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Abstract

The ribosome is a supramolecular ribonucleoprotein complex that functions at the heart of the
translation machinery to convert mRNA into protein. Ribosome biogenesis is the primary
determinant of translational capacity of the cell and accordingly has an essential role in the control
of cell growth in eukaryotes. Cumulative evidence supports the hypothesis that ribosome
biogenesis has an important role in the regulation of skeletal muscle mass. The purpose of this
review is to, first, summarize the main mechanisms known to regulate ribosome biogenesis and,
second, put forth the hypothesis that ribosome biogenesis is a central mechanism used by skeletal
muscle to regulate protein synthesis and control skeletal muscle mass in response to anabolic and
catabolic stimuli. The mTORC1 and Wnt/B-catenin/c-myc signaling pathways are discussed as the
major pathways that work in concert with each of the three RNA polymerases (RNA Pol 1, Il and
I11) in regulating ribosome biogenesis. Consistent with our hypothesis, activation of these two
pathways has been shown to be associated with ribosome biogenesis during skeletal muscle
hypertrophy. Although further study is required, the finding that ribosome biogenesis is altered
under catabolic states, in particular during disuse atrophy, suggests that its activation represents a
novel therapeutic target to reduce or prevent muscle atrophy. Lastly, the emerging field of
ribosome specialization is discussed and its potential role in the regulation of gene expression
during periods of skeletal muscle plasticity.
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Introduction

The ribosome is a supramolecular ribonucleoprotein complex that functions at the heart of
the translation machinery to convert the messenger RNA (mRNA) into protein. This
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ancestral nanomachine consists of two subunits. In eukaryote, the small 40S subunit is
composed of the 18S ribosomal RNA (rRNA) and 33 ribosomal proteins (RPs) and
processes the decoding of mRNA by aminoacyl-transfer RNA (tRNA). The large 60S
subunit is composed of 5S, 5.8S and 28S rRNAs and 47 RPs and promotes the catalysis of
peptide bond formation through the peptidyltransferase reaction.

The ribosome was first described in the mid-1950s, with studies on ribosome assembly
beginning in the early 1970s in bacteria (Held et al., 1973; Nierhaus and Dohme, 1974). As
often is the case, the development of new techniques greatly enhanced our understanding of
pre-rRNA processing and ribosome assembly in yeast, a simple eukaryotic organism [for
review, see (Woolford and Baserga, 2013)]. In the last couple of decades, studies have
revealed that the ribosome has an essential role in the regulation of cell proliferation and
growth (Kirn-Safran et al., 2007; Volarevic et al., 2000) and homeostasis in mammalian
organisms (Teng et al., 2013). For example, mutations and deletions in genes linked to
ribosome biogenesis result in pathologies known as ribosomopathies, which are associated
with growth retardation and malformation (Teng et al., 2013). More recently, studies have
reported that the activation or alteration in ribosome biogenesis can promote the
development of cancer [for review, see (Montanaro et al., 2012)]. Given the necessity of
ribosome biogenesis in cell growth, it is not surprising then that the increase in cell size that
occurs during muscle hypertrophy requires an increase in ribosome biogenesis. The majority
of the studies that have investigated the role of ribosome biogenesis in striated muscle have
focused on cardiac muscle; however, novel insights suggest that ribosome biogenesis may
also have an important role in the control of skeletal muscle mass in response to changes in
contractile activity. The purpose of this review is to, first, summarize the main mechanisms
known to regulate ribosome biogenesis and, second, put forth the hypothesis that ribosome
biogenesis is a central mechanism used by skeletal muscle to regulate protein synthesis and
control skeletal muscle mass in response to anabolic and catabolic stimuli.

Concept of ribosome biogenesis

Ribosome biogenesis and translation capacity

Ribosome biogenesis is a complex, well-orchestrated process that involves precise regulation
of transcription of rRNAs, mRNAs and tRNAS, the processing of the polycistronic 47S
rRNA precursor (47S pre-rRNA) into several smaller rRNAs (18S, 5.8S and 28S rRNAS),
the assembly of the rRNAs and RPs into a ribosome subunit, and the nuclear export of the
40S and 60S subunits into the cytoplasm [for more detailed information, see (Boisvert et al.,
2007; Henras et al., 2008; Lindstrom, 2009; Moss et al., 2007; Rodnina and Wintermeyer,
2009; Thomson et al., 2013; Woolford and Baserga, 2013)]. The synthesis of the
components that are responsible of ribosome biogenesis required the coordinated actions of
the three types of RNA polymerase (RNA Pol I, -1l and -111) (Arabi et al., 2005; Grandori et
al., 2005; Schlosser et al., 2003). The RNA Pol I-related transcription is thought to be the
rate-limiting step in ribosome biogenesis (Moss and Stefanovsky, 1995). RNA Pol | is
responsible for the transcription of the polycistronic 47S pre-rRNA in the nucleolus, which
is subsequently cleaved into 18S, 5.8S and 28S rRNAs. These three rRNAs are then post-
transcriptionally modified through their interaction with small nuclear ribonucleoproteins
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(snoRNPs) and several protein-processing factors. The nucleoplasmic transcription of 5S
rRNA and the tRNAs requires RNA Pol I11 while the RP encoding-genes are transcribed in
the nucleoplasm by RNA Pol Il. The proteins of the small (RPS, ribosomal protein small)
and large (RPL, ribosomal protein large) ribosomal subunits are subsequently translated in
the cytoplasm and imported into the nucleolus to be assembled with their respective
ribosomal subunit. The 40S and 60S subunits are then exported to the cytoplasm, where they
form the mature 80S ribosome complex (Fig.1).

The rate of protein synthesis within the cell is determined by both the translational efficiency
and capacity. Translational capacity is set by the amount of translational machinery per unit
tissue, including ribosomes, tRNAs and translational factors, while translational efficiency
corresponds to the protein synthesis rate per ribosome. It is generally thought that the
increase in the rate of protein synthesis in response to an acute (minutes to hours) anabolic
signal primarily results from the activation of the existing translational machinery, thus
enhanced translational efficiency. In contrast, chronic (hours to days) anabolic signals are
thought to stimulate ribosome biogenesis to generate more ribosomes, leading to an increase
in the translational capacity and ultimately in protein synthesis.

The efficiency of translation is influenced by the initiation, elongation and termination steps
of translation [for review see (Gebauer and Hentze, 2004; Kapp and Lorsch, 2004)], with the
initiation of translation being the primary step at which regulation occurs. The pre-initiation
43S complex, which is composed of the 40S ribosomal subunit, the eukaryotic initiation
factor (elF) elF3 and the ternary complex (elF2, tRNA and GTP) is recruited to the
m’GpppN cap structure at the 5' end of the mRNA. The pre-initiation complex recognizes
the MRNA by the binding of elF3 to elF4G subunit of the cap-binding elF4F complex. This
cap-binding complex also contains elF4E, a subunit that directly binds to the cap, and
elF4A, an RNA helicase that unwinds the secondary structure of the mRNA during
transcript scanning. The 43S complex scans the 5' UTR (untranslated region) of the mRNA
until the initiation codon is detected, followed by recruitment of the large 60S ribosomal
subunit that results in the formation of the 80S complex and the subsequent start of mMRNA
translation (Fig.1).

