+4°C on a rotating wheel. Magnetic beads were blocked over-night in a blocking buffer 
(glycogen, BSA and salmon sperm) and washed before diluted in IP dilution buffer. 50µl of 
pre-blocked beads were added per reaction and samples incubated 60 min at room 
temperature. Beads were pulled down using a magnetic stand and washed several times. 
150µl of elution buffer (1% SDS, 100mM NAHCO3) was added to each tube and quickly 
spun down before heated at +30°C for 15 min. Eluted antibody- protein-DNA complexes 
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were de-cross-linked, proteinase K digested and the DNA extracted as described above for 
input DNA concentrations. Samples were quantified using qPCR with primers specific for the 
rDNA promoter. For Paper I the percent input method was used for normalization following 
background subtraction (no antibody and IgG controls). To calculate changes in H3 
acetylation the qPCR signal of H3K9-Ac was normalized to the signal obtained from the H3 
IP, as previously described (Vintermist et al 2011). This approach allowed us to account for 
any differences in H3 occupancy in sham vs. overloaded muscle so that any differences in 
H3K9-Ac were due to posttranslational modifications in H3K9 and not due to differences in 
H3 content. For Paper III and IV, normalization was accomplished by normalization to 
rDNA signal of IgG control or to a non-related genomic region, respectively, and expressed 
as fold enrichment. 

3.9 HISTOCHEMISTRY 

In Paper I sections (10-µm) from overloaded and sham-operated plantaris muscles were 
sliced on a cryostat and fixed in 4% formaldehyde for 20 min after being allowed to air dry at 
room temperature. Sections were permeabilized in PBS containing 0.1% Triton 100X for 10 
min and blocked with 2% rabbit serum (DAKO, Carpinteria, CA) and mouse-on-mouse 
blocking agent (Vector Labo- ratories, Burlingame, CA) in PBS-Triton 100X. After blocking 
for 45 min, sections were incubated overnight with primary antibodies against UBF (1:100), 
WSTF (1:200), and dystrophin (1:50) (Nova- castra, Newcastle upon Tyne, UK), followed by 
anti-rabbit, CF633- conjugated or anti-mouse, CF488A-conjugated (Biotium, Hayward, CA) 
secondary antibodies for 45 min (1:200). Sections were mounted in Vectashieled Mounting 
Media containing DAPI (Vector Laboratories) and examined using a Leica DM RXA2 
fluorescent microscope. Images were merged using the ImageJ software (National Institutes 
of Health, Bethesda, MD). 

In Paper III 12-µm thick cross sections were cut in a cryostat microtome set at −20°C. Three 
cryostat sections were analyzed for each muscle sample (450-650 fibers per muscle). To 
measure the cross-sectional area (CSA) of individual fibers, muscle cryostat sections were 
stained for Hematoxylin and Eosin (H&E). Briefly, sections were stained by Hematoxylin 
(Sigma) for 2 min followed by rinsing in distilled water for 2 min. Then, sections were 
counterstained in 1% Eosin (Sigma) solution for 15 seconds followed by dehydrated in 70%, 
95% 100% EtOH for 30 seconds, respectively. Sections were allowed to dry at room 
temperature, and then mounted with Cytoseal. Images were taken of each muscle section 
(20X magnification) and the CSA of individual fibers manually traced using the ImageJ 
software (NIH). 
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3.10 STATISTICAL ANALYSIS 

3.10.1 Paper I 

Differences between groups for muscle-to-body weight ratio, rRNA-to-muscle weight ratio, 
and quantitative RT-PCR data were determined using a one-way analysis of variance 
(ANOVA) followed by the Tukey post hoc test. Western blot quantification and Ch-IP data 
were compared using a two-tailed student t-test. The level of significance was set at P < 0.05 
for all statistical comparisons. Values are reported as mean ± standard deviation (SD), unless 
stated otherwise. 

3.10.2 Paper II 

Differences in strength and CSA were compared using a two-way ANOVA with factors 
gender and training status followed by the Bonferroni post hoc test (significance level set at P 
< 0.05). Data are reported as mean ± SE. Differences between groups for qRT-PCR data and 
Western blotting were determined using a one- way ANOVA, and significance between 
groups was established using the Newman-Keuls multiple comparison test (P < 0.05). All 
gene expression values are reported as means ± SE. 

3.10.3 Paper III 

Data was analyzed by the Student T-test, one- or two-way ANOVA followed by Newman-
Keuls or Bonferroni post hoc test depending on the experiment. The level of significance was 
set at P< 0.05 for all statistical comparisons. Values are reported as means ± SD. 

