Chapter 20

Cell Cycle Regulation During Proliferation
and Differentiation of Mammalian Muscle
Precursor Cells

Maria A. Ciemerych, Karolina Archacka, Iwona Grabowska,
and Marta Przewozniak

Abstract Proliferation and differentiation of muscle precursor cells are intensively
studied not only in the developing mouse embryo but also using models of skeletal
muscle regeneration or analyzing in vitro cultured cells. These analyses allowed to
show the universality of the cell cycle regulation and also uncovered tissue-specific
interplay between major cell cycle regulators and factors crucial for the myogenic
differentiation. Examination of the events accompanying proliferation and differ-
entiation leading to the formation of functional skeletal muscle fibers allows
understanding the molecular basis not only of myogenesis but also of skeletal
muscle regeneration. This chapter presents the basis of the cell cycle regulation in
proliferating and differentiating muscle precursor cells during development and
after muscle injury. It focuses at major cell cycle regulators, myogenic factors, and
extracellular environment impacting on the skeletal muscle.

20.1 Introduction

Precise control of the cellular proliferation, differentiation, and also cell death is
vital for the proper embryonic and postembryonic development. Despite a great
variety of cell types, they utilize the same molecular machinery governing both the
cell cycle progression and withdrawal. However, in each cell type analyzed cell
cycle can be specifically tuned and its machinery is influenced by tissue-specific
factors. Reciprocally, timing and the expression of these factors are effectively
controlled by the cell cycle regulators. These mutual interactions can be studied in
rapidly proliferating and differentiating embryonic tissues and organs and also in
those of adult organisms. Mechanisms governing proliferation and differentiation
of skeletal muscle cells can be analyzed at the level of developing embryo, and
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importantly can also be pinpointed in adult organisms, by studying activation,
proliferation, and differentiation of satellite cells. These cells can be forced to reentry
cell cycle either after muscle injury or after their isolation and in vitro culture.
Analyses of these adult cells allowed deciphering molecular mechanism governing
the quiescence, proliferation, and differentiation of muscle precursor cells. Some of
them are common for both embryonic and adult cells localized within the muscle. In
this chapter, we focus on the processes governing the cell cycles and differentiation of
mammalian cells. However, it has to be emphasized that vast amount of data
originated from the experiments first performed using model organisms such as
amphibian and birds, or even invertebrates, and then confirmed in mammals.

20.2 Molecular Basis of Cell Cycle Regulation

The ascent of the cell cycle studies dates to the time of discovery of the activity
controlling meiotic maturation of Rana pipiens oocytes, termed as maturation pro-
moting factor (MPF) or M-phase promoting factor (Masui and Markert 1971; Smith
and Ecker 1971; Masui 2001). Soon it was demonstrated that MPF operates not
only in amphibian, but also in murine oocytes (Balakier and Czolowska 1977), and
controls meiotic as well as mitotic divisions (Rao et al. 1977; Sunkara et al. 1980).
Biochemical nature of MPF has been exposed after cloning and characterization of
yeast kinases cdc2 and CDC28, i.e., CDK1 (cyclin-dependent kinase 1; Hartwell
et al. 1974; Hindley and Phear 1984; Simanis and Nurse 1986; Lee and Nurse 1987,
Hartwell 1991) and discovering the first cyclin (Evans et al. 1983). In the years to
follow, several other CDKs, cyclins, and their positive and negative regulators were
identified, and their role in the staging of the cell cycle of various organisms and cell
types was revealed (for a review see e.g., Wong 1996; Ciemerych and Sicinski 2005;
Malumbres and Barbacid 2005; Umeda et al. 2005; Gubbels et al. 2008; Doonan and
Kitsios 2009). In addition, it has been proved that homologues or orthologues of
these crucial factors were present and operational in plant, fungal, and animal cells.
As a result, the Sévres standard' of the cell cycle was designed, and the role of the
cell cycle regulators has been assigned.

20.2.1 Seévres Standard of Mammalian Cell Cycle Regulation’

The majority of mammalian cell types, except the blastomeres that build the
preimplantation embryo, are under the influence of extracellular signals, such as

"International Bureau of Weights and Measures, located in Sevres (France), kept the measurement
standards of the International System of Units (SI): the standard kilogram, atomic clocks, and other
metrological devices. The phase “Sévres standard” can be used to emphasize that the described
phenomena can be considered as a typical ones.
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hormones and growth factors, which are commonly described as mitogens. These
factors determine whether the cell will continue to proliferate, differentiate,
undergo apoptosis, become senescent, or withdraw from the cell cycle, i.e., become
quiescent. Highly specialized cellular mechanisms control and impact on the
cellular reactions.

Decisive role in the regulation of both the quiescent state and cell cycle initiation
is played by the members of the pocket family proteins, i.e., retinoblastoma protein
(pRb), p107, and p130 (Grana et al. 1998; Adams 2001). pRb binds and inactivates
the members of E2F transcription factors family preventing the expression of genes
encoding cell cycle factors responsible for the progression through and beyond G1
phase (Classon and Dyson 2001; Blais and Dynlacht 2004). The E2F transcription
factor family includes the transcriptional activators such as E2F1, E2F2, and E2F3a
and repressors, i.e., E2F4, E2F5, and E2F6 (De Falco et al. 2006). E2F7 and E2F8
are also described as inhibitory ones (Moon and Dyson 2008). Interestingly, E2F3
locus encodes not only E2F3a but also E2F3b transcription factor (Leone et al.
2000). Each of the E2Fs is regulated by different pocket protein family members,
i.e., E2F1, E2F2, E2F3a, and E2F3b are associated with pRb; E2F4 and E2F5
preferentially bind p107 and p130. E2F6 and E2F7 form transcriptional repressor
complexes, but they are not associated with any pocket proteins (Cobrinik 2005).
To fulfill their function E2Fs have to interact with their specific cofactors, i.e., DP
proteins (DP1 and DP2).

In consistence with its anti-proliferative role, pRb protein was also shown to be a
major player in the regulation of cellular differentiation (e.g., Korenjak and Brehm
2005; De Falco et al. 2006). Changes in the extracellular environment that stimulate
the cell to resume or continue the cell cycle result in the pRb inactivation (Fig. 20.1).
Mitogens acting on the cell can activate intracellular pathways, e.g., mitogen-
activated protein kinase (MAPK) pathway, which in turn may lead to the synthesis
of D-type cyclins that bind and activate G1-phase-specific CDKs — CDK4 and
CDK6 (CDK4/6) (Sherr et al. 1992; Xiong et al. 1992). It has to be remembered,
however, that activation of CDKs requires not only their interaction with appropri-
ate cyclin but also removal of inhibitory phosphorylation, which is mediated by
Cdc25 phosphatase (Russell and Nurse 1987; Gabrielli et al. 1992), and additional
phosphorylation catalyzed by CDK-activating kinase (CAK, Kaldis 1999). CDKs
activation also requires the removal/destruction of specific inhibitors. Activity of
G1 controlling CDK4/6 is negatively controlled by INK4 family members —
ple™K4a p15INKAL -y gINKde “and p19™K4d (Serrano et al. 1993; Hannon and
Beach 1994; Quelle et al. 1995; Guan et al. 1996, Fig. 20.1). Other CDKs, such as
those that control S and G2/M-phase, i.e., CDK2 and CDK1, are blocked by the CIP/
KIP inhibitors — p21<™!, p27%™"! "and p57%™ (Harper et al. 1993; Polyak et al.
1994; Lee et al. 1995, Fig. 20.1). Interestingly, cyclin D-CDK4/6 complexes also
interact with members of CIP/KIP family. However, in such configuration CDK4/6
complexes not only remain active but also, by titrating CIP/KIP inhibitors, posi-
tively influence activity of CDK2 (La Baer et al. 1997; Cheng et al. 1999; Sherr and
Roberts 1999; Geng et al. 2001; Tong and Pollard 2001). Upregulation of CDK
inhibitors can be induced by cellular stress, e.g., p21°™F" expression is induced by
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Fig. 20.1 Cell cycle regulation. Cell cycle progression is under control of periodically active
cyclin—-CDK complexes. During GO-G1 transition, in response to the mitogen stimulation, D-type
cyclins become synthesized and activate CDK4/6, which phosphorylate and inactivate pRb. As a
result, pRb releases E2F transcription factors and allows the transcription of cell cycle progression
genes such as E- and A-type cyclin. In G1-S, E-type cyclins activate CDK2, further phosphorylate
pRb, and also phosphorylate its own inhibitors CIP/KIP proteins, directing them for degradation
and securing the S-phase progression. Further stages of S phase remain under control of cyclin
A—-CDK?2 complexes, and initiation of M-phase requires the action of cyclin A-CDK1 and then
cyclin B-CDK1. Upon degradation of A- and B-type cyclins, mitosis can be completed and the cell
can either reenter the next cell cycle, or differentiate or become quiescent. In quiescent cells, CDK
activity is negatively regulated not only by CIP/KIP inhibitors but also by the INK4 that inhibits
CDK4/6

p53 transcription factor (Sharpless and DePinho 2002). Most importantly, however,
expression of these inhibitors is characteristic for cell cycle withdrawal that accom-
panies cellular differentiation and can be mediated by the tissue-specific transcrip-
tion factors.