The translational capacity of the cell is mainly determined by the quantity of ribosomes
present in the cell. The ability of the cell to produce many proteins from one mRNA via
polyribosomes (multiple ribosomes on a single transcript) has provided evidence that
increasing the translational capacity through the activation of ribosome biogenesis is
essential for cell growth. Moreover, the fact that 60% of all transcription is estimated to be
devoted to the synthesis of rRNA by RNA Pol I, and 50% of all RNA Pol Il transcriptional
events involve the production of ribosomal proteins during periods of growth, strongly
suggests that ribosome biogenesis is a key process for increasing protein synthesis and cell
growth (Granneman and Tollervey, 2007; Warner, 1999).

Pathways involved in the control of ribosome biogenesis

Control of ribosome biogenesis by mTORC1 signaling—mTOR (mechanistic
target of rapamycin) is a serine/threonine kinase highly conserved from yeast to mammals
that forms two distinct complexes termed mTORC (mTOR complex) 1 and 2. mTORC1 is a
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rapamycin-sensitive complex known to function as a master regulator of protein synthesis
and cell growth. Several studies have demonstrated that mTORC1 signaling has a central
role in the control of ribosome biogenesis by promoting the translation of the mRNAs
encoding ribosomal proteins and the transcription of rRNAs [for review, see (ladevaia et al.,
2012)]. The relationship between mTORC?2 and the ribosome is not clearly understood but it
appears that the ribosome may associate with mTORC2 and regulate its activation (Zinzalla
et al., 2011). Here, we will focus on the role played by mTORCL1 signaling on ribosome
biogenesis because this pathway has been shown to be crucial for skeletal muscle
hypertrophy (Schiaffino et al., 2013).

The ribosomal proteins (and other components of the translational machinery) are translated
from 5'-TOP (terminal tract of pyrimidine) mRNAs. Under basal condition, the translation of
these MRNAs is inhibited, while this inhibition is relieved in response to anabolic signals,
most probably through the activation of mMTORC1 (Fig.2). Rapamycin, a specific inhibitor of
mTORC1, was shown to inhibit the translation of 5'-TOP mRNAs (Jefferies et al., 1997) but
the mechanism by which mTORC1 controls their translation is still not clearly understood. It
was demonstrated that S6K (ribosomal protein S6 kinase), a well-known target of mTORC1,
and RPS6 (a target of S6K which is also a 5'-TOP mRNA-encoding protein) promote the
translation the 5'-TOP mRNAs (Jefferies et al., 1997; Jefferies et al., 1994) but this concept
remains controversial (Pende et al., 2004; Ruvinsky et al., 2005). The AMP-activated protein
kinase (AMPK), a metabolic stress sensor known to inhibit mTORCL activity was also
suggested to repress the translation of several 5'-TOP mRNA (RPS6, RPS8 and eEFla
mMRNAS) through a mechanism independent of S6K and RPS6 (Reiter et al., 2008).

mTORC1 is known to promote the transcription of rRNAS by regulating transcription factors
that associate with RNA polymerases | and 111 [for review, see (ladevaia et al., 2012)] (Fig.
2). Inhibition of mMTORC1 by rapamycin inactivates TIF-1A, a component of the RNA Pol |
transcriptional factor SL-1(selectivity factor-1), and impairs the transcription of the pre-
rRNA 47S (Mayer et al., 2004). Moreover, rapamycin induces the inactivation of UBF
(upstream binding factor), a rDNA transcription factor which associates with SL-1 (Hannan
et al., 2003). Hannan and colleagues (2003) also demonstrated that S6K1 promotes RNA Pol
| transcription and activation of UBF. mTORCL1 has also been shown to inhibit Rb
(retinoblastoma), a tumor suppressor protein involved in the sequestration of UBF, thereby
promoting pre-rRNA 47S transcription (Nader et al., 2005). These findings, in addition to
the ability of mTORCL1 to directly associate with the promoters of RNA Pol I-genes (Tsang
et al., 2010), provides strong evidence that mTORCL signaling regulates Pol | transcription.
Furthermore, it was demonstrated that mTORCL1 associates with RNA Pol 111 genes (which
synthesize 5S rRNA and tRNA) through the binding with TFIHIC (transcription factor I11C),
a DNA-binding factor that recognizes the promoters of these genes (Kantidakis et al., 2010).
Moreover, mMTORC1 inactivates Mafl in yeast, a RNA Pol Il repressor that mediates diverse
stress signals to inhibit 5S rRNA and tRNA transcription (Upadhya et al., 2002), through its
direct phosphorylation and interaction with Sch9, a homologue of the mammalian S6Ks
(Wei and Zheng, 2009). mTORC1 appears to repress the binding of Mafl on the chromatin
while Sch9 seems to promote the nuclear export of Mafl (Wei and Zheng, 2009). In
mammalian cells, mTORCL directly phosphorylates Mafl and impairs its association with
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the chromatin. Although the Sch9 phosphorylation sites of Maf1 do not exist in mammalian
cells, S6K1 may have a role in the regulation of Maf1 function (Shor et al., 2010).

Control of ribosome biogenesis by Wnt/g-catenin/c-myc signaling—{f-catenin is
a multifunctional protein that interacts with the cytoskeleton and is capable of translocating
to the nucleus to function as a transcription factor (Ben-Ze'ev et al., 2000; Novak and
Dedhar, 1999). -catenin activation is mainly mediated by the canonical Wnt signaling
pathway in which Wnt ligands bind Frizzled (Fzd) receptor and other co-receptors, leading
to phosphorylation and activation of the Disheveled (Dvl). Dvl can then deactivate GSK-33
(glycogen synthase kinase-3p) through its phosphorylation, thereby resulting in the inability
of GSK-3p to phosphorylate and inactivate f-catenin. The accumulation of
unphosphorylated -catenin leads to its stabilization and translocation to the nucleus (Hinoi
et al., 2000; Li et al., 1999; Thomas et al., 1999). In the nucleus, B-catenin interacts with
TCF/LEF (T cell factor/lymphocyte enhancement factor) DNA-binding proteins to drive
expression of the transcription factor c-myc (c-myelocytomatosis oncogene). Although there
are a number of different regulatory mechanisms known to maintain tight control of c-myc
expression (Meyer and Penn, 2008), the focus of this review will be on the Wnt/B-catenin/c-
myc signaling because several components of this pathway are highly expressed during
skeletal muscle hypertrophy (Armstrong and Esser, 2005) and p-catenin could have a major
role in this process (Armstrong et al., 2006). It is noteworthy that GSK-3f is also inhibited
through phosphorylation by Akt (Cross et al., 1995), while Wnt7a is able to activate the Akt/
mTOR pathway (von Maltzahn et al., 2012). These finding suggest an interaction between
the PI3K (phosphatidylinositol 3-kinase)/Akt/mTOR and the Wnt/p-catenin/c-myc signaling
pathways.

