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ROLES OF GROWTH HORMONE, INSULIN-LIKE GROWTH FACTOR I, AND SH3 AND

CYSTEINE RICH DOMAIN 3 IN SKELETAL MUSCLE GROWTH

XIAOMEI GE

ABSTRACT

Three studies were conducted to achieve the following respective objectives: 1) to
determine the cellular mechanism by which growth hormone (GH) stimulates skeletal muscle
growth; 2) to identify the signaling pathways that mediate the different effects of insulin-like
growth factor | (IGF-I) on skeletal muscle growth; and 3) to determine the role of a functionally
unknown gene named SH3 and cysteine rich domain 3 (STAC3) in myogenesis. In the first study,
the myogenic precursor cells, satellite cells, were isolated from cattle and allowed to proliferate
as myoblasts or induced to fuse into myotubes in culture. GH increased protein synthesis without
affecting protein degradation in myotubes; GH had no effect on proliferation of myoblasts; GH
had no effect on IGF-I mRNA expression in either myoblasts or myotubes. These data suggest
that GH stimulates skeletal muscle growth in cattle in part through stimulation of protein
synthesis and that this stimulation is not mediated through increased IGF-I mRNA expression in
the muscle. In the second study, the signaling pathways mediating the effects of IGF-1 on
proliferation of bovine myoblasts and protein synthesis and degradation in bovine myotubes
were identified by adding to the culture medium rapamycin, LY294002, and PD98059, which are
specific inhibitors of the signaling molecules mTOR, AKT, and ERK, respectively. The
effectiveness of these inhibitors was confirmed by Western blotting. Proliferation of bovine
myoblasts was stimulated by IGF-1, and this stimulation was partially blocked by PD98059 and

completely blocked by rapamycin or LY294002. Protein degradation in myotubes was inhibited



by IGF-1 and this inhibition was completely relieved by LY294002, but not by rapamycin or
PD98059. Protein synthesis in myotubes was increased by IGF-I, and this increase was
completely blocked by rapamycin, LY294002, or PD98059. These data demonstrate that IGF-I
stimulates proliferation of bovine myoblasts and protein synthesis in bovine myotubes through
both the PI3K/AKT and the MAPK signaling pathways and that IGF-I inhibits protein
degradation in bovine myotubes through the PISK/AKT pathway only. In the third study, the
potential roles of STAC3 in myoblast proliferation, differentiation, and fusion were investigated.
Overexpression of STAC3 inhibited differentiation of C2C12 cells (a murine myoblast cell line)
and fusion of these cells into myotubes, whereas knockdown of STAC3 had the opposite effects.
Either STAC3 overexpression or STAC3 knockdown had no effect on proliferation of C2C12
cells. Myoblasts from STAC3-deficient mouse embryos had a greater ability to fuse into
myotubes than control myoblasts; the former cells also expressed more mRNAs for the
myogenic regulators MyoD and myogenin and the adult myosin heavy chain protein MyHC1

than the latter. These results suggest that STACS3 inhibits myoblast differentiation and fusion.
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Chapter |

Literature Review

Introduction

Skeletal muscle is the most abundant tissue in animals, and it represents 40-50% of total
body weight. Contraction of skeletal muscle enables locomotion and breathing, and supports
posture and body position. Skeletal muscle produces 85% of the heat to maintain body
temperature. Proper skeletal muscle mass and function are critical for life and health. Loss of
muscle mass or strength results in impaired mobility, and is associated with many diseases,
including cancer, diabetes, AIDS, congestive heart diseases, and renal failure. Loss of muscle
mass and function is also associated with ageing. As meat, skeletal muscle is the primary product

of animal agriculture.

A skeletal muscle is composed of a number of muscle fibers, with each fiber as a
multinucleated muscle cell, or myofiber. Each myofiber develops from the fusion of single-
nucleated-cells, or myoblasts. Skeletal muscle mass is, therefore, determined by both the number
and size of muscle fibers. The number of muscle fibers is determined during prenatal
development. The size of a muscle fiber is primarily regulated by the balance of protein synthesis
and degradation during postnatal growth. In addition, skeletal muscle also has the capability of
introducing additional DNA into existing muscle fibers during muscle maintenance or

regeneration.

A great deal of understanding has been achieved about the mechanisms underlying
skeletal muscle growth and regeneration. A complex and integrated network of signaling

pathways dynamically modulates the activation and the subsequent differentiation of myogenic
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progenitor cells, and controls the balance between anabolic and catabolic states in muscle.
Modulation of these signaling pathways in animal models and in some human myopathies has
shown considerable potential for increasing muscle mass and function, and for ameliorating
some of the symptoms of myopathologies. In this review, | will discuss the cellular, molecular,
and hormonal mechanisms that mediate the key processes of skeletal muscle growth,
hypertrophy, and regeneration in postnatal animals, with the focus on the roles of growth
hormone (GH) and insulin-like growth factor | (IGF-I) in these processes. | will also touch on the
potential role of a novel gene named SH3 and cysteine rich domain 3 (STAC3) in skeletal

muscle development and growth.



Postnatal Growth and Regeneration of Skeletal Muscle

Adult skeletal muscle has the ability to regulate size in response to environmental and
physiological demands and to regenerate after injury (Glass, 2005b; Guttridge, 2004). Skeletal
muscle growth in adult animals involves the increase of both nuclei and protein mass (Salleo et
al., 1983; Schiaffino et al., 1972). Nuclei of muscle fibers (i.e. myonuclei) are provided by
myogenic precursor cells, mainly satellite cells. Protein mass is a dynamic balance between
protein synthesis and degradation. Most of these events are controlled by specific growth factors

that are locally produced or transported from the bloodstream.

Precursor cells of skeletal muscle

Satellite cells: Satellite cells are stem cells located between sarcolemma of myofibers and
surrounding basal lamina in adult skeletal muscle (Fig. 1.1). Satellite cells are Pax3 and Pax7
positive cells derived from the central dermomyotome (Gros et al., 2005). Pax3 and Pax7 are
homeodomain transcription factors that play crucial roles in skeletal muscle development
(Buckingham and Relaix, 2007; Sambasivan and Tajbakhsh, 2007). Mice carrying double mutant
of Pax3 and Pax7 show loss of muscle progenitor cells (Relaix et al., 2005). During the postnatal
stage, satellite cells proliferate to provide nuclei for both muscle growth (Macconnachie et al.,
1964) and regeneration (Price et al., 1964; Shafiq and Gorycki, 1965). In newborn rodents,
approximately 30% of muscle nuclei are satellite cells (Bischoff and Heintz, 1994). The number
of satellite cells decreases to less than 5% in adult muscle (Bischoff and Heintz, 1994; Gibson
and Schultz, 1983). Satellite cells are typically quiescent in mature muscles, but can be recruited
to proliferate following injuries, physical activity and hormone levels. Activated satellite cells

proliferate to give rise to more myoblasts, which fuse with growing myofibers to increase



myofiber size. Upon muscle injury, satellite cells also proliferate to repair muscle damage by
fusing with existing myofibers or to form new myofibers when necessary (Grounds and

Yablonka-Reuveni, 1993; Hawke et al., 2001).

Basal Myonuclei

Sarcolemma lamina

Myofiber

Satellite cells

Fig. 1.1. Localizaton of satellite cells. In mature myofibers, myonuclei are located directly
beneath the sarcolemma, and satellite cells reside between the sarcolemma and basal lamina

surrounding myofibers.

Satellite cell-derived muscle cells express the myogenic regulatory factors (MRFs) Myf5,
MyoD, myogenin and MRF4 (Fig. 1.2), which belong to the helix-loop-helix (HLH)
transcription factor family (Fuchtbauer and Westphal, 1992; Grounds et al., 1992; Yablonka-
Reuveni and Rivera, 1994). MRFs are master switches during myogenesis (Weintraub et al.,
1991). They share the ability to induce myogenic differentiation when expressed in non-muscle
cells (Pownall et al., 2002). Analysis of mouse mutants and over-expression in chick embryos
showed that Pax3 and Pax7 control the expression of myogenic regulators (Bajard et al., 2006;
Maroto et al., 1997; Sato et al., 2010). Previous experiments have defined the MRFs into two
groups: the primary group and the secondary group. The primary group includes Myf5 and
MyoD, which are required for myogenic determination. Myf5 deficient mice die perinatally due

to severe rib defects, but show normal skeletal muscles (Braun et al., 1992). MyoD-null mice



show a normal skeletal muscle phenotype with reduced size (Macharia et al., 2010; Megeney et
al., 1996; White et al., 2000). However, MyoD and Myf5 double mutant mice die at birth due to
the absence of myoblasts and muscle (Rudnicki et al., 1993). The secondary group includes
myogenin and MRF4 known as differentiation factors. Myogenin-null mice die at birth with
normal number of myoblasts but no myofibers (Hasty et al., 1993). MRF4 inactivation results in

normal muscle with a fourfold increase in myogenin expression (Zhang et al., 1995).

In addition, some studies indicated that some MRFs can functionally compensate for one
another during muscle development. MyoD inactivation does not affect muscle generation but
increases Myf5 expression (Rudnicki et al., 1992). Mice carrying mutations in Myf5, MyoD or
MRF4 are viable, and severe muscle defects in the embryo are only observed when all three
genes are knocked out (Kassar-Duchossoy et al., 2004; Rudnicki et al., 1993). This suggests that

there is redundancy in the role of Myf5, MyoD, and MRF4 in myogenesis.

Activation Proliferation Q @ g foerentatoXk

n Fusion
@ — —
Pax7/Myf5 m Myf5/MyoD 9 Q%

Myogenin/MRF4

Myogenic potential
Stem cell potential

Fig. 1.2. Satellite cell proliferation, differentiation and fusion. Quiescent satellite cells can be

activated to proliferate to increase the number of myoblasts, which are marked with Myf5 and
MyoD. Myoblasts upregulate myogenin and MRF4 to differentiate and further fuse into

myotubes for myogenesis.



In addition to myogenic-committed satellite cells, several studies found that cells from
other tissues can give rise to myogenic cells, such as dermis, the neural tube, and the thymus
(Cossu, 1997). Recent studies also suggest that other myogenic precursor cells might play a role
in skeletal muscle growth and regeneration as well (Charge and Rudnicki, 2004; Peault et al.,

2007).

SPs (side population cells): The heterogeneous muscle SP cells are the population of
myogenic precursor cells distinct from satellite cells. Muscle SP cells are present in Pax7 -/-
mice, which exhibit a severe deficiency in SCs (Asakura et al., 2002). They were induced to
express myogenic markers when co-cultured with primary myoblasts (Peault et al., 2007). They
were considered a candidate for cell therapy in muscular diseases, because they gave rise to both
muscle cells and satellite cells after intramuscular injection (Asakura et al., 2002; Peault et al.,

2007; Uezumi et al., 2006).

MDSCs (muscle derived stem cells): MDSCs are a population of early myogenic
progenitor cells (Peault et al., 2007). Compared to satellite cells, they have the advantage of
prolonged proliferation, strong tendency for self-renewal, multi-lineage differentiation, and

immune tolerance (Peault et al., 2007; Qu-Petersen et al., 2002).

CD133+ cells: CD133" cells circulate in the blood stream and are able to differentiate
(Torrente et al., 2004). Injection of human CD 133" cells into the circulation of scid/mdx mice
improves skeletal muscle structure and function, and replenishes the satellite cell population
(Torrente et al., 2004). Compared to human myoblast transplantation, CD 133+ showed better

regeneration and repopulation of the satellite cells (Negroni et al., 2009).



Pericytes: Pericytes become myogenic in vitro when differentiation is induced and
contribute to muscle regeneration in dystrophic mice after intra-arterial injection (Boldrin and
Morgan, 2007; Dellavalle et al., 2007). Some pericytes were localized in a satellite cell position
suggesting that these cells are able to replenish the satellite cell pool (Dellavalle et al., 2007).

This makes them an interesting potential candidate for future cell therapy in patients.

Mesoangioblasts: Mesoangioblasts are vessel-associated stem cells derived from the
embryonic dorsal aorta. They are able to differentiate into several mesodermal cell types
including skeletal muscle cells (Charge and Rudnicki, 2004; Peault et al., 2007). As an
alternative to myoblast transplantation, transplantation of mesoangioblasts into the blood
circulation of dystrophic mice has recently shown great potential for skeletal muscle regeneration

(Galvez et al., 2006; Sampaolesi et al., 2006).

HSCs (Hematopoietic stem cells): Hematopoietic stem cells are also the most important
multipotent stem cells participating in skeletal muscle regeneration after the SC (Charge and
Rudnicki, 2004; Corbel et al., 2003). HSCs transplantation resulted in the formation of myofibers,
and they also contribute to the satellite cell pool (Bittner et al., 1999; Gussoni et al., 1997;

LaBarge and Blau, 2002).

By now, most myogenic studies and clinical trials focus on satellite cells and satellite
cell-derived myoblasts. As a good candidate for cell therapy of injured or diseased muscle,
satellite cells are plentiful and easy to obtain. Recent studies have shown that freshly isolated
satellite cells can not only efficiently regenerate skeletal muscles, but also replenish the satellite
cell reservoir in the host muscle (Boldrin et al., 2009; Collins et al., 2005; Montarras et al., 2005;

Sacco et al., 2008).



Myoblast proliferation

Cell proliferation is defined as the increase of cell number by division. Cell cycle is the
process leading to that cell division. It consists of G1, S, G2, and M phases. Cell cycle
progression involves a series of tightly regulated and coordinated events. Non-dividing cells stay
at GO phase before they enter the cell cycle. In S phase, DNA is replicated. In M phase, one cell

divides into two daughter cells.

The molecular mechanisms that control the cell cycle occur in a sequential way, which
makes the cell cycle irreversible. Cyclins and cyclin-dependent kinase (CDK) complex are the
major components of these mechanisms (Nigg, 1995). Cyclin D is the first cyclin produced in the
cell cycle, in response to extracellular signals. During the early stage of G1 phase, cyclin D
interacts with cdk4 and cdk6 to trigger the molecular events to promote the cell cycle. Cyclin E
binds cdkl to form the complex, which pushes the cell from G1 to S phase (Sandhu and
Slingerland, 2000). There are also inhibitors controlling the activities of cyclin-cdk complex
during cell cycle. They are divided into two families: INK, which inhibits cdk4 and cdk6
(Sandhu and Slingerland, 2000; Sherr, 1995), and the KIP family, which appears to inhibit all
cdk family members. The INK family includes p15 (CDKN2B), p16 (CDKN2A), p18 (CDKN2C)
and p19 (CDKN2D), and the KIP family includes p21 (CDKN1A), p27 (CDKN1B), and p57

(CDKNL1C).

Satellite cell proliferation is critical for providing myonuclei during postnatal muscle
growth and regeneration. In growing muscle, satellite cells are shown to be able to undergo

mitosis (Shafiq et al., 1968). After muscle injury, quiescent satellite cells migrate to the site of



injury and become proliferative (Beauchamp et al., 2000; Cooper et al., 1999; Cornelison and

Wold, 1997; Smith et al., 1994a; Yablonka-Reuveni and Rivera, 1994).

Upon activating signals, satellite cells transit from GO to G1 phase of the cell cycle,
marked by expressing MyoD and Pax7 within hours of stimulation (Yablonka-Reuveni and
Rivera, 1994; Zammit et al., 2004). As soon as the satellite cells enter their first cell cycle, they
become highly proliferative (Conboy and Rando, 2002). From this stage, satellite cells are also
known as myoblasts. Myoblasts up-regulate cyclin D1 when they proliferate (Rao et al., 1994;
Skapek et al., 1995). Cyclin D1 expression is controlled by transcription factors c-jun and c-fos.
In proliferating satellite cells, increased cyclin D1 expression promotes translocation of CDK4 to
the nucleus. Cyclin D1-CDK4 complexes interact with MyoD to prevent its DNA binding (Li
and Olson, 1992; Zhang et al., 1999). As a result of cyclin D1 degradation, MyoD is released
from cyclin D1-CDK4 complex and collaborates with E-protein family members to induce
myogenic gene transcription (Walsh and Perlman, 1997). In consequence, myoblasts exit cell
cycle and start to differentiate. In addition to cyclin D1, increasing the CDK activity by
overexpressing cyclins A, D, or E prevents myogenic differentiation by inhibiting MyoD as well
(Guo and Walsh, 1997; Skapek et al., 1995). Moreover, cyclin E-CDK2 complexes
phosphorylate MyoD and direct it to proteolytic degradation (Kitzmann et al., 1999; Song et al.,
1998). Besides MyoD, activities of other MRF family members are also regulated by their
phosphorylation status. For example, protein kinase C phosphorylates myogenin to inhibit its
interaction with DNA (Li and Olson, 1992), and protein kinase A represses activity of both Myf-

5 and MyoD (Winter et al., 1993).

Myoblast differentiation and fusion



Myoblasts remain in the cell cycle to proliferate when cultured in high serum
concentrations. Upon serum withdrawal, myoblasts undergo ordered events to differentiate and
fuse to form myotubes. During this process, myoblasts decrease expression of Pax7 (Olguin and
Olwin, 2004; Zammit et al., 2004), and increase that of MRF4, myogenin and muscle-specific
myosin heavy chain (MyHC) (Cornelison and Wold, 1997; Smith et al., 1994a; Yablonka-

Reuveni and Rivera, 1994).

Initiation of myoblast differentiation is associated with permanent withdrawal from the
cell cycle (Andres and Walsh, 1996). This permanent cell cycle withdrawal is featured as the loss
of the ability to reenter the cell cycle in the presence of growth factor stimulation (Endo and
Nadal-Ginard, 1986; Gu et al., 1993). Cell cycle regulators, such as cyclin D3, cyclin-dependent
kinase inhibitors p21 and pRb, are essential for this terminal withdrawal (Andres and Walsh,
1996; Cenciarelli et al., 1999; Halevy et al., 1995; Kiess et al., 1995). In myogenic cells, MyoD
regulates p21 and pRb transcription. Overexpression of cyclin D3 increases expression of
negative cell cycle regulators such as p21, and muscle-specific genes such as myogenin or
MyHC. On the other hand, lack of cyclin D3 leads to the decrease in p21, MyHC and a-actin (De
Santa et al., 2007). Ectopic expression of cyclin D3 was shown to correct the defects in

myogenic differentiation associated with myotonic dystrophy type 1 (Salisbury et al., 2008).