3.10.4 Paper IV 

Differences between groups for total RNA, total protein, myotube diameter, gene expression 
and Western blot data were determined using the Student T-test or a one-way analysis of 
variance (ANOVA) followed by the Newman-Keuls post hoc test (if more than 2 groups 
were involved). Ch-IP data was analyzed independently per time point using a Student T-test 
for the 1h time point and one-way ANOVA followed by the Newman-Keuls post hoc test at 
3h. The level of significance was set at P < 0.05 for all statistical comparisons. Values are 
reported as mean ± standard deviation (SD), unless stated otherwise. 
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4 RESULTS AND DISCUSSION 

4.1 PAPER I 

Increased RNA content following mechanical loading was first described several years ago 
(Goldberg et al 1975). Since then, the signaling pathways involved in skeletal muscle 
hypertrophy following RE have begun to be elucidated. The PI3K/mTOR/p70S6K1 network 
in particular has been understood to play a crucial role in mediating this response. Paper I 
aims at investigating rDNA transcriptional regulation in skeletal muscle undergoing 
hypertrophy. To investigate this mechanism, we used a rodent model of skeletal muscle 
hypertrophy, synergist ablation of plantar flexor muscles (Goldberg et al 1975). Mm. 
Gastrocnemius and Soleus was removed bilaterally resulting in increased mechanical loading 
of the remaining m. Plantaris. To account for any tissue trauma and inflammatory activity 
resulting from the surgical procedure, we performed a bilateral sham operation on control 
animals, including skin and fascia incisions, manipulation of muscles and exposure of 
tendons but no removal of muscles. As previously reported, SA resulted in a gradual increase 
in muscle wet weight with a concomitant increase in total RNA content. As 80% of total 
RNA is rRNA, we considered any measureable increase in RNA as indicative of increased 
ribosome biogenesis. As expected, pre-rRNA levels (ETS and ITS) were increased early 
during the overload period, preceding significant increases in dry mass (Marino et al 2008). 
Interestingly, rRNA synthesis rates were observed to increase at the onset of skeletal muscle 
hypertrophy and tapered off as relative loading decreased and hypertrophy developed. 

c-Myc is a transcription factor shown to be of great importance for the initiation and/or 
enhancement of ribosome biogenesis in insects as well as vertebrates (Arabi et al 2005; 
Grandori et al 2005; Grewal et al 2005). As it has been suggested to regulate the coordinated 
induction of several PIC factors (the Pol I regulon) we investigated levels of c-Myc at the 
mRNA and protein level during skeletal muscle hypertrophy. We observed a marked re-
induction of c-Myc in overloaded skeletal muscle correlating with 45S pre-rRNA levels. 
Consistent with the increase in c-Myc protein levels, we found a synchronized induction of 
several PIC-factors following the same temporal pattern as 45S pre-rRNA synthesis rates. In 
addition to the transcriptional induction of the Pol I regulon we observed increased levels of 
two other factors involved in rDNA transcription and chromatin remodelling, UBF and 
WSTF. As skeletal muscle is a mixed tissue, made up of a diverse population of cells in 
addition to skeletal muscle fibers, it was important to verify that the observed induction in 
chromatin architectural proteins were actually occurring in myonuclei. Using 
immunohistochemistry, we were able to visualize UBF- and WSTF- positive nuclei in 
skeletal muscle fibers (within the myofiber border as defined by dystrophin staining), thereby 
confirming their involvement in myogenic rDNA gene regulation. Interestingly, Pol I content 
at 3d post overload was observed to remain at control levels, indicative of another form of 
regulation for the core transcriptional machinery in comparison to that of accessory factors. 
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To functionally link the observations of increased levels of c-Myc, UBF and WSTF to 
elevated rDNA transcription we performed Ch-IP for these factors. We found that all factors 
were significantly enriched at the rDNA promoter in overloaded animals compared to sham-
operated controls. Further supporting a chromatin-modulatory function of the increased 
association of the above-mentioned factors, we could also identify changes in histone 
modifications at the rDNA promoter reflective of open chromatin and active transcription. 
Specifically, we investigated H3K9-Ac normalized to total H3 at the rDNA promoter and 
found this particular histone modification to be increased following mechanical overload. 

In summary, this paper provides novel data supporting an important role for de novo 
ribosome biogenesis during skeletal muscle growth, a process preceding classical signs of 
hypertrophy such as protein accretion and increased fiber diameter. 

4.2 PAPER II 
The prevailing hypothesis behind skeletal muscle adaption to chronic exercise is that repeated 
bouts lead to a stepwise accumulation of different proteins, thereby enabling gain of function 
(Coffey and Hawley 2007; Egan and Zierath 2013). However, knowledge gained from both 
the endurance exercise and RE fields has called into question this potentially simplistic view 
of physical exercise training. For example, skeletal muscle mitochondrial and metabolic 
regulatory factors have been observed to decline steadily, despite on-going muscle adaptation 
(Perry et al 2010; Schmutz et al 2006). Moreover, it was recently shown that genes involved 
in immune responses were attenuated following short-term (12w) RE training, whereas genes 
belonging to the same gene ontology showed the opposite response (Gordon et al 2012). 
Thus, despite empirical evidence in favour of the repeated bout effect on protein content, it’s 
evident that chronic training can attenuate acute gene responses. 