c-myc is a transcription factor that is known to regulate the expression of many genes
involved in cell growth, cell proliferation and apoptosis (Zeller et al., 2006). It is not
surprising then that there is a significant amount of evidence showing that c-myc promotes
protein synthesis and cell growth through the regulation of ribosome biogenesis. Over-
expression of c-myc induces an increase in cell growth and protein synthesis in tumor cells
(Schuhmacher et al., 1999), hepatocytes (Kim et al., 2000) and cardiomyocytes (Olson et al.,
2013). Recent studies have identified c-myc as a central player that works in concert with
each of the three RNA polymerases in regulating ribosome biogenesis [for review, see
(Gomez-Roman et al., 2006; van Riggelen et al., 2010)]. The main role played by c-myc in
the regulation of ribosome biogenesis is summarized in Fig.2. Studies have provided
evidence that c-myc directly influences Pol I-mediated transcription of rRNA by binding to
the promoter of ribosome DNA (rDNA), indirectly by regulating the expression and/or the
recruitment of UBF and SL-1 factor and by promoting the opening of the chromatin
structure near rDNA loci through the acetylation of nucleosomal histones H3 and H4 (Arabi
et al., 2005; Grandori et al., 2005). c-myc also activates the transcription of several
ribosomal protein large (Rp/) and small (Rps) genes (Coller et al., 2000; Kim et al., 2000)
while c-myc inactivation results in a reduction of ribosomal protein gene expression (Wu et
al., 2008). In addition to these ribosomal proteins, a number of Pol Il genes which encode
auxiliary factors required for ribosome biogenesis are direct transcriptional targets of c-myc
(Alawi and Lee, 2007; Zeller et al., 2006). These genes are involved in rRNA processing
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[Nop56 (Nop56 ribonucleoprotein), Bopl (block of proliferation 1) and Dkcl (dyskeratosis
congenital 1, dyskerin)], ribosome assembly [Ncl (nucleolin) and Rpl3 (ribosome protein
L3)], and nuclear-cytoplasmic shuttling of mature ribosomal subunits [Npm1
(nucleophosmin 1) and Fbl (fibrillarin)]. Finally, c-myc has been reported to activate Pol 11l
transcription through its interaction with TFIIIB factor (Gomez-Roman et al., 2003).

Ribosome biogenesis in skeletal muscle

It has been clearly demonstrated that ribosome biogenesis stimulates protein synthesis,
thereby leading to cell growth. The importance of ribosome biogenesis for cell growth has
been primarily described in yeast and in tumor cells, while studies reporting such a
relationship in striated muscle have been mainly in cardiac muscle. In response to
hypertrophic stimuli, 18S transcription by RNA Pol I is increased in cardiomyocytes (Zhang
et al., 2013), while the activation of rDNA transcription is associated with an increase in
UBF expression (Hannan et al., 1996). The RNA Pol 111 transcription is also activated in
cardiomyocytes during hypertrophic growth (Goodfellow et al., 2006; Zhang et al., 2013),
and appears to be mediated by the transcription factor TFI11B (Goodfellow et al., 2006).
These findings provide strong evidence that ribosome biogenesis is stimulated in response to
an anabolic stimulus and leads to cardiac cell hypertrophy. In contrast to cardiac muscle,
there are a limited number of studies that have investigated ribosome biogenesis in skeletal
muscle (Goodman et al., 2011; Machida et al., 2012; Nader et al., 2014; Quy et al., 2013;
von Walden et al., 2012). Here, we put forth the idea that ribosome biogenesis has an
important role in the control of skeletal muscle mass in response to both anabolic stimuli and
under catabolic conditions.

Regulation of ribosome biogenesis in response to high contractile activity

The majority of studies on the regulation of protein synthesis during skeletal muscle
hypertrophy have focused on the mechanisms controlling translational efficiency, in
particular the step of translation initiation (Csibi et al., 2010; Mayhew et al., 2011). Here, we
will provide evidence that ribosome biogenesis (which mainly determines the translational
capacity) is activated in response to anabolic stimuli (Table 1) and contributes to increase
protein synthesis, thereby leading to skeletal muscle hypertrophy. Given that there is a
paucity of information on ribosome biogenesis in skeletal muscle in response to anabolic
treatment, i.e., nutritional or pharmaceutical (Nader et al., 2005), we focused our attention
on how ribosome biogenesis is affected by the anabolic stimulus provided by high
contractile activity.

The mammalian ribosome structure is made up of two-thirds rRNA and one-third protein
(Moss et al., 2007). Given that total RNA is primarily composed of the rRNA (>85%), thus
an increase in total RNA content indicates an increase in translational capacity through
modulation of ribosome biogenesis. We and other groups have reported a significant
increase in total RNA concentration during skeletal muscle hypertrophy induced by
synergist ablation (Adams et al., 2002; Chaillou et al., 2012; Chaillou et al., 2013; Goodman
et al., 2011; Miyazaki et al., 2011; von Walden et al., 2012) (Table 1), and this increase in
translational capacity was accordingly associated with a dramatic increase in protein
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synthesis (Miyazaki et al., 2011) and S6K phosphorylation (Adams et al., 2002; Chaillou et
al., 2012; Goodman et al., 2011; Miyazaki et al., 2011). Using the synergist ablation model
of hypertrophy, Goodman et al., (2011) showed that inhibition of mMTORC1 by rapamycin
prevented muscle fiber hypertrophy and the increase in S6K phosphorylation as well as
partially blunting the overload-induced increase in total RNA concentration (Goodman et al.,
2011). Moreover, the change in S6K phosphorylation in response to resistance exercise in
rodents shows a high correlation with the increase in skeletal muscle mass (Baar and Esser,
1999). Therefore, S6K, which has been shown to be a critical component of the signaling
cascade that regulates ribosome biogenesis [see “Control of ribosome biogenesis by
mTORC1 signaling” section and (ladevaia et al., 2012)], could be a crucial regulator of
ribosome biogenesis during skeletal muscle hypertrophy.