The differentiated myoblasts gain the ability to fuse. Myoblast fusion can be divided into
two stages. At the first stage, myoblasts fuse to generate the nascent myotubes. At the second
stage, myoblasts fuse with the nascent myotubes to add nuclei and size to myotubes. Myoblast
fusion is a complicated process requiring collaboration of different factors, including the
extracellular signals, cell surface metalloproteases, membrane receptors and channels, calcium

signaling pathways and factors that regulate myoblast motility (Horsley and Pavlath, 2004). One
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of the extracellular signals is interleukin-4 (IL-4), which recruits myoblasts to growing myofiber
for fusion. The nuclear factor of activated T-cells cytoplasmic 2 (NFATC2) transcription factor
regulates the secretion of IL-4 (Horsley et al., 2001; Horsley et al., 2003). In NFATC2 null mice,
myofibers showed reduced size and lower myonuclear numbers (Horsley et al., 2001). Similar to
NFATC2, the membrane protein myoferlin is also important for myoblast fusion. Its membrane
location helps to identify the actual site of fusion between myoblasts. Myoferlin deficient mice
had no problem with forming myofibers, but the myofibers showed reduced cross sectional area,
and had defects in regeneration after muscle injury (Doherty et al., 2005). Although genes
important for fusion have been identified, the underlying mechanisms through which they

exactly regulate the process are still under investigation.

Skeletal muscle hypertrophy and atrophy

Skeletal muscle hypertrophy is defined as an increase in protein mass, and atrophy is a
decrease in protein mass. The protein content in a myofiber is determined by the balance
between protein synthesis and degradation. The net balance between these two processes leads

the muscle to go hypertrophy or atrophy (Fig. 1.3).

' 0
Atrophy ‘ . Hypertrophy . . .
¢ — 3
MuRF-1 .' ' p70S6K ) 0
Atrogin-1 . 4EBP1 . .
LC3 K elF2B ] [ ) ¢
BNIP3 { q q [ | |
o] | 0| Jo |
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Fig. 1.3. Myofiber atrophy and hypertrophy. The balance between protein synthesis and
degradation determines the increase or the decrease in myofiber size and muscle mass. Both
processes are tightly regulated by the signals from the extracelluar environment. Distinct sets of
proteins are involved in muscle atropy (MuRF-1, Atrogin-1, LC3 and BNIP3) and muscle

hypertrophy (p70S6K, 4EBP1 and elF2B).

Under anabolic conditions, the AKT-mediated pathway is one of those important signal
cascades promoting protein synthesis (Bodine, 2006; Guttridge, 2004). Signaling through several
receptors activates the phosphoinositide 3-kinase (PI3k)-AKT pathway to stimulate protein
synthesis by phosphorylating and thus activating mammalian target of rapamycin (nTOR)
(Bodine, 2006; Bodine et al., 2001b; Sandri, 2008). Blocking mTOR-dependent signaling by
rapamycin resulted in repression of exercise-induced muscle hypertrophy (Bodine et al., 2001b).
Upon activation, mTOR enhances protein translational efficiency by activating the positive
regulator of protein synthesis p70S6K and inhibiting the negative regulator 4EBP1 (Glass,
2005b). Phosphorylated mTOR also inhibits glycogen synthase kinase 3 f (GSK3p), which has
been implicated in inhibiting the translation initiation factor elF-2B (Bodine, 2006; Glass,
2005b). Dominant negative overexpression of GSK3p induces myotube hypertrophy in vitro
(Rommel et al., 2001). These pathways are highly conservative among different species

(Sakamoto et al., 2004).

Under catabolic conditions, skeletal muscle adapts to the environment by reducing
muscle mass (Glass, 2005a; Guttridge, 2004). At least three levels of degradative systems are
involved in protein degradation in skeletal muscle: lysosomal degradation system, ubiquitin
proteasome system (Ciechanover, 2005; Reinstein and Ciechanover, 2006), and calpain 3-
coupled ubiquitin-mediated degradation, which target cytoskeleton and sarcomeric components

12



(Duguez et al., 2006; Kramerova et al., 2005; Kramerova et al., 2006). The ubiquitin proteosome
system is a major and widely studied system in muscle atrophy. Proteins to be degraded by
proteosomes are marked with E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme
and E3 ubiquitin ligating enzyme (Glickman and Ciechanover, 2002). Two E3 enzymes were
identified specifically in skeletal muscle, the muscle-upregulated RING finger (MuRF-1) and
atrogin-1, also known as MAFbx1 (Bodine et al., 2001a; Gomes et al., 2001). It was recently
found that the transcription factor forkhead box O3 (FoxO3) regulates the expression of both
MuRF-1 and MAFbx1 (Sandri et al., 2004; Stitt et al., 2004). It has also been reported that
FoxO3 regulates the expression of microtubule-associated protein light chain 3 (LC3) and
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), both of which are critical
in lysosomal degradation system (Mammucari et al., 2007). Thus, FoxO3 controls both

lysosomal and ubiquitin proteasome systems of protein degradation in skeletal muscle.

Inflammation-induced mechanisms are also involved in muscle atrophy (Dehoux et al.,
2007; Mourkioti et al., 2006; Mourkioti and Rosenthal, 2005; Spate and Schulze, 2004). Upon
the stimulation of TNFa and IL-1, NF-xB is activated to transfer into nucleus. Several studies in
muscle tissue cultures suggested that activation of NF-«xB is necessary for cytokine-induced
skeletal muscle loss (Cai et al., 2004; Mourkioti et al., 2006). Mice overexpressing IkB kinase,
which activates NF-xB, showed enhanced ubiquitin-dependent proteolysis mediated by MuRF1

(Cai et al., 2004).

It has been recently discovered that the AKT pathway controls not only protein synthesis
but also protein degradation in skeletal muscle. On one hand, AKT phosphorylates mTOR to
increase protein translational efficiency by activating 4EBP1 and S6 kinase (Carrera, 2004), but

on the other hand, Akt phosphorylates FOXO transcription factors and represses the transcription
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of atrogenes, which are muscle atrophy-related ubiquitin ligases. They enhance the AKT-
mediated increase of protein mass by shutting down protein degradation. However, stimulation
of this one pathway cannot counteract all modes of muscle atrophy, such as the one induced by

pro-inflammatory cytokines.

Skeletal muscle regeneration

Skeletal muscle constantly experiences injury during daily activity. There are also muscle
diseases called muscular dystrophies characterized by progressive muscle wasting and weakness
leading to a variable degree of mobility limitation and heart and/or respiratory failure (Emery,
2002). Because of the large amount of satellite cells, skeletal muscle has the remarkable ability
to regenerate after injury or diseases (Carlson, 1973). It has been demonstrated that muscle
regeneration requires activation of the mononuclear satellite cells (Bittner et al., 1999; Ferrari et

al., 1998; Parrish et al., 1996; Patel et al., 2002).

Muscular dystrophies are some of the most difficult diseases to treat. Satellite cells are
considered candidates to treat muscular dystrophy, because of their abilities to repair the
damaged myofiber and replenish the satellite cell population in host skeletal muscle. As such, it
is important to understand the cellular and molecular mechanisms underlying skeletal muscle

regeneration.

The most common and severe muscle dystrophy disease is Duchenne muscular dystrophy
(DMD), in which satellite cells exhaust their proliferation ability to repair the damaged myofiber.
Mdx mouse is the disease model for human DMD. In mdx mice, intramuscular injection of
normal myoblasts led to very limited fusion into host myofiber (Partridge et al., 1989). Freshly

isolated satellite cells showed a much greater capacity to fuse into fibers of mdx mice than the
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same cells after in vitro expansion (Montarras et al., 2005). However, no success has been
reported in clinical trials. There are mainly three problems with the intramuscular injection to
treat muscle dystrophy: firstly, most injected cells die within the first 72 h after injection (Fan et
al., 1996; Guerette et al., 1997); secondly, intramuscularly-injected cells only stay where they are
injected (Huard et al., 1992); finally, immune responses toward the injected SCs have been
described, even in the case of major histocompatibility locus coincidence (Cossu, 2004). Those
three problems are inevitable to make advance in muscular dystrophy treatments with satellite
cells. Experiments using other myogenic precursor cells showed limited improvement in those
aspects. Further exploration of the cellular and molecular mechanisms of satellite cell
regeneration procedure in vivo will help to make the muscular dystrophy treatment more

efficient in the future.
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Role of GH and IGF-I in Skeletal Muscle Growth

Growth hormone

Growth hormone is a cytokine polypeptide secreted from the anterior pituitary into the
circulating system. Its secretion is tightly regulated by two hypothalamic factors, the stimulating
GH releasing hormone (GHRH) (Ling et al., 1984; Spiess et al., 1983) and the inhibitory
hormone, somatostatin (SS) (Brazeau et al., 1973). The synthesis of GH is also detected in other
tissues, which suggests that GH may also have paracrine/autocrine effects (Waters et al., 1999).
GH is a major hormone regulating growth and metabolism of multiple organs and systems, such

as liver, fat, mammary gland, and skeletal muscle (Guler et al., 1988).

GH binds to GH receptors (GHR) on the target cell membrane to activate intracellular
signals. The GHR is a transmembrane glycoprotein. It spans the membrane once and contains an
extracellular region, a single hydrophobic transmembrane domain and an intracellular region.

The sequence of GHR is highly conservative between different species (Leung et al., 2000). It
has been shown that GHR is expressed in a variety of tissues, including liver, fat, muscle, kidney,
heart, and prostate, with liver, muscle and fat showing the highest expression levels (Ballesteros
et al., 2000). The expression of GHR mRNA was also detected in some human malignant tissues

(Fisker et al., 2004; Wei et al., 2006; Wu et al., 2006).

During posttranscriptional and posttranslational modifications of GHR expression, GH
binding protein (GHBP) is generated, which corresponds to the extracellular ligand-binding
domain of the GHR (Baumann et al., 1986; Leung et al., 1987). In humans, GHBP is the product

of GHR proteolytic cleavage (Baumann, 1995). It is the truncated product from mRNA splicing
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in rodents (Baumbach et al., 1989). It is believed that the binding of GHBP stabilizes GH and

elongates its half-life in the circulating system.

Upon GH binding to its receptors, GHRs form homodimers and recruit intracellular
protein kinases, such as Janus Kinase 2 (JAK2) (Fig. 1.4). Although the GHRs do not possess
intrinsic tyrosine kinase activity, this association results in auto-phosphorylation of JAK2 (He et
al., 2003). Once activated, JAK2 phosphorylates the GHR on multiple tyrosine residues and
further triggers several downstream signaling pathways (Wang et al., 1996). Activation of JAK2
is believed to be critical for the initiation of most of these signaling pathways, including
Ras/Raf/mitogen-activated protein kinases (MEKS)/ extracellular signal-regulated kinases
(ERKS), the insulin related substrate (IRS)/phosphatidylinositol-3’-kinase (P13-kinase)/protein
kinase B (PKB), and signal transducers and activators of transcription (STATS) (Carter-Su et al.,
1996; Zhu et al., 2001). In hepatocytes, STAT5b responds to the GH signal for regulating gene
expression, such as IGF-1. Upon phosphorylation of GHR-JAK2, STAT5b proteins in the
cytoplasm form homodimers and translocate into the nucleus where they activate transcription of

the target genes (Takeda and Akira, 2000).
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Fig. 1.4. GH intracellular signaling pathways mediated by JAK2 phosphorylation: a)
activated JAK2 phosphorylates signal transducers and activators of transcription (STAT)
proteins to form dimers to start target gene transcription; b) insulin receptor substrate (IRS)
proteins are phosphorylated by JAK2 and serve as docking proteins to activate PI3K/AKT
pathway; ¢) upon JAK2 activation, Ras/Raf phosphorylate MEK/ERK pathway to activate gene

transcription.

It is critical to keep the physiological concentration of GH in circulation system.
Excessive GH secretion thickens the bones of the jaw, fingers and toes, accompanied with
problems of sweating, insulin resistance, muscle weakness, and reduced sexual function. The
deficiency of GH leads to growth failure, short stature and sexual immaturity in children. The
most common cause of GH deficiency in adults is pituitary adenoma. Adults with GH deficiency
only had minor problems including a relative decrease in muscle mass and decreased energy and

quality of life (Molitch et al., 2006).
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Because of the critical role in growth, GH has long been used in medicine and agriculture.
It has been used to treat GH deficiency-caused short stature, such as Turner syndrome, chronic
renal failure, Prader-Willi syndrome, intrauterine growth retardation, and severe idiopathic short
stature. Higher doses above physiologic level in circulation system are required to produce
remarkable improvement of growth in these conditions. In agriculture, there is a long history of
using GH to increase livestock production. The potential problems of using GH in medicine and
agriculture need to be considered. In medicine, exogenous GH treatment is limited under certain
circumstances due to its side effects, such as joint pain, sweating, and diabetes (Molitch et al.,
2006). There are also controversies over using GH in animal products. In the US, the only FDA
approved use of GH in animal production is the use of bovine somatotropin for milk production

in dairy cows.

Insulin-like growth factor-I

IGF-1 is a 70-amino-acid single chain containing three intra-molecular disulfide bridges,
which shares approximately 50% homology with insulin. It is important for both prenatal
development and postnatal growth. Mice null for IGF-I are born smaller and show slower
postnatal growth compared to normal litter mates (Baker et al., 1993; Liu et al., 1998; Liu et al.,
1993). A major part of IGF-I in the circulation system is secreted by liver under the control of
GH. IGF-I exerts endocrine actions on target organs to promote growth. In addition, it stimulates
glucose uptake into fat and muscle tissues (Blundell et al., 1983; Rinderknecht and Humbel,
1978). The body size correlates with IGF-1 levels in different species. Tall children have elevated
plasma IGF-1 levels (Gourmelen et al., 1984). Mice with high IGF-1 levels have increased body

weight (Blair et al., 1988).
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Besides liver, many other tissues express IGF-I. IGF-1 is expressed in multiple human
fetal tissues, including intestine, muscle, kidney, placenta, stomach, heart, skin, pancreas,
hypothalamus, brain stem, spleen, and adrenal (Han et al., 1988). Other studies confirmed IGF-I
MRNA expression in adult rat tissues such as heart, muscle, fat, spleen, and kidney (Le Roith et
al., 2001). The expression of IGF-I in these tissues indicated its autocrine/paracrine effects. GH
may or may not participate in regulating the local IGF-I expression in other tissues (D'Ercole et

al., 1980; Han et al., 1988; Lowe et al., 1988).

The receptor of IGF-1 (IGF-IR) has a heterotetrameric configuration formed with two
alpha and two beta subunits. The extracellular region is composed of the two alpha subunits and
forms the ligand binding domain. The entire alpha subunit is located extracellularly, and the beta
subunit has the transmembrane region of the receptor and contains the cytoplasmic tyrosine
kinase domain (Steele-Perkins et al., 1988). Upon IGF-I binding, the alpha subunits mediate the
formation of the heterotetrameric configuration and the intracellular domains of beta subunits

become phosphorylated to recruit signal proteins (Sasaki et al., 1985).

After binding with IGF-I, the cytoplasmic domain of IGF-IR is subsequently
phosphorylated and recruits endogenous substrates that bind to the phosphotyrosine docking sites
(Fig. 1.5) (LeRoith et al., 1995). These substrates include IRS family of proteins (IRS-1,2,3,4)
and the SHC family of adapter proteins, with SH2 domains. Both docking proteins bind to the
IGF-I receptor at the juxtamembrane region and then are able to recruit other substrates that lead
to activation of two principal signaling pathways, the MEK/ERK pathway and the PI3K/AKT
pathway (Craparo et al., 1995; Tartare-Deckert et al., 1995). The PI3K pathway leads to the

activation of protein kinase B (PKB). Protein kinase B is also known as AKT, which has the
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mammalian target of rapamycin (mTOR) as one of its important target proteins (D'Mello et al.,

1997).

There are six IGF binding proteins (IGFBPs). When IGF-I is being transported to the
target tissue in circulation system, IGFBPs bind to IGF-I to prevent proteolytic degradation. In
addition to their function in circulation, some tissues also express IGFBPs to control the
paracrine/autocrine effects of IGF-1 locally (Rechler, 1993). Depending on the conditions,

IGFBPs may have positive or negative effects on the responses of IGF-IR to IGF-I stimulation.

Physiological IGF-I concentration is also very critical. Several studies have shown that
increased levels of IGF lead to an increased risk of cancer (Smith et al., 2000). Studies with lung
cancer cells show that drugs inhibiting such signaling can be of potential interest in cancer

therapy (Velcheti and Govindan, 2006).
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Fig. 1.5. IGF-I intracellular signaling pathways through IGF-IR: autophosphorylation of
IGF-I receptor recruits SHC and IRS proteins binding to its intracellular domain.
Phosphorylation of SHC leads to the activation of MEK/ERK pathway, and phosphorylation of

IRS results in the activation of PI3K/AKT/mTOR pathway.

Somatomedin hypothesis

Both GH and IGF-I1 play an important role in development and growth during embryonic
and postnatal periods. In the original somatomedin hypothesis, GH promotes somatic growth by
stimulating synthesis and secretion of IGF-I in liver (Salmon and Daughaday, 1957). Liver-
derived IGF-1 is delivered to target organs in circulation system and promotes organ growth,
such as bone and skeletal muscle, in an endocrine manner. The direct effects of GH and local
production of IGF-I were not described at that time. Later studies detected GH receptor
expression in multiple tissues, which suggested direct effects by GH on peripheral tissues
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(Ballesteros et al., 2000). Expression of IGF-I was also detected in multiple tissues from the fetal
mouse (D'Ercole et al., 1980; D'Ercole et al., 1984). In addition, mice with liver-specific IGF-I
deletion grew normally (Sjogren et al., 1999; Yakar et al., 1999). These observations suggested
that GH had both direct and indirect effects on growth and emphasized the importance of IGF-I
paracrine/autocrine effects. Recently, Soloman et al. proposed modifications of the somatomedin
hypothesis, because IGF-I counteracts the effects of GH on gluconeogenesis and lipolysis, but
enhances the anabolic effects of GH by increasing protein synthesis and decreasing protein
degradation (Kaplan and Cohen, 2007). In summary, it appears that whole body growth is

controlled by both endocrine and autocrine/paracrine actions of GH and IGF-I.