Formation of active cyclin D-CDK4/6 complexes, which takes place during cell
cycle reentry, leads to the phosphorylation and inactivation of pRb (Zarkowska and
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Mittnacht 1997). Phosphorylated pRb is no longer able to interact and block E2F
transcription factors (Fig. 20.1). As a result, E2F-dependent transcription of
various cell cycle regulators, such as E-and A-type cyclins, is induced (Lees
et al. 1993; Dimova and Dyson 2005). E-type cyclins interact and activate CDK2,
which hyperphosphorylates pRb, further preventing its interaction with E2Fs
(Lundberg and Weinberg 1998; Harbour et al. 1999; Fig. 20.1). Cyclin E-CDK2
also influences the function of its own regulators, i.e., it phosphorylates and
activates Cdc25 phosphatase (Hoffmann et al. 1994), or marks its own inhibitor —
p27%"! for degradation (Sheaff et al. 1997; Furstenthal et al. 2001b). Among
the targets phosphorylated by CDK2 are factors involved in the initiation of
DNA replication (Krude et al. 1997; Arata et al. 2000; Zou and Stillman 2000;
Furstenthal et al. 2001a; Geng et al. 2003, 2007), centrosome duplication (Okuda
et al. 2000; Chen et al. 2002; Tarapore et al. 2002), or proteins required for histone
biosynthesis, such as p220NPAT (Ma et al. 2000). During the further stages of the
S-phase, CDK?2 interacts with A-type cyclins (Fig. 20.1; Girard et al. 1991; Pagano
et al. 1992; see also Fisher 2011), and by phosphorylating proteins involved in
DNA replication, e.g., by Cdc6, these complexes play a crucial role in the regula-
tion of their stability (Petersen et al. 1999; Coverley et al. 2000). At the G2-M
transition cyclin A switches from CDK2 to CDK1 and controls the initiation of
prophase (Furuno et al. 1999, Fig. 20.1). Notably, cyclin A degradation is a
prerequisite step for the completion of the cellular division (Minshull et al. 1990;
den Elzen and Pines 2001). Lastly, MPF, i.e., cyclin B-CDKI, directs various
M-phase-associated processes such as reorganization of cellular cytoskeleton,
cellular organella (e.g., Golgi cysterns), depolymerization of nuclear envelope
lamina, formation of mitotic or meiotic spindle, or even chromatin condensation.
Cyclin B degradation, leading to CDKI1 inactivation, is required for the M-phase
exit (see e.g., Gotoh et al. 2011). Importantly, not only timely activation and
inactivation of CDKs, but all processes governing the cell cycle stages are pre-
cisely controlled by the checkpoint mechanisms ensuring proper completion of
each of them and correction of possible mistakes (see de Medina Redondo and
Meraldi 2011).

The real outbreak of the cell cycle studies, which also focused at cell cycle
withdrawal during cellular differentiation, took place in the last two decades of the
twentieth century. It resulted in a multitude of in vivo and also in vitro experiments
involving analyses of various cells, including mammalian cell lines and tissues.
Results of these projects led to the conclusion that many of major cell cycle
regulators play indispensable role in the cell cycle progression. However, by the
end of the twentieth century, due to the rapid development of molecular biology
techniques allowing generation of genetically modified mice, crucial role of the
vast majority of cell cycle regulators has been questioned (for a review, see e.g.,
Aleem et al. 2004; Sherr and Roberts 2004; Ciemerych and Sicinski 2005). More-
over, not only the redundancy of cell cycle regulators, but also the cell cycle
modifications distinctive for specific cell types, such as embryonic cells, stem
cells, or differentiating cells, have been revealed (see Momcilovié et al. 2011).
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20.2.2 Embryonic and Stem Cell Cycle Variants

“Sevres standard” of the cell cycle described above does exist, but one has to be aware
of the fact that each cell type can be portrayed by its custom tuned cell cycles. The cell
cycles of early mammalian embryos can serve as one of the examples of the specific
cell cycle machinery adjustment. During oogenesis maternal “information” (mRNAs
and proteins) is synthesized and accumulated within the oocytes. However, majority
of these factors become rapidly degraded at the two-cell stage of mouse embryo (Flach
et al. 1982; Latham 1999). Thus, almost entire embryogenesis, except the one-cell
stage, is governed by the products of embryonic genome. Interestingly, the maternal
influence on the progression of the cell cycle of one-cell embryo seems to manifest in
the specific regulation of the first mitotic division of such embryo. This particular
mitosis, for yet unknown reasons, is as twice long as the second and the following ones
(Ciemerych et al. 1999; Sikora-Polaczek et al. 2006; Kubiak et al. 2008), illustrating
the notion that the tuning of the cell cycle regulation starts very early during mamma-
lian development. Interestingly, preimplantation mammalian development occurs
regardless of the presence of extracellular mitogens. Starting from the one-cell stage
(zygote) up to blastocyst stage embryo can be cultured in the serum-free medium. The
growth factor independency of cell cycles was shown to be possible due to the lack of
the expression of pRb. Maternal stores of this protein become degraded at the early
two-cell stage, and then its expression is resurrected at the blastocyst stage, i.e., at the
time when embryo is about to implant and start differentiation processes (Iwamori
et al. 2002). Moreover, these early cell cycles seem to be independent of p53
and p21“™", what might be a part of the mechanism ensuring the unperturbed and
environment-independent cleavage divisions of preimplantation embryo. Again, p53
and p21“™! become important regulatory factors at the time of blastocyst implantation
(Adiga et al. 2007a, b; Artus and Cohen-Tannoudji 2008; Houlard et al. 2009).
Preimplantation mouse embryo is not the only example of the cell cycle indepen-
dency from pRb. It was also documented by the analyses of the embryonic stem cells
(ES cells), which originate from inner cell mass, i.e., pluripotent cells, of blastocyst.
These cells are characterized by very rapid cell cycles that take approximately 10 h
(see Wang and Blelloch 2011). Similarly to preimplantation mouse embryo, also ES
cell cycles are deficient of pRb activity. However, in contrast to embryos that cells fail
to express pRb, this protein was shown to be synthesized by ES cells, but kept in the
hyperphosphorylated, i.e., inactive, state (Savatier et al. 1994; Conklin and Sage
2009). Interestingly, lack of all three members of pocket proteins family, i.e., pRb,
p107, and p130, does not influence the ES cell cycle progression (Dannenberg et al.
2000; Sage et al. 2000), strongly suggesting that this axis of cell cycle regulation is
dispensable. In consequence, E2F-dependent genes, such as cyclins A and E, are
stably expressed, which results in the lack of CDK2 activity oscillations (Stead et al.
2002; White and Dalton 2005). Moreover, ES cell cycles were suggested to occur
either independently of cyclin D-CDK4/6 complexes (Savatier et al. 1996), or at least
to be regulated by only one unique kinase, i.e., cyclin D3-CDK6, which in addition
was shown to be resistant to p16™%** inhibition (Faast et al. 2004). It seems highly
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possible that these “special” cellular machinery modifications adapt ES cells to
efficient propagation. Importantly, induction of ES cell differentiation “reverses”
the cell cycle regulation to the canonical one, i.e., cyclin D expression rises and
CDK4 activity becomes resurrected (Savatier et al. 1996), pRb status changes, and the
expression of E2F-dependent targets, and their activity, resume oscillatory pattern
(White and Dalton 2005; White et al. 2005).

In contrast to rapidly proliferating pluripotent ES cells, majority of the cells that
underwent differentiation remain quiescent. This state is sustained by the high levels
of hypophosphorylated pRb, INK4, and CIP/KIP inhibitors. However, along with
quiescent terminally differentiated cells almost every mammalian tissue was shown
to contain the subpopulation of so-called somatic stem cells. These cells are long
living, retaining ability to self-renew, and thus, are essential for the renewal of the
tissues in adult organisms. In contrast to embryonic cells and ES cells, somatic stem
cells divide rarely and are predominantly found in the quiescent state (Cotsarelis
etal. 1990; Potten et al. 1997; Li and Clevers 2010). Well-studied examples of adult
stem cells are hematopoietic stem cells (HSCs). Different subpopulations of HSCs
were reported to divide with various frequencies, e.g., very rarely every 4-5 months
(Wilson et al. 2008; Foudi et al. 2009) or more frequently (Cheshier et al. 1999;
Kiel et al. 2007). Skin stem cells divide every 200 h, and intestine epithelium, as
being one of the “fastest” adult stem cells, every 9-10 h (Fuchs 2009; Li and Clevers
2010). Besides being able to constantly self-renew, adult stem cells are also ready to
respond to the environmental cues and to differentiate. To avoid the abnormal
development of tissues they reside in, the interplay between stem cell “machinery”
controlling the cell cycle progression and differentiation has to be finely tuned. The
well-studied examples of such tuning are processes associated with cellular prolif-
eration and differentiation during embryonic and adult myogenesis.

20.3 Cell Cycle and the Developing Skeletal Muscle

Strict control of cell proliferation is particularly crucial for proper development of
tissues and organs during embryogenesis. Formation of functionally and morpho-
logically correct structures depends on the balance between sufficient propaga-
tion of precursor cells and their differentiation. During muscle development, first
muscle precursor cells are singled out, and then satellite cells that can be considered
as muscle stem cells are generated from them. Due to their ability to persist, self-
renew within the adult muscle, and activate in response to the environmental
changes, satellite cells are one of the excellent examples of the precisely tuned
balance between quiescence, proliferation, and differentiation.

20.3.1 Outline of Mouse Embryo Myogenesis

In vertebrates nearly all body muscles are derived from epithelial structures, i.e.,
somites that are formed by segmentation of paraxial mesoderm localized along
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axial structures of a developing embryo. During mouse embryogenesis, this process
starts at approximately 8th day postcoitum (dpc) and is followed by gradual differ-
entiation of somites into compartments containing precursor cells for several tissues
and organs. Dorsal part of the somite develops into dermomyotome that will give
rise to skeletal muscles, connective tissue of the skin, and to endothelium and
smooth muscles of some blood vessels (Kardon et al. 2002; Ben-Yair and Kalcheim
2005). In many different groups of vertebrates, from amphibians to birds and
mammals, specification and then determination of skeletal muscle cells are induced
by signals released by structures adjacent to somites, i.e., notochord, neural tube,
and embryonic ectoderm (Bryson-Richardson and Currie 2008). In response to
Sonic Hedhehog (Shh) synthesized by notochord, or Wingless proteins (Wnts)
secreted by neural tube and dorsal ectoderm, dermomyotome cells start to express
the first markers of muscle precursor cells, i.e., Pax3 and Pax7 transcription factors.
Shh itself is one of the very few factors that have been shown to influence
proliferation of myogenic cells in mammals and other vertebrates such as birds.
Experiments performed by Duprez et al. revealed that Shh increases proliferation
rate of myogenic cells leading to hypertrophy of muscle in chick embryos (Duprez
et al. 1998). The possible role of Shh as a regulator of cell divisions was further
indicated by the phenotype of Shh-deficient mice. These mutants were character-
ized by the lack of both epaxial (associated with the vertebrae, ribs, and base of the
skull) and hypaxial (abdominal and limb) muscles (Chiang et al. 1996). During
unperturbed development Shh was shown to be involved exclusively in the forma-
tion of epaxial muscles; thus, ablation of hypaxial ones might result from decreased
proliferation of precursor cells, as suggested by Parker et al. (2003). It has also been
shown that Shh promotes cell division of muscle cells in adults (Koleva et al. 2005;
Elia et al. 2007). Administration of cyclopamine, a specific chemical inhibitor of
the Shh pathway, influences proliferation of primary cultures of satellite cells and
myoblasts isolated from both chick and mouse. In regenerating muscles, inhibition
of Shh pathway leads to reduced number of satellite cells at injury site, impaired
activation of MyoD and Myf-5, and decreased level of IGF-I (Straface et al. 2009).