A recent study showed that the expression of the 47S pre-rRNA, which is transcribed by
RNA Pol I, was increased during hypertrophy induced by synergist ablation (von Walden et
al., 2012). These authors also found that the increase in c-myc protein expression during
skeletal muscle hypertrophy correlates with the up-regulation of UBF and several Pol |
regulatory factors (POL1RB, TIF-1A, PAF53, TTF1 and TAF1C). We recently published a
microarray study confirming that c-myc expression is highly increased using the same model
(Chaillou et al., 2013). Based on our microarray data (publicly available at GEO, accession
number GSE47098; http://www.ncbi.nlm.nih.gov/geo), we identified other up-regulated
genes that potentially regulate ribosome biogenesis (unpublished results presented in Table
2). These genes are involved in the regulation of RNA Pol I transcription (Polrlc, Polrle,
Taflb and Tafld), rRNA processing (Nop56 and Bop1l), ribosome assembly (Ncl and Rpl3),
nuclear ribosome export (Npm1 and Fbl), and c-myc co-regulatory factors (Max, Kat2a and
Trrap). In addition, numerous genes encoding ribosomal proteins were moderately up-
regulated in this hypertrophic model (data not shown; more detailed information in the
legend of Table 2), while the mRNA expression of genes involved in the regulation of RNA
Pol 111 transcription (genes encoding the RNA Pol 11l enzyme and TFIIIB factor) were only
slightly, if at all, increased in hypertrophied muscle (data not shown). Although somewhat
speculative, these findings suggest c-myc is a central regulator of ribosome biogenesis
during hypertrophy induced by synergist ablation, by orchestrating the transcription of
rRNA and ribosomal protein-coding mRNA, and by promoting rRNA processing, ribosome
assembly and nuclear ribosome export. The upregulation of c-myc expression in response to
synergist ablation was also associated with an increased expression of its upstream regulator,
B-catenin (Armstrong and Esser, 2005), while hypertrophy was prevented in myofibers in
which p-catenin was inactivated (Armstrong et al., 2006). Although further investigation is
required, the Wnt/p-catenin/c-myc pathway represents a viable mechanism required to
stimulate ribosome biogenesis in skeletal muscle, thereby promoting protein synthesis and
muscle hypertrophy.

It is noteworthy that the over-expression of Wnt7a in skeletal muscle results in fiber
hypertrophy and hyper-phosphorylation of Akt and RPS6 (von Maltzahn et al., 2012), while
rapamycin blunts the hypertrophy of muscle fibers over-expressing Wnt-7a. Moreover,
strenuous physical exercise activates Akt in skeletal muscle with the subsequent inactivation
of its target GSK-3p through phosphorylation, while these results are associated with a
dephosphorylation (i.e. activation) of 3-catenin (Aschenbach et al., 2006). These findings
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would suggest that the Wnt/B-catenin/c-myc and the Akt/mTORC1 signaling pathways
interact to regulate, in concert, ribosome biogenesis during skeletal muscle hypertrophy.

As discussed above, ribosome biogenesis is strongly activated in skeletal muscle in response
to synergist ablation, and several lines of evidence suggest that its activation is necessary to
induce the supra-physiological muscle hypertrophy observed in this model. Unfortunately,
there have been limited studies investigating ribosome biogenesis under a more
physiological anabolic condition, such as resistance exercise. An increase in total RNA
concentration was observed in rats (Haddad and Adams, 2006) while only a tendency toward
an increase in total RNA was found in humans (Haddad et al., 2005). Moreover, the
phosphorylation of S6K was increased after resistance exercise in rat (Baar and Esser, 1999;
Haddad and Adams, 2006), and in humans when resistance exercise was combined (Hulmi
et al., 2009) or not (Glover et al., 2008a) with protein ingestion. A recent study also revealed
an increase expression of two markers of ribosome biogenesis (47 pre-rRNA and c-myc
MRNA) after an acute resistance exercise in humans (Nader et al., 2014). Although it
remains to be clearly elucidated, these findings are consistent with the notion that ribosome
biogenesis is activated in response to high-resistance exercise.

Somewhat surprising, a microarray study found in humans that after 20 weeks of resistance
exercise 14 ribosomal protein genes, associated with mTOR-related network, were down-
regulated in those subjects showing the largest skeletal muscle hypertrophy (Phillips et al.,
2013). In contrast to these results, the expression of ribosomal proteins was increased during
re-growth following atrophy (Heinemeier et al., 2009) and in response to synergist ablation
(Chaillou et al., 2012). Despite these disparate findings, the activation of ribosome
biogenesis in response to high contractile activity conditions seems to be mainly explained
by the stimulation of rRNA transcription while the regulation of ribosomal protein
expression requires further study.

Regulation of ribosome biogenesis in catabolic states

Skeletal muscle atrophy results from a negative balance between protein synthesis and
protein degradation. Although protein degradation undoubtedly contributes to the
development of muscle atrophy under various conditions, there is a growing recognition that
the decrease in the rate of protein synthesis in catabolic states has a more important role in
the loss of muscle mass than previously thought (Gordon et al., 2013; Phillips et al., 2009;
Thomason and Booth, 1990). The objective of this section of the review is to put forth the
hypothesis that ribosome biogenesis is negatively affected under muscle wasting conditions,
such as sarcopenia, cachexia, disuse atrophy and denervation. A summary of the studies that
have reported on some aspects of ribosome biogenesis under catabolic conditions is
presented in Table 1.

Sarcopenia—It is generally thought that the loss of muscle mass associated with aging
(sarcopenia) is in part the result of a reduction in the rate of protein synthesis. However, the
findings are contradictory, with some studies showing a decrease in the basal rates of protein
synthesis in skeletal muscle of aged compared to young subjects, while other studies
reported no change in protein synthesis rates [for detailed information, see (Gordon et al.,
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2013)]. Despite this controversy, it has become well-known that skeletal muscle of aged
humans is resistant to anabolic stimuli, with the suggestion that the loss of skeletal muscle
mass in elderly results from of an inadequate stimulation of protein synthesis in response to
anabolic stimuli such as resistance exercise (Fry et al., 2011).

The two markers of ribosome biogenesis described above (S6K phosphorylation and total
RNA concentration) do not seem to be affected in basal condition in both humans and
animals during aging (Haddad and Adams, 2006; Kumar et al., 2009). In contrast, the
increase in S6K phosphorylation in response to resistance exercise was blunted in aged
humans, a result consistent with the idea that the elderly become resistant to anabolic
stimulation of protein synthesis (Fry et al., 2011; Kumar et al., 2009). In addition, the
increase in skeletal muscle mass (Hwee and Bodine, 2009; Thomson and Gordon, 2006) and
in protein synthesis rate (Pehme et al., 2004) was impaired in old compared to young
animals during hypertrophy induced by synergist ablation, while the increase in S6K
phosphorylation observed in this hypertrophic model was reduced in aged animals
(Thomson and Gordon, 2006). We also observed a reduced increase in skeletal muscle mass
in aged animals using this model of hypertrophy, and this result was accompanied by a
diminished increase in total RNA concentration in hypertrophied muscle of aged animals
(unpublished observation).