Role of GH in skeletal muscle growth

Postnatal growth and development are more dependent on GH than prenatal stages.
Studies indicate GH-deficient children with congenital absence of the pituitary or GHR deletions
are born near normal in size (Gluckman et al., 1981). The effects of GH on skeletal muscle
postnatal growth have been well studied in different systems in vitro and in vivo. Administration
of GH to animals with low GH level leads to an increase in muscle mass (Guler et al., 1988).
Blocking GH and GHR binding with antiserum to GH substantially reduced the weight, protein
and RNA content of hind limb muscles in intact rats (Palmer et al., 1994). Similarly in humans,
adults with GH deficiency showed reduction in skeletal muscle mass (Cuneo et al., 1990;
Sartorio et al., 1995). Administration of recombinant human GH (rhGH) in GH-deficient patients
successfully increased skeletal muscle mass at different ages. Several studies have reported
beneficial effects of extended GH treatment on the musculature of GH-deficient humans

(Beshyah et al., 1995; Sartorio and Narici, 1994).

23



The role of IGF gene expression in mediating the effects of GH on skeletal muscle
growth is not clear. There is extensive evidence demonstrating that effects of GH on isolated
skeletal muscle cells depend on IGF-I. It has been known for more than two decades that
cultured myoblasts release IGFs (Hill et al., 1984). Administration of GH in hypophysectomized
rats caused an increase in IGF-I mRNA content in the gastrocnemius muscle (Bates et al., 1993;
Loughna et al., 1992). Other studies, however, showed that there was a lack of correlation
between GH levels and muscle IGF-1 mRNA levels (Coleman et al., 1994; Hannon et al., 1991;

Pell et al., 1993).

Although there is evidence for IGF-I-independent effects of GH on muscle growth (Wang
et al., 1999), most early studies using muscle cells gave negative results (Florini et al., 1996). GH
directly stimulated glucose oxidation in cultured BC3HI cells (muscle cells), but GH had no
effect on either growth or myogenesis (Adamafio et al., 1991). Direct injection of GH into the
forearm muscle leads to increased myosin heavy chain mRNA and protein synthesis in humans
(Fong et al., 1989; Fryburg et al., 1991). Still, these reports did not establish a direct effect of GH
in stimulating the growth or differentiation of muscle cells. Phosphorylation of GH signal protein
JAK2 and STATS5 in skeletal muscle is direct evidence for GH intracellular signal activation.
Intravenous injection of GH in rat increased tyrosine phosphorylation of JAK2 and STATS
(Chow et al., 1996). However, these studies did not exclude the possibility that the effects of GH
in muscle is mediated by the induction of IGF-1. The most convincing evidence for direct effect
of GH on myogenesis came from the study on mouse myoblasts. Administration of GH increased
myogenesis, and this was associated with activation of GH signaling in myoblasts but without

upregulating IGF-1 expression (Sotiropoulos et al., 2006).
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Role of IGF-I in skeletal muscle growth

Many growth factors play a major role in muscle development and growth (Allen et al.,
1995; Boonen and Post, 2008; Charge and Rudnicki, 2004; Doumit et al., 1993; Grounds and
Yablonka-Reuveni, 1993; Haugk et al., 1995; Hawke et al., 2001; Ratajczak et al., 2003;
Robertson et al., 1993). In particular IGF-I is critical for skeletal muscle growth at both fetal and
postnatal stages (Menetrey et al., 2000; Sato et al., 2003). This was confirmed by using
transgenic mice demonstrating that overexpression of human IGF-I induces muscle hypertrophy
(Adams, 1998), while blocking IGF-1 signal in mouse skeletal muscle delayed proliferation and
differentiation (Fernandez et al., 2002). In addition, IGF-I treatment improves regeneration after
muscle injuries or diseases (Kasemkijwattana et al., 1998; Menetrey et al., 2000; Sato et al.,
2003). By manipulating functional IGF-I receptors in myoblasts, the mechanisms by which IGF-I
regulates myogenesis are revealed. Overexpression of IGF-I receptor in rodent skeletal muscle
enhances proliferation and differentiation of myoblasts (Quinn et al., 1994). In vitro, IGF-I
regulates the expression of MRFs to promote the proliferation and differentiation of satellite cell-

derived myoblasts (Allen and Boxhorn, 1989; Charge and Rudnicki, 2004).

Distinct intracellular signaling pathways mediate the effects of IGF-I on myoblast
proliferation and differentiation (Coolican et al., 1997). Some studies suggest that the MAPK
pathway leads IGF-I to stimulate proliferation, and that the PI3K pathway mediates
differentiation (Coolican et al., 1997; Jones et al., 2001; Singleton and Feldman, 2001; Tamir
and Bengal, 2000). Other studies indicated that MAPKSs are differentially regulated in
proliferation and differentiation, and that p38 is critical for terminal differentiation (Garrington
and Johnson, 1999; Gredinger et al., 1998; Wu et al., 2000; Zetser et al., 1999). There is no

conclusion about the mechanism by which IGF-I switches myoblasts from proliferation to
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differentiation. The proposed mechanism is the crosstalk between the two opposing pathways,
depending on the different stages of muscle cells. Taken together, these studies establish IGF-I as

an important regulator of mitogenesis and myogenesis of muscle cells.

In addition to proliferation and differentiation, IGF-1 also plays a very important role in
keeping the balance between anabolic and catabolic signals in muscle cells. Mice overexpressing
IGF-I specifically in skeletal muscle develop increased muscle mass (Barton-Dauvis et al., 1998;
Coleman et al., 1995; Musaro et al., 2001). Targeted disruption of IGF-1 expression in the mouse
muscle leads to a reduction of fiber size and muscle hypoplasia (Coleman et al., 1995; Fournier
and Lewis, 2000). Under anabolic conditions, IGF-I leads to muscle hypertrophy by activating
the PI3K/Akt pathway at the upstream of mTOR, a key target protein in protein synthesis (DeVol
et al., 1990). Phosphorylated mTOR could further activate its target proteins, such as p70S6K.
Genetic support for the linear style of Akt/mTOR/p70S6K pathway came from reports which
demonstrated that rapamycin can inhibit the activity of mTOR target proteins (Inoki et al., 2002).
This finding indicated that mTOR can inhibit p70S6K activity in protein synthesis. Glycogen
synthase kinase 3 f (GSK3p) is another target protein at the downstream of Akt that has been
shown to be a negative effector of muscle mass. Its activity is inhibited by Akt phosphorylation
(Cross et al., 1995). Expression of a dominant negative GSK3p induces dramatic hypertrophy in

myotubes (Rommel et al., 2001), as does pharmacologic inhibition of GSK3f (Vyas et al., 2001).

Under catabolic conditions, IGF-I attenuates protein degradation through the PI3K/AKT
pathway in skeletal muscle atrophy as well (Svanberg et al., 2000). Overexpressing IGF-I in
transgenic mice attenuates muscular atrophy by inhibiting the expression of two E3-ubiquitin
ligases, muscle-specific atrogin-1 (MAFbx) and muscle RING-finger protein-1 (MuRF1). Both

are involved in muscle atrophy and are related to activity of the ubiquitin-mediated proteasomal
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degradation system (Sandri et al., 2004; Song et al., 2005). The mechanism by which IGF-I
administration inhibited MAFbx and MuRF1 expression involved the PI3K/AKT activated
forkhead transcription factor (FoxO) family in muscle cells (Lee et al., 2004; Sandri et al., 2004;
Stitt et al., 2004). The FoxO family includes FOXO1, FOXO3A, and FOXO4. In myotubes,
phosphorylated FoxO transcription factors are excluded from the nucleus which down-regulates
the expression of target genes, including MAFbx and MuRF1. Inhibitors of PI3K can also block
the expression of MAFbs and MuRF1, which confirmed the previous work demonstrating the

predominant role for the PI3K/Akt/FOXO pathway in muscle atrophy.

Overall, studies of IGF-I in skeletal muscle showed that IGF-I is the main growth factor
in myogenesis and regeneration. It is involved in multiple stages by stimulating distinct
intracellular signals depending on muscle cell status. The corresponding IGF-I signals need to be
specified depending on cell types, due to the observed discrepancy in different cultured muscle
cells. During myogenesis, myoblast proliferation and differentiation are two mutually exclusive
procedures both being promoted under IGF-1 administration. The mechanisms by which IGF-I

manages the switch from one to another still need to be clarified.
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STAC Family Genes

There are three family members in the Src homology three and cysteine rich domain
(STAC) gene family, including stac, stac2 and stac3. Kawai et al. first mapped the human stac
gene to 3p24-p22 using PCR of a radiation hybrid panel (Kawai et al., 1998). The mouse stac
gene was mapped by interspecific backcross analysis to the distal portion of chromosome 9, in a
region syntenic with human chromosome 3p21. Stac gene is the founding member of this stac
family. Computer searches using STAC protein sequence as a query revealed two additional stac
proteins: stac2 and stac3. All stac family members are predicted to encode about 40 kDa proteins

with sequence similarity close to 60% at amino acid level.

The predicted stac proteins contain two well recognized motifs: a Src homology three
(SH3) domain and a cysteine rich (C1) domain. Those two major motifs found in this family are
both characteristic of proteins associated with intracellular signal transduction cascades (Suzuki
et al., 1996). Although neither of the two domains in stac3 protein has catalytic kinase activity,
they are involved in several kinase pathways (Colon-Gonzalez and Kazanietz, 2006; Stahl et al.,
1988). These structural motifs support the hypothesis that these proteins might act as adaptor

proteins in cell signaling pathways.

The SH3 domain is a prevalent protein-protein interaction motif that was first identified
as a conserved sequence in the viral adaptor protein Crk. It is also found in numerous other
protein families, such as the Src family of tyrosine kinases, PI13K, phospholipase C and myosins
(Geli et al., 2000; Goodson et al., 1996; Mayer and Gupta, 1998; Stahl et al., 1988). The SH3
domain is a 60 amino acid sequence characterized with a -barrel fold which consists of five or

six B-strands arranged as two tightly packed anti-parallel p sheets (Whisstock and Lesk, 1999). It
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specifically binds to proline-rich peptide fragment at the nitrogen backbone featured with a
consensus sequence as —X-P-p-X-P (Nguyen et al., 2000). The SH3 domains regulate the activity
of adaptor proteins and other tyrosine kinases. It can increase the substrate specificity of some

tyrosine kinases by binding the non-active domain of the kinase.

The C1 domain contains approximately 50 amino acids and primarily binds to the
membrane bound second messenger diacyglcerol (DAG) and phorbol esters (Azzi et al., 1992).
Phorbol esters have been implicated in tumor formation (Colon-Gonzalez and Kazanietz, 2006;
Kazanietz et al., 1995; Ono et al., 1989; Quest et al., 1994). They are analogues of DAG and
potent tumor promoters that cause a variety of physiological changes when administered to both
cells and tissues. They can activate protein kinase C (PKC), which is a family of serine/threonine
protein kinases (Ono et al., 1989). The N-terminal of PKC has a C1 domain and binds DAG
dependent on phospholipid and zinc. The C1 domain found in the stac family is atypical based
on amino acid sequence. The atypical C1 domain results from the non-cysteine amino acid
changes causing structural modifications. These structural changes prevent the binding of
substrates, but not the overall protein folding (Kazanietz et al., 1994). This atypical C1 domain
makes it possible that this specific protein family does not directly bind DAG or phorbol ester.
However, the atypical C1 domain has been shown to interact with G-proteins (Brtva et al., 1995).

Therefore the stac protein family might act in a G-protein coupled receptor pathway.

The first two members, stac and stac2, are expressed predominantly in neurons. They are
mutually exclusive markers for nociceptive peptidergicneurons and nonpeptidergic neurons,
respectively, in the dorsal root ganglia neurons, suggesting that stac and stac2 might play
important roles in signal transduction in neurons (Legha et al., 2010). However, no research has

indicated the exact function of stac or stac2 in nervous tissue. The third member, stac3, has an

29



expression pattern different from stac and stac2. Stac3 is expressed exclusively in skeletal
muscle (this dissertation). Still, no data regarding stac3 and its potential function in skeletal

muscle has been reported.
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Concluding Remarks

Skeletal muscle is the largest tissue in mammals. Its normal function is critical for body
posture, movements, producing heat and breathing. The skeletal muscle size is determined by the
number and size of myofibers. Myofiber features as a multi-nuclear muscle cell with peripheral
nuclei and sarcomere protein structure at the center. The number of myofibers is determined
during prenatal myogenesis. The size of myofibers is regulated during both prenatal and

postnatal growth.

Satellite cells are the main resource to provide nuclear content during myofiber postnatal
growth; they are activated and proliferate as myoblasts. After rounds of proliferation, myoblasts
permanently withdraw from cell cycle to differentiate and fuse into existing myofibers to
increase nuclear number. Myogenic regulating factors, including Myf5, MRF4, myogenin and
MyoD, play important roles during this process. Their expression is up-regulated at different
stages in a sequential manner, which guarantees the irreversible progress of myoblast
proliferation and differentiation. In addition to nuclear number, the protein mass in myofibers is
also dynamically regulated during postnatal growth. The balance between protein synthesis and

degradation determines the protein mass.

Growth hormone and IGF-I are major hormonal regulators of postnatal skeletal muscle
mass. GH is more important in postnatal growth and IGF-I critical for growth in both prenatal
and postnatal stages. Although it has been long believed that liver-derived endocrine IGF-I
mediates the growth promoting effect of GH, recent gene targeting studies suggest that GH
stimulates muscle growth through either paracrine/autocrine IGF-I or IGF-I-independent

mechanisms. IGF-I stimulates skeletal muscle growth by directly acting on muscle cells. The
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growth-promoting effects of IGF-I on muscle cells include stimulating proliferation,
differentiation, and increasing protein mass. Identifying the signaling pathways mediating the

different effects of IGF-I on the same muscle cell has been an active area of research.

Although a lot of advances have been made in understanding the mechanisms by which
GH and IGF-I stimulate skeletal muscle growth, many questions remain to be answered.
Examples of these questions include whether GH stimulates skeletal muscle growth through
locally produced IGF-1 or IGF-I-independent mechanisms and how IGF-I exerts different effects
on the same muscle cell. Given the unequivocal roles of GH and IGF-I in skeletal muscle growth,
hypertrophy, and regeneration, addressing these and other related questions are critical to the
development of strategies to enhance muscle regeneration and prevent atrophy in humans and to

improve muscle efficiency in agricultural animals.
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Chapter 11

Growth hormone stimulates protein synthesis in bovine skeletal muscle cells without

altering insulin-like growth factor-I mRNA expression

ABSTRACT

Growth hormone is a major stimulator of skeletal muscle growth in animals, including
cattle. In this study, we determined whether GH stimulates skeletal muscle growth in cattle by
direct stimulation of proliferation or fusion of myoblasts, by direct stimulation of protein
synthesis, or by direct inhibition of protein degradation in myotubes. We also determined
whether these direct effects of GH are mediated by IGF-I produced by myoblasts or myotubes.
Satellite cells were isolated from cattle skeletal muscle and were allowed to proliferate as
myoblasts or induced to fuse into myotubes in culture. Growth hormone at 10 and 100 ng/mL
increased protein synthesis in myotubes (P < 0.05), but had no effect on protein degradation in
myotubes or proliferation of myoblasts (P > 0.05). Insulin like growth factor I at 50 and 500
ng/mL stimulated protein synthesis (P < 0.01), and this effect of IGF-I was much greater than
that of GH (P < 0.05). Besides stimulating protein synthesis, IGF-I at 50 and 500 ng/mL also
inhibited protein degradation in myotubes (P < 0.01), and IGF-I at 500 ng/mL stimulated
proliferation of myoblasts (P < 0.05). Neither GH nor IGF-I had effects on fusion of myoblasts
into myotubes (P > 0.1). These data indicate that GH and IGF-I have largely different direct
effects on bovine muscle cells. Growth hormone at 10 and 100 ng/mL had no effect on /GF-I
mRNA expression in either myoblasts or myotubes (P > 0.1). This lack of effect was not because
the cultured myoblasts or myotubes were not responsive to GH, as GHR mRNA was detectable

in them and the expression of the cytokine-inducible SH2-containing protein (CISH) gene, a
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well-established GH target gene, was increased by GH in bovine myoblasts (P < 0.05). Overall,
the data suggest that GH stimulates skeletal muscle growth in cattle in part through stimulation
of protein synthesis in the muscle and that this stimulation is not mediated through increased

IGF-I mRNA expression in the muscle.

Keywords: cattle, growth hormone, insulin-like growth factor I, muscle
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INTRODUCTION

Growth hormone is a major regulator of animal growth and metabolism (Etherton and
Bauman, 1998). At the cellular level, the action of GH starts with binding to the GH receptors
(GHR), and binding of GH to GHR leads to the activation of multiple intracellular signaling
pathways (Herrington et al., 2000; Piwien-Pilipuk et al., 2002), of which the Janus kinase 2
(JAK2)-signal transducer and the activator of transcription 5 (STATS) pathway is responsible
for GH regulation of many genes, including /GF-I (Eleswarapu et al., 2008; Wang and Jiang,
2005), GHR (Jiang et al., 2007), and cytokine-inducible SH2-containing protein gene (CISH;

(Sadowski et al., 2001; Tollet-Egnell et al., 1999).

Muscle growth in animals can result from an increased number of nuclei in the
multinucleated myofiber, increased cytoplasmic volume of the myofiber, or both. In postnatal
animals, new nuclei for myofibers are provided by satellite cells, the muscle stem cells (Rhoads
et al., 2009; Yablonka-Reuveni et al., 2008; Zammit et al., 2006). The cytoplasmic volume of a
myofiber is determined by protein synthesis and protein degradation. The mechanism by which
GH stimulates skeletal muscle growth in postnatal animals is not fully understood. There has
been much controversy about the relative contribution of circulating IGF-I, locally produced
IGF-I, and IGF-I-independent factors to the effect of GH on muscle growth in the last 10 yr
(Klover and Hennighausen, 2007; Ohlsson et al., 2009; Stratikopoulos et al., 2008; Wu et al.,

2009; Yakar et al., 1999).