Various Pax proteins control development of many lineages during embryogen-
esis (Buckingham and Relaix 2007). Two of them, Pax3 and Pax7, are the key
regulators of skeletal muscle formation, acting as the master regulators of this
process. Despite that their myogenic role was analyzed in many studies (Maroto
et al. 1997; Tajbakhsh et al. 1997; Borycki et al. 1999; Seale et al. 2000; Ridgeway
and Skerjanc 2001; Relaix et al. 2004; Bajard et al. 2006; Buckingham and Relaix
2007), Pax3 and Pax7 target genes have only started to be identified (McKinnell
et al. 2008; White and Ziman 2008; Sato et al. 2010). Among Pax3 and Pax7 direct
or indirect targets are transcription factors known as early myogenic regulatory
factors, e.g., Myf-5, MyoD (Tajbakhsh et al. 1997; McKinnell et al. 2008; Collins
et al. 2009; Sato et al. 2010). In the mouse embryo, Pax3 is initially expressed in
newly formed somites and then become restricted to dermomyotome, while Pax7
appears later in the central part of this compartment (Jostes et al. 1990; Goulding
et al. 1994; Williams and Ordahl 1994; Buckingham and Relaix 2007). Expression
of Pax genes is subsequently followed by the synthesis of factors responsible for
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determination of the cell fate and the onset of myogenesis, i.e., MyoD and/or Myf-5
(Sassoon et al. 1989; Ott et al. 1991), which together with myogenin and MRF4
(Myf-6) belong to the MRFs. The common feature of MRFs is the presence of
bHLH (basic helix-loop-helix) domain enabling their heterodimerization with E
proteins (Olson and Klein 1994). In general, complexes of MRF and E protein
regulate myogenic differentiation by recognizing and binding to E-box consensus
sequences (CANNTG) present within the promoters of genes encoding muscle-
specific proteins, such as myosin heavy chains (MyHCs) or muscle creatinin kinase
(MCK) (Olson 1992; Olson and Klein 1994). Experimental overexpression of
MRFs was shown to induce myogenic differentiation program and convert various
types of cells into myogenic cells, including differentiated ones, such as neurons,
chondroblasts, and fibroblasts (Braun et al. 1989; Edmondson and Olson 1989;
Weintraub et al. 1989, 1991; Choi et al. 1990; Miner and Wold 1990; Lattanzi et al.
1998). Myotubes derived from MyoD-converted chondroblasts and fibroblasts were
identical if compared to myotubes obtained from cells isolated from breast muscles,
including localization of muscle sarcomeric proteins such as alpha-actinin, titin,
MyHCs, and others (Choi et al. 1990). However, overexpression of MyoD, Myf-5,
MRF4, and myogenin in NIH3T3 fibroblasts did not result in the full conversion
into multinucleated myotubes (Russo et al. 1998). Thus, exogenous expression
of MRFs can induce myogenic conversion of different cell lines, however, with
variable success (see Sect. 20.4).

In dermomyotome, expression of Myf-5 has been shown to be induced by Pax3
via engagement of Dmrt2 transcription factor (Sato et al. 2010). Besides Myf-5,
MyoD has also been identified as a target for both Pax3 and Pax7, emphasizing the
role of Pax genes in orchestrating the progression from undifferentiated toward
determined and then differentiating cell (Bajard et al. 2006; Hu et al. 2008;
McKinnell et al. 2008). Expression of MyoD or Myf-5 induces the cells localized
within dermomyotome to migrate downward and create the cellular layer called
myotome (Parker et al. 2003). Once they become localized within the myotome,
they stop to divide. Myotome, however, continues to extend gradually due to
proliferation of cells localized in the medial part of dermomyotome, which do not
activate expression of MRFs, but instead maintain synthesis of Pax3 and Pax7, and
as a result of it continue dividing (Kassar-Duchossoy et al. 2005; Relaix et al.
2005). Besides Pax3- and Pax7-positive cells, precursor cells are also present in the
hypaxial part of dermomyotome, localized at the level of forming limb buds. These
cells retain ability to proliferate due to inhibition of Pax3-mediated expression of
MyoD (Bendall et al. 1999). Divisions of these precursor cells enable their suffi-
cient propagation during migration and homing within limb buds, where they
undergo differentiation (Birchmeier and Brohmann 2000).

As it was signalized above, Pax3 influences proliferative state of muscle precur-
sor cells. So far this factor is the best recognized regulator of muscle cell prolifera-
tion. Downregulation of Pax3 expression in dermomyotome of chick embryos
resulted in the cell cycle arrest of muscle precursors (Amthor et al. 1999) and
also led to the reduction of precursor cells population in dermomyotomes of mice
lacking Pax3 (Franz and Kothary 1993). Importantly, Pax3 activity is crucial for the
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survival of precursor cells migrating from dermomyotome toward limb buds (Bober
et al. 1994; Goulding et al. 1994; Williams and Ordahl 1994). Linkage between
Pax3 activity and cell proliferation was further supported by the fact that chromo-
somal translocation resulting in fusion of DNA binding domain of Pax3 or Pax7
genes with transcriptional activation domain of FOXOla (FKHR) leads to uncon-
trolled division of the muscle cells and development of rhabdomyosarcomas (Barr
2001). Moreover, constitutive expression of Pax3 or Pax7 in in vitro cultured
myoblasts results in their extensive proliferation; however, the mechanism of this
phenomenon remains unknown (Collins et al. 2009). Identification of Pax3/Pax7
targets by microarray analyses (Khan et al. 1999; Mayanil et al. 2001; White and
Ziman 2008) will undoubtedly help to understand how these proteins influence the
cell cycle machinery.

Muscle precursor cells that reach the limb buds start to express MyoD approxi-
mately at 10.5 dpc, while Myf-5 is expressed between 10th and 12th dpc (Ott et al.
1991). In the meantime, cells present within the myotome undergo final differenti-
ation manifested by their fusion and formation of multinuclear myotubes, and
subsequently skeletal muscle fibers. During mouse embryo development, first
wave of fiber formation is observed between 11th and 14th dpc and is followed
by the formation of secondary fibers taking place between 14th and 16th dpc. Fiber
formation remains under control of so-called late MRFs, i.e., myogenin and MRF4,
as, for example, myogenin-null mice are characterized by the lack of secondary
fibers, which is a consequence of myoblasts’ inability to differentiate and fuse to
each other (Venuti et al. 1995). The population of Pax3- and Pax7-positive cells,
initially localized in the middle part of dermomyotome, which enters the myotome
around 10th day of development, will serve as a source of skeletal muscle progeni-
tor cells (Kassar-Duchossoy et al. 2005; Relaix et al. 2005). During the later stages
of myogenesis progeny of these cells, characterized by the expression of Pax7,
localize between muscle fibers and surrounding basal lamina (Kassar-Duchossoy
et al. 2005; Relaix et al. 2005), and become satellite cells, i.e., so-called muscle
stem cells, responsible for their growth and regeneration in adult organisms.

20.3.2 Some Lessons on Myogenesis from the Cell
Cycle Mouse Mutants

Successful progression of myogenesis depends, to a great extent, on the unper-
turbed proliferation on muscle precursor cells, securing the generation of the
sufficient pool of cells that will next differentiate into muscle fibers. Not surpris-
ingly, interplay between cell cycle regulators, Pax proteins, and/or MRFs has to be
perfectly tuned. Important lessons on the role of the cell cycle regulators in
myogenesis were learned from experiments involving manipulation of the levels
of cell cycle regulators in in vitro growing cells (see Sect. 20.4) or analyses of the
mutant mice lacking genes encoding crucial elements of cell cycle machinery.
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The role of pocket protein family member pRb in the differentiation of skeletal
muscles has been documented by many studies, including analyses of knockout
mice. Initial experiments leading to the generation of pRb-null mice showed that
deletion of this gene causes embryonic lethality between 12th and 15th dpc, i.e.,
prior to the stage of terminal muscle differentiation (Clarke et al. 1992; Jacks et al.
1992; Lee et al. 1992; Morgenbesser et al. 1994). Two approaches allowed unco-
vering the role of pRb in muscle development. First one based on the observation
that pRb-null embryos die due to severe anemia that might by caused by the
placental abnormalities. Experiments involving “tetraploid complementation” tech-
nique allowed to generate mutant embryos developing within wild-type, i.e.,
“healthy,” placentas (Wu et al. 2003). Second approach is based on the “construc-
tion” of conditional pRb knockout mice (de Bruin et al. 2003). Both experiments
lead to the full-term development of pRb-deficient mice, i.e., long enough to allow
the manifestation of the defects in skeletal muscle development. The rescued
embryos were characterized by the presence of hypoplastic myofibers in several
muscle types analyzed (intercostal and limb muscles, diaphragm, and tongue;
de Bruin et al. 2003). Moreover, analyses of mice carrying pRb hypomorphic
minigene, i.e., expressing low levels of pRb, uncovered similar phenotypes —
dispersed myotubes within intercostal muscles (Zacksenhaus et al. 1996). In devel-
oping muscles of these mutant mice, myoblasts were undergoing apoptosis or
aberrant DNA replication before they were able to initiate terminal differentiation.
Myotubes were shorter, less abundant, contained fewer myofibrilles, and fail to
express MRF4 (Zacksenhaus et al. 1996). Thus, on the basis of their own results,
and experiments conducted by others, the authors concluded that in the absence of
pRb terminal withdrawal from the cell cycle is obstructed, resulting in apoptosis or
abnormal DNA endoreduplication (Zacksenhaus et al. 1996). However, they also
noted that even in the absence of pRb some myogenic precursor cells (MPCs) are
able to undergo activation and differentiate into myotubes. Moreover, myoblasts
derived from pRb-null ES cells failed to preserve their terminal differentiation, i.e.,
nuclei present within the myotubes were able to resume DNA synthesis after
mitogen stimulation (Clarke et al. 1992; Schneider et al. 1994).