Paper II targets this question and aims at investigating the acute response of four focused 
gene groups, all involved in skeletal muscle RE adaptation, to acute exercise in naïve and 
trained skeletal muscle. A total of 13 healthy human subjects were randomly assigned to 
either of two groups, training + acute or acute. This setup allowed us to dissect changes in 
gene expression between three different states -- resting, acute exercise and acute exercise in 
the trained state (12w training) – as well as limiting the number of subjects.  

The 12w RE training program resulted in gains in muscle mass and dynamic strength to a 
similar degree in both men and women. As previously described, acute RE generated 
increased phosphorylation of rpS6Ser235/236, indicative of mTOR activation (Baar and Esser 
1999). Interestingly, following 12w of RE training, we observed a reduction in the degree of 
phosphorylation of rpS6. Similarly, mTOR signalling has been described to taper of during 
chronic overload of skeletal muscle in rodents (Ogasawara et al 2013). Reduced mTOR 
activation in response to an acute bout of RE following 12w of training also matches several 
reports describing reduced protein synthesis response to anabolic stimuli in trained as 
compared to untrained skeletal muscle (Phillips et al 1999; Tang et al 2008). 



 

 35 

An acute session of RE elicited a dramatic increase in growth associated gene expression. 
Interestingly, acute RE induced a marked increase in c-Myc and 45S pre-rRNA (ETS). Thus, 
similar to Paper I, these results support data obtained in rodents, suggesting a conserved 
ribosome biogenesis response to acute mechanical loading across mammalian species. In 
accord with diminished anabolic signalling in the trained state, both c-Myc and 45S pre-
rRNA levels were observed to be reduced in response to acute RE following 12w of RE 
training as compared to naïve muscle. Moreover, we could conclude that the changes in gene 
expression in response to an acute bout of exercise following 12 weeks of RE training were 
complex: some genes showed a cumulative increase following training, while others were 
elevated only in the trained state. Thus in some instances, for instance with muscle 
hypertrophy associated genes, the gene expression profile was inversely correlated to the 
developing phenotype. 

These findings underscore the necessity of analysing individual gene responses when 
attempting to draw conclusions based on gene ontology-based datasets. Furthermore, it 
became clear that gene expression is strongly affected by the training state of the muscle and 
that gene expression levels alone do not necessarily reflect the on-going biological adaptive 
process. 

4.3 PAPER III  
Paper I and II indicate that acute RE induces a re-expression of c-Myc in skeletal muscle, 
likely stimulating ribosome biogenesis as indicated by increased 45S pre-rRNA levels. Given 
the clear line of evidence in favour of c-Myc as a coordinator of ribosome biogenesis and 
growth, we wished to investigate a similar role for c-Myc in skeletal muscle hypertrophy. 
Thus, the aim of Paper III was to test whether the transcription factor c-Myc is necessary for 
post-natal skeletal muscle development and hypertrophy following increased load. We also 
investigated the role of c-Myc in transcriptional regulation (RNA Pol I, II, III) during 
hypertrophic growth. 

To investigate whether c-Myc is essential for ribosome biogenesis and skeletal muscle 
hypertrophy, we generated a skeletal muscle-specific c-Myc conditional knockout mouse 
using the Cre-loxP system. Mice were followed from birth up until 48 weeks, and no 
apparent developmental defects, perinatal mortality or body weight differences could be 
observed in the c-Myc knockout compared to floxed controls. The skeletal muscle-specific 
promoter for Cre recombinase, Muscle creatine Kinase (MCK), was chosen based on its 
beneficial expression characteristics aimed at circumventing developmental insults (Lyons et 
al 1991). MCK is only expressed in mature skeletal muscle fibers and therefore c-Myc levels 
should remain intact in proliferating skeletal muscle progenitor cells, leaving early 
myogenesis unperturbed. This was crucial to avoid any developmental effects on cell 
number, as seen in transgenic mice with graded c-Myc expression levels (Trumpp et al 2001).  
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The conditional knockout mouse displayed normal skeletal muscle mass, RNA content and 
transcript levels of 45S pre-rRNA as well as canonical c-Myc target genes throughout post-
natal development up until the investigated time point of 12 weeks. Thus, contrary to our 
initial hypothesis, skeletal muscle 45S rDNA transcription and post-natal skeletal muscle 
growth proved to be independent from c-Myc. As c-Myc is barely detectable in adult skeletal 
muscle but remains inducible following mechanical loading in birds, rodents and humans, we 
reasoned that despite being dispensable for post-natal growth of skeletal muscle, c-Myc could 
be required for rapid compensatory growth following overload. To challenge c-Myc 
knockout muscle, we induced rapid skeletal muscle hypertrophy of the plantaris muscle by 
surgical removal of synergistic plantar flexors. Muscle lacking c-Myc displayed a similar 
response to increased loading as control, showing all the classical signs of muscle 
hypertrophy (increased mass, RNA content, increased number of large muscle fibers). 
Following overload, c-Myc expression was markedly reduced both at the mRNA and protein 
level in knockout animals compared to controls. The fact that we were able to observe c-Myc 
at all in the knockout animals, despite our single fiber analysis indicating very high if not 
complete recombination, is most likely explained as being contributed by non-muscle cells. 
In addition, we detected slightly decreased levels of 45S pre-rRNA and UBF mRNA. 