The objective of this study was to determine whether GH stimulates skeletal muscle
growth in cattle by stimulating myoblast proliferation, myoblast fusion, or protein synthesis in

myotubes or by inhibiting protein degradation in myotubes. We also determined the effect of GH
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on /GF-I mRNA expression in bovine myoblasts and myotubes.
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MATERIALS AND METHODS

Isolation and Culturing of Bovine Satellite Cells

Bovine satellite cells were isolated from 5 cattle according to the published procedures
(Burton et al., 2000; Kamanga-Sollo et al., 2004; Kamanga-Sollo et al., 2008). Briefly, extensor
carpi radialis muscle, which was easy to collect, was removed from adult cattle (mostly
crossbred Angus steers) at a local abattoir and was transported to the laboratory in sterile PBS on
ice within 30 min of collection. Following removal of the adipose and connective tissues, the
muscle was minced into small pieces and ground with a meat grinder. The muscle was then
digested in PBS containing 1 mg/mL of Pronase (Calbiochem, San Diego, CA) at 37 <C for 40
min. The digested muscle was centrifuged for 4 min at 1,500 x g at room temperature. The pellet
was washed with PBS followed by centrifugation for 6 min at 1,500 % g at room temperature.

This washing procedure was repeated 3 times to enrich satellite cells.

The isolated satellite cells were allowed to proliferate as myoblasts in growth medium
composed of Dulbecco's Modified Eagle Medium (DMEM; Mediatech, Manassas, VA), 10%
fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA), and 1% antibiotics-
antimycotics (ABAM; Mediatech, Manassas, VA) in plates pre-coated with reduced growth factor
basement membrane Matrigel (BD, Franklin Lakes, NJ). We verified the purity of the isolated
satellite cells by determining the percentage of MyoD-positive cells, i.e., myogenic cells, using
immunocytochemistry (described below). Most of our isolations of satellite cells had a percentage
of MyoD-positive cells of at least 80%. The isolations used in subsequent experiments had at least

80% MyoD-positive cells.

To generate myotubes, the medium of myoblasts at confluence was replaced by
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differentiation medium composed of DMEM, 2% horse serum (HS; Atlanta Biologicals), and 1%
ABAM. Based on immunocytochemistry (described below), approximately 70% of the nuclei

were in multinucleated (> 3 nuclei) myotubes by day 3 of differentiation.

Immunocytochemistry

Myoblasts or myotubes were fixed with 4% paraformaldehyde (PFA) in PBS at room
temperature for 10 min, followed by washing twice with ice-cold PBS for 5 min. The cell
membrane was permeated with 0.25% Triton—X 100 at room temperature for 10 min. After
washing 3 times with PBS for 5 min, the cells were blocked with 0.05% Tween and 1% BSA in
PBS at room temperature for 30 min. Myoblasts were incubated with 1:100 diluted anti-MyoD
antibody (sc-760, Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C overnight, followed by
1:200 diluted anti-rabbit IgG FITC antibody (sc-2012, Santa Cruz Biotechnology) in dark at
room temperature for 1 h. Myotubes were incubated with 1:100 diluted anti-myosin heavy chain
(MHC) antibody (NA4, Developmental Studies Hybridoma Bank, University of lowa, lowa
City, IA) at 4 °C overnight and 1:200 diluted anti-mouse IgG fluorescein isothiocyanate (FITC)
antibody (F0382, Sigma, St. Louis, MO) in a dark at room temperature for 1 h. After washing
with PBS, nuclei of the cells were stained with 4',6-diamidino-2-phenylindole (DAPI; Thermo
Scientific, Rockford, IL). The stained cells were visualized with a fluorescence microscope.
Representative immunocytochemical images of myoblasts and myotubes are shown in Figure

2.1.

Mpyoblast Proliferation and Fusion Assays
Myoblasts were seeded in 96-well plates at the density of 5 x 10° cells/well and cultured

in medium composed of DMEM, 10% FBS, 1% ABAM, and 10 ng/mL or 100 ng/mL of
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recombinant bovine GH (National Hormone and Peptide Program, Torrance, CA), or 50 ng/mL
or 500 ng/mL of recombinant human IGF-I (Shenandoah Biotechnology, Inc., Warwick, PA), or
an equal volume of PBS for 24 h, 48 h, and 72 h. The viable cells were counted using the
nonradioactive CellTiter 96 assay kit (Promega, Madison, WI), as previously reported (Zhou et
al., 2008). For fusion assays, myoblasts were seeded in 6-well plates at the density of 1 x 10
cells/well and were initially cultured in growth medium. Approximately 24 h later, the medium
was replaced with differentiation medium composed of DMEM, 2% HS, and 1% ABAM
supplemented with GH, IGF-I, or PBS as described above for 48 h. At the end of this 48-h
period, the cells were fixed with 4% PFA and stained with DAPI. The numbers of nuclei located
in mononucleated, as well as multinucleated, cells were counted. At least 2,000 total nuclei were
counted for each treatment. The fusion index was defined as the percentage of total nuclei being
in the cells containing at least 3 nuclei. The myoblast proliferation experiment was repeated 5
times, and the fusion experiment 4 times, each time using satellite cells isolated from a different

animal.

Protein Synthesis and Degradation Assays

Myoblasts were induced to fuse into myotubes by switching medium that contained 10%
FBS to medium that contained 2% HS. When 70% of myoblasts were fused into myotubes, they
were treated with GH, IGF-I, or PBS in serum-free medium for 24 h. Myotubes were then
labeled with 0.5 pCi L-[2,3,4,5,6-°"H] phenylalanine (GE Healthcare, Pittsburgh, PA) for 8 h.
After being washed 3 times with PBS, myotubes were lysed in 0.5 M NaOH and 0.1% Triton X-
100 for 2 h at 37°C. Total protein was precipitated with 10% Thichloroacetic acid (TCA) at room

temperature for 30 min. The precipitated protein was captured by filtering through a glass-fiber
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filter (Millipore, Billerica, MA). Free [*H] phenylalanine was removed by washing the filter 5
times with 5 mL of 10% TCA. Radioactivity of protein-incorporated [°H] phenylalanine on the
filter was counted with a liquid scintillation counter (LS-6000LL, Beckman, Brea, CA). The
DNA concentration of the same cellular lysate was measured using a Quant-iT PicoGreen
dsDNA kit (Invitrogen, Carlsbad, CA). The radioactivity from the cells in a well was divided by
the DNA concentration from the same well to normalize the potential well-to-well variation in

cell number.

To quantify protein degradation, myotubes fused from myoblasts were cultured in the
presence of 0.5 pCi L-[2,3,4,5,6-°H] phenylalanine for 24 h. Myotubes were washed 3 times
with PBS to remove the extracellular L-[2,3,4,5,6-3H] phenylalanine and then cultured in fresh
medium containing GH or IGF-I as described above for 8 h. At the end of this 8-h period,
medium samples were taken and the cells were lysed in 0.5 M NaOH and 0.1% Triton X-100.
Medium activity of *H and DNA concentration of the cell lysate were determined as described
earlier. These protein synthesis and degradation assays were repeated 4 times, each time using

satellite cells isolated from a different animal

RNA Extraction and Real-time Reverse Transcription-Polymerase Chain Reaction

Total RNA from cultured bovine muscle cells was extracted using TRI Reagent according
to the manufacturer’s instructions (MRC, Cincinnati, OH). The extracted RNA was dissolved in
diethypyrocarbonate (DEPC)-treated water. Concentrations of total RNA were determined using
a NanoDrop1000 (Thermo Scientific, Wilmington, DE). Integrity of total RNA was validated by
formaldehyde gel electrophoresis. Total RNA (0.1 pg) was reverse-transcribed into cDNA in a

total volume of 20 pL using the ImProm-II reverse transcriptase (Promega) according to the
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manufacturer’s instructions. Real-time PCR was performed on 1 pL of cDNA product in a total
volume of 25 pL containing 12.5 pL of SyberGreen PCR Master Mix (Applied Biosystems Inc.,
Foster City, CA) and 0.2 uM of gene-specific forward and reverse primers (Table 1) under 40
cycles of 15 s at 95°C and 1 min at 60°C. The specificity of all primers was verified by gel
electrophoresis and DNA sequencing of their PCR products. The efficiency of all primers was
verified by standard curve analysis of serially diluted cDNA. The amplification efficiency of the
primers used in this study was between 90% and 110%. The relative abundance of an mRNA was
calculated using the 27**“* method (Livak and Schmittgen, 2001), with /85 rRNA being the
internal control. Based on the Ct values, abundance of /8S rRNA was not different between

groups in this study (P > 0.1).

Statistical Analyses

Data were analyzed by ANOVA followed by the Tukey test using the General Linear
Model of SAS (SAS Institute, Inc., Cary, NC). A difference was considered significant if the
associated P value was < (.05, and not significant if the P value was > 0.1. All data were
expressed as mean = SEM. In the proliferation assay, main effects of treatment, time and
treatment-time interaction were tested. In other assays, the main effect of treatment was tested. A

value of P < 0.05 was considered statistically significant.
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RESULTS

Effects of Growth Hormone and Insulin-like Growth Factor-I on Proliferation and Fusion of
Bovine Myoblasts

To determine the effects of GH and IGF-I on proliferation of bovine myoblasts, bovine
satellite cells were isolated and cultured in medium supplemented with 10 or 100 ng/mL of GH,
or 50 or 500 ng/mL of IGF-I for 24, 48, and 72 h. Addition of 10 ng/mL or 100 ng/mL of GH or
50 ng/mL of IGF-I did not alter the proliferation of these cells (P > 0.1, Figure 2.2). Addition of
500 ng/mL of IGF-I increased the proliferation of bovine myoblasts by 20%, compared to
addition of PBS (P < 0.05, Figure 2.2). Reducing percentage of FBS in the medium from 10% to
5% did not change the proliferation response to the cells to GH or IGF-I (P > 0.1, data not

shown).

To determine whether GH and IGF-1 affect the ability of bovine myoblasts to fuse into
myotubes, the myoblasts were induced to fuse in the presence of 10 or 100 ng/mL of GH, or 50
or 500 ng/mL of IGF-I. As shown in Figure 2.3, in the absence of added GH or IGF-I,
approximately 40% of the myoblasts fused into the multinucleated myotubes by 48 h of
differentiation. This percentage was not altered by addition of GH or IGF-I at both high and low

concentrations (P > 0.1).

Effects of Growth Hormone and Insulin-like Growth Factor-I on Protein Synthesis and
Degradation in Bovine Myotubes

We next determined the effects of GH and IGF-I on protein synthesis and degradation in
bovine myotubes. As shown in Figure 2.4A, the myotubes treated with GH for 24 h accumulated

15% more protein than those not treated with GH within the subsequent 8-h period (P < 0.05).
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This effect of GH was not different between the 2 concentrations of GH tested (P > 0.1, Figure
2.4A). The myotubes treated with IGF-I for 24 h accumulated approximately 70% more protein
than PBS controls and 50% more protein than those treated with GH (P < 0.01, Figure 2.4A).
This effect of IGF-I was also not different between the 2 concentrations tested (P > 0.1, Figure

2.4A).

To determine whether the stimulatory effects of GH and IGF-I on protein accumulation in
bovine myotubes is the result of increased protein synthesis or that of decreased protein
degradation, we labeled the newly synthesized protein in myotubes with *H-phenylalanine and
determined the effects of GH and IGF-I on the amount of *H-phenylalanine released to the
medium over a period of 8 h. As shown in Figure 2.4B, GH at either 10 ng/mL or 100 ng/mL had
no effect on medium amount of *H-phenylalanine, compared to PBS (P > 0.1). However, the
medium of myotubes treated with 50 ng/mL or 500 ng/mL of IGF-I had 30% less “H-
phenylalanine than that of untreated myotubes (P < 0.01, Figure 2.4B). This data indicates that
GH stimulated protein accumulation in bovine myotubes by stimulating protein synthesis,
whereas IGF-I stimulated protein accumulation in myotubes by both stimulating protein

synthesis and inhibiting protein degradation.

Effect of Growth Hormone on Insulin-like Growth Factor-I mRNA Expression in Bovine
Mpyoblasts and Myotubes

To determine the possibility that the stimulatory effect of GH on protein synthesis in
bovine myotubes is mediated by paracrine/autocrine action of the locally produced IGF-I, we
determined whether GH stimulates /GF-I mRNA expression in bovine myotubes and myoblasts.

As shown in Figure 2.5A, GH at 10 ng/mL or 100 ng/mL did not alter /GF-I mRNA expression
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in either myotube or myoblast culture (P > 0.1). The GHR mRNA was detectable in both bovine
myoblasts and myotubes (Figure 2.5B). The CISH gene is known to be regulated by GH action
(Sadowski et al., 2001), and its mRNA expression in bovine myoblasts was increased by GH (P
< 0.05, Figure 2.5C). These latter observations indicated that the lack of GH effect on /GF-I1
mRNA expression in bovine myoblasts and myotubes was not because these cells were not

responsive to GH.
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DISCUSSION

The role of GH as a major stimulator of growth in animals, including cattle, has been
known for decades (Etherton and Bauman, 1998), but the underlying cellular and molecular
mechanisms are not fully understood. We have conducted this study to determine whether GH
may stimulate skeletal muscle growth in cattle through direct action on myoblasts or myofibers

and whether the direct effect of GH is mediated by IGF-I produced in these muscle cells.

In the study we first tested the possibility that GH stimulates skeletal muscle growth by
directly stimulating proliferation of myoblasts. Our data showed that GH at 10 ng/mL, a
physiological concentration, or 100 ng/mL, a supraphysiological concentration (Wu et al., 2010),
had no effect on proliferation of bovine myoblasts. This result is consistent with the majority of
the studies that have examined the effects of GH on proliferation of primary myoblasts or
myoblast cell lines (Allen et al., 1986; Florini et al., 1996; Gospodarowicz et al., 1976; Kim et
al., 2005). Conflicting results have been reported as to the effect of GH on proliferation of bovine
myoblasts in vivo. In one report, GH administration did not influence the number of satellite
cells (Vann et al., 1998), but in another report GH appeared to stimulate proliferation of bovine
satellite cells because GH administration was associated with an in increase in the DNA content
of skeletal muscle (Maltin et al., 1990). Apparently, whether GH stimulates proliferation of
satellite cells or myoblasts in cattle remains to be clarified. Our result that GH had no direct
effect on proliferation of bovine myoblasts in culture suggests that even if GH stimulates
proliferation of satellite cells or myoblasts in cattle, this effect is probably not the result of direct

action of GH on these cells.

Skeletal muscle growth could also result from increased fusion of myoblasts into
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myotubes. We observed that GH had no effect on fusion of bovine myoblasts into myotubes. This
in vitro observation is in line with the in vivo finding that GH administration does not alter the
number of nuclei per myofiber in cattle (Vann et al., 1998; Vann et al., 2001). Therefore, it is
likely that GH does not stimulate skeletal muscle growth in cattle by increasing myoblast fusion.
However, GH has been shown to stimulate murine myoblasts to fuse to myotubes (Florini et al.,
1991; Heron-Milhavet et al., 2010; Hsu et al., 1997; Mavalli et al., 2010; Sotiropoulos et al.,

2006). Thus, GH may have species-dependent effects on myoblast fusion.

In this study, we also investigated the possibility that GH stimulates skeletal muscle
growth in cattle by directly stimulating protein synthesis or by directly inhibiting protein
degradation in muscle. Our data show that GH at a physiological concentration increased protein
accumulation in bovine myotubes by 15%. We also observed that the same concentration of GH
had no effect on protein degradation, indicating that GH-increased accumulation of protein in
myotubes resulted from increased protein synthesis. Growth hormone administration to cattle
stimulates muscle protein synthesis and muscle hypertrophy without affecting the number of
nuclei per myofiber or the number of myofibers in muscle (Vann et al., 1998; Vann et al., 2001).
So our result that GH can directly stimulate protein synthesis in bovine myotubes suggests that
the stimulatory effect of GH on muscle protein synthesis in cattle is at least partly due to direct

action of GH on myofibers.

The second major question we intended to address in this study was whether the action of
GH on skeletal muscle growth is mediated by IGF-I produced in myoblasts or myofibers. Our
data show that GH at physiological and supraphysiological concentrations did not stimulate /GF-
I mRNA expression in either bovine myoblasts or bovine myotubes, and that this lack of effect

was not because the cultured bovine myoblasts and myotubes were not responsive to GH. Our
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observation that GH had no direct effect on /GF-I mRNA expression in bovine muscle cells is
consistent with the in vivo observations that GH administration did not affect skeletal muscle
IGF-I mRNA expression in cattle (Pell et al., 1993), and that skeletal muscle /GF-I mRNA was
not correlated with serum GH concentrations or growth rate in bulls, growing steers, and heifers
(Hannon et al., 1991). We also observed that whereas GH at either physiological concentration or
supraphysiological concentration had no effect on proliferation of bovine myoblasts, IGF-I at
physiological concentrations stimulated proliferation of these cells, that IGF-I had a much
greater effect on protein accumulation in bovine myotubes than GH, and that IGF-I not only
inhibited protein degradation but also stimulated protein synthesis, whereas GH only affected
protein synthesis in bovine myotubes. These differences further suggest that GH does not

stimulate protein synthesis in bovine skeletal muscle through increased /GF-I mRNA expression.