Although further investigation is required to clarify the regulation of ribosome biogenesis in
skeletal muscle during aging, we suggest that ribosome biogenesis is unaffected in a basal
post-absorptive state during aging, whereas ribosome biogenesis may be impaired in
response to anabolic stimuli thereby contributing to the altered stimulation of protein
synthesis after resistance exercise.

Cachexia—Skeletal muscle atrophy is observed in several chronic diseases and pathologies
such as cancer, chronic obstructive pulmonary disease (COPD), chronic heart failure,
chronic kidney disease and stroke (Gordon et al., 2013; Harrington et al., 1997; Schols et al.,
2005; Sions et al., 2012; Williams et al., 2012). Several factors (reduced nutrient intake,
physical inactivity, sepsis, impaired motor recruitment, cellular hypoxia, acidosis and
oxidative stress) are capable of promoting the loss of skeletal muscle mass. Although the
underlying mechanisms responsible for muscle atrophy depend on the cachectic state, a
reduction in the rate of protein synthesis is generally observed during cachexia. Due to the
complexity of studying the regulation of protein synthesis in cachectic patients, the majority
of studies investigating the impact of cachexia on skeletal muscle have been carried out
using animal models. An alteration of MTORC1 signaling was observed in several models of
cachexia (Chen et al., 2011; Schakman et al., 2008; White et al., 2011) while recent
evidence indicates that critically ill (Constantin et al., 2011) and hypoxemic COPD (Favier
et al., 2010) patients also show altered mTORC1 signaling.

The field's understanding of the regulation of ribosome biogenesis in skeletal muscle during
cachexia is very limited. Chen et al., (2008) reported that the total RNA concentration was
not modified in skeletal muscle of chronic kidney disease rats (Chen et al., 2008).
Unexpectedly, the mRNA expression of two markers of ribosome assembly (RPL12 and
nucleolin) was increased during skeletal muscle atrophy induced by fasting, diabetes
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mellitus, renal failure and tumor implantation (Lecker et al., 2004). Moreover, it was
recently proposed that the decrease in protein synthesis observed during sepsis was the result
of a decrease in translational efficiency rather than a change in the ribosome content or
protein synthetic capacity (Lang et al., 2007; Orellana et al., 2011). Altogether, these
findings suggest that ribosome biogenesis may not be altered during cachexia. The
mechanisms controlling the loss of skeletal muscle during cachexia are multi-factorial, thus
further experiments are required to investigate the regulation of ribosome biogenesis during
cachexia under different disease states.

In contrast to aging, the skeletal muscle does not seem to be insensitive to anabolic stimuli
during cachexia. Although protein synthesis was not stimulated by feeding in cancer
patients, S6K phosphorylation was increased in the post-absorptive state in these subjects
(Williams et al., 2012). Moreover, leucine ingestion stimulates the mTORCL1 pathway in
uremic rats (Chen et al., 2011) and the increase in skeletal muscle mass in response to
synergist ablation was similar in uremic and healthy animals (Chen et al., 2008). This latter
study also showed that the increase in total RNA concentration in hypertrophied muscle was
not impaired in the model of chronic kidney disease used. Recently, it was observed that
skeletal atrophy induced by the glucocorticoid dexamethasone was associated with a
reduction in S6K phosphorylation and -catenin expression (Schakman et al., 2008). These
authors revealed that over-expression of f-catenin completely blunts dexamethasone-induced
fiber atrophy, while the over-expression of a constitutively active form of Akt in
dexamethasone-treated mice induced fiber hypertrophy that was associated with an increase
in both S6K phosphorylation and p-catenin expression. Although the hypothesis remains to
be tested, activating ribosome biogenesis may be a relevant therapeutic target to prevent or
attenuate skeletal muscle atrophy during cachexia. The development of therapies that target
the Akt/mTORC1 and the B-catenin/c-myc signaling may be effective to stimulate ribosome
biogenesis under cachectic conditions.

Disuse atrophy—The loss of skeletal muscle mass following limb immobilization, bed
rest and hindlimb suspension, termed disuse atrophy, is mainly attributed to a reduction in
the rate of muscle protein synthesis [for a detailed review, see (Phillips et al., 2009)]. During
disuse atrophy in both humans and animals, the rate of protein synthesis is reduced in post-
absorptive state while its stimulation by nutrients is attenuated (de Boer et al., 2007;
Drummond et al., 2012; Glover et al., 2008b; Kelleher et al., 2013). Although the
mechanisms responsible for the alteration of protein synthesis and anabolic resistance
following disuse atrophy are not completely understood, it appears that deregulation of
mTORC1 signaling contributes to this dysfunction. The regulation of ribosome biogenesis
during disuse atrophy is currently poorly explored. A reduction of the total RNA
concentration was shown in rats during hindlimb suspension (Babij and Booth, 1988;
Heinemeier et al., 2009) and immobilization (Babij and Booth, 1988), and in humans during
unloading (Gamrin et al., 1998; Haddad et al., 2005) and inactivity after abdominal surgery
(Petersson et al., 1990). Although a change in ribosome content was not observed following
immobilization in humans (Gibson et al., 1987; Gibson et al., 1988), these results provide
evidence that ribosome biogenesis could be impaired during disuse atrophy and contribute to
the decrease in protein synthesis.
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It was recently shown that the skeletal muscle re-growth following immobilization in the
mTOR*/~ mice was impaired (Lang et al., 2012). The increase in 4E-BP1 binding to elF4E
suggested that translation initiation was reduced in mTOR+/- muscle, a finding consistent
with the observed decrease in protein synthesis. Unfortunately, the regulation of ribosome
biogenesis during muscle re-growth was not investigated in this study. Recently, it was
shown that total RNA content increased in skeletal muscle during the first few days of
reloading following hindlimb suspension to a level higher than in the control muscle, and
this change preceded the complete recovery of the skeletal muscle mass (Heinemeier et al.,
2009). Although the exact mechanism remains to be described, these findings suggest that
the activation of ribosome biogenesis may be beneficial in preventing or attenuating the loss
of skeletal muscle mass during disuse atrophy.