In order to minimize the risk of the genetic deletion being compensated for by other factors 
we complemented the in vivo observations using an in vitro cell culture system (C2C12 
skeletal muscle cells). Terminally differentiated (myotubes) and proliferating single cells 
(myoblasts) were treated with a selective c-Myc transactivation inhibitor called Myra -A. 
Similar to the results in mice, inhibition of c-Myc interaction with DNA using Myra-A did 
not affect RNA or protein accumulation or myotube hypertrophy following serum 
stimulation. rDNA transcription was not affected and neither was Pol II nor Pol III dependant 
transcription. Taken together, our data in mice and cell culture indicate that c-Myc is non-
essential for ribosome biogenesis (RNA accumulation) or cell hypertrophy (protein 
accumulation, myofiber/myotube diameter) in non-dividing muscle cells both in vivo and in 
vitro. 

Based on our findings in mature skeletal muscle and previous results showing that c-Myc is 
essential for development, we reasoned that the role of c-myc is likely cell stage specific. 
Furthermore, c-Myc overexpression in proliferating muscle cells has proven sufficient to 
perturb differentiation (Piedra et al 2002; Poortinga et al 2011) and low levels of c-Myc 
during embryogenesis results in dwarfism based on reduced cell number rather than cell size 
(Trumpp et al 2001). Taken together, these results indicate that the importance of c-Myc 
might be very different in proliferating compared to terminally differentiated cells. To prove 
this point, we carried out experiments in proliferating C2C12 myoblasts and compromised c-
Myc function either by short interfering RNA (siRNA) treatment or supplementation of the 
cell culture media with Myra-A. Following c-Myc inactivation we observed compromised 
rDNA transcription, DNA synthesis as well as cell proliferation, irrespective of the mode of 
inhibition (siRNA knockdown or chemical inhibition with Myra-A). This reduction in 
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ribosome biogenesis and cell growth correlated to reduced c-Myc-rDNA promoter (rDNAp) 
association, as assessed by Ch-IP. Interestingly, siRNA treatment targeting the Pol I-essential 
cofactor RRN3 had a similar effect on both BrdU incorporation and rDNA transcription, 
suggesting that the observed growth defects of c-Myc silencing are likely mediated by 
reduced rRNA synthesis. Collectively, our results suggest cell stage-specific effects of 
ablated c-Myc function in cells of the myogenic lineage. 

In Paper III we conclude that the role of c-Myc in skeletal muscle is cell state-specific, and 
that rDNA transcription and hypertrophic growth of mature skeletal muscle do not depend on 
c-Myc expression. 

4.4 PAPER IV 
Skeletal muscle hypertrophy requires de novo RNA synthesis (Goldspink 1977). The 
importance of the mTOR regulatory network for rRNA accumulation during myotube 
hypertrophy has also been demonstrated (Nader et al 2005). Building on these previous 
results, Paper IV addresses the importance of the PI3K/mTOR/p70S6K1 axis on ribosome 
biogenesis and skeletal muscle hypertrophy. More specifically, the main aim of Paper IV 
was to investigate how mTOR affects 45S pre-rRNA synthesis and assess the relative 
importance of pol I and Pol II transcriptional activity for development of the hypertrophic 
phenotype.  

C2C12 myotube hypertrophy was induced by serum stimulation. To further dissect the role 
mTOR in ribosome biogenesis during skeletal muscle hypertrophy we stimulated C2C12 
myotubes with serum and inhibited the PI3K/mTOR/p70S6K1 network at different levels 
using specific inhibitors. Blocking PI3K (LY294002) or mTOR (rapamycin) resulted in a 
similar level of inhibition of Pol I whereas acute p70S6K1 impairment via both functional 
inhibition (PF-4708671) and siRNA-mediated knockdown did not. As shown previously, 
PI3K and mTOR inhibition efficiently prevented skeletal muscle hypertrophy. However, as 
indicated by the lack of effect on 45S pre-rRNA synthesis, PF-470861 failed to prevent both 
RNA and protein accumulation following serum stimulation as well as the increase in 
myotube diameter. We interpreted this as an indication that the observed inhibition of Pol I 
transcriptional activity following rapamycin treatment is not mainly p70S6K1-dependent, as 
has been suggested for other cell types (Hannan et al 2003). 