In summary, this study shows that GH has a small stimulatory effect on protein synthesis
in bovine myotubes, has no effect on proliferation or fusion of bovine myoblasts, and has no
effect on protein degradation in bovine myotubes. These results suggest that the direct growth-
stimulating effect of GH on skeletal muscle in cattle may be limited to a modest effect on protein
synthesis. This study also shows that GH has no effect on /GF-I mRNA expression in bovine
muscle cells. This result suggests that the direct effect of GH on protein synthesis in cattle
skeletal muscle is unlikely mediated through increased expression of /GF-I mRNA in muscle.
Interestingly, the mechanisms of GH action on skeletal muscle implied by this study seem to be
supported by the result of a recent knockout mouse study, which showed that skeletal muscle-
specific inactivation of the GHR gene caused only a small decrease in BW, and did not alter

muscle /GF-I mRNA expression (Vijayakumar et al., 2010).
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Table 2.1. Primer sequences for RT-PCR analysis of bovine muscle cells

Target name’ Primer sequence (5°to 3°)° GenBank # Amplicon size (bp)

IGF-1 mRNA GTTGGTGGATGCTCTCCAGT BC126802 148
CTCCAGCCTCCTCAGATCAC

CISH mRNA TTCCTGGAGGAGGCAGTAGA  BC113307 113
TCCCGAAGGTAGGAGAAGGT

GHR mRNA CGTCTCTGCTGGTGAAAACA  AY748827 148
AACGGGTGGATCTGGTTGTA

18S rRNA mRNA GTAACCCGTTGAACCCCATT DQ222453 150
CCATCCAATCGGTAGTAGCG

'IGF-I = insulin-like growth factor I; CISH = cytokine inducible SH2-containing protein; GHR =
growth hormone receptor.
The upper sequence for a target is the forward primer, and the lower is the reverse primer.
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Fig. 2.1. Representative images of cultured bovine myoblasts and myotubes. (A) Newly
cultured bovine satellite cells stained with an anti-MyoD antibody and 4',6-diamidino-2-

phenylindole (DAPI; 40 X magnification). (B) Bovine myotubes stained with an anti-myosin

heavy chain antibody and DAPI (20 X magnification).
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Fig. 2.2. Effects of GH and IGF-I on proliferation of bovine myoblasts. Equal numbers of
bovine myoblasts were cultured in the presence of 10 ng/mL or 100 ng/mL of GH, or 50 ng/mL
or 500 ng/mL of IGF-I1, or PBS for 24, 48, and 72 h before the numbers of viable cells were
determined. The absorbance at 570 nm on the y-axis represents the number of viable cells. The
lines labeled with different letters differ in the effect of treatment (P < 0.05, n = 5). There is also
a difference in the effect of time (P < 0.05), but not in that of time ><treatment interaction (P >

0.1).
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Fig. 2.3. Effects of GH and IGF-I on fusion of bovine myoblasts into myotubes. Bovine
satellite cells were cultured initially in growth medium (GM) and then in differentiation medium
(DM) containing 10 or 100 ng/mL of GH, or 50 or 100 ng/mL of IGF-I, or PBS, for 48 h. (A)
Representative images of the formed myotubes. (B) Percentages of myoblasts forming myotubes

(i.e., fusion indexes). Fusion indexes were not different between the treatments (P > 0.1, n = 4).
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Fig. 2.4. Effects of GH and IGF-I on protein synthesis and degradation in bovine myotubes.
(A) Effects of GH and IGF-I on protein accumulation. Bovine myotubes were treated with 10
ng/mL or 100 ng/mL of GH, or 50 ng/mL or 500 ng/mL of IGF-I, or PBS for 24 h, and
incorporation of [*H]-phenylalanine into protein was measured in the subsequent 8-h period. The
y-axis represents the ®H activity in protein normalized to the amount of DNA in the same cells.
Bars labeled with different superscript letters differ in the y-axis value (P < 0.05, n =5). (B)
Effects of GH and IGF-I on protein degradation. Myotubes pre-labeled with [*H]-phenylalanine
were treated with 10 ng/mL or 100 ng/mL of GH, or 50 ng/mL or 500 ng/mL of IGF-I, or PBS
for 8 h, and medium ®H activity was used to represent the rate of protein degradation. Bars

without a common superscript are different (P < 0.05, n = 4).
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Fig. 2.5. Effects of GH on IGF-I and cytokine-inducible SH2-containing protein gene. (CISH)

MRNA expression in bovine myoblasts and myotubes. Myoblasts or myotubes derived from

bovine satellite cells were treated with 10 ng/mL or 100 ng/mL of GH or PBS for 12 h prior to

RNA extraction. Abundance of mRNA was quantified by real-time reverse-transcription-PCR

using 18S rRNA as the internal control. (A) Effect of GH on IGF-I mRNA expression.

Expression of IGF-I mRNA was not different between the 3 groups (P > 0.1, n = 4). (B) Reverse

transcription-PCR (RT-PCR) of GHR mRNA in myoblasts and myotubes. Shown is a

representative gel image of the RT-PCR. (C) Effect of GH on CISH mRNA expression. Growth

hormone increased CISH mRNA expression in myoblasts (P < 0.05, n = 4) but not in myotubes

(P>0.1,n=4).
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Chapter I11

Signaling pathways mediating the effects of insulin-like growth factor-1 on proliferation,

protein synthesis, and protein degradation in bovine muscle cells

ABSTRACT

The objective of this work was to identify the signaling pathways mediating the effects of
IGF-I on proliferation, fusion, protein synthesis, and protein degradation in bovine muscle cells.
Satellite cells were isolated from adult cattle skeletal muscle and were allowed to activate and
proliferate or were induced to form myotubes following standard protocols. Cell proliferation
was determined by measuring the numbers of viable cells at different times. Protein synthesis
and degradation were determined by measuring the accumulation of *H-phenylalanine in cellular
protein and the release of *H-phenylalanine to the medium, respectively. The signaling pathway
involved was identified by including in the medium rapamycin, L'Y294002, or PD98059, which
are specific inhibitors of the IGF-I receptor signaling molecules mTOR, AKT (PKB), and ERK
(MAPK), respectively. Western blotting confirmed that IGF-I action caused phosphorylations of
p70S6K (a signaling molecule immediately downstream of mTOR), AKT, and ERK, and that
these phosphorylations were completely or near completely blocked by their corresponding
inhibitors. Proliferation of bovine myoblasts was stimulated by 500 ng/mL IGF-I (P <0.01), and
this stimulation was partially blocked by PD98059 (P < 0.05), and was completely blocked by
rapamycin or LY294002 (P < 0.01). Protein degradation in myotubes was inhibited by
approximately 20% by 500 ng/mL IGF-I (P < 0.05), and this inhibition was completely relieved
by LY294002 (P < 0.01), but not at all by rapamycin or PD98059. Protein synthesis in myotubes

was increased by 30% by 500 ng/mL IGF-I (P <0.01), and this increase was completely blocked
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by rapamycin, LY294002, or PD98059 (P < 0.01). Addition of IGF-I to the culture medium had
no effect on fusion of myoblasts into myotubes. These data suggest that IGF-I stimulates
proliferation of bovine myoblasts and protein synthesis in bovine myotubes through both the
PI3K/AKT and the MAPK signaling pathways, and that IGF-I inhibits protein degradation in

bovine myotubes through the PI3K/AKT pathway only from the IGF-I receptor.

Keywords: Insulin-like growth factor I, muscle cells
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INTRODUCTION

Insulin-like growth factor I (IGF-I) is an essential growth factor for normal development
and growth of skeletal muscle (Baker et al., 1993; Liu et al., 1993). Deletion of IGF-I or its
receptor gene, IGF-IR, causes severe growth retardation and abnormalities in skeletal muscle
(Blair et al., 1988; Gourmelen et al., 1984; Liu et al., 1993; Wong et al., 1989). Although IGF-I is
present at high concentrations in the bloodstream, recent tissue-specific gene targeting studies
suggest that locally produced IGF-I is more important to skeletal muscle growth. These studies
indicate that whereas liver-specific deletion of the IGF-I gene causes no growth retardation
(Sjogren et al., 1999; Yakar et al., 1999), muscle-specific overexpression of IGF-I results in
skeletal muscle hypertrophy and prevents atrophy (Coleman et al., 1995; Musaro et al., 2001)
and muscle-specific inactivation of IGF-I reduces skeletal muscle and body growth (Klover and
Hennighausen, 2007). Besides regulating normal development and growth, IGF-I is also believed
to mediate exercise-induced skeletal muscle hypertrophy and injury-triggered skeletal muscle

regeneration (Adams, 1998; Mourkioti and Rosenthal, 2005).

Skeletal muscle mass is determined by activation of satellite cells, proliferation and
differentiation of myoblasts, and protein synthesis and degradation in myotubes or myofibers
(Gibson and Schultz, 1983; Glass, 2005b; Macconnachie et al., 1964; Schiaftino et al., 1972;
Shafiq et al., 1968). IGF-I plays a role in almost all of these processes (Adams and McCue,
1998; Fernandez et al., 2002; Menetrey et al., 2000; Sato et al., 2003). IGF-I stimulates
proliferation of myoblasts, and this effect was suggested to be mediated by the MEK/MAPK
pathway from the IGF-IR (Coolican et al., 1997; Jones et al., 2001). IGF-I stimulates protein
synthesis and inhibits protein degradation in myotubes, and both of these effects appeared to be

mediated through the PI3K/AKT pathway (Bassel-Duby and Olson, 2006; Glass, 2005b;
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Rommel et al., 2001). More recent research indicates that the PI3K/AKT pathway mediates the
effects of IGF-I on protein synthesis by inducing phosphorylation of p70S6K and 4EBP1 and
that on protein degradation by phosphorylation of the FOXO transcription factors.
Phosphorylated p70S6K stimulates protein synthesis by targeting S6 ribosomal protein (Glass,
2005b). Unphosphorylated 4EBP1 inhibits translation of mRNA, and phosphorylation causes it
to lose this inhibition (Glass, 2005b). FOXO transcription factors regulate the transcription of E3
ubiquitin ligases MuRF-1 and atrogin-1, which target protein for degradation by proteasomes,
and phosphorylation prevents FOXO proteins from translocating to the nucleus and thus from

binding to the MuRF-1 and atrogin 1 gene (Sandri et al., 2004; Stitt et al., 2004).

Most of the aforementioned understanding of IGF-I signaling in skeletal muscle has come
from studying the myoblast cell lines, such as the L6E9, C2C12, and L6A1 myoblasts (Coleman
et al., 1995; Coolican et al., 1997; Engert et al., 1996; Rommel et al., 2001), which might not
always have the same physiology as myoblasts or satellite cells in vivo. In this study, we
determined the signaling pathways that mediate the effects of IGF-I on cell proliferation, protein
synthesis, and protein degradation in myoblasts and myotubes derived from bovine satellite cells,
which are readily available (Ge et al., 2012). Our results indicate that while the PI3K/AKT
pathway is solely responsible for IGF-I stimulation of protein synthesis and IGF-I inhibition of
protein breakdown, both this and the MEK/MAPK pathways are involved in the effect of IGF-I
on myoblast proliferation. Our results also suggest that the effect of IGF-I-activated
MEK/MAPK signaling on bovine myoblast proliferation is mediated by cyclin D2 and that
phosphorylation of p70S6K can be induced by both the PI3K/AKT and the MEK/MAPK

pathways in bovine myotubes.
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MATERIALS AND METHODS

Isolation and culture of bovine satellite cells

Bovine satellite cells were isolated as described previously (Ge et al., 2012). Briefly, the
extensor carpi radialis muscle was collected from crossbred Angus steers and dissected to
remove adipose and connective tissues. The animal protocol was approved by the Virginia Tech
Animal Care Committee. Extensor carpi radialis was chosen because of its easy accessibility.
The muscle was ground and satellite cells were released by incubating the muscle in 1 mg/mL
Pronase in phosphate-buffered saline (PBS) at 37 <C for 40 min. The satellite cells were
collected and purified by four rounds of centrifugation at 1,500 x g at 4 <C. At least 80% of the
isolated cells were myogenic cells (Ge et al., 2012). The satellite cells were allowed to proliferate
as myoblasts in growth medium (GM) composed of Dulbecco's Modified Eagle Medium
(DMEM) (Mediatech, Manassas, VA), 10% fetal bovine serum (FBS) (Atlanta Biologicals,
Lawrenceville, GA), and 1% antibotics-antimycotics (ABAM) (Mediatech). To induce
differentiation, myoblasts were allowed to reach confluence in GM and then cultured in

differentiation medium consisting of DMEM, 2% horse serum (HS), and 1% ABAM.

Proliferation assay

The bovine myoblasts were split into 96-well plates at 5x10° cells/well and cultured in
DMEM and 10% FBS. The cells in 5 replicates were treated with 500 ng/mL recombinant human
IGF-1, or IGF-I and 20 nM rapamycin (inhibitor of mTOR), 50 uM LY294002 (inhibitor of
PI3K), 50 uM PD98059 (inhibitor of MEK1), or a combination of 50 uM LY294002 and 50 uM
PD98059, for 0, 24, 48, and 72 h. Both IGF-I and its signaling inhibitors were purchased from

Sigma-Aldrich (St. Louis, MO). The concentrations of IGF-I signaling inhibitors were based on
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previous studies (Cuenda and Alessi, 2000; Davies et al., 2000; Price et al., 1992) and their
effectiveness in inhibiting their targets in this study were validated by Western blot analysis (see
below). The number of viable cells were quantified using the nonradioactive CellTiter 96 assay
kit following the manufacturer’s instructions (Promega, Madison, WI). This cell proliferation
experiment was repeated 3 times, each time with satellite cells freshly isolated from a different

animal.

Protein accumulation and degradation assay

Myoblasts were cultured in GM for 72 h to form myotubes. The myotubes were treated
with 500 ng/mL IGF-I, or IGF-I and 20 nM rapamycin, 50 uM LY294002, 50 uM PD98059, or a
combination of LY294002 and PD98059, in serum-free DMEM for 24 h. The myotubes were
then labeled with 0.5 uCi/mL L-[2,3,4,5,6-3H]phenyla1anine (GE Healthcare, Pittsburgh, PA) in
DMEM for 8 h. Subsequently, the myotubes were washed twice with PBS to remove
extracellular L-[2,3,4,5,6-"H]phenylalanine. The myotubes were lysed in 0.5 M NaOH and 0.1%
Triton X-100 for 2 h at 37 °C. 50 pl of the cell lysate were taken for DNA concentration assay.
The protein in the remaining lysate was precipitated by an equal volume of 10% trichloroacetic
acid (TCA) and incubation at room temperature for 30 min. The precipitated protein was
subsequently applied to a glass fiber filter (Millipore, Billerica, MA). Free L-[2,3,4,5,6-
*H]phenylalanine was washed by 10% TCA. The radioactivity remaining on the filter was
counted in 5 mL of scintillation fluid on a liquid scintillation counter (Beckman, Brea, CA).
DNA concentration of the lysate was determined using a Quant-iT PicoGreen dsDNA kit
(Invitrogen, Carlsbad, CA). The radioactivity in protein was normalized to DNA concentration in

the same cell lysate to control for potential variation in cell numbers across different wells.
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To determine protein degradation, the myotubes were cultured in the presence of 0.5
uCi/mL L-[2,3,4,5,6-"H]phenylalanine for 24 h. The myotubes were subsequently washed twice
with PBS, followed by the addition of fresh DMEM and IGF-I, or IGF-I and rapamycin,
LY294002, PD98059, or a combination of LY294002 and PD98059, for 8 h. At the end of this 8
h treatment, the medium was collected and the cells were lysed as described above. The
radioactivity in the medium and the DNA concentration in the cell lysate were quantified as
described above. The former was normalized to the latter, and the normalized radioactivity value

was used to represent the rate of protein degradation.

RNA extraction and real-time RT-PCR

Total RNA extraction and real-time RT-PCR were performed as described previously (Ge
et al., 2012). Sequences of the primers for PCR are shown in Table 1. The efficiency of primers
was tested in previous experiments (Wang and Jiang, 2010). The relative abundance of mRNA
was calculated using the 27*Ct method (Livak and Schmittgen, 2001), using 18S rRNA as the
internal control. Based on the Ct values, abundance of 18S rRNA was not different between

treatments (P > 0.1).

Western blot analyses

Myoblasts or myotubes cultured in 6-well plates were lysed in 200 uLL RIPA buffer
(50mM Tris HCI pH 8, 150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS)
supplemented with protease inhibitors and phosphatase inhibitors (Roche Diagnostics
Corporation, Indianapolis, IN), according to the mnufacturer’s instructions. The cell lysates were

centrifuged at 14,000 x g for 15 min at 4 °C, and the supernatants were collected. Protein
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concentrations of the supernatants were determined with a BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL). For western blot analyses, 30 ug of total cellular protein was resolved
by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA). The membrane
was blocked with 5% nonfat dried milk in TBST buffer (20 mM Tris-HCI, 500 mM NaCl, and
0.05% Tween-20) and then incubated with phospho-p70S6K, phospho-AKT, phospho-ERK, or
phospho-FoxO3a antibody (Cell Signaling Technology, Inc., Danvers, MA) at 1:1000 dilution in
TBST and 5% BSA overnight at 4 °C. These antibodies were detected using a horseradish
peroxidase-conjugated goat IgG antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and
SuperSignal West Pico Chemiluminescence Substrate (Thermo Scientific, Rockford, IL).
Following detection of a phosphor-protein, the membrane was stripped with Restore Western
Blot Stripping Buffer (Thermo Scientific, Rockford, IL) and re-probed with the antibody for total
p70S6K, AKT, ERK, or FoxO3a (Cell Signaling Technology, Inc., Danvers, MA). Signal

intensities were measured using the ImageJ software (http://rsb.info.nih.gov/ij/index.html).

Statistical analyses

All data are expressed as mean = S.E.M (standard error of the mean). Each experiment
used cells isolated from three or more individual animals. Analysis was performed using General
Linear Model ANOVA followed by the Tukey test of SAS (SAS Inst., Inc., Cary, NC) to compare
means of multiple groups. In the proliferation assay, main effects of treatment, time and
treatment-time interaction were tested. In other assays, the main effect of treatment was tested. A

value of P < 0.05 was considered statistically significant.
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RESULTS

IGF-I stimulation of bovine myoblast proliferation involves both PI3K/AKT and MEK/ERK
pathways

The bovine myoblasts maintained proliferation in the control medium (DMEM and 10%
FBS), as their number doubled by 72 h of culture (Fig. 3.1A). Addition of IGF-I to the medium
increased the proliferation rate of bovine myoblasts by nearly 150% (P < 0.05); the number of
bovine myoblasts at the end of 72 h of culture was more than 3 times that at the beginning of the

culture (Fig. 3.1A).