Denervation—A loss of muscle mass is observed in denervated skeletal muscle in both
animals (Haddad et al., 2003; Machida et al., 2012; Quy et al., 2013) and humans (Bickel et
al., 2003). The rate of protein breakdown is increased during denervation (Goldspink, 1976),
while protein synthesis seems to be activated rather than inhibited during the first few days
following denervation (Goldspink, 1976; Quy et al., 2013). The regulation of ribosome
biogenesis in this catabolic state is poorly elucidated and the results are inconsistent. A
reduction of the total RNA concentration was observed after spinal cord injury in humans
(Bickel et al., 2003) and rats (Haddad et al., 2003) but this result was not observed after
sciatic denervation (Babij and Booth, 1988; Goldspink, 1976). It was recently shown that the
expression of rRNA and 47 pre-rRNA was reduced in denervated skeletal muscle, while
unexpectedly the mTORC1 signaling was activated (Machida et al., 2012). The activation of
this anabolic pathway was confirmed by another group using the same model of sciatic
nerve transection and it was proposed to be the result of the accumulation of amino acids
released from the proteasome-dependent proteolysis (Quy et al., 2013). However and in
contrast to Machida et al. (2012), this latter study suggested that ribosome biogenesis could
be activated rather than impaired during denervation, as evidenced by the increased
expression of the ribosomal protein RPS6 and RPL7. A recent proteomic analysis also
revealed that several ribosomal proteins were up-regulated in skeletal muscle during sciatic
denervation, while only a few ribosomal proteins were down-regulated (Sun et al., 2012).
The discrepancies between these studies could be explained by the different time points of
denervation studied and/or by the markers of ribosome biogenesis investigated (rRNA vs.
ribosomal protein).

It was recently shown that the inhibition of mMTORCL1 signaling by rapamycin results in the
prevention of denervation-induced increases in protein synthesis and RPS6 and RPL7
expression, while these findings were associated with an increase in muscle atrophy during
denervation (Quy et al., 2013). Moreover, another study revealed that the activation of
mMTORCL1 induced by the deletion of TSC1 (tuberous scleroris complex 1) in skeletal muscle
prevents the soleus muscle atrophy induced by denervation (Bentzinger et al., 2013);
unfortunately, the authors did not investigate the ribosome biogenesis in this study. Even if
the mTOR signaling and protein synthesis are activated during the initial stage following
skeletal muscle denervation, most probably as a result of the release of free amino acids
from the proteasome-dependent proteolysis (Quy et al., 2013), an additive activation of this
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pathway may be beneficial to promote ribosome biogenesis and prevent muscle atrophy
during denervation.

A few studies have provided information on the regulation of the Wnt/B-catenin/c-myc
pathway in denervated skeletal muscle. A transcriptome analysis showed that expression of
several genes associated with Wnt signaling was decreased in denervated skeletal muscle
while c-myc mRNA expression was increased (Magnusson et al., 2005). Although no
change was found at the protein level (Siu and Alway, 2005), the transcriptional activation of
c-myc may be explained by the cellular remodeling associated with denervation, such as
regeneration, apoptosis, or inflammatory response. Further experiments are required to
understand the role played by c-myc during denervation and to investigate whether the
activation of this transcription factor could be beneficial to prevent atrophy in denervated
skeletal muscle.

Perspectives: Ribosome specialization in skeletal muscle

Mauro and Edelman formalized the concept of ribosome specialization in their ribosome
filter hypothesis, proposing the ribosome was not just a “tape head that converts
ribonucleotide sequences into amino acid sequences” but rather directly regulates translation
of specific MRNAs (Mauro and Edelman, 2007). The direct regulation of translation by the
ribosome is influenced by the composition of the ribosome which is determined by post-
translational modifications of ribosomal RNAs and/or proteins as well as the proteins
associated with the ribosome. The notion of ribosome specialization has generated a great
deal of excitement lately because it represents a heretofore unrecognized level of gene
regulation — much like microRNAs did 10 years ago (Gilbert, 2011; Xue and Barna, 2012).
Recently, the Barna laboratory extended the concept of ribosome specialization to mammals
when they reported that the tissue-specific expression of £p/38 during mouse embryonic
development was required for proper patterning via translation of specific Hox transcripts
(Kondrashov et al., 2011). Here, we introduce the idea that ribosome specialization exists in
skeletal muscle and may be involved in the regulation of skeletal muscle mass.

The best example of ribosome specialization in skeletal muscle is the phosphorylation of
RPS6 in response to an anabolic signal (Chaillou et al., 2012; Farnfield et al., 2012; Hulmi et
al., 2009). As previously mentioned, it was initially thought that phosphorylation of RPS6
directed the specific translation of mMRNAs harboring a 5'-TOP sequence (Jefferies et al.,
1997; Jefferies et al., 1994) though later studies have called into questions this idea
(Ruvinsky et al., 2005). A recent study found that skeletal muscle mass and strength were
decreased in mice in which RPS6 phosphorylation was abolished, and this finding was
associated with a decrease in the abundance of contractile proteins (Ruvinsky et al., 2009).
Although it remains to be elucidated, a reasonable possibility is that RPS6 phosphorylation
modifies ribosome function thereby preferentially translating mMRNAs encoding sarcomeric
proteins.

A study examining the expression profile of ribosomal proteins made the surprising
discovery that some ribosomal proteins are expressed in a tissue-specific manner (Thorrez et
al., 2008). Transcriptome analysis of 22 tissues revealed that ribosomal protein large 3
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(RpI3) mRNA was highly enriched in all tissues except striated muscles; expression of the
Rpl3 paralogue, Rpl3-like (Rpl3l), was exactly the opposite, being highly expressed only in
striated muscle, skeletal muscle in particular (Thorrez et al., 2008). A query of BioGPS
(http://biogps.org) also confirmed the skeletal muscle-specific expression patterns of Rpl3
and Rpl3l in both human and rodents. Our microarray analysis during skeletal muscle
hypertrophy in response to synergist ablation (GEO accession number GSE47098) revealed
that the expression pattern of Rpl3 and Rpl3l was rapidly and highly reversed from control
levels such that Rpl3l was down-regulated and Rpl3 was up-regulated. The greatest change
in Rpl3 and Rpl3l mRNA expression was observed after 7 days following synergist ablation
(+234% and —91%, respectively) while the expression of all other RP genes was only
modestly changed during skeletal muscle hypertrophy. The role played by Rpl3 and Rpl3lI
genes during skeletal muscle hypertrophy is currently unexplored but this example of
ribosome specialization suggests that the ribosome function may be modified during skeletal
muscle hypertrophy.