As expected, rapamycin decreased both protein synthesis rates as well as growth promoting 
Pol II transcription. In an effort to separate these two processes and investigate their effect on 
45S rDNA transcription in myotubes, we treated cells with CHX and DRB. As expected, 
both of these inhibitory strategies negatively affected Pol I transcription, likely via depletion 
of essential PIC factors. In addition, we observed increased association of mTOR with the 
rDNA promoter following serum stimulation in a rapamycin sensitive fashion. This 
observation, together with the fact that inhibition of protein translation and mRNA synthesis 
by Pol II both repress rRNA synthesis, led us to asses the effect of a selective Pol I inhibitor, 
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CX-5461. Hypertrophy was inhibited by selective inhibition of Pol I, indicating a necessity of 
de novo rRNA synthesis for skeletal muscle hypertrophy. Inhibition of Pol I did not 
negatively affect transcription of Pol II or III genes. We could conclude that inhibition of Pol 
I via CX-5461 was polymerase-specific, and sufficient to prevent hypertrophic growth of 
terminally differentiated cells. 

In conclusion, we confirm previous observations that PI3K and mTOR inhibition prevents 
skeletal muscle hypertrophy and provide novel data that acute reduction in p70S6K1 function 
does not. Furthermore, we could show that mTOR association with rDNA increased during 
hypertrophic growth, and that this phenomenon was completely abolished upon treatment 
with rapamycin. Our data also underline the importance of RNA Pol I and II transcription, as 
DRB treatment inhibited Pol I, and selective inhibition of de novo 45S pre-rRNA synthesis 
prevented muscle hypertrophy. 
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5 CONCLUSIONS 
The main findings from the studies presented in this thesis were: 

• c-Myc gene expression is induced following mechanical loading in mouse and man 
(Paper I and II) and its abundance increased at the rDNA promoter (Paper I). 

• Mechanical loading of skeletal muscle stimulates increased Pol I transcription (Paper 
I and II). 

• 45S pre-rRNA transcription following mechanical loading involves increased 
association of UBF, WSTF and Pol I to the rDNA promoter with evidence in favor of 
chromatin decondensation (increased H3K9-Ac, Paper I). 

• Gene expression is different following acute RE in the trained state as compared to 
naïve muscle and does not always reflect ongoing adaptive processess (Paper II). 

• c-Myc is dispensible for post natal skeletal muscle development, work-induced 
skeletal muscle hypertrophy and Pol I, II and III transcription. (Paper III). 

• Ablated c-Myc function in proliferating cells impairs Pol I transcription and reduces 
cell proliferation (Paper III). 

• mTOR regulation of Pol I transcription does not depend on p70S6K1 function or 
abundance but involves mTOR-rDNAp binding in a serum- and rapamycin-dependant 
manner (Paper IV). 

• Selective Pol I inhibition decreases rDNA transcription rates and prevents C2C12 
myotube hypertrophy (Paper IV). 

• Pol II inhibition decreases rDNA transcription, likely in part via inhibition of factors 
needed for RNA Pol I transcription (Paper IV). 

• Acute knock down of rpS6 gene expression negatively affects rDNA transcription in 
serum stimulated myotubes (Paper IV). 

 

Collectively, the data presented in this thesis propose an important role for ribosome 
biogenesis at the onset of skeletal muscle hypertrophy, that if blocked prevents the 
development of the hypertrophic phenotype. Likewise, at the time when measurable 
hypertrophy is evident, rRNA synthesis rates have normalized. In addition, our results 
indicate that mTOR regulates this process via numerous different mechanisms including 
direct binding to the rDNA promoter but not likely via p70S6K1 dependent functions. On the 
contrary, the oncogene c-Myc proved dispensable for Pol I transcription and skeletal muscle 
hypertrophy in the differentiated state both in vivo and in vitro but dictates cell proliferation 
in myoblasts, likely via a Pol I dependent mechanism. 
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6 FUTURE PERSPECTIVES 
Evidence supporting the importance of ribosome biogenesis in skeletal muscle hypertrophy 
has been growing for many years (Goldspink 1977; Nader et al 2005), with recent papers 
providing novel and challenging views in the field (Chaillou et al 2014). The studies 
presented in this thesis provide mechanistic evidence that ribosome biogenesis is initiated at 
the onset of the skeletal muscle hypertrophic response and that it is a necessary event for the 
development of hypertrophy. However, many important questions remain to be addressed 
and I’ve chosen to highlight some of those in which further attention is warranted. 