Also p130 was suggested to play a role in the regulation of myogenesis. Histo-
logical analyses of 10.5 dpc p130-null embryos showed that they were characterized
by the reduced number of myocytes within the differentiating myotome. However,
this phenotype was only manifested when mutant mice were generated in Balb/cJ]
genetic background. C57BL/6J p130-deficient mice were viable with no detectable
defects in myogenesis (LeCouter et al. 1998). Thus, it is likely that lack of pRb can
be compensated by p107 and p130. However, possibility of such “replacement”
could not be tested using mouse model due to the fact that double knockout mice,
i.e., lacking pRb and p107, or pRb and p130, die at 11.5 dpc (Lee et al. 1996).
However, experiments on triple knockout ES cells underscored the crucial role of
pRb, p107, and p130 in the cellular differentiation (Dannenberg et al. 2000; Sage
et al. 2000). Unlike wild-type ES cells that are introduced subcutaneously into nude
mice differentiate into variety of cell lines including myoblasts, pRb~’ _p107_/ B
p130~/~ ES cells were able to differentiate only into primitive neuronal cells and
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never gave rise to myoblasts (Dannenberg et al. 2000). Defects in muscle develop-
ment were also manifested in mice lacking pRb and E2F1 (Tsai et al. 1998), or pRb
and E2F3 (Ziebold et al. 2001). Concomitant deletion of E2Fs and their repressor,
i.e., pRb, led to the prolonged survival of such double mutant embryos, and again
allowed the demonstration of “muscle phenotype” of pRb-null mice.

Other players that were shown to be involved in the regulation of myogenic
differentiation are the members of the Id family. They also carry bHLH domain and
inhibit E proteins or MyoD-E protein complexes from binding DNA (Benezra et al.
1990a; Christy et al. 1991; Sun et al. 1991; Melnikova and Christy 1996). In
particular, Id1 was shown to be a potent negative regulator of MyoD (Benezra
et al. 1990b; Jen et al. 1992; Katagiri et al. 2002) and also to prevent the expression
of p21°™! (Prabhu et al. 1997). Besides Id1, Id2 was also shown to be synthesized
in myogenic cells and to regulate their proliferation (Zhao and Hoffman 2004). Id2
ablation rescued the pRb phenotype, i.e., prolonged survival of mutant mice and
influenced myogenesis, once again revealing crucial role of pRb in muscle devel-
opment (Lasorella et al. 2000). It should be also mentioned that 1d2 plays a role in
the placental development (Janatpour et al. 2000); thus, it is possible that observed
rescue can be attributed to the genetic interactions between pRb and Id2 within
this organ.

The crucial role of pRb revealed during the analyses of various mice mutants has
been emphasized by number of other studies, which documented that participation
of pRb in myogenesis relies on its ability to bind crucial MRFs, i.e., myogenin and
MyoD, as well as other transcription factor, MEF2 (myocyte enhancer factor;
Gu et al. 1993; Novitch et al. 1996, 1999; Huh et al. 2004). Interestingly, reciprocal
interactions between pRb and MRFs were also documented. MyoD was shown to
induce the expression of pRb, and also of p21<™"!, which ensures the effective cell
cycle exit of the differentiating myoblasts (Martelli et al. 1994; Halevy et al. 1995;
Rao and Kohtz 1995; de la Serna et al. 2001; Magenta et al. 2003). However, as
mice lacking p21“™"' do not reveal any malfunctions in myogenesis, it is possible
that p21°™! can be replaced by other CDK inhibitors, i.e., p275¥"*" or p57¥F?
(Zabludoff et al. 1998; Zhang et al. 1999b). It has to be stressed that interaction
between MyoD and pRb is crucial for proper expression of genes controlling
formation of myotubes and fibers during final stages of differentiation (Gu et al.
1993; Novitch et al. 1996). However, more importantly, pRb displaces histone
deacetylases (HDACs) from MyoD, enabling MyoD-dependent transcription and
progress of differentiation in muscle cells (Puri et al. 2001; see Sect. 20.3.3).
Differentiation promoting function of pRb was also shown to be associated with
its ability to negatively regulate Ras activity (Lee et al. 1999; Takahashi et al.
2003). Importantly, the activity of MyoD was shown to be influenced by the Ras-
family members, e.g., N-ras (Kong et al. 1995; Ramocki et al. 1997, 1998), and the
interplay of N-ras, MyoD, and pRb was emphasized during the analysis of yet
another mutant mice. Loss of N-ras resulted in the significant rescue of skeletal
muscle development of pRb-null embryos (Takahashi et al. 2003).

The other cell cycle regulators that impact on the myogenic differentiation are
D-type cyclins, which in addition to their growth promoting function play unique
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roles in differentiation of specific cell types. The best studied so far is cyclin D1,
the role of which in the regulation of transcription and differentiation of various
tissues, e.g., retinas or mammary glands, is very well documented (Bienvenu et al.
2001, 2010). As far as differentiation of myoblasts is concerned, several lines of
evidence engage D-type cyclins in this process. Differentiation of muscle cells is
accompanied by the decrease in cyclin D1 level (Skapek et al. 1995; Guo and
Walsh 1997). Analysis of mouse embryos documented that developing muscles
express almost exclusively cyclin D3, but not D1 or D2 (Ciemerych et al. 2008).
Expression of this cyclin is dramatically induced when myoblasts exit the cell
cycle and fuse into myotubes (Kiess et al. 1995; Cenciarelli et al. 1999). Interest-
ingly, cyclin D3 fails to accumulate in pRb-null myoblasts, in which it is sub-
jected to rapid degradation (Cenciarelli et al. 1999). In wild-type mice, however, it
was shown to associate with hypophosphorylated form of pRb and as a result
to escape GSK3B-mediated phosphorylation, which is a prerequisite step for its
degradation in proteosome (De Santa et al. 2007). pRb and cyclin D3 interaction
was also proven to be crucial for the proper regulation of myogenic differentiation
(Mariappan and Parnaik 2005). However, there is no hard data coming from the
analyses of cyclin D-null mice proving their indispensability for the proper pro-
gression of myogenesis. Nevertheless, multiple lines of evidence coming from
in vitro studies prove importance of this protein in the myoblast proliferation and
differentiation (see Sect. 20.4).

20.3.3 Epigenetic Regulation of Proliferation and Differentiation
of Muscle Precursor Cells

During myogenic differentiation, MyoD activates expression of several muscle-
specific genes necessary for the myoblasts fusion and myotubes formation, such as
myogenin or M-cadherin, and those responsible for generating force by skeletal
muscles, such as MyHCs (Berkes and Tapscott 2005). For that reason, to prevent
premature and uncontrolled differentiation of myoblasts, activity of MyoD must be
inhibited in proliferating cells. The exact mechanisms leading to inhibition of
MyoD activity still remain unclear. It is assumed, however, that inductive mole-
cules/environmental cues released during embryogenesis, or serum-derived growth
factors present in in vitro culture, activate some crucial cell cycle regulators (see
Sect. 20.5). However, reciprocal interactions between MyoD and cell cycle machin-
ery are much more complicated than presented so far. It is clear that the central role
of MyoD in controlling these processes is possible only by its cooperation with
many additional modulators. Despite a great gap in our knowledge, some of them
have been already identified and characterized.

Activation or repression of any of the genes depends on chromatin conformation
within these genes and surrounding sequences. Chromatin relaxation enabling gene
expression is achieved inter alia by histone acetyltransferases (HATs) and chroma-
tin remodeling factors such as SWI/SNF complex. While transferring acetyl groups
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to lysine residues of histones increases transcription factors’ access to DNA,
activity of HDAC:s leads to the suppression of chromatin structure and repression
of transcription (Strahl and Allis 2000). Modification of histones by methylation/
demethylation also influences chromatin conformation and modulates its interac-
tions with transcriptional machinery. Histone modifying enzymes, together with
chromatin remodeling complexes, are engaged in the regulation of expression of
genes encoding both cell cycle regulators and muscle-specific factors. Results of
in vitro experiments documented that in proliferating C2C12 myoblasts, MyoD
remains bound to HDACs and hence is unable to heterodimerize with E proteins
and to drive transcription of muscle-specific genes such as MyHCs (Mal et al. 2001,
Fig. 20.2). HDAC:s also inhibit the activity of MEF2 transcription factors that serve
as MyoD cofactors and are crucial for the induction of MyoD-dependent transcrip-
tion (Gossett et al. 1989; Molkentin et al. 1995; Dressel et al. 2001; McKinsey et al.
2001). In addition, in proliferating myoblasts, dimers of MyoD and HDACs are
found within promoters of some genes normally expressed during myogenic differ-
entiation, such as genes encoding myogenin or acetylcholine receptor (Liu et al.
2000; Mal and Harter 2003; Fig. 20.2). It is believed that expression of such genes is
inhibited by HDACsS activity before the onset of differentiation by deacetylation
of histones within their regulatory regions and conversion of chromatin to tran-
scriptionally silent form (Sartorelli and Caretti 2005).

Apart from HDACs chromatin repression is also sustained by the activity of
histone methyltransferases (Fig. 20.2), such as Ezh2 (Enhancer of zeste homologue 2),
of Polycomb family that methylates lysine 27 of histone H3 (H3K27) (Caretti et al.
2004). However, in proliferating myoblasts, unique pattern of deacetylation and
methylation of repressed genes does not exist, as for example, promoter of repressed
myogenin gene is characterized by methylation of lysine 9, while methylation of
lysine 27 is detected within promoters of transcriptionally inactive MCK and MyHCs
genes (Zhang et al. 2002; Caretti et al. 2004). As suggested by Forcales and Puri,
distinct pattern of modifications within regions encoding genes and/or regulatory
sequences repressed in proliferating myogenic cells may serve as an “indicator” for
their proper expression during subsequent differentiation. In other words, genes that
will be expressed earlier in differentiating myogenic cells (such as myogenin) are
“marked” differently than those expressed at later stages of differentiation (such as
MyHCs or MCK; Forcales and Puri 2005).