Addition of PD98059, the MEKZ1 inhibitor, to the medium completely blocked the
stimulation of IGF-1 on proliferation of bovine myoblasts (P < 0.01, Fig. 3.1A). Indeed, in the
presence of PD98059, the myoblasts proliferated at a slower rate than those in medium without
IGF-I supplementation (P < 0.05, Fig. 3.1A). Addition of the mTOR inhibitor, rapamycin, also
completely blocked the stimulatory effect of IGF-I on proliferation of bovine myoblasts (P <
0.01, Fig. 3.1A). The cells in the presence of rapamycin tended to proliferate at a slower rate than
those in the control medium (P = 0.074, Fig. 3.1A). Addition of the PI3K inhibitor, L'Y294002,
completely blocked not only the IGF-I-stimulated proliferation (P < 0.01, Fig. 3.1A). Indeed, in
the presence of LY294002, the number of myoblasts was even less at 72 h than at the beginning
of the culture (P < 0.05, Fig. 3.1A). Addition of LY294002 and PD98059 together had a similar
effect on IGF-I-induced proliferation, basal proliferation, and death of bovine myoblasts

compared to addition of LY294002 only to the medium (Fig. 3.1A).

To validate the effectiveness of PD98059, rapamycin, and LY294002 in inhibiting signal

transduction from the IGF-I receptor in bovine myoblasts, the phosphorylation levels of ERK1/2,
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p70S6K, and AKT in those cells were analyzed by Western blot analysis. There was no
detectable phosphorylation of AKT or p70S6K, and there was some phosphorylation of ERK1/2
in untreated myoblasts (Fig. 3.1B). IGF-1 induced remarkable phosphorylation in AKT and
p70S6K, and increased phosphorylation in ERK1/2 (Fig. 3.1B). Rapamycin and LY294002
completely prevented IGF-I induced phosphorylation in p70S6K and AKT, respectively (Fig.

3.1B). PD98059 blocked both IGF-1 induced and basal phosphorylation of ERK1/2 (Fig. 3.1B).

IGF-I stimulated Cyclin D2 expression in bovine myoblasts

Cell proliferation is controlled primarily by cell cycle regulators (King and Cidlowski,
1998). To determine whether IGF-I stimulates proliferation of bovine myoblast through cell
cycle regulators, we determined the effects of IGF-I on mRNA expression of major cell cycle
regulators, including cyclin D1, D2, and D3 (CCND1, CCND2, and CCND?3), cyclin E1 and E2
(CCNEI and CCNE2), cyclin-dependent kinase inhibitors 1A, 1B, and 2B (CDKNI1A,
CDKNI1B, CDKN2B) (Nigg, 1995; Sandhu and Slingerland, 2000; Sherr, 1995). Compared to
the control (i.e., PBS), IGF-I increased cyclin D2 mRNA expression by more than 2-fold at all
three time points (P < 0.05, Fig. 2A). IGF-I, however, had no effect on mRNA expression of any

of the remaining cell cycle regulators at any of the three time points (Fig. 3.2A).

To identify the signaling pathway that mediates IGF-I-stimulated expression of cyclin D2
mRNA, we compared CCND2 mRNA levels in bovine myoblasts treated with IGF-I or IGF-I
and its signaling inhibitor at different times. L'Y294002 completely blocked the IGF-I-induced
increases in CCND2 mRNA expression at 2, 6, and 24 h of the treatment (P < 0.01, Fig. 3.2B).
PD98059 partially blocked IGF-I-induced increases in CCND2 mRNA expression (P < 0.05, Fig.

3.2B). Rapamycin had no effect on IGF-I-induced increases in CCND2 mRNA expression at any
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of the three times (Fig. 3.2B).

IGF-I activated PI3K/AKT and MEK/ERK pathways to stimulate protein accumulation, and
PI3K/AKT pathway to inhibit protein degradation in bovine myotubes.

To identify the signaling pathways that mediate the effects of IGF-I on protein synthesis
and degradation in myotubes, we induced myoblasts to form myotubes and treated the latter with
IGF-1, or IGF-I and its signaling inhibitor for 24 h, followed by protein accumulation and
degradation assays. Incorporation of *H-labeled phenylalanine into protein during a period of 8 h
was used to estimate protein accumulation in myotubes. Myotubes pre-treated with IGF-I
accumulated 50% more protein than myotubes without IGF-I treatment (P < 0.05, Fig. 3.3A).
This effect of IGF-I was completely blocked by rapamycin or PD98059 (P < 0.05, Fig. 3.3A).
Myotubes co-treated with IGF-I and LY294002 accumulated 70% less protein than IGF-I-treated
myotubes and 50% less than myotubes without IGF-I treatment (P < 0.01, Fig. 3.3A). Myotubes
co-treated with IGF-I, PD98059, and LY294002 accumulated the same amount of protein as
myotubes co-treated with IGF-I and LY294002 (Fig. 3.3A) but 25% less than myotubes co-

treated with IGF-I and PD98905 (P < 0.05, Fig. 3.3A).

In the protein degradation assay, we labeled the newly synthesized proteins in myotubes
with *H-phenylalanine and determined the effects of IGF-I or its signaling inhibitor on the
release of “"H-phenylalanine into the medium over a period of 8 h. Myotubes treated with IGF-1
released 15% less *H-phenylalanine to the medium than myotubes without IGF-I treatment (P <
0.05, Fig. 3.3B). This difference was not affected by co-treating the myotubes with rapamycin or
PD98059 (P > 0.1, Fig. 3.3B), but was reversed by co-treating the myotubes with LY294002 (P

<0.01, Fig. 3.3B).
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The effectiveness of PD98059, rapamycin, and LY294002 in inhibiting IGF-I signaling
in bovine myotubes was validated by their effects on IGF-I-induced phosphorylation of ERK1/2,

p70S6K, and AKT, respectively (Fig. 3.3C).

IGF-I-induced phosphorylation of FoxO3a in bovine myotubes is mediated solely by the PI3K-
AKT pathway but that of p70S6K by both the PI3K/AKT and MEK/ERK pathways

The effects of IGF-I on protein synthesis and degradation are thought to be mediated
respectively through phosphorylation of p70S6K and FoxO3a (Glass, 2005b; Sandri et al., 2004;
Stitt et al., 2004). Upon phosphorylation, p70S6K stimulates mRNA translation on the ribosome
(Glass, 2005b), and FoxO3a loses the ability to translocate to the nucleus, thereby being unable
to activate the transcription of the MuRF-1 and MAF box genes, which encode E3 ubiquitin
ligases that target proteins for degradation (Gomes et al., 2001; Jeno et al., 1988; Sandri et al.,
2004). To determine the roles of these two proteins in IGF-I-stimulated protein synthesis and
inhibited protein degradation in bovine myotubes, we determined if they were phosphorylated by
IGF-I in bovine myotubes and identified the signaling pathways involved. As shown in Fig. 3.4A
and 3.4C, IGF-I stimulated phosphorylation of p70S6K in bovine myotubes. The IGF-I-induced
phosphorylation of p70S6K was completely blocked by rapamycin, LY294002, or PD98059 (P <
0.05). This indicated that IGF-I stimulates phosphorylation of p70S6 in bovine myotubes not
only through the PI3K/AKT/mTOR pathway, but also through the MER/ERK pathway. IGF-I
also stimulated phosphorylation of FoxO3a in bovine myotubes (P < 0.05, Fig. 3.4B and 3.4D),
and this stimulation was completely blocked by LY294002, but was not affected by rapamycin or
PD98059 (Fig. 3.4B and 3.4D). This indicated that IGF-I stimulated phosphorylation of FoxO3a

in bovine myotubes through the PI3K/AKT pathway.
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DISCUSSION

In this study, we demonstrated that IGF-I stimulated proliferation of bovine myoblasts
and that this stimulation was accompanied by increased mRNA expression of CCND2 which is
the cell cycle regulator responsible for progression through the G1 phase (King and Cidlowski,
1998). We also showed that IGF-I did not affect mRNA expression of other major cell cycle
regulators. These results support the hypothesis that IGF-I stimulates proliferation of bovine

myoblasts through upregulation of CCND2 expression.

Inhibitor of PI3K or MEK completely blocked IGF-I induced proliferation of bovine
myoblasts. This suggests that both the PI3K/AKT and MEK/ERK signaling pathways are
essential to the effect of IGF-I on bovine myoblast proliferation. These inhibitors also blunted the
IGF-I stimulated CCND2 mRNA expression, further supporting the possibility that IGF-I
stimulates proliferation of bovine myoblasts through CCND2. In other muscle cell lines, IGF-I
leads to increased mRNA expression of CCND1, CCND2 and p27 (Engert et al., 1996; Machida
et al., 2003). Although CCND2 was the only cell cycle regulator with increased mRNA
expression in this study, other regulators could potentially be affected at protein level. The IGF-I
signaling pathways control the expression of CCND1, CCNE, p21 and p27 at protein level in
smooth muscle cells and satellite cells (Braun-Dullaeus et al., 2001; Chakravarthy et al., 2000).
Here we found that IGF-I coupled PI3K/AKT and MEK/ERK pathways to increase CCND2

mRNA expression to promote bovine myoblast proliferation.

In addition to providing more DNA content by stimulating proliferation, IGF-I also
increased protein synthesis and inhibited protein degradation to increase muscle mass (Fryburg,

1994). In this study, we confirmed that IGF-I increased protein accumulation in bovine myotubes
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which is the balance between protein synthesis and degradation. This effect was blocked by
administration of inhibitors of mTOR, PI3K, or MEK in bovine myotubes, as a result of
inhibiting the phosphorylation of p70S6K. These result together suggested that both PI3K/AKT
and MEK/ERK pathways increased protein synthesis in bovine myotubes. Similarly,
overexpression of activated Akt induced hypertrophy of C2C12 myotubes, and MEK/ERK
pathway mediated IGF-I hypertrophic effect in rat skeletal muscle (Haddad and Adams, 2004;
Rommel et al., 2001). The effect of LY294002 on reducing protein accumulation was more
promising than Rapamycin in bovine myotubes due to the increased protein degradation. In
addition to increase protein synthesis, IGF-I also decreased protein degradation via FoxO3a,
which was blocked by LY294002. These results were consistent with earlier findings that the
activity of IGF-I on myotubes requires the blockade of FOXO by PI3K/AKT (Lee et al., 2004;

Sandri et al., 2004; Stitt et al., 2004).

To summarize, as shown in Fig. 3.5, we found that IGF-I triggers multiple signaling
pathways that collaborate to control both the proliferation and growth of bovine muscle cells. At
the myoblast stage, IGF-I-dependent signals branch into two pathways controlling cell growth
via CCND2 that directly influence the cell cycle. At the myotube stage, IGF-I activated both
PI3K/AKT and the MEK/ERK to increase protein synthesis and inhibit protein degradation
coordinately. By controlling both DNA and protein content, IGF-I optimized the efficiency of

bovine muscle growth.
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Table 3.1. Real-time PCR primers used in this study

Gene name  Sequence* GenBank # Amplicon size

bCCNDI1 GCACTTCCTCTCCAAGATGC NM 001046273 204 bp
GTCAGGCGGTGATAGGAGAG

bCCND?2 CCAGACCTTCATCGCTCTGT NM 001076372 163 bp
GATCTTTGCCAGGAGATCCA

bCCND3 TCCAAGCTGCGCGAGACTAC NM 001034709 178 bp
GAGAGAGCCGGTGCAGAATC

bCCNE1 TTGACAGGACTGTGAGAAGC XM 612960 187 bp
TTCAGTACAGGCAGTGGCGA

bCCNE2 CTGCATTCTGAGTTGGAACC NM_ 001015665 229 bp
CTTGGAGCTTAGGAGCGTAG

bCDKN1A GCAGACCAGCATGACAGATT NM_001098958 205 bp
GTATGTACAAGAGGAGGCGT

bCDKN1B GACCTGCCGCAGATGATTCC NM_001100346 249 bp
CCATTCTTGGAGTCAGCGAT

bCDKN2B GCGGTGGATTATCCTGGACA NM_001075894 210 bp
CATCATCATCACCTGGATCG

b18S GTAACCCGTTGAACCCCATT DQ222453 150 bp
CCATCCAATCGGTAGTAGCG

*All sequences are written from 5’ to 3°.

86



1.0
a
£ 0.8-
c
15
f 0.6- -e—- Control
© - IGF-I
o b
c -+ |GF-1+Rap
3 044 bec —* IGFI+LY
2 - IGF-1 + PD
2 cd e IGF-1+LY+PD
' de
e
0.0 1 L] L] L]
OH 24H 48H 72H
Time
B IGFI - + o+ IGF-I -  + o+ IGF-I - 4+
Rap - - + LY - - + PD - -
p-p70S6K — p-AKT p— p-ERK1/2 = e
p70S6K p—— o AKT - e ERK1/2 == ==

Fig. 3.1. Effects of IGF-I activated signaling pathways on myoblast proliferation. (A)
Effects of IGF-I and signal inhibitors on proliferation of bovine myoblasts. Control myoblasts
were treated with vehicles. The absorbance at 570 nm on the y-axis represents the number of
viable cells. Treatments labeled with different letters had different effects on proliferation (P <
0.05, n = 3). (B) Western blot analyses of phosphorylated and total signal proteins targeted by the
inhibitors. Shown is a representative image of the western blot using total p70S6K and AKT as

loading control.
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Fig. 3.2. Effects of IGF-I activated signaling pathways on mRINA expression of cell cycle
regulators. (A) Effects of IGF-1 on mRNA expression of major cell cycle regulators in bovine
myoblasts. mMRNA abundance labeled with different letters had different effects (P < 0.05, n = 4).
(B) Identification of the signaling pathway mediating the effect of IGF-1 on CCND2 mRNA
expression. Treatments labeled with different letters had different effects on mRNA abundance

(P <0.05n=3).
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Fig. 3.3. Effects of IGF-I activated signaling pathways on protein accumulation and
degradation in bovine myotubes. (A) Effects of IGF-I and signal inhibitors on protein
accumulation in bovine myotubes. Protein-incorporated *H activity normalized with total cellular
DNA was used to represent protein accumulation. Treatments labeled with different letters
differed in effects (P < 0.05, n = 3). (B) Effects of IGF-I and signal inhibitors on protein
degradation in bovine myotubes. Medium *H activity normalized with total cellular DNA was
used to represent protein degradation. Treatments labeled with different letters differed in effects
(P <0.05,n=3). (C) Western blot analyses of phosphorylated and total proteins targeted directly

or indirectly by the inhibitors.
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Fig. 3.4. Effects of IGF-I activated signaling pathways on phosphorylation of p70S6K and
FoxO3a. (A, B) Western blot analyses of phosphorylated and total proteins of p70S6K and
FoxO3a with administration of IGF-I and signal inhibitors. (C, D) Densitometric quantification
of the protein bands in panel A and B. Y-axis indicates the ratio of the abundance of
phosphorylated p70S6K (p-p70S6K) or FoxO3a (p-FoxO3a) to that of total p70S6K or FoxO3a

protein respectively. Ratios labeled with different letters are different (P <0.01, n = 3).
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Fig. 3.5. Signal transduction pathways mediating the effects of IGF-I on proliferation of

bovine myoblasts and on protein synthesis and degradation in bovine myotubes.
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Chapter IV

Identification of the SH3 and cysteine rich domain 3 (STAC3) gene as a novel player in

skeletal myogenesis

ABSTRACT

The SH3 and cysteine rich domain 3 gene is the third member of the STAC gene family.
The first two members, STAC and STAC2, are exclusively expressed in neural tissues. Here we
demonstrated that STAC3 is almost exclusively expressed in skeletal muscle in adult mice. By
transiently overexpressing or knocking down STAC3 in C2C12 myoblasts, we showed that
STAC3 knockdown promoted fusion of C2C12 cells whereas STAC3 overexpression inhibited
their fusion. C2C12 proliferation was not changed in either case. Consistently, STAC3
overexpression inhibited whereas STAC3 knockdown stimulated mRNA expression for several
myogenic regulatory factors (MRFs) in C2C12 cells. STAC3 overexpression decreased myosin
heavy chain 3 (MyHC3) mRNA expression, while STAC3 knockdown had no effect. The role of
STAC3 in myogenesis was also studied using embryonic mouse myoblasts lacking STACS3.
Myoblasts derived from STAC3-deficient mouse embryos showed increased fusion ability
compared to those from control embryos. The former cells also expressed more MyoD,
Myogenin, and MyHC1mRNAs than the latter when differentiated. These data together suggest

that STACS3 inhibits differentiation and fusion of both C2C12 and embryonic mouse myoblasts.