The MCK-driven skeletal muscle specific c-Myc knockout mouse generated for this work 
surprised us by its lack of phenotype. Despite evidence of c-Myc being necessary for cell 
growth, the mouse displayed normal post-natal development and an intact response to 
mechanical loading. One potential explanation for the lack of phenotype in the generated c-
Myc skeletal muscle knockout mouse is the potential compensation by other Myc isoforms. 
The three main Myc genes (c-Myc, n-Myc, l-Myc) are characterized by high levels of cross-
regulation, redundancy and compensation as indicated by experiments showing that c-Myc 
knockout models are largely rescued by gene knockin of n-Myc (Malynn et al 2000). 
Conversely, a combined c-Myc/n-Myc knockout in hematopoietic stem cells display a far 
more serious phenotype than knockout of either factor on its own (Laurenti et al 2008). Like 
c-Myc, n-Myc has also been described to induce transcription of ribosome biogenesis-
associated genes (Boon et al 2001) and proposed to reside in the nucleolar compartment 
(Bauer et al 2011) in a similar fashion to c-Myc (Arabi et al 2005; Poortinga et al 2011). One 
interpretation of the data from Myc knockout models is that it’s the total Myc protein 
abundance within a cell that dictates the phenotype; the exact Myc isoform is of secondary 
importance. This is supported by the lack of phenotype in the l-Myc constitutive knockout 
mouse, most likely attributed to a concomitant and unaffected c-Myc/n-Myc expression in all 
investigated tissues (Hatton et al 1996). Interestingly, n-Myc is expressed in skeletal muscle 
and induced in a similar manner to c-Myc following mechanical loading using the synergist 
ablation model (unpublished results, Liu et al.). Thus, as a natural continuation to the work 
presented in this thesis, the generation of conditional skeletal muscle specific n-Myc mice 
and c-Myc/n-Myc double knockout animals would provide critical mechanistic knowledge of 
how the Myc family regulates ribosome biogenesis and hypertrophy in the differentiated 
state, compared to dividing cells. 

Based on our findings in Paper III, we propose a cell stage specific effect of c-Myc ablation 
in cells of the myogenic lineage. Similar concepts have been suggested before but in other 
organ systems. For example, in the gut, c-Myc is necessary for formation of intestinal crypts, 
but normal homeostasis of the gut occurs independent of c-Myc (Bettess et al 2005). 

In the liver, regrowth following starvation (resulting in -40% protein content) has been shown 
to be independent of c-Myc (Sanders et al 2012). However, liver regeneration following 
partial hepatectomy proved c-Myc independent when c-Myc was knockout later than post-
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natal week six (Li et al 2006; Sanders et al 2012) but necessary if ablated just after birth 
(Baena et al 2005). Our data, together with these observations suggests that the effect on gene 
expression and physiology by c-Myc is not only cell- and tissue-dependent, but also 
developmental stage dependent. This would implicate that natural transient elevations in c-
Myc at specific stages during organogenesis are crucial to future organ function, whereas in 
the adult mouse, c-Myc may act mainly as an amplifier of established transcription and active 
translation in some but not all cell types (Lin et al 2012; Nie et al 2012; Pourdehnad et al 
2013). 

It’s also well-established that c-Myc associates with the rDNA promoter and directly induces 
45S pre-rRNA expression (Arabi et al 2005; Grandori et al 2005; Grewal et al 2005). What is 
less clear is the exact nature of how c-Myc induces rRNA synthesis at the rDNA promoter.  
In Paper III we show that c-Myc-rDNAp association was increased following serum 
stimulation in C2C12 myotubes but that this increase was only partially suppressed by c-Myc 
targeting small molecule inhibitors. Myra-A inhibits c-Myc transactivation by preventing 
binding of the c-Myc/Max heterodimer to DNA (Frenzel et al 2011; Mo and Henriksson 
2006) and 10058-F4 by preventing c-Myc/Max heterodimerization (Yin et al 2003). Thus, 
our results support Max- independent c-Myc rDNA promoter association in growing skeletal 
muscle cells, perhaps mediated via direct interaction with PIC-factors. 