Conclusion

Ribosome biogenesis appears to be a key process for increasing protein synthesis and cell
growth. The mTORCL1 signaling pathway and the transcription factor c-myc have a central
role in the control of ribosome biogenesis by promoting the synthesis of ribosomal proteins
and the transcription of rRNAs. c-myc also regulates the expression of auxiliary factors
involved in rRNA processing, ribosome assembly and nuclear ribosome export. Ribosome
biogenesis is strongly activated during skeletal muscle hypertrophy induced by synergist
ablation and several lines of evidence suggest that its activation is necessary to induce the
supra-physiological hypertrophy observed in this model. Currently, the role played by
ribosome biogenesis in response to resistance exercise remains to be clearly elucidated.
Ribosome biogenesis does not seem to be affected during sarcopenia and cachexia, while it
is most probably altered during disuse atrophy (unloading, physical inactivity,
immobilization and hindlimb suspension). Furthermore, the regulation of ribosome
biogenesis in response to denervation remains controversial. Activating ribosome biogenesis
through the development of therapies that target the mTORCL1 and the B-catenin/c-myc
signaling pathways may be beneficial in preventing or attenuating the loss of skeletal muscle
mass in these catabolic states. Lastly, the concept of ribosome specialization has emerged in
the field of skeletal muscle, as evidenced by the specific regulation of Rpl3 and Rpl3I gene
expression during skeletal muscle hypertrophy. The potential role of ribosome specialization
in the regulation of gene expression during skeletal muscle hypertrophy and atrophy remains
to be investigated.
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Fig. 1.
Schematic representation of the cellular translation machinery.

Ribosome biogenesis is a well-orchestrated process that involves the coordinated actions of
the three types of RNA polymerase (RNA Pol I, -1l and -111). RNA Pol | is responsible for
the transcription of the polycistronic 47S pre-rRNA in the nucleolus, which is subsequently
spliced and modified by small nuclear ribonucleoproteins (snoRNPs) and several protein-
processing factors to form 18S, 5.8S and 28S rRNAs. The nucleoplasmic transcription of 5S
rRNA and the tRNAs is achieved by RNA Pol Il while the ribosomal protein encoding-
genes are transcribed in the nucleoplasm by RNA Pol Il. Following the translation in the
cytoplasm, the proteins of the small (RPS, ribosomal protein small) and large (RPL,
ribosomal protein large) ribosomal subunits are imported into the nucleolus to be assembled
with their respective ribosomal subunit. The 5.8S, 28S and 5S rRNAs assemble with RPL
proteins to form the 60S ribosome subunit while the 18S rRNA and the RPS proteins form
the 40S ribosome subunit. The 40S and 60S subunits are then exported to the cytoplasm,
where they form the mature 80S ribosome complex. The process of ribosome biogenesis is
primary determinant of the translational capacity of the cell. After nuclear export, the 40S
subunit interacts with the eukaryotic initiation factor (elF) elF3 and the ternary complex
(elF2, tRNA and GTP) to form the pre-initiation 43S complex. This complex, which is then
recruited to the m’GpppN cap structure of the mRNA after its binding to elF4F complex,
scans the 5' UTR (untranslated region) of the mRNA until the initiation codon (AUG) is
detected (initiation). The recruitment of 60S subunit at the initiation codon allows the
formation of the 80S complex and the start of the elongation of the mRNA. Finally, the
finished polypeptide is released from the ribosome when a stop codon is encountered
(termination). These three steps of translation (initiation, elongation and termination)
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determine the translational efficiency. This schematic representation was adapted from (van
Riggelen et al., 2010) and (Boisvert et al., 2007).
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Fig. 2.

Reggulation of ribosome biogenesis by mTORC1 and c-myc.

mTORC1 (mechanical target of rapamycin complex 1) and c-myc (c-myelocytomatosis
oncogene) work in concert with each of the three RNA polymerases in regulating ribosome
biogenesis. mMTORC1 and c-myc seem to directly promote the transcription of the pre-rRNA
47S, and can lead to the activation of the RNA Pol I transcriptional factor SL-1 (selectively
factor-1), and the rDNA transcription factor UBF (upstream binding factor). Some lines of
evidence also suggest that c-myc indirectly increases the RNA Pol | transcription by
promoting the opening of the chromatin structure near rDNA loci through histone
acetylation. mTORC1 appears to regulate the translation of 5'-TOP (terminal tract of
pyrimidine) mRNAs which encode ribosomal proteins and other components of the
translational machinery, while c-myc activates the transcription of several ribosomal protein-
encoding genes. In addition, c-myc promotes the transcription of several auxiliary factors
required for ribosome biogenesis, such as genes involved in rRNA processing [Nop56
(Nop56 ribonucleoprotein), Bopl (block of proliferation 1) and Dkcl (dyskeratosis
congenital 1, dyskerin)], ribosome assembly [Ncl (nucleolin) and Rpl3 (ribosome protein
L3)], and nuclear ribosome export [Npm1 (nucleophosmin 1) and Fbl (fibrillarin)]. Finally,
mTORC1 and c-myc activate the RNA Pol |1l transcription through their interaction with
TFHIC (transcription factor 111C) and TFIIIB (transcription factor 111B), respectively.
mMTORC1 may also inhibit the function of the RNA Pol Il repressor Maf1.
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Table 1

Potential regulation of ribosome biogenesis in response to anabolic and catabolic stimuli.
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Stimulus Marker of
Type Characteristic Model ribosome References
biogenesis
Anabolic Tendency to
12 sessions in 5 weeks, knee extension Human increase in [total (;adzdggs’;t
RNA] "
Increase in S6K1
Acute leg exercise (4 sets of 10 reps) Human and RPS6 é?l%%%%
phosphorylation "
Down-regulation
of 14 ribosomal
protein genes
associated with the
. . mTOR-related (Phillips et
3 sessions/week, 20 weeks. Microarray Human expression al., 2013)
network in the
Resistance exercise subjects with the
highest muscle
hypertrophy
Increase in RPS6
phosphorylation,
Acute resistance exercise (arm) Human 45 pre-rRNA and (Naggiz?; al,
c-myc mRNA
expression
- A Increase in S6K (Baar and
Neural stimulation: twice a week for 6 weeks Rat phosphorylation Esser, 1999)
Increase in [total
(Haddad and
Neural stimulation: 2 bouts of 30min Rat RNA]"?%%&TOUM’ Adams,
phosphorylation 2006)
Increase in mTOR,
S6K and RPS6
Resistance exercise + Leg exercise combined with protein ingestion, 2 Human prllﬁsgﬂhgxléﬁgn (Hulmi et al.,
protein ingestion sessions/week, 21 weeks execise combined 2009)
with protein
ingestion
Mechanical overload Synergist ablation Increase in [total
RNA], 478S pre-
RNA expression,
Mouse RNA Pol I regulon (evtog V\éa(\)l(ljg?
expression, c-myc N
expression, UBF
expression
Increase in [total : :
Mouse RNA], S6K1 ('\gllyzzoalkll)a
phosphorylation "
Increase in [total
RNA], 28S +18S
content, S6K1 (Goodman et
Mouse phosphorylation, al., 2011)
UBF protein
expression
Activation of the
Mouse Whnt/Bcatenin/ élt/_\;r]s;)%ne%
cmyc pathway "
Increased [total (Chaillou et
Mouse RNA] associated al., 2013)
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Stimulus
Type