During myogenic differentiation, activation of many genes crucial for proper
progression of this process is possible only after MyoD-mediated recruitment of
chromatin-relaxing factors such as HATs, and chromatin remodeling complexes,
for example SWI/SNF (Puri et al. 1997a, b; Sartorelli et al. 1999; de la Serna et al.
2001; Simone et al. 2004; Fig. 20.2). In differentiating myoblasts and myotubes,
MyoD is found in a complex with p300 and PCAF acetylases being stably asso-
ciated with muscle-specific genes. It is considered that recruitment of HATSs by
MyoD to its target genes leads to histone acetylation within such regions and
subsequent expression of modified genes (Sartorelli and Caretti 2005). Presence
of p300 and PCAF acetylases together with SWI/SNF complex is also necessary
for the expression of pRb gene driven by MyoD in differentiating muscle cells
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Fig. 20.2 Epigenetic regulation of gene expression in proliferating and differentiating muscle
cells. In proliferating muscle cells, activation of muscle-specific genes is inhibited, while cell cycle
progression genes are expressed. MyoD and MEF, cofactors necessary for MyoD-dependent
transcription, stay bound to HDAC, and as a result remain inactive. Activity of HDAC leads to
deacetylation of histones within muscle-specific genes preventing transcription of such modified
DNA regions. Expression of muscle-specific genes is also repressed by the activity of histone
methyltransferases (Met) converting chromatin into transcriptionally silent form. As a result of
CDKs’ action, pRb is hyperphosphorylated, and thus, becomes inactive and unable to bind E2F
transcription factors. Active E2F/DP complexes promote expression of cell cycle progression
genes. In differentiating muscle cells, activated pRb binds to E2F preventing transcription of cell
cycle regulators. pRb also induces repression of these genes by recruitment of HDAC and SWI/
SNF complex that together convert chromatin into transcriptionally inactive form. In contrast,
chromatin within muscle-specific genes is relaxed due to activity of histone acetylases (HATS),
such as p300 and PCAF, and chromatin remodeling complexes, such as SWI/SNF, all recruited by
MyoD. Binding of MyoD-E protein dimers, together with MEF transcription factors, leads to the
expression of muscle-specific genes

(Martelli et al. 1994; Magenta et al. 2003). Modulation of the action of p300, PCAF,
or components of SWI/SNF complex by specific antibodies was performed in
differentiating myoblasts or MyoD-overexpressing fibroblasts. It resulted in inhibi-
tion of MyoD-dependent expression of both pRb and muscle-specific genes, such as
myogenin, MCK, and MyHCs (Eckner et al. 1996; Simone et al. 2004). Besides
histones, MyoD was also shown to be a substrate of PCAF acetylase. Modification
of MyoD by PCAF increases its transcriptional activity (Puri et al. 1997a, b;
Sartorelli et al. 1999; Fig. 20.2).

As mentioned above, MyoD induces expression of pRb gene during myogenic
differentiation. In return, active pRb releases MyoD from HDAC inhibition and
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facilitates its interactions with MEF2, thereby promoting MyoD-dependent tran-
scription (Gu et al. 1993; Novitch et al. 1999; Puri et al. 2001). However, the most
important role of pRb is played through its interactions with E2F transcription
factors (Macaluso et al. 2006), as described above. pRb was also shown to inhibit
the expression of E2F target genes by the relocation of HDACs to such sequences,
induction of histone deacetylation, and repressive chromatin conformation (Shin
et al. 1995, Fig. 20.2). Repression of cell cycle genes is also achieved by pRb via
recruitment of Ezh2 methyltransferase and/or SWI/SNF complexes to their promo-
ters (Dunaief et al. 1994; Strober et al. 1996; Blais et al. 2007, Fig. 20.2). Activity of
Ezh2 was shown to prevent expression of genes encoding CDK?2 as well as MCM3
and MCM3, i.e., proteins that are crucial for proper DNA synthesis (Blais et al.
2007). Inhibition of transcription is achieved via Ezh2-processed trimethylation of
lysine 27 of histone 3 (H3K27Me3) leading to repression of chromatin within
modified region (Blais et al. 2007). Depletion of pRb in terminally differentiated
myotubes by siRNA results in erasure of H3K27Me3 modifications, followed by
reexpression of cell cycle genes such as CDK2, MCM3, MCMS5, or BRCAT1 and cell
cycle reentry (Blais et al. 2007). Therefore, pRb plays a dual role during myogenic
differentiation progression acting as both a repressor of cell cycle gene transcription
and a coactivator of the muscle-specific gene expression, as it was shown that
the lack of pRb results in perturbed expression of MyHCs and MCK genes, and
impaired myoblasts fusion (Gu et al. 1993; Novitch et al. 1996).

Presented examples indicate interplay between cell cycle machinery, genes
regulating differentiation of muscle cells, and epigenetic factors involved in the
regulation of both these processes. Undoubtedly, the central role in triggering both
cell cycle arrest and myogenic differentiation is played by MyoD. Surprisingly,
mice devoid of this factor do not reveal any serious malfunctions of embryonic
myogenesis, probably due to compensation by Myf-5 (Rudnicki et al. 1992; Kablar
et al. 1999). However, lack of MyoD is manifested in adults, as satellite cells
isolated from such mice are characterized by abnormalities in both the cell cycle
withdrawal and myogenic differentiation (Sabourin et al. 1999; Yablonka-Reuveni
et al. 1999).

20.4 Quiescence, Cell Cycle Reentry, and Differentiation
of Adult Skeletal Muscle Precursor Cells

20.4.1 Satellite Cells and Their Function
in Muscle Regeneration

Satellite cells were first identified by Mauro and Katz in 1961 (Katz 1961; Mauro
1961). In adult skeletal muscle, they remain quiescent until appropriate signals,
e.g., injury or disease caused degeneration, induce them to reenter the cell cycle
(Charge and Rudnicki 2004). Satellite cells, localized between myofiber and basal
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lamina (Schultz et al. 1978), consist 3—8% of muscle nuclei (Schmalbruch and
Hellhammer 1976, 1977; Gibson and Schultz 1982). After muscle injury they
undergo activation, the first manifestation of which is the cell cycle reentry. At
this stage, they are usually described as MPCs or myoblasts. Satellite cells number
decreases with age, however, usually remains sufficient to support effective regen-
eration of muscles of healthy individuals (Renault et al. 2002; Shefer et al. 2006;
Day et al. 2010). The decline in the cell number and their proliferative capacity is
drastically enhanced in certain pathologies, such as muscular dystrophies. One of
the intensively studied example of dystrophies is Duchenne muscular dystrophy
(DMD) (Decary et al. 2000), which is caused by mutation in the gene coding
dystrophin, i.e., protein responsible for linking myofiber cytoskeleton with basal
lamina (Ryder-Cook et al. 1988; Sicinski et al. 1989; Emery 2002). Analyses of
satellite cell number in the best-studied animal model of DMD, i.e., mdx mice,
carrying mutation in dystrophin gene, revealed dramatic decrease in injured and
regenerating skeletal muscles (Reimann et al. 2000). Thus, in the case of dystro-
phies, the population of satellite cells might be prematurely exhausted causing
inability to regenerate the skeletal muscle and premature death (Chamberlain
et al. 2007).

Our current knowledge on the progression of skeletal muscle regeneration
allows clear description of the MPCs behavior during subsequent stages of this
process. Briefly, skeletal muscle reaction to the injury covers satellite cell activa-
tion, intensive proliferation, differentiation, i.e., formation of first myotubes, and
subsequently muscle fibers. Myoblasts’ differentiation and fusion into myotubes,
i.e., their terminal differentiation, are associated with the cell cycle withdrawal.
Throughout the process of muscle regeneration, some of the proliferating myoblasts
are “left aside,” i.e., do not fuse, but localize within the specific niches, become
quiescent, and as a result renew the satellite cells pool. The mechanisms controlling
the choice between being cells that regenerate the muscle and that “regenerate” the
satellite cell population are not precisely described yet. Also, the factors that control
the satellite cell activation and influence the temporal expression of cell cycle
regulators responsible either for cell cycle reentry or withdrawal are only partially
understood.

Since the identification of satellite cells, many different approaches of analysis
of their quiescence, cell cycle reentry, and differentiation have been designed.
Among the “materials” that are intensively studied are in vitro cultured single
myofibers (Rosenblatt et al. 1995; Rossi et al. 2010), satellite cells/MPCs isolated
from skeletal muscles (Foucrier et al. 1999), and various cell lines, such as L8
(Yaffe and Saxel 1977a) and C2C12 (Yaffe and Saxel 1977b; Blau et al. 1985).
Another approach covers the in vivo analyses involving skeletal muscle injury
leading to satellite cell activation (Zimowska et al. 2001; Moraczewski et al.
2008; Brzoska et al. 2009), or various mouse models (e.g., mdx and SMN)
(Banks and Chamberlain 2008; Park et al. 2010). It has to be noted, however, that
behavior of in vitro cultured cells only partially “reflects” their differentiation
accompanying regeneration of skeletal muscle. Nevertheless, isolated satellite
cells and cultured MPCs are considered as a useful tool in the studies involving
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biochemical and cytological analysis of the processes accompanying cellular pro-
liferation and differentiation.

First studies focusing at the satellite cell population suggested relative homoge-
neity of their population. However, currently it is accepted that satellite cell niche is
occupied by more than one population of cells. Characterization of the subpopulation
of various satellite cells was possible, thanks to many research projects that proposed
specific markers. Detection of the cells expressing these proteins allows to precisely
subdivide the population of the satellite cells and to mark off the ones that are the
most “potent” in supporting the regeneration. One has to remember, however, that
the expression of some markers varies as the cells react to the changing environment,
and as the “decisions” about the self-renewal vs. differentiation are made.

The cells that become predestined to form a pool of satellite cells during
embryonic development express Pax7 transcription factor (Zammit et al. 2006).
Pax7 and Myf-5 are among the proteins that are most frequently used as satellite cell
markers (Seale et al. 2000). However, some satellite cells were shown to lack Myf-5
expression (Beauchamp et al. 2000). As a rule, satellite cells, i.e., quiescent ones,
should not express early myogenic differentiation marker, i.e., MyoD (Fig. 20.5).
Thus, the cells that express MyoD are usually excluded from the pool of satellite
cells (Cornelison and Wold 1997; Kitzmann et al. 1998). Among the factors
characterizing the quiescent satellite cells are also proteins involved in cell adhe-
sion, such as M-cadherin mediating adhesion between these cells and the sarco-
lemma of adjacent muscle fiber (Irintchev et al. 1994), or integrin o7 subunit
(LaBarge and Blau 2002; Gnocchi et al. 2009). The latter one is coexpressed with
other markers, i.e., Myf-5 and hepatocyte growth factor (HGF) receptor — c-met
(Cornelison and Wold 1997; LaBarge and Blau 2002). The list of satellite cell
markers was also extended with syndecan-3 and syndecan-4 (Cornelison et al.
2001). However, it has to be noted that M-cadherin, integrin o7, syndecan-3, and
syndecan-4 cannot be considered as perfect markers since their expression continues
after the induction of satellite cell activation and differentiation (e.g., Brzoska et al.
2003; Xiao et al. 2003; Wrobel et al. 2007; Tanaka et al. 2009). Importantly, these
proteins are widely accepted to be involved not only in the cell adhesion but also in
the signal transduction. Last but not least, expression of HSC antigen, i.e., CD34,
however, always together with other markers, e.g., Myf-5, is also employed to
determine the population of quiescent satellite cells (Beauchamp et al. 2000;
Ieronimakis et al. 2010). Presence of almost none of these markers is unique for
satellite cells, although combined analyses of such markers as Pax7, integrin o7
subunit, and CD34, supplemented by the examination of cell localization, allow
identification of satellite cells. Molecules listed above cannot be considered as
“definitive” marker list as almost every year satellite cell population further loses
its homogeneity and undergoes extensive “deconstruction”.