In Paper IV we focused on effects of the mTOR pathway on rDNA transcription. In line 
with previous studies in yeast and proliferating mammalian cells (Li et al 2006; Tsang et al 
2010) mTOR was found to interact with the rDNA promoter in a serum-dependent and 
rapamycin-sensitive manner. Interestingly, despite clear evidence in favor of a nucleolar 
presence of Raptor (Vazquez-Martin et al 2011), it’s not currently known whether mTOR 
binds rDNA as mTORC1 or as a single protein. Preliminary data from our lab indicates that 
mTOR and Raptor co-localize within the nuclear compartment in skeletal muscle cells but 
that Raptor does not associate with the rDNA promoter (unpublished results, von Walden et 
al). In support of this observation, nucleolar mTOR and Raptor have been described to 
behave differently upon growth suppression: nucleolar mTOR levels have been shown to 
decrease upon rapamycin treatment, whereas Raptor levels remained constant (Iadevaia et al 
2012b). Similarly, mTOR nuclear levels fluctuate during the cell cycle and peak during 
growth phases when rDNA transcription is high (Rosner and Hengstschlager 2011). This is in 
agreement with the observations that mTORC1 is mainly cytoplasmic, despite the high 
abundance of Raptor in the nucleus (Rosner and Hengstschlager 2008). So, several 
mechanistic issues related to mTOR-DNA binding remain to be clarified: the reason why 
mTOR seems to interact with the rDNA promoter without Raptor but as mTORC1 at several 
Pol II promoters (Cunningham et al 2007); the role of Raptor in rDNA transcription; and the 
mechanisms of mTOR binding to rDNA in terms of protein-protein interactions, PTMs, et 
cetera. 
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Another issue in need of further investigation is the mechanistic importance of p70S6K1 in 
rDNA transcription, ribosome biogenesis and skeletal muscle hypertrophy. In Paper IV we 
show that an acute inhibition of p70S6K1 kinase function does not influence ribosome 
biogenesis or serum-induced myotube hypertrophy. Likewise, acute siRNA treatment of 
p70S6K1 did not influence 45S pre-rRNA levels. p70S6K1 was initially described as a 
necessary mediator of 5´TOP mRNA translation (Jefferies et al 1997; Kawasome et al 1998) 
and genetic deletion of the S6K1 gene results in a small mouse phenotype (Shima et al 1998). 
Unexpectedly, the S6K1-/- mouse was symmetrically small, and had diminished β-cell size 
and glucose intolerance suggesting that the growth phenotype could have been due to 
hypoinsulinemia rather than an intrinsic cellular growth defect (Pende et al 2000). 
Furthermore, the generation of the S6K1-/- mouse led to the discovery of S6K2. S6K2 
deletion in skeletal muscle cells has been shown to impact rpS6 phosphorylation to a larger 
extent than deletion of S6K1 (Mieulet et al 2007), partially explaining the persisting PO4-rpS6 
Ser 235/236 that we observed following PF-4708671 treatment.  The view of an exclusive role 
of S6K1 and S6K2 in promoting 5´TOP mRNA translation has been revised in recent years 
(Tang et al 2001), especially with the discovery of redundancy between the mTOR and 
MAPK pathways in mediating rpS6 phosphorylation (Pende et al 2004). Thus, the relative 
importance of different kinases involved in rpS6 phosphorylation remains to be elucidated. 
However, what’s becoming increasingly clear is the importance of the actual phosphorylation 
event for proper muscle size and function (Ruvinsky et al 2009). The fact that stable 
transfection of rapamycin-resistant p70S6K1 does not rescue myotube hypertrophy (Park et 
al 2005) and that a genomic deletion of S6K1 and S6K2 has no impact on the development of 
cardiac hypertrophy, suggests that p70S6k1 may not be essential for striated muscle 
hypertrophy. Despite these observations, skeletal muscle from S6K1-/-/S6K2-/- mice display 
smaller muscles, a finding the authors attributed primarily to increased activation of 5' 
adenosine monophosphate- activated protein kinase (APMK) (Aguilar et al 2007). Increased 
AMPK signaling also decreases rDNA transcription and cell proliferation in single cells 
(Hoppe et al 2009). Taken together, these studies indicate that crosstalk between AMPK and 
S6K1, balancing rDNA transcription rates, might mediate some of the growth effects 
observed in S6K1-/-/S6K2-/- resting skeletal muscle. 
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7 POPULÄRVETENSKAPLIG SAMMANFATTNING 
Styrketräning aktiverar mängder av gener i muskulaturen, och leder vid upprepad exponering 
(styrketräning) även till ett ökat proteininnehåll i muskulaturen, liksom en ökad volym och en 
förbättrad funktion. Tillverkningshastigheten för nya proteiner regleras av mängden 
ribosomer i muskelfibern och antalet ribosomer har setts öka efter styrketräning. Därför utgör 
tillverkningen av ribosomer troligtvis en viktig mekanism för muskelns storleksreglering. 
Studierna som ingår i denna avhandling undersöker hur muskeln reglerar nybildningen av 
ribosomer som svar på mekanisk belastning under tillväxtprocessen. 

I studie I har vi undersökt hur musmuskel (vadmuskulaturen) reagerar på akut (3 dagar) och 
kronisk mekanisk (1 och 2 veckor) belastning med avseende på ribosomproduktion. Det 
hastighetsreglerande steget vid nybildandet av ribosomer är aktiviteten hos en gen som kallas 
ribosomalt DNA. Därför valde vi att studera hur aktiviteten för denna gen förändrades efter 
belastning, som ett mått på ribosomnybildning. Efter 3 dagars mekanisk överbelastning hade 
genaktiviteten ökat markant för ribosomalt DNA. Samtidigt observerade vi ett kraftigt ökat 
uttryck av proteinet c-Myc som sedan tidigare är känt som ett tillväxtreglerande protein.  Vi 
fann också att bland annat c-Myc var bundet i ökad mängd till ribosomalt DNA, och att detta 
i sin tur verkade påverka DNA-molekylens tillgänglighet för aktivering. Intressant nog 
minskade genaktiviteten hos ribosomalt DNA i takt med att muskeln växte, vilket skulle 
kunna tyda på att nybildningen av ribosomer behöver ske innan muskeln kan öka i massa. 