Characteristic

Model

Marker of
ribosome
biogenesis

References

Rat

with increased in
c-myc expression

Increase in [total
RNA], S6K and
RPS6
phosphorylation,
total RPS6 protein
expression

(Chaillou et
al., 2012)

Reloading after atrophy

Reloading after hindlimb suspension

Mouse

Rat

Increase in [total
RNA] and total
RNA content

Increase in [total
RNA] and total
RNA content

(Dapp et al.,
2004)

(Heinemeier
et al., 2009)

Serum stimulation

Catabolic

Aging

Myotubes treated with 20% FBS

24 vs 70 years old- Acute resistance exercise

27 vs 70 years old- Acute resistance exercise

18-25 vs 60-75 years old- 12 weeks of
resistance training combined with protein
ingestion

6 vs 30 month old

L6 myotube

Human

Human

Human

Rat

Increase in
ribosomal RNA
content

No basal
difference in S6K
phosphorylation
and protein
synthesis. Increase
in S6K
phosphorylation
and protein
synthesis blunts in
elderly after
resistance exercise

No increase in
S6K1 and protein
synthesis in aged

patients after
resistance exercise

Increased
phosphorylation of
S6K after
resistance training
combined with
protein ingestion is
less pronounced in
elderly

Similar amount of
total RNA per
muscle

(Nader et al.,
2005)

(Kumar et
al., 2009)

(Fry etal.,
2011)

(Farnfield et
al., 2012)

(Haddad and
Adams,
2006)

Cachexia

COPD

Critically ill

Colorectal cancer

Human

Human

Mouse
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Decrease in S6K
phosphorylation in
hypoxemic
compared with
non-hypoxemic
COPD patients

Decrease in
mTORC1 and S6K
phosphorylation in

critically ill
patients compared
to control subjects

Decrease in S6K
phosphorylation in
cancer mouse
associated with
skeletal muscle

(Favier et al.,
2010)

(Constantin
etal., 2011)

(White et al.,
2011)



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Chaillou et al. Page 26
Stimulus Marker of
Type Characteristic Model ribosome References
biogenesis
atrophy and
reduced protein
synthesis
Decrease in S6K
. S phosphorylation (Schakman
Glucocorticoid administration (dexamethasone) Rat and -catenin etal., 2008)
protein expression
No changes in
L : [total RNA] and (Chenetal.,
Chronic kidney disease Rat S6K 2008)
phosphorylation
Increase in RPL12
Atrophy induced by fasting, diabetes mellitus, a;%r&lﬁlie\lgn (Lecker et
renal failure and turg;)rglmplantatlon. Micro- Rat markers of al.. 2004)
Y ribosomal
assembly
Decrease in [total (Haddad et
Human RNA] al., 2005)
Unilateral unloading
Decrease in [total (Gamrin et
Human RNA] al., 1998)
. - . Decrease in [total (Petersson et
Disuse Inactivity after abdominal surgery Human RNA] al., 1990)
g - : P Decrease in [total (Babij and
Hindlimb suspension and immobilization Rat Booth, 1988)
g - Decrease in [total (Heinemeier
Hindlimb suspension Rat RNA] etal., 2009)
Decrease in [total .
Long-term spinal cord injury Human RNA] in SCI (Blczl(gég)t al.,
subjects
Decrease in total
. - RNA (Haddad et
Spinal cord injury Rat concentration and al., 2003)
content
Up-regulation of
several ribosomal
Sciatic nerve transection Rat proteins. Down- (S%f;)al”
regulation of a few
Denervation ribosomal proteins.
Activation of
mTORCL1 in
denervated muscle
Sciatic nerve transection Mouse associated with (Q%fé)al"
increased
expression of
RPS6 and RPL7
Activation of
mTORC1 :
Sciatic nerve transection Mouse signaling and ('Z:acg(')igft
decrease in rRNA "
expression

[total RNA], total RNA concentration; COPD, chronic obstructive pulmonary disease; SCI, spinal cord injury.
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Table 2

Up-regulation of genes involved in ribosome biogenesis during skeletal muscle hypertrophy induced by

synergist ablation in mice.
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Fold change
Function Symbol Gene name
dayl day3 day5 day7
Polrlc Polymerase (RNA) | polypeptide C 1.50 1.33 141 1.48
Polrle Polymerase (RNA) | polypeptide E 1.73 1.66 1.42 1.48
Pol I transcription TATA box binding protein (Tbp)-associated factor, RNA
Taflb polymerase |, B 1.30 1.39 1.50 1.46
TATA box binding protein (Tbp)-associated factor, RNA
Tafld polymerase I, D 3.00 2.01 2.46 2.70
. Nop56 NOP56 ribonucleoprotein 1.71 1.58 1.43 1.43
rRNA processing
Bopl Block of proliferation 1 1.18 1.61 1.54 1.44
Nl Nucleolin 2.00 1.42 1.40 1.43
Ribosome assembly . .
Rpl3 Ribosomal protein L3 2.60 3.02 3.12 3.34
Npm1 Nucleophosmin 1 2.13 1.93 2.09 2.09
Nuclear ribosome export
Fbl Fibrillarin 1.49 1.76 1.56 1.49
Max Max protein 1.78 1.44 1.36 1.29
c-myc co-regulatory factors ~ Kat2a K(lysine) acetyltransferase 2A 1.20 1.52 1.47 141
Trrap Transformation/transcription domain-associated protein 111 1.42 1.62 1.96
c-myc c-myelocytomatosis oncogene 1454 843 5.93 4.89

These data are derived from a microarray analysis previously published by our research group (Chaillou et al., 2013) and are available by using the
GEO accession number GSE47098. In this study, we assessed the gene expression in the plantaris muscle in response to 1, 3, 5, 7, 10 and 14 days
following synergist ablation. In this table, we present the expression of selected up-regulated genes involved in ribosome biogenesis during the first
week of skeletal muscle hypertrophy (days 1, 3, 5 and 7), a period associated with the major changes in total RNA concentration (Chaillou et al.,
2013). The selected genes were up-regulated (>50% increase compared to control muscle) at least at one time point between days 1 and 7. These
genes were involved in the regulation of RNA Pol I transcription, rRNA processing, ribosome assembly, nuclear ribosome export or were c-myc co-

regulatory factors.

It is noteworthy that 44% and 26% of the genes encoding RPS and RPL, respectively, were up-regulated (>50% increase compared to control
muscle) in hypertrophied muscle (data not shown). The highest increases were about 80% for the RPS-coding genes (80, 81 and 83% for RPS16,
RPS19 and RPS4X, respectively) and 3-fold for the RPL-coding genes (2.82 and 3.34-fold for RPL12 and RPL3, respectively).
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