The most wanted among the satellite cell population is the one that has the
highest “regenerative” potential. In search for such cells, Tanaka et al. focused at
so-called side population (SP) (Tanaka et al. 2009). These cells, present in many
adult tissues and organs, including bone marrow (Goodell et al. 1996) or other adult
tissues (Asakura and Rudnicki 2002), are characterized by the ability to exclude



20 Cell Cycle Regulation During Proliferation and Differentiation 491

vital dyes, e.g., Hoechst 33342. Analyses of satellite cells isolated from murine
hindlimb revealed the presence of rare SP consisting of 0.05-0.5% cells, described
by them as “satellite-SP cells.” These cells express syndecan-4, Pax7, HSCs marker
Sca-1, and also ABCG?2 transporter responsible for the exclusion of Hoechst 33342
dye, and are characterized by high potential to participate in muscle regeneration
(Tanaka et al. 2009). Other studies supported the idea of the satellite cell heteroge-
neity by defining two coexisting subpopulations of satellite cells, i.e., so-called low
and high proliferating cells. Interestingly, both types of cells demonstrate diverse
myogenic potential (Rossi et al. 2010). These findings strongly suggest that cells
localized within the satellite stem cell niche differ not only in the proteins that they
express, but also in their ability to resume the cell cycle in response to the changing
niche, i.e., the environment that can force them to remain quiescent, self-renew, or
activate.

20.4.2 Satellite Cells’ Niche and Self-Renewal

The niche, an important “factor” influencing the behavior and fate of the satellite
cell progeny, secures proper cellular environment protecting the balance between
satellite cell renewal and differentiation. Unevenness of these processes may lead
either to the premature exhaustion of satellite cells or to their uncontrolled, and thus
possibly dangerous, overproliferation. The influence of the niche on satellite cells is
based on their physical interaction with muscle fiber and basal lamina, presence of
extracellular signals (e.g., Dahlqvist et al. 2003; Le Grand et al. 2009), or mechani-
cal properties of the niche (e.g., Boonen et al. 2009).

Two different mechanisms controlling niche-residing satellite self-renewal have
been proposed. One of them suggests that equal divisions of satellite cells generate
identical progeny. Resulting daughter cells randomly choose their fate, i.e., some of
them differentiate, others retain satellite cell characteristics (Kuang et al. 2008).
Other scenario proposes that the presence of the cellular asymmetry results in the
generation of two cells of various fates. One daughter cell will be determined to
renew satellite cell population, the other will proliferate and differentiate into
myotubes (Kuang et al. 2008). Indeed, the existence of the cellular asymmetry
was supported by several lines of evidence. One of the tested theories was the
“immortal strand hypothesis.” It proposes that during stem cell division, segregation
of DNA strands is nonrandom, i.e., one daughter cell, presumably the self-renewing
stem cell, inherits sister chromatid built of the “older” DNA template strands. The
“younger” DNA strand is passed to the cell that is committed to differentiate (Herreros
and Giannelli 1967; Cairns 1975). The stem cell retains the old, i.e., “immortal,”
DNA strand that does not contain possibly dangerous replication errors. Such
segregation was shown to accompany the satellite cell divisions. Self-renewing
Pax7 and Sca-1 expressing cells inherit “older” DNA strand (Shinin et al. 2006,
2009; Conboy et al. 2007), and the cell that will differentiate, as predicted by
the expression of muscle-specific protein — desmin, inherits the newly synthesized,
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i.e., younger strand (Conboy et al. 2007). However, it has to be noted that only
a subpopulation of satellite cells divides asymmetrically (Shinin et al. 2006;
Conboy et al. 2007), which can be another illustration of the fact that population
initially described as satellite cells is not homogenous.

Another manifestation of the satellite cells asymmetry is the localization of
Numb protein. Numb protein can be inherited either by both “types” of daughter
cells, i.e., the one that retains the ability to self renew and the one that will dif-
ferentiate, i.e., myoblast (Conboy and Rando 2002; Shinin et al. 2006; Jory et al.
2009), or by only one daughter cell. Interestingly, in the case of asymmetric
localization, the cell that takes over the Numb also inherits an old DNA strand
and is considered a self-renewing one (Shinin et al. 2006; Jory et al. 2009). In the
differentiating myoblasts, Numb action is crucial for the repression of Notch, i.e.,
the factor that was shown to be engaged in the stem-cell renewal via maintaining
expression of Pax7 (Conboy and Rando 2002; Dahlqvist et al. 2003; Sun et al.
2008). Interestingly, the Notch ligand, delta-like 1 (DLL1), the expression of which
leads to the increase in the expression of Pax7, is also asymmetrically distributed
in dividing myoblasts. The cell that will differentiate inherits more DLL1, initiates
Notch signaling pathway on the sister cell, and, via this action, promotes its
self-renewal (Kuang et al. 2007). Interfering with proper DLL1 processing, i.e.,
its shedding, results in elevation of Notch signaling and expansion of Pax7-positive
cells (Sun et al. 2008). Moreover, mutant mice carrying DLL1 hypomorph, and as
a result expressing lower levels of this protein, are characterized by the premature
differentiation of myoblasts and loss of muscle precursor cells (Schuster-Gossler
et al. 2007). Notch activation was also documented to cause rapid induction of
members of Hes family of transcription factors that function as transcriptional
repressors, and MyoD was shown to be among the targets of Hesl (Jarriault et al.
1998; Kuroda et al. 1999). Another Hes protein, i.e., Hes 6 was suggested to block
the expression of p21<™', and thus, support myoblast proliferation (Cossins et al.
2002). However, it has to be noted that Hes6 was also reported to promote the
differentiation (Gao et al. 2001; Cossins et al. 2002). The switch from myoblast
proliferation to differentiation correlates with transition from Notch to Wnt signal-
ing (Brack et al. 2008). As it was described above, during embryogenesis, Wnt
proteins produced by dorsal neural tube and surface ectoderm influence the somite
differentiation and thus myogenesis. In adult organisms, Wnts are secreted by
skeletal muscle fibers and are also able to influence the behavior of satellite cells.
Besides Wnt proteins, other extracellular signals such as growth factors (e.g., IGF-I,
HGF, epidermal growth factor [EGF], and TGFp) or cytokines (e.g., IL-1) that
penetrate to the satellite cell niche can also impact on their fate (see Sect. 20.5).

20.4.3 Maintaining Quiescence and Inducing
Activation of MPCs

Quiescence is a state common for many cells within organism. However, in case
of satellite cells, any in vitro studies of this process are highly difficult to conduct.
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At the very moment, the satellite cells are isolated from myofibers; they become
activated and reenter the cell cycle. Although, culture of whole myofibers gives a
chance to follow quiescent satellite cells for few days and also to have an insight
into their niche (Wozniak and Anderson 2005). Another approach allowing the
analysis of satellite cells in GO phase of the cell cycle includes the short and mild
trypsinization of in vitro cultured myoblasts that already formed myotubes. Such
treatment removes most myotubes, leaving only undifferentiated residual, reserve
cells that can be considered as an ‘“equivalent” of satellite cells. After proper
stimulation, these cells can reenter the cell cycle (Kitzmann et al. 1998; Carnac
et al. 2000). Moreover, the analyses can be conducted using various myogenic cells
that were forced to withdraw from the cell cycle, such as cultured in serum-free
conditions (e.g., Coller et al. 2006) or in that various signaling pathways were
manipulated (e.g., Reed et al. 2007).

Elevated activity of Raf kinase was shown to induce the cell cycle arrest in
several cell types studied. Thus, the mouse myoblasts expressing inducible Raf
kinase can be used to study the cell cycle regulation during myogenic cells
proliferation and differentiation. Importantly, they were shown to express Pax7
(Reed et al. 2007). Using such model system, Reed et al. showed that induction of
GO in Raf expressing mouse myoblasts was accompanied by the translocation of
pRb and E2F5 into the nucleus. However, other pocket proteins — p107 and p130
retained their cytoplasmic localization (Reed et al. 2007). Analyses of the status of
pocket proteins family members in in vitro cultured C2.7 myoblasts revealed that,
similarly as in other cell types, pRb was active in nonproliferating reserve cells and
myoblasts, and inactive only in proliferating cell (Carnac et al. 2000). In subpopu-
lation of reserve cells, p130 was expressed and complexed with E2F transcription
factors, while p107 was not detectable (Carnac et al. 2000). In agreement, over-
expression of p130 in cycling C2 myoblasts led to the suppression of S-phase. It
also led to the reduction of MyoD expression. Similar observation was made when
p130 and MyoD were coexpressed in 10T1/2 fibroblasts; again the presence of this
pocket protein resulted in reduction of MyoD level (Carnac et al. 2000). Thus,
p130 inhibits both proliferation and myogenic differentiation program and could be
a part of the pathway responsible for maintenance of reserve cell pool during
differentiation. Global analyses of gene expression during the regeneration of
injured mouse muscles documented that p130 expression changes concurrently
with those of E2F1 and E2F2, i.e., factors responsible for the expression of the
crucial cell cycle regulators, and is induced during the initial stages of regeneration
(Yan et al. 2003). However, E2F1 but not E2F2 gene was shown to be necessary
for correct regeneration of mice skeletal muscles. Moreover, concomitantly with
the progress of skeletal muscle regeneration, the expression of E2F3, E2F4, and
E2F5 increases. Expression of pRb, however, correlates with the cell cycle with-
drawal and myoblast differentiation, which once again underlines the importance
of pRb in the regulation of muscle differentiation (Yan et al. 2003).

Analysis of E2F1 expression in C2C12 cells showed that myoblasts differentia-
tion is accompanied by its downregulation. On the other hand, overexpression of
this transcription factor results in the decrease of myogenin levels and induction of
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cyclin D1 expression, thus preventing myogenic differentiation (Wang et al. 1995).
Another E2F family member — E2F3a and E2F3b, was previously shown to play
opposite roles in the cell cycle regulation. E2F3a was expressed in proliferating
cells, predominantly in S-phase, while E2F3b is active throughout the cell cycle and
also in the GO arrested cells (Leone et al. 2000). E2F3a was widely accepted to be a
transcriptional activator, while in differentiated or quiescent cells E2F3b acts as
transcriptional repressor (Kong et al. 2007). These proteins were also shown to play
opposite role in myoblasts (Asp et al. 2009). E2F3a as well as E2F1 was shown to
be downregulated during myogenic differentiation of C2C12 cells, but the level of
E2F2, E2F4, and also E2F3b did not change (Asp et al. 2009). Asp et al. showed
that in proliferating myoblasts E2F3a binds to the promoters activating certain
subset of cell cycle genes, while in myotubes E2F3b interacts with the same regions
repressing them. Moreover, these factors regulate subsets of specific genes. Among
the E2F3a targets are genes involved in the regulation of the cell cycle proliferation-
associated genes, while E2F3b is predominantly recruited to genes involved in
differentiation (Asp et al. 2009).