Keywords: SH3 and cysteine rich domain 3 (STAC3), myoblast, differentiation and fusion.
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INTRODUCTION

During myogenesis, a fine balance among proliferation, differentiation, and fusion of the
muscle progenitor cells, myoblasts, is required for the formation of the functional multinucleated
myofibers. Many positive and negative regulatory factors are involved in this process. The most
studied are the myogenic regulatory factors (MRFs), including Myf5, MyoD, myogenin, and
MRF4. These transcription factors act in a cascade format through different stages of myogenesis
(Fuchtbauer and Westphal, 1992; Grounds et al., 1992; Weintraub et al., 1991; Yablonka-
Reuveni and Rivera, 1994). First, quiescent satellite cells up-regulate MyoD and Myf5 and then
enter the cell cycle as myoblasts to proliferate (Beauchamp et al., 2000; Cooper et al., 1999;
Cornelison and Wold, 1997; Smith et al., 1994b; Yablonka-Reuveni and Rivera, 1994).
Subsequently, myoblasts up-regulate MRF4 and Myogenin to exit the cell cycle to differentiate
(Cornelison and Wold, 1997; Smith et al., 1994b; Yablonka-Reuveni and Rivera, 1994).
Differentiating myoblasts fuse with each other to form new myotubes or into existing myofibers
to increase fiber size. At this stage, they start to express the contractile proteins for myofiber
structures, such as myosin heavy chain (MyHC) (Sabourin et al., 1999). MyHC is encoded by a
family of six genes, whose expression is developmentally regulated during skeletal muscle
formation (Mahdavi et al., 1987; Wydro et al., 1983). The MyHC3 gene is the major MyHC
expressed in embryos; therefore, it is also called the embryonic MyHC gene. The MyHCS8 gene
is expressed mainly in the perinatal stage. The MyHC7, MyHC2, MyHC4, and MyHC1 genes
encode type I, type lla, Ilb, and I11x muscle fibers in adults, respectively. Type 1 fiber is also
called a slow fiber, and type lla, Ilb, and I1x are fast fibers (Pette and Staron, 2000; Staron and

Johnson, 1993).
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In an effort to identify novel regulators of myogenesis, we searched the gene expression
profiles at NCBI for genes that are highly expressed in the skeletal muscle. This search led to the
identification of the STAC3 gene. The STAC3 gene belongs to a gene family consisting of three
members. The other two members are STAC (also called STAC1) and STAC2. The STAC
proteins encoded by this family of genes contain a Src homology three (SH3) domain and a
cysteine rich (C1) domain. These two protein motifs are associated with cytoplasmic signal
transduction (Colon-Gonzalez and Kazanietz, 2006; Stahl et al., 1988), indicating that these
proteins might act as part of cellular signaling pathways (Suzuki et al., 1996). Unlike STACS3,
both STAC and STAC?2 are specifically expressed in the nervous system, and they are mutually
exclusive markers for nociceptive peptidergicneurons and nonpeptidergic neurons in the dorsal
root ganglia neurons (Legha et al., 2010). In this study, we investigated the potential function of
STAC3 in myoblast proliferation, differentiation, and fusion using the C2C12 myoblast cell line
and mouse embryonic myoblasts. Our data suggest that STAC3 is a novel inhibitor of myoblast

differentiation and fusion.
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MATERIALS AND METHODS

Animal experiments
The male C57BL/6 mice were housed at Virginia Tech animal care facility on a timed
12-h light/dark schedule with free access to standard diet and water. The animal related

procedures were approved by the Institutional Animal Care and Use Committee at Virginia Tech.

STAC3 knockdown and overexpression in C2C12 cells

The C2C12 myoblasts were plated in 24-well plates, and cultured in DMEM
supplemented with 10% FBS at 37 <C under 5% CO,. At 50 ~ 60% confluence, the myoblasts
were transfected with 30 pmol siRNAs targeting STAC3 mRNA or 0.5 g of a pcDNAS3.1-based
FLAG-tagged STAC3 expression plasmid, using Lipofectamine 2000 as the transfection reagent
(Invitrogen). Transfection of an equal amount of a scrambled siRNA (Invitrogen) or the empty
pcDNA3.1 plasmid served as a control. Efficiency of STAC3 knockdown or overexpression was
confirmed by real-time PCR and western blot analysis of STAC3 mRNA and STAC3-Flag

fusion protein in the transfected cells, respectively.

Establishment of C2C12 cell lines stably expressing STAC3

The C2C12 cells were cultured in a 10 cm dish with DMEM supplemented with 10%
FBS. At 50% confluence, they were transfected with 5 g of FLAG-tagged STAC3 expression
plasmid pcDNA3.1/hygro/STAC3-FLAG or 5 g LacZ expression plasmid
pcDNAZ3.1/hygro/LacZ as a control, using Lipofectamine 2000 (Invitrogen). The transfected
cells were cultured under 1 mg/mL of hygromycin B (H1012DI, A.G. Scientific) for a week to

select the colonies stably expressing STAC3-FLAG or LacZ. The colonies that were formed
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under hygromycin selection were picked and expanded in the same culture medium

supplemented with 0.5 mg/mL of hygromycin B.

Knockout mouse establishment

STAC3 chimeric mice were generated from microinjection of two STAC3-trapped
embryonic stem clones from the KOMP Repository (Stanford et al., 2001). Heterozygous
STAC3 mutants were bred to generate homozygous STAC3 mutants. Embryonic day 17.5
STAC3 homozygous embryos and their heterozygous and wild type littermates were used in the
present study. Generation and characterization of STAC3 knockout mice are described in detail

in the M.S. thesis by Brad Reinholt.

Mouse embryonic myoblast isolation and culture

Mouse embryonic myoblasts were isolated as described before (Springer and Blau, 1997)
with minor modifications. Briefly, limb muscles were dissected from embryos at embryonic day
17.5 (E17.5). The muscles were digested in a solution consisting of 1.5 U/mL collagenase
(Roche), 2.4 U/ml dispase (Roche), and 2.5 mM CaCl; at 37 <C for 30 min. The released cells
were collected by centrifuging at 3000 rpm for 3 min and re-suspended with F-10 primary
myoblast growth medium containing 20% FBS (SH30070.02, Hyclone), followed by 2 h
preplating. The supernatant was transferred to Collagen | coated dishes (08-774-7, BD
Biosciences) and cultured for 48 h before the medium was changed. When cells reached 50%
confluence, the procedure of pre-plating for 20 min and transferring the supernatant into
Collagen I coated dishes was repeated. The step of pre-plating was repeated until the purity of

myoblasts reached ~80%.
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Cell proliferation assay

The C2C12 cells transiently transfected with STAC3-targetng sSiRNA or STAC3
expression plasmid or stably transfected with STAC3 or LacZ expression plasmid were seeded in
96-well plates at a density of 2,000 cells/well and cultured in DMEM supplemented with 10%
FBS and 1% ABAM for 0 h, 24 h, 48 h, and 72 h. The viable cells were counted using the
nonradioactive CellTiter 96 assay kit (Promega, Madison, WI), according to the manufacturer’s

instructions.

Cell staining and myotube quantification

In differentiation and fusion assay, C2C12 cells were seeded at 10,000 cells / cm? before
transfection. Cells were transfected at 70% confluence for 24 h, and grown in the growth
medium for another 24 h before changing into DMEM with 2% Horse serum (Differentiation
Medium) to induce myoblast differentiation for 72 h. To visualize myotube and nuclei, cells
were washed in PBS before fixing for 10 min with MeOH. Cells were then stained with Giemsa
(Invitrogen, Carlsbad, CA) for 1 h. C2C12 constantly overexpressing STAC3 were plated into
24-well plate at 20,000 / cm? 24 h before starting differentiation. Primary embryonic muscle cells
were plated at the density of 20,000 cells / cm? into a 24-well plate. The plate was pre-coated
with type | Collagen overnight at room temperature before use. Cells were grown in F-10 growth
medium for 24 h before switching to differentiation medium. By the end of differentiation, nuclei

were stained with DAPI.

To quantify the differentiation and fusion rate, total nuclei and nuclei inside myotube
were counted using NIH ImageJ software. Fusion index was calculated as nuclei in myotubes
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divided by total nuclei. The nuclear number per myotube was determined by dividing the number

of nuclei within multinucleated myotubes by the total number of myotubes.

Total RNA isolation and real-time RT-PCR

Total RNA from tissue or cells was isolated using TRI Reagent (MRC, Cincinnati, OH),
according to the manufacturer’s instructions. Total RNA (0.1 pg) was reverse-transcribed into
cDNA in a total volume of 20 uL using the ImProm-I1 reverse transcriptase (Promega, Madison,
WI) according to the manufacturer’s instructions. Real-time PCR was performed on 1 pL of
cDNA product in a total volume of 25 ul containing 12.5 puL of SybrGreen PCR Master Mix
(Applied Biosystems Inc., Foster City, CA) and 0.2 uM of gene-specific forward and reverse
primers (Table 1), under conditions suggested by the manufacturer. The relative abundance of an
MRNA was calculated using 18S rRNA as the internal control. Based on the Ct values,

abundance of 18S rRNA was not different between treatments (P > 0.1).

Total cellular protein isolation and Western blotting analysis

Cells were lysed with ice-cold RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 1
mM EDTA) supplemented with protease inhibitors and phosphatase inhibitors (Roche
Diagnostics Corporation, Indianapolis, IN). The lysates were centrifuged at 14,000 x<g for 15
min at 4 <C. Protein concentrations in the supernatants were measured using a BCA Protein
Assay Kit (Thermo Scientific, Rockford, IL). For Western blotting analyses, 30 g of total
cellular protein was resolved by 8% SDS-PAGE and then transferred to a nitrocellulose
membrane (Bio-Rad Laboratories, Hercules, CA). The membrane was blocked with 5% nonfat

dried milk in TBST buffer (20 mM Tris-HCI, 500 mM NacCl, and 0.05% Tween-20) and then
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incubated with anti-Flag antibody (Sigma) or anti-STAC3 antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) at 1:1000 dilution at 4 < overnight. Primary antibody was detected using a
horseradish peroxidase-conjugated goat 1gG antibody (Santa Cruz Biotechnology, Santa Cruz,
CA) and SuperSignal West Pico Chemiluminescence Substrate (Thermo Scientific, Rockford,
IL). Following detection of Flag-STAC3 or STAC3 protein, the membranes were stripped with
Restore Western Blot Stripping Buffer (Thermo Scientific, Rockford, IL) and reprobed with the
antibody for tubulin (Santa Cruz Biotechnology). Signal intensities were measured using the

ImageJ software (http://rsb.info.nih.gov/ij/index.html).

Immunocytochemistry

Cells were fixed with 4% PFA in PBS for 15 min and then permeated with 0.25% Triton
X-100 in PBS for 10 min at room temperature. Thereafter, cells were blocked with 1% BSA in
PBST (PBS + 0.05% Tween-20) and incubated with anti-MyHC antibody (NA4, Developmental
Studies Hybridoma Bank, Department of Biology, University of lowa) at 1:200 dilution in PBST
supplemented with 1% BSA at 4 °C overnight. Primary antibody was detected by incubating the
cells with anti-mouse IgG FITC antibody (F9137, Sigma) at 1:200 dilution in 1% BSA at room
temperature for 1 h. Nuclei were detected by staining with 1jg/mL DAPI (46190, Pierce) in PBS
for 1 min at room temperature. Fluorescence from the anti-mouse 1gG FITC antibody or DAPI

was detected with a fluorescence microscope (Nikon).

Statistical analyses
Student’s t test was used to determine the statistical significance of the difference

between two groups. ANOVA followed by the Tukey test was used to analyze differences
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among multiple groups. A difference was considered significant if the associated P value was
less than 0.05, and not significant if the P value was greater than 0.1. All data were expressed as

means =S.E.M (standard error of the mean).
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RESULTS

STAC3 is preferentially expressed in skeletal muscle

To evaluate the expression profile of STACS3, total MRNA or protein was isolated from
multiple tissues of 4-week old male mice, and subjected to RT-PCR or western blot analysis. As
shown in Fig. 4.1, STAC3 mRNA was detected in soleus, extensor digitorum longus, tibialis
anterior and gastrocnemius skeletal muscles, but not in other tissues (Fig. 4.1A). At the protein
level, STAC3 was detected in all four types of skeletal muscles at high levels (Fig. 4.1B).
STACS protein was not detected in non-skeletal muscle tissues except in the heart at a very low
level (Fig. 4.1B). This nearly skeletal muscle exclusive expression pattern of STAC3 suggested

that it has important functions in skeletal muscle.

Transient overexpression or knockdown of STAC3 affected fusion but not proliferation of
C2C12 cells

To determine the function of STAC3 in skeletal muscle, we overexpressed or knocked
down STAC3 in the C2C12 cells by transiently transfecting them with a STAC3-Flag fusion
protein expression plasmid or a pool of three STAC3 specific SiIRNAs, respectively, and

examined the effects of changed STAC3 expression on proliferation and fusion of C2C12 cells.

At day 3 of differentiation, 56% of the control C2C12 cells, i.e., those transfected with an
empty pcDNAS3.1 plasmid or scrambled siRNA, formed myotubes; 15% of those over expressing
STAC3 formed myotubes; and 77% of those transfected with STAC3 siRNAs formed myotubes
(P < 0.05, Fig. 4.2A and 4.2B; Sungkwon Park). These data indicated that STAC3 knockdown
promoted whereas STAC3 overexpression inhibited fusion of C2C12 cells. Consistently,

myotubes formed from STAC3 overexpressing C2C12 cells had more nuclei than those formed
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from control cells, whereas myotubes derived from STAC3 knockdown C2C12 had more nuclei
compared with scramble transfected cells (P < 0.05, Fig. 4.2C). Neither STAC3 overexpression

nor STAC3 knockdown affect proliferation of C2C12 cells (P > 0.1, Fig, 4.2D).

We analyzed STAC3 mRNA levels in C2C12 cells by real-time RT-PCR. As shown in
Fig. 4.2E, STAC3 overexpression caused an 8-fold increase whereas STAC3 siRNA knockdown
caused a 50% reduction in STAC3 mRNA expression compared to their respective controls (Fig.

4.2E, P < 0.05). This data confirmed the efficiency of STAC3 overexpression or knockdown.

Transient overexpression or knockdown of STAC3 affected C2C12 differentation

To investigate the effect of STAC3 on differentiation of C2C12 cells, we measured the
MRNA expression levels of Myf5, MyoD, MRF4, myogenin and embryonic myosin heavy chain
(MyHC3) in C2C12 cells with STAC3 overexpression or knockdown at 48 h of differentiation.
As shown in Fig. 4.3A, STAC3 overexpression decreased Myf5, MyoD and myogenin mRNA
expression compared to transfection with pcDNA3.1 plasmids (P < 0.05, Fig. 4.3A), whereas
STAC3 siRNA knockdown increased Myf5, MyoD and myogenin mRNA expression compared
to transfection with scrambled siRNA (P < 0.05, Fig. 4.3B). MRF4 expression was not affected
by STAC3 overexpression (P > 0.1, Fig. 4.3A), but tended to be increased by STAC3
knockdown (P = 0.07, Fig. 4.3B). Expression of MyHC3 mRNA was decreased by STAC3
overexpression (P < 0.05, Fig. 4.3A), but was not affected by STAC3 siRNA knockdown (P >
0.1, Fig. 4.3B). This was also confirmed at the protein level (Fig. 4.3C). Taken together, these
data in general indicated that STAC3 overexpression inhibited whereas STAC3 knockdown

stimulated mRNA expression for several myogenic markers in C2C12 cells.
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Stable STAC3overexpression inhibited differentiation and fusion without affecting
proliferation of C2C12 cells

To overcome the limited efficiency of transient transfection, we generated C2C12 cell
lines constantly overexpressing STAC3. We also generated C2C12 cell lines constantly
overexpressing LacZ as controls. Western blot analysis confirmed STAC3-Flag fusion protein
expression in selected C2C12 cells (Fig. 4.4A). The morphology of cells differentiated for 72 h
was shown in Fig. 4.4B. There was no difference in the proliferation rate between STAC3 and
LacZ overexpressing C2C12 cells (P > 0.1, Fig. 4.4C). At 72 h of differentiation, 13.9% of the
STACS3-overexpressing C2C12 cells formed myotubes, and this percentage was much smaller
than that (41.5%) of the LacZ overexpressing C2C12 cells (P < 0.05, Fig. 4.4D). Myotubes
formed from STAC3 overexpressing C2C12 cells on average had less nuclei than those formed
from LacZ overexpressing C2C12 cells (P < 0.05, Fig. 4.4E). Overall, these data indicated that
stable overexpression of STAC3 inhibited fusion of C2C12 myoblasts into myotubes while

having no effect on proliferation of these cells.

STACS3 deletion promoted differentiation of mouse embryonic myoblasts

To determine the role of STAC3 in myogenesis in vivo, we generated STAC3 knockout
mice. All homozygous STAC3 knockout mice died perinatally. Characterization of these mice
will be described in detail in a separate report. In this study, we isolated myoblasts from E17.5
STAC3 null mouse embryos and their littermate controls, and compared their ability to
differentiate and fuse into myotubes in cell culture. Determined by real-time RT-PCR, STAC3
MRNA levels in myoblasts from STAC3 knockout embryos were barely detectable at only 1%

that in control myoblasts | (Fig. 4.5C). When cultured in differentiation medium, STAC3-
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deficient myoblasts showed typical morphological changes as control myoblasts, including cell
elongation, alignment, and myotube formation (Fig. 4.5A). This indicated that STAC3 is not
essential to myoblast proliferation, differentiation, or fusion. However, by 72 h of differentiation
(Fig. 4.5B), 53% of STAC3 knockout myoblasts had fused into myotubes compared to 18% of
control myoblasts (P < 0.01, Fig. 4.5D). Similarly, the myotubes formed from STAC3 knockout
myoblasts had more nuclei than control myoblasts (6 vs. 4 nuclei/myotube) (P < 0.05, Fig. 4.5E).

These data together suggested that STAC3 deficiency promoted myoblast fusion.

STAC3 deletion led to dysregulation of MRFs and MyHC transcription

Expression levels of 4 MRF and 6 MyHC mRNAs were compared between STAC3
knockout and control myoblasts at 48 h of differentiation. Expression of Myf5 mRNA was
lower in STAC3 knockout than in control myoblasts (P < 0.01, Fig. 4.6A). Both MyoD and
MyoG were expressed at higher levels in STAC3 knockout than in control myoblasts (P < 0.05,
Fig. 4.6A). Expression of MRF4 mRNA was not different between STAC3 knockout and control
myoblasts (P > 0.1, Fig. 4.6A). The levels of MyHC3 mRNA were lower in STAC3 knockout
than in control myoblasts, but those of MyHC1 mRNA were higher in STAC3 knockout than in
control myoblasts (P < 0.01, Fig. 4.6B). The expression levels of the remaining 4 MHC mRNAs
were not different between STAC3 knockout and control myoblasts (P > 0.1, Fig. 4.6B). These
data indicated that myoblasts from STAC3 knockout embryos had a greater ability to

differentiate and to fuse into myotubes than myoblasts from control embryos.
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DISCUSSION

STACS is the third member of the STAC gene family. Both STAC1 and STAC2 are
predominantly expressed in the brain and neurons (Legha et al., 2010; Suzuki et al., 1996). Gene
expression profiles at NCBI suggested that STAC3 is mainly expressed in skeletal muscle.
Through RT-PCR and Western blotting analyses of mouse tissues, we confirmed that STAC3
MRNA and protein are nearly exclusively expressed in skeletal muscle. Being expressed
specifically in skeletal muscle suggested that STAC3 might play an important role in this tissue.
In this study, we carefully examined the role of STAC3 in myogenesis using three different
cellular systems: 1) C2C12 cells with transient overexpression or knockdown of STAC3; 2)
C2C12 cells with constant overexpression of STAC3; and 3) STAC3 deficient mouse embryonic
myoblasts. These experiments consistently showed that STAC3 overexpression inhibited fusion
of C2C12 myoblasts into myotubes whereas STAC3 knockdown or complete deletion promoted
fusion of C2C12 myblasts or embryonic myoblasts, respectively. These results suggest that

endogenous STAC3 is an inhibitor of myoblast fusion.