I studie II studerade vi liknande genuttryck som i studie I, fast hos 13 försökspersoner som 
styrketränade ena armen under 12 veckor och lämnade små muskelprover efter sista 
träningspasset. Den andra armen utgjorde kontrollarm där hälften av försökspersonerna 
avstod från all form träning och de resterande fick utföra endast ett akut styrketräningspass 
med den otränade armen. Som förväntat ledde 12 veckors styrketräning till både ökad 
muskelstorlek och styrka. Återigen kunde vi observera att akut styrketräning i en otränad 
muskel aktiverade ribosomalt DNA och proteinet c-Myc. Vi observerade även att en viktig 
intracellulär signaleringsväg som involverar proteinet mTOR aktiverades kraftigt efter 
styrketräning. Precis som vi observerat hos möss, kunde vi se att upprepad styrketräning hos 
människa mattade av samtliga ovanstående processer. Fenomenet med en ökad genaktivitet 
hos ribosomalt DNA, som föregick ökningen i muskelvolym, var således likartat hos både 
mus och människa och verkade involvera proteinerna c-Myc och mTOR. 

För att mekanistiskt undersöka hur c-Myc påverkar aktiviteten hos ribosomalt DNA och 
därigenom nybildningen av ribosomer tog vi fram en genetiskt modifierad mus vars muskler 
saknar proteinet c-Myc (studie III). I motsats till vad vi förväntat oss utvecklades musen helt 
normalt vad gäller både muskulatur och kroppsvikt. Vi kontrollerade också mängden RNA 
som en markör för ribosominnehåll i muskeln och även denna var oförändrad jämfört med 
kontrollmöss. C-Myc verkar således ej behövas för normal utveckling eller underhåll av 
muskulaturen i fullvuxna möss. I ett försök att undersöka hur muskel utan c-Myc reagerade 
på ett plötsligt tillväxtbehov använde vi samma metod som i studie I för att kraftigt 
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överbelasta vadmuskulaturen. Återigen reagerade den genmodifierade musens muskler på ett 
likartat sätt som kontrollmusen. Att c-Myc inte är nödvändigt för ökad aktivitet hos 
ribosomalt DNA, nybildning av ribosomer och muskeltillväxt verifierade vi slutligen med en 
cellodlingsmodell. Odlade muskelfibrer, såkallade myotuber, stimulerades att växa under 
samtidig behandling med ett c-Myc neutraliserande ämne och växte precis som 
kontrollcellerna. 

Som nämnts tidigare i avhandlingen har c-Myc kopplats till ökad tillväxt och celldelning och 
för höga nivåer av proteinet är ett vanligt fynd i cancerceller. Mogna muskelfibrer är så 
kallade differentierade celler vilket bland annat innebär att de har upphört att dela sig. För att 
ytterligare bekräfta våra resultat studerade vi därför även hur delande muskelceller 
(förstadium till muskelfibrer) uppför sig om c-Myc nivåerna sänks eller blockeras. 
Fascinerande nog kunde vi i dessa celler se ett klart behov av c-Myc för att reglera både 
aktiviteten hos ribosomalt DNA, nybildningen av ribosomer och celldelningshastigheten. 
Således kunde vi slå fast att c-Mycs funktion verkar bero på vilket stadie cellen befinner sig i 
och att en mogen muskelfiber ej behöver c-Myc för tillväxt. 

I studie IV valde vi att fokusera på kärnmekanismen för ribosomnybildning, nämligen 
regleringen av aktiviteten hos ribosomalt DNA och huruvida ett ökat genuttryck från denna 
gen är nödvändigt för muskeltillväxt. Det är känt sedan tidigare att blockering av mTOR 
proteinet förhindrar muskeltillväxt och ribosomnybildning. Genom att tillsätta ett mTOR-
blockerande ämne som heter rapamycin såg vi att genaktiviteten hos ribosomalt DNA sänktes 
markant jämfört med aktiviteten i kontrollcellerna och att detta skedde timmar efter att 
rapamycin tillsatts. Detta inspirerade oss till att undersöka hur muskeln reagerar på om man 
blockerar aktiviteten hos ribosomalt DNA och sedan försöker få muskelcellerna att växa. 
Myotuber stimulerades under samtidig behandling med ett ämne som specifikt blockerar 
genuttryck från ribosomalt DNA (CX-5461) och i enlighet med våra hypotes fann vi att detta 
helt förhindrade muskelcellens tillväxtprocess. 

Sammanfattningsvis har vi genom de studier som ingår i denna avhandling beskrivit hur 
ribosomalt DNA regleras till följd av mekanisk belastning och presenterat indikationer på att 
denna process etableras innan någon mätbar tillväxt skett i muskeln. Vidare har vi visat på att 
proteinet c-Myc har olika roller i delande och differentierade celler och att mogna 
muskelfibrer ej kräver c-Myc för tillväxt. Slutligen tyder våra resultat på att den ökade 
genaktiviteten hos ribosomalt DNA och den resulterande ribosomnybildningen som 
observeras tidigt i tillväxtprocessen är nödvändiga steg för att muskeln ska kunna växa på ett 
normalt sätt. 
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