Satellite cells maintain quiescent state balancing between cell cycle progres-
sion and differentiation. While analyzing MPCs, one has to remember that
quiescence in contrast to terminal differentiation, apoptosis, and senescence is
reversible (Coller et al. 2006). Conclusions drawn from the initial studies devoted
to myoblast proliferation stated that only proliferating myoblast can be induced
to differentiate (Nameroff and Holtzer 1969; Dienstman and Holtzer 1977; Yeoh
and Holtzer 1977). If this holds true only the cycling, but not quiescent cells,
would respond to the factors inducing myogenesis. Indeed, expression of MyoD
in cycling human fibroblasts induced their myogenic differentiation (Coller et al.
2006). However, also the quiescent fibroblasts, which were cultured under serum-
free conditions or subjected to contact inhibition, differentiated as a result of MyoD
overexpression. Importantly, concomitant expression of MyoD and p21<™" also led
to myogenic differentiation, supporting the view that such cells do not need to
transiently reenter cell cycle to differentiate (Coller et al. 2006).

20.4.4 Regulating Proliferation of MPCs

Satellite cells can be induced to reenter the cell cycle either by the muscle injury or
after their isolation and in vitro culture. In regenerating muscles, the first cycling
myoblasts were detectable as soon as 30 h, and intensive proliferation approxi-
mately 5 days after muscle injury (McGeachie and Grounds 1987). Increased
levels of MyoD and myogenin expression occurs in mononuclear cells, i.e., acti-
vated satellite cells, 6 h after injury, and the numbers of MyoD-positive cells were
augmented markedly by 24 h. MyoD expression declined to preinjury levels
at approximately 8th day of regeneration (Grounds et al. 1992; Yan et al. 2003).
However, as it was documented in analyses of injured skeletal muscles (Grounds
et al. 1992; Yan et al. 2003), in vitro cultured murine MPCs (Yablonka-Reuveni
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et al. 1999), or isolated mouse muscle myofibers (Zammit et al. 2004), MyoD
upregulation is correlated with satellite cell activation and induction of differentia-
tion. As long as the myoblasts proliferate, they synthesize high levels of cyclin D1
(Rao et al. 1994; Skapek et al. 1995), the expression of which is controlled by c-jun
and c-fos transcription factors (Fig. 20.3). It should be mentioned that one of these
factors — c-jun also binds to bHLH domain of MyoD. This interaction prevents the
formation of MyoD—protein E complexes and in turn inhibits MyoD transcriptional
activity (Bengal et al. 1992; Li et al. 1992a). In proliferating MPCs, increase in the
cyclin D1 level promotes translocation of CDK4 to nucleus and interaction with
MyoD (Fig. 20.3). MyoD bound through CDK4 to cyclin D1-CDK4 complex is
unable to bind DNA and, therefore, cannot induce transcription (Li et al. 1992a;
Zhang et al. 1999a). As a result of cyclin D1 degradation that accompanies cell
cycle withdrawal, D1-CDK4 complexes are disassembled liberating MyoD (Walsh
and Perlman 1997). In consequence, myoblasts cease to proliferate and start to
differentiate (Fig. 20.4).
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Fig. 20.3 Inhibition of MyoD in proliferating myogenic cells. In proliferating cells c-jun, cellular
protooncogene activated in response to mitogens, directly binds MyoD preventing its heterodi-
merization with E protein and interfering with MyoD-dependent transcription. E protein is itself
inhibited by Id factor. Elevated level of cyclin D1 induces CDK4 translocation to nucleus, where it
forms complexes with MyoD. MyoD is also directed for degradation after phosphorylation
mediated by cyclin E-CDK?2 complexes. Finally, deacetylation of MyoD by HDAC prevents its
binding to DNA
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Fig. 20.4 Differentiation-associated changes in cellular machinery of myogenic cells. As a result
of cyclin D1 degradation, CDK4 is released into the cytoplasm, and MyoD becomes liberated.
MyoD induces expression of p21™' and pRb. p21°! inhibits CDK2 and CDK1 and thus
promotes cell cycle withdrawal. pRb protein binds and inactivates E2F transcription factors
preventing the transcription of cell cycle progression genes. pRb also displaces HDACs from
MyoD and translocates it to the regions encoding cell cycle genes leading to their silencing.
Liberated MyoD together with E protein promotes expression of muscle-specific genes and thus
promotes the myogenic differentiation

Cyclin D3 was the other cyclin postulated to be involved in the regulation of
myoblast proliferation and differentiation (Bartkova et al. 1998, see Sect. 20.3.2).
Significantly, overexpression of cyclin D3 increases expression of negative cell
cycle regulators, e.g., p21°™", and muscle-specific genes such as myogenin or
MyHCs (Fig. 20.5). On the other hand lack of cyclin D3 leads to the decrease in
p21€™! MyHCs, 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). As far as other cyclins are
concerned, their roles are proproliferative, since increasing the CDK activity by
overexpression of cyclins A, D, or E prevents myogenic differentiation by means of
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inhibiting MyoD (Skapek et al. 1995; Guo and Walsh 1997). Moreover, cyclin
E-CDK2 complexes phosphorylate MyoD at Ser’™ directing it to proteolytic
degradation, since hyperphosphorylated MyoD becomes ubiquitinated (Song
et al. 1998; Kitzmann et al. 1999; Fig. 20.3). Besides MyoD, other MRF family
members are also regulated by changes in their phosphorylation status. For exam-
ple, phosphorylation of myogenin catalyzed by protein kinase C inhibits its inter-
action with DNA (Li et al. 1992b), and protein kinase A represses activity of both
Myf-5 and MyoD (Winter et al. 1993).

Id proteins were shown to be other important factors regulating both prolife-
ration and differentiation acting via the cell cycle regulators and MRFs (see
Sect. 20.3.2, Fig. 20.3). Idl was detected in activated satellite cells and then in
rapidly proliferating myoblasts (Ono et al. 2009), in which it prevents expression of
p21CIP ! and thus allows cell cycle progression (Prabhu et al. 1997). Besides 1d1,
1d2 and Id4 are also constitutively synthesized in proliferating myoblasts. Dramatic
increase in Id2 was also noticed at the initial stages of skeletal muscle regeneration,
i.e., during the period of satellite cell activation and myoblasts proliferation (Zhao
and Hoffman 2004). Interestingly, Id3 was postulated to be controlled by MyoD
transcription factor, suggesting that the members of Id family perform independent
function during myoblasts differentiation (Wyzykowski et al. 2002). Several other
lines of evidence strongly supported the notion that I1d3, similarly to Id1 or Id2, does
not play any unique role, but also interferes with MyoD function (Loveys et al.
1996; Melnikova et al. 1999; Wu and Lim 2005). In differentiating myoblasts, i.e.,
exiting the cell cycle, Id gene promoters were shown to be repressed (Biggs et al.
1995), and resulting loss of these proteins correlated with the formation of MyoD-E
protein complexes, induction of myogenin expression, and terminal differentiation
(Jen et al. 1992; Ono et al. 2009). Id2 was also shown to be involved in the
regulation of apoptosis-associated atrophy of skeletal muscles (Alway et al.
2003). Its ablation in proliferating myoblasts results in the decrease of proliferation
and increase of apoptosis (Butler et al. 2009).

20.4.5 Molecular Signature of Satellite Cells and MPCs

Molecular and cytological in situ studies of quiescent satellite cells, activated or
differentiated MPCs, and also in vitro experiments were supplemented with the
elegant molecular analyses involving microarray and CHIP-on-CHIP techniques
(Blais et al. 2005; Fukada et al. 2007; Pallafacchina et al. 2010). Obtained data
confirmed previous observations documenting that negative regulators of cell cycle
are highly upregulated in quiescent satellite cells. p57<""* was expressed at a very
high level in quiescent cells and downregulated in proliferating MPCs. However,
p21™! p275™! "and also p130, which were previously described as factors involved
in the maintenance of quiescence, were not significantly upregulated in quiescent
cells. Quiescence was also accompanied with the high expression of specific
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myogenic inhibitors, e.g., Bmp4, Bmp6, Musculin/MyoR, and also some of the
positive myogenic regulators, e.g., Gli2, Pax3, and Pax7 regulator Meox2 (Fukada
et al. 2007). Genes encoding cell-cell adhesion molecules, the key elements in the
regulation of quiescent celli niche, were also highly expressed. Among them were
VE-cadherin, VCAMI, ICAM1, and Pcdhb9 (protocadherin beta 9). Interestingly,
Esam, which is characteristic for HSC and mammary gland SPs, and claudin 5, which
along with Esam is expressed in blood vessels, were also upregulated in quiescent
satellite cells (Fukada et al. 2007; Pallafacchina et al. 2010). Satellite cell activation
and cell cycle reentry were accompanied by the upregulation of other gene sets,
including gene encoding factors involved in cell cycle progression, DNA, RNA, and
protein synthesis, e.g., Cyclin E, CDK1, and many others (Fukada et al. 2007,
Pallafacchina et al. 2010). Surprisingly, CHIP-on-CHIP assays revealed relative
lack of canonical cell cycle genes that would be controlled by MRFs; however,
they documented that E2F4 transcription factor, similar to E2F3, is involved in cell
cycle gene expression in MPCs (Blais et al. 2005; Asp et al. 2009).

20.5 Last But Not Least — The Impact of Extracellular
Factors on the MPCs Cell Cycles

Extracellular signals such as mitogens, cell-cell, and cell-ECM (extracellular
matrix) interactions are crucial factors regulating cell cycle reentry of quiescent
cells and their proliferation and differentiation (Charge and Rudnicki 2004). The
levels of mitogens stimulating proliferation of MPCs increase drastically when the
skeletal muscle becomes injured and inflammatory cells begin to infiltrate damaged
tissue. These mitogens, e.g., growth factors, are mainly secreted by neutrophils,
macrophages, and to a lesser extent by T-cells and platelets. Vasculature, motor
neurons, and MPCs themselves are also responsible for the production and secre-
tion of several growth factors (Cannon and St Pierre 1998). Importantly, some of
the factors impacting on satellite cells and MPCs persist within ECM bound by
proteoglycans (Taipale and Keski-Oja 1997) and can be easily released as a result
of ECM remodeling by metalloproteases occurring after muscle injury (Levi et al.
1996; Kurisaki et al. 2003).