From proliferation to fusion of myoblasts into multinucleated myotubes, myogenesis is
under the tight regulation of MRFs (Relaix and Marcelle, 2009; Tajbakhsh, 2009). This process
is accompanied with the upregulation of genes encoding structural and contractile proteins
(Sabourin et al., 1999). MyoD and Myf-5 are expressed in the proliferating myoblasts whereas
myogenin increases as myoblasts commit to differentiate (Sabourin and Rudnicki, 2000). After
differentiation, MRF4 transcripts become detectable for a short period (Bober et al., 1991;
Tajbakhsh and Buckingham, 2000). In this study, STAC3 overexpression-induced decreases in
fusion rate were accompanied by decreased expression of Myf5, MyoD, and MyoG in C2C12

myoblasts (P < 0.05), whereas STAC3 knockdown-induced increases in fusion rate were
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associated with increased expression in these MRFs. These results suggest that STAC3 may have
a role in regulating the expression of these MRFs and thereby regulate myoblast differentiation
and fusion. The MyHC3 expression level was inhibited by STAC3 overexpression, and this was
consistent with the observation that STAC3-overexpressing myoblasts formed smaller myotubes.
Surprisingly, the MyHC3 expression level was not lower in myotubes formed from STAC3
knockdown myaoblasts, perhaps because of compensation from other factors that control MyHC3

expression.

Despite being widely used in studies of myogenesis in vitro, the C2C12 myoblasts might
not have the same physiology as myoblasts in vivo. To study the role of STAC3 in myogenesis
in vivo, we examined STAC3 function and MRFs and MyHC expression in primary myoblasts
isolated from STAC3 knockout mouse embryos. This experiment indicated that STAC3
deficient myoblasts formed more and larger myotubes than control myoblasts and that this
difference was associated with greater expression of MyoD and MyoG mRNAs. These results
were similar to those from studying C2C12 cells. However, one discrepancy between the two
models was that Myf5 expression was decreased in STAC3-deficient myoblasts but not in
STAC3-knocked down C2C12 cells compared to their respective controls. This discrepancy
may be due to the difference of STAC3 expression levels between STAC3 knockdown C2C12
cells and STAC3 knockout myoblasts, or other more fundamental differences between C2C12
cell line and primary myoblasts. Myf5 has been reported to be important for myogenic
determination of quiescent satellite cells. As the C2C12 cells are a myogenic predetermined
mouse cell line, like other cell lines, the do not always represent the same biological functions as
satellite cells in vivo. Another noteworthy finding from STAC3 deficient mouse myoblasts was

that MyHC1, but not MyHC3, was upregulated in those cells. During muscle development, there
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are successive generations of new myofibers that give rise to more developed muscle fibers. The
majority of the primary generation of myofibers predominantly expresses the MyHC7 gene
(Harris et al., 1989; Ontell et al., 1993). During the second generation, MyHC7 remains in part of
those muscle fibers. In some of the other myofibers, MyHC7 is replaced by MyHC1, MyHC?2 or
MyHC4 and becomes mature myofiber in adult skeletal muscle (Lefaucheur, 2010). Higher level
of MyHC1 and lower level of MyHC3 in myotubes derived from STAC3 deficient myoblasts
indicated a possibly precocious status of STAC3 deficient myotubes. This might be the result of
the upregulated MyoD, which has been documented to accumulate in fast muscles (Allen et al.,

2001; Harrison et al., 2011).

In conclusion, this is the first report about the expression profile and biological function
of the STAC3 gene. By manipulating STAC3 expression in C2C12 cells and mouse embryonic
myoblasts, we have demonstrated that STACS3 is an inhibitor of myoblast differentiation and

fusion. Further studies are needed to understand the underlying molecular mechanism.
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Table 4.1. Nucleotide sequences of the primers used for real-time PCR

gene direction  Primer sequence Accession #

STAC3 Forward 5’-TAC AGC GAC CAA CAG TAC GC-3’ NM_177707
Reverse  5-TCT GCATTGTTT CCATCC TG-3’

GAPDH  Forward 5-‘ACC CAG AAG ACT GTG GAT GG-3’ NM_008084
Reverse  5’-GGA TGC AGG GAT GAT GTT CT-3’

18S Forward 5’-TTAAGAGGGACGGCCGGGGG-3’ NR_003278
Reverse  5’-CTCTGGTCCGTCTTGCGCCG-3’

Myogenin Forward 5’-CGGCTGCCTAAAGTGGAGAT-3’ NM_031189
Reverse  5’-AGGCCTGTAGGCGCTCAA-3’

MyoD Forward 5’-CCACTCCGGGACATAGACTTG-3’ NM_010866
Reverse  5’-AAAAGCGCAGGTCTGGTGAG-3’

Myf5 Forward 5’-ATCCAGGTATTCCCACCTGCT-3’ NM_011566
Reverse  5’-ACTGGTCCCCAAACTCATCCT-3’

MRF4 Forward 5’-AGTCTTCAGCGCCTTTCTTCC-3’ NM_008657
Reverse  5’-CTGCTGGGTGAAGAATGTTCC-3’

MyHC1 Forward 5’-AGTCCCAGGTCAACAAGCTG-3’ NM_030679
Reverse  5’-CACATTTTGCTCATCTTTGG-3’

MyHC 2 Forward 5’-AGTCCCAGGTCAACAAGCTG-3’ NM_001039545
Reverse 5-GCATGACCAAAGGTTTCACA-3’

MyHC 3 Forward 5’-CGCAGAATCGCAAGTCAATA-3’ NM_001099635
Reverse 5-ATATCTTCTGCCCTGCACCA-3’

MyHC4  Forward 5’-AGTCCCAGGTCAACAAGCTG-3’ NM_010855
Reverse 5’-TTTCTCCTGTCACCTCTCAACA-3’

MyHC 7 Forward 5’-AGTCCCAGGTCAACAAGCTG-3’ NM_080728
Reverse  5’-TTCCACCTAAAGGGCTGTTC-3’

MyHC 8 Forward 5’-AGTCCCAGGTCAACAAGCTG-3’ NM 177369

Reverse

5’-CCTCCTGTGCTTTCCTTCAG-3’
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Fig. 4.1. STAC3 expression profile in mouse tissues. (A) STAC3 mRNA levels in different
mouse tissues were determined by semiquantitative RT-PCR using GAPDH as internal control.
(B) STACS protein levels in different mouse tissues were determined by western blot analysis.

Tubulin expression was used as internal control.
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Fig. 4.2. Transient overexpression or knockdown of STAC3 affected fusion but not
proliferation of C2C12 cells. (A) Morphology of C2C12 transiently transfected with
pcDNA3.1-hygro (+), STAC3-Flag/pcDNA3.1-hygro (+), Scramble and STAC3 siRNA, and
differentiated for 72 h before Giemsa staining. Pictures were taken under 20>magnification. (B,
C) Transfected C2C12 cells were induced to differentiate for 72 h. After staining of nuclei, the
fusion index and the nuclear number per myotube were calculated. Histograms are means =SEM.
* represents P < 0.05 and ** represents P < 0.01 comparing to corresponding control, and n = 4.
(D) Equal numbers of transfected C2C12 cells were cultured in growth medium for 24, 48, and
72 h before the numbers of viable cells were determined. The absorbance at 570 nm on the y-axis
represents the number of viable cells (n = 4). (E) The STAC3 mRNA levels in transfected cells
were assessed by real-time PCR. Histograms are means =SEM. * represents P < 0.05 and **

represents P < 0.01 comparing to corresponding control, and n = 4.
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Fig. 4.3. Transient overexpression or knockdown of STAC3 affected C2C12 differentiation.
(A, B) mRNA levels of MRFs and MyHC3 in C2C12 transfected with STACS3, control plasmid,
STAC siRNA or scramble. Total RNA was extracted from C2C12 cells in differentiation

medium for 48 h, and subjected to real-time PCR using 18s as internal control. Histograms are
means =SEM. * represents P < 0.05 within genes, n = 4. (C) Representative picture of total
MyHC western blot. Total protein was isolated from C2C12 cells transfected and differentiated

for 48 h. Tubulin was the control.
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Fig. 4.4. Stable STAC3 overexpression inhibited differentiation and fusion without
affecting proliferation of C2C12 cells. (A) Western blot analysis of expression level of Flag-
tagged STAC3 in C2C12 cells over-expressing Lac Z or STAC3 with tubulin as control. (B)
Morphology and immunocytochemistry of established cell lines. Representative images of
C2C12 cells over-expressing Lac Z or STAC3. Myotubes derived from Lac Z cells or STAC3
cells were stained with anti-MyHC antibody and DAPI. Pictures were taken under a phase

contrast microscope, or a fluorescence microscope (20 X magnification). (C) Equal numbers of

STAC3 and LacZ overexpressing C2C12 cells were cultured in growth medium for 24, 48, and
72 h before the numbers of viable cells were determined. The absorbance at 570 nm on the y-axis
represents the number of viable cells. There is no difference between STAC3 and Lac Z cell

lines in proliferation (n = 4). (D, E) STAC3 and LacZ overexpressing C2C12 cells were induced
to differentiate for 72 h. After staining of nuclei, the fusion index and the nuclear number were
calculated. Histograms are means ==SEM of four clones from either STAC3 or LacZ stable cell

line. * represents P < 0.05, ** represents P < 0.01, and n = 4.

118



o o N Q - ] 0(/_".’ 8 & nc K‘(" 5
t N < 9 { pSOY-
s TR s CX P &2 g < B°
: o9 IRt el O
[ % 4 § =
[ [ A A, ass g 82 ”""Q O Po R
Control SRR 0 pofe o 0 M
0% o & 5 Vo HaN
RS L) e . COUAT B 53 Wi 8o o
&0 e Gy | 09 o ! &
e A .4 QR 4|
e a0 £l Sl P o) \ NS ¥
f po - -
= — s WATNITS o p
= o V9 Figk %o | Q-
5 : 14 Sa N '}’h »0“\\6 \aa cuo
. v - Y 2 1 3 o0
/ . 7 ; 2 hd s N N
B : — /T 1 ‘ % /B TN
i N = e B e SN
STAC3 -/- A Sl Bl el
. 5 4 ; RS = 3 -~ . ) C>q,~.\ AL
v == —0e Nl (o= e 3 NI RN
5 Passass ot \ L2 e | O S \ %
PR 2 THEN g SRS CIRE e o &Sm0
N === Z = DR 0! o & [ o

B DAPI+MyHC

Control 1.5-

1.0

0.5+

STACS -/-

*%

Relative mRNA abundance
of STAC3 in primay myoblasts

0.0

Conltrol STA&:3 -/-

N
o
1

.|

Fusion index, %
Nuclei / myotube
B

Control STAC3 - Control STAC3 -/-

119



Fig. 4.5. Effects of STAC3 deletion on differentiation of mouse embryonic myoblasts. (A)
Morphology of STAC3 deficient myoblasts and control myoblasts. Pictures were taken before
differentiation and differentiated for 24 h, 48 h and 72 h. (B) Immunocytochemistry of STAC3
deficient myoblasts and control myoblasts. Myotubes were stained with anti-MyHC antibody
and DAPI. Pictures were taken under a fluorescence microscope (20>magnification). (C) The
STAC3 mRNA levels in myoblasts were assessed by real-time PCR using 18s as internal control.
Histograms are means =SEM. ** represents P < 0.01, and n = 3. (D, E) STAC3 deficient
myoblasts and control myoblasts were induced to differentiate for 72 h. Nuclei were stained, and
the fusion index and the nuclear number per myotube were calculated. Histograms are means =+

SEM. * represents P < 0.05, ** represents P < 0.01, and n = 3.
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Fig. 4.6. Effects of STACS deletion on expression of MRFs and MyHC mRNAs. (A) mRNA
levels of MRFs in STAC3 -/- myoblasts and control myoblasts. Total RNA was extracted from
myoblasts in differentiation medium for 48 h, and subjected to real-time PCR using 18s as
internal control. Histograms are means =SEM. * represents P < 0.05 and ** represents P < 0.01
within genes, and n = 3. (B) mMRNA levels of six isoforms of MyHC in STAC3 -/- and control
myoblasts. Total RNA was extracted from myoblasts in differentiation medium for 48 h, and
subjected to real-time PCR using 18s as internal control. Histograms are means =SEM. *

represents P < 0.05 and ** represents P < 0.01 within genes, and n = 3.
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Chapter V

Conclusions and Future Directions

Conclusions

Skeletal muscle mass is regulated by the number and the size of muscle fibers. The
number of muscle fiber is determined during skeletal muscle development at prenatal stage,
whereas the size of myofiber is due to changes at postnatal stage in response to environmental
and physiological demands. Mature skeletal muscle, however, has the ability to incorporate new
DNA at postnatal stage. The size of muscle fiber is regulated dynamically by the balance
between anabolic and catabolic metabolism in the muscle. These processes contributing to
skeletal muscle mass are controlled by a network of factors including transcription factors,
hormones, and many signaling molecules. In this dissertation project, | conducted three
independent studies to understand the roles of two hormone GH and IGF-I, and a potentially

novel signaling protein STAC3 in skeletal muscle growth and development.

In the first study (Chapter 1), the cellular effects of GH and IGF-I on skeletal muscle
growth were compared using bovine satellite cells. The purpose of this study was to determine if
GH stimulates skeletal muscle growth through IGF-1-independent direct mechanisms. |
discovered that overall GH has different effects from IGF-I in skeletal muscle. Whereas GH had
only effect on protein synthesis in bovine myotubes, IGF-I not only stimulated protein synthesis
but also inhibited protein degradation in myotubes as well as stimulated myoblast proliferation. I
also found that the anabolic effect of GH was unlikely mediated by local IGF-1 as GH did not

alter IGF-I1 mRNA expression in those cells.
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In the second study (Chapter 111), | investigated the signaling pathways responsible for
various effects of IGF-I that lead to skeletal muscle growth. 1 again used the bovine satellite cells
as the muscle cells model in this study. | discovered that IGF-1 stimulated proliferation of bovine
myoblasts and protein synthesis in bovine myotubes through both the PI3K/AKT and the MAPK
signaling pathways, and that IGF-I inhibited protein degradation in bovine myotubes through the
PIBK/AKT pathway only. This study also suggested that signaling from the PI3K/AKT or the
MAPK signaling pathway leads to increased expression of CCND2, thereby mediating IGF-I

stimulation of proliferation of bovine myoblasts.

In the third study (Chapter 1V), | determined the potential role of STAC3 in the different
steps of myogenesis, including myoblast proliferation, differentiation, and fusion, using the
mouse myoblast cell line C2C12 cells as well as myoblasts directly derived from mouse embryos.
Through gene overexpression, knockdown, and knockout, | discovered that STAC3 is a negative
regulator of myoblast differentiation and fusion while it has no effect on proliferation of

myoblasts.
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Future Directions

Roles of GH and IGF-I in skeletal muscle growth

The following studies can be conducted to further understand the mechanisms by which

GH and IGF-I stimulate skeletal muscle growth.

1) The signaling pathways by which GH stimulates protein accumulation in bovine
myotubes. In my dissertation research, |1 showed that GH increased protein mass in myotubes
without increasing IGF-1 mRNA level. The signaling pathways by which GH stimulates protein
synthesis need to be further investigated. One possibility is that GH signaling directly stimulates
mTOR activity in bovine myotubes. Another possibility is that factors instead of IGF-1 mediate
the growth promoting effect of GH in bovine myotubes. One of such factors could be is NFATc2
as there was one study finding that GH increased myoblast fusion through NFATc2 but not IGF-

I in mice.

2) The role of CCND2 in proliferation of bovine myoblasts. In my dissertation research,
| noticed that IGF-I-stimulated proliferation of bovine myoblasts was associated with increased
expression of CCND2 mRNA. This raises the possibility that CCND2 mediates IGF-I
stimulation of myoblast proliferation. This possibility can be tested by CCND2 overexpression

or knockdown in myoblasts.

Role of STAC3 in skeletal myogenesis

My studies have shown that STACS3 plays an important role in myogenic differentiation

and fusion. Many studies could be conducted to further understand this role.

125



1) Expression level of STAC3 during muscle development in embryos. Skeletal muscle
development includes a series of well-defined events. In mice, skeletal muscle is established
between day 8.5/9 (E8.5/9) to day 18.5 (E18.5) at embryonic stage, and it further matures during
the first 2~3 weeks of postnatal life. The primary fibers form before E 14.5, and, the secondary
fibers form between E 14.5 and E18.5. The STAC3 deficient mouse embryos are lethal and
likely because of skeletal muscle dysfunction. The dynamic change of expression level will give

us some indication about at what stage STAC3 is possibly involved in muscle development.

2) Subcellular localization of STAC3 in myoblasts and myofibers. In order to perform
their expected function, proteins need be localized at their proper subcellular compartment. Cell
signaling proteins tend to stay in cytoplasm, while transcription factors can translocate from
cytoplasm into nucleus. STAC3 appears to be a cytoplasmic signaling protein based on its
molecular structure. It contains the SH3 domain and phorbol esters/diacylglycerol binding C1

domain.

3) Interacting proteins of STAC3. To fully understand the mechanism of STAC3 in
myogenesis, it is important to identify the potential protein-protein interactions. Protein-protein
interaction mediates most physiological process, such as subcellular structure assembly,
regulation of gene expression and cell signal transduction. The identification of STAC3
interacting proteins will suggest its biological functions. Thus, identification and characterization
of physical protein-protein interactions are essential for understanding the biological functions

and underlying mechanisms of STAC3.
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