The first described growth factor that was shown to trigger the activation of
quiescent MPCs was HGF/SF (hepatocyte growth factor/scatter factor; Nakamura
et al. 1986). It binds the c-met receptor expressed by MPCs and activates multiple
intracellular signaling pathways, such as MAPK pathway, eventually leading to
MPC:s divisions (Leshem et al. 2002). The function of other growth factors, such as
insulin-like growth factors I and II (IGF-I, IGF-II), platelet-derived growth factor
(PDGF), fibroblast growth factors 1, 2, 4, 6, and 9 (FGF-1, -2, -4, -6, and -9), is to
promote the proliferation of already activated MPCs and also to stimulate their
differentiation (Johnson and Allen 1995; Sheehan and Allen 1999; Czifra et al.
2006). Among other growth factors influencing the cell cycle of myogenic cells are



20 Cell Cycle Regulation During Proliferation and Differentiation 499

EGF and PDGF-BB (platelet growth factor BB), which in combination with other
factors, such as IGF-I or FGF-2, were shown to stimulate myoblasts proliferation
(Doumit et al. 1993). Other factors that impact on MPCs are cytokines, such as tumor
necrosis factor oo (TNF-a), interleukin 6 (IL-6), and leukemia inhibitory factor
(LIF) (Li 2003; Cantini et al. 1995; Spangenburg and Booth 2002). Besides the induc-
tion of the cell cycle reentry and progression, extracellular factors also regulate
cell cycle withdrawal and myoblast terminal differentiation. Some of them, e.g.,
IGFs and HGF, play a dual role, i.e., stimulate proliferation and also are able to
induce differentiation. As a result, growth factors can either up- or downregulate
the expression of cell cycle associated or myogenic genes (Hawke and Garry 2001).
Therefore, the sequence of growth factors expression and their crosstalk is of vital
importance for the proper progression of skeletal muscle regeneration and myoblasts
differentiation (Fig. 20.5).
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Fig. 20.5 General overview of the extracellular factors acting at the myogenic cells, and changes
in the expression of crucial cell cycle regulators and myogenic factors. Cell cycle reentry of
satellite cells, proliferation of MPCs, and cell cycle withdrawal associated with either terminal
differentiation or quiescence remain under control of various growth factors and cytokines, and
result in changes of the expression/activity of myogenic factors and cell cycle regulators. Among
the myogenic factors are Pax proteins and MRFs. Cell cycle regulators include such factors as
pocket proteins, cyclins, CDKs, CDK inhibitors (CKI), CIP/KIP, and PCNA. The scheme illus-
trates only gross changes; it does not include the subtle ones. Upregulation of the expression or
increase in the activity is marked by plus; downregulation or decrease is marked by minus. Arrows
indicate cell cycle reentry, stimulating impact of the mitogens at myogenic cells. Blocking marks
indicate the inhibitory actions of mitogens
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20.5.1 Signaling Pathways Activated in Myogenic Cells

Among the pathways activated by growth factors that regulate satellite cells or
myoblasts behavior are MAP kinases, i.e., ERK1/ERK?2, ERKS or p38, phosphati-
dylinositol 3-kinase (PI3K), and protein kinase B (PKB or Akt). Activation of
ERKI1/ERK2 MAPK results in the cell cycle reentry, while other MAP kinases,
PKB, and PI3K influence both proliferation and differentiation of myoblasts
(Coolican et al. 1997; Gredinger et al. 1998; Jones et al. 2001, 2005; Perdiguero
et al. 2007). Among the receptors that are common for various growth factors or
cytokines are receptor tyrosine kinases (RTKs). RTKs interaction with the ligand
leads to their dimerization and autophosphorylation enabling binding of effector
proteins containing SH2 (Src homology 2) domains. Next steps include interaction
with the adaptor proteins, such as Gab-1, which is the adaptor of Met kinase, and
Grb2 — the adaptor of Sos-GEF (Guanine nucleotide Exchange Factor), and then
downstream factors such as monomeric GTPase Ras. Induction of Ras leads to
activation of Raf kinase that phosphorylates and activates MAP kinase kinase —
MEKI, which in turn phosphorylates and activates MAPK ERK1/ERK2. Subse-
quently, active ERK1/ERK?2 enters the cell nucleus and mediates the activation of
factors involved in chromatin remodeling, such as histone H3 or high mobility
group proteins (HMGs), or transcription factors (Sassone-Corsi et al. 1999). Among
the first genes that are activated via MAPK pathway are genes encoding crucial cell
cycle regulators such as cyclin D1, which allows the cell cycle reentry (Albanese
et al. 1995; Lavoie et al. 1996). Interestingly, besides RTKs, MAPK pathway and
other pathways, such as PI3K and Akt, can also be activated by ligand binding to
G-protein-coupled receptors (Luttrell et al. 1995; Murga et al. 1998). Other growth
factors, such as TGFp, bind to serine/threonine receptors and activate the effector
proteins such as Smads, which also translocate to the nucleus and induce expression
of their target genes. Activation of c-Jun N-terminal kinase (JNK/SAPK1, Stress
Activated Protein Kinase 1), which is also a member of MAPK family, is induced
by TNF-a, a cytokine that was shown to impact on cell cycle of murine C2
myoblasts (Alter et al. 2008). Other pathways that were shown to participate in
the regulation of proliferation and differentiation of MPCs are, for example, those
that involve nuclear factor kappa-light-chain-enhancer (NFxB), also impacting on
the expression of cell cycle regulators, such as cyclin D1 (Guttridge et al. 1999).

20.5.2 Growth Factors Impacting on MPCs

Up-to-date multiple extracellular factors were shown to affect the proliferation and
differentiation of myogenic cells in vitro and in vivo. The impact of those factors on
satellite cells or MPCs depends on their concentration, presence of their receptors,
and functionality of signaling pathways that are activated. Presence of the other
growth factors within the satellite cells or myoblasts environment is also crucial for
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the final cellular reaction. As far as satellite cells and myoblasts are concerned, the
role of HGF, IGFs, FGFs, TGFps, and cytokines, such as LIF and IL-1, was
extensively studied.

20.5.2.1 Hepatocyte Growth Factor

HGF/SF was first purified from rette hepatocytes (Nakamura et al. 1986). It is
known, however, that its synthesis occurs also in other cells including MPCs.
Moreover, it is one of the very few mitogens that was confirmed to activate
quiescent satellite cells (Ten Broek et al. 2010). Thus, its action on satellite cells
or myoblasts can be achieved not only by endocrine but also by paracrine/autocrine
mechanisms (Anastasi et al. 1997). Importantly, HGF can be stored within ECM as
a complex with heparan sulfate proteoglycans (Suzuki et al. 2002). During embry-
onic development, HGF is involved in the migration of muscle precursor cells, but
not in their proliferation, differentiation, or survival (Dietrich et al. 1999). As far as
satellite cells are concerned, HGF was shown to be able to activate them via its
binding to c-met receptor, and trigger cell cycle reentry, both in vitro and in vivo.
Depending on the pathway activated, e.g., MAPK and PI3K, c-met binding may
sustain myoblast proliferation, or result in their differentiation (Allen et al. 1995;
Anastasi et al. 1997; Tatsumi et al. 1998; Leshem et al. 2000; Miller et al. 2000;
Halevy and Cantley 2004). Upregulation of HGF expression accompanies the phase
of intensive MPCs proliferation and, thus, improves the regeneration of injured
muscle (Tatsumi et al. 1998; Miller et al. 2000). As it was shown in murine C2C12
cells, HGF induces cyclin D1 expression and CDK4 translocation into the nucleus,
pRb hyperphosphorylation, and release of E2F transcription factors (Ponzetto et al.
2000; Leshem and Halevy 2002). Simultaneously, expression of p27<'F! decreases,
and via this mechanisms G1/S transition is secured. Yamada et al. revealed that the
function of HGF in MPCs might be more complex and dependable on the concen-
tration of this growth factor. High levels of HGF, accompanied by the expression of
myostatin and p21“"™', was shown to inhibit proliferation of rette MPCs and induce
their quiescence. On the other hand, low concentrations of HGF allowed cell proli-
feration (Yamada et al. 2010). Moreover, ectopic expression of HGF in chicken
MPCs increases the expression of myogenic inhibitory bHLH factor Twist and
decreases the expression of cell cycle inhibitor p27¥™! (Leshem et al. 2000, 2002).
Activation of PI3K pathway by HGF is accompanied by the upregulation of
myogenin and inhibition of the ERK1/ERK2 MAPK pathway. As a consequence,
MPC:s exit the cell cycle and differentiate (Leshem et al. 2002). Moreover, PI3K
phosphorylates and activates Akt, one of the major regulators of apoptosis, indicat-
ing that, apart from sustaining quiescence of MPCs, HGF may be involved in
myogenic cell survival (Halevy and Cantley 2004). Interestingly, activity of PI3K
was also shown to be involved in ERK1/ERK2 MAPK activation, opposing the
thesis that PI3K signaling participated only in the control of myogenic cell differ-
entiation (Halevy and Cantley 2004).
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20.5.2.2 IGF-I and IGF-II

Extensive studies devoted to the role of insulin-like growth factors in myogenesis
clarified that, similarly to HGF, IGF-I and IGF-II are also able to promote both
proliferation and differentiation of MPCs. IGFs are able to induce both effects in
a biphasic manner. First, they stimulate proliferation and expression of genes, such
as cyclin D1, next they promote differentiation and activation of myogenic genes
(Coolican et al. 1997). Moreover, these factors induce both processes by binding
the same receptors, but the final result depends on the signaling pathway utilized
(Coolican et al. 1997). IGF-I stimulates the proliferation of MPCs via binding to
RTKs, and stimulating various signaling pathways, such as ERK1/ERK2 MAPK
(Coolican et al. 1997), calcineurin/NFAT (Musaro et al. 1999), p70 S6K1 (Haddad
and Adams 2004), and PI3K (Chakravarthy et al. 2000; Machida and Booth 2004).
Muscle injury induces increase in IGF-I levels which stimulates MPCs’ prolifera-
tion resulting in muscle fiber hypertrophy (Hayashi et al. 2004). Moreover, infusion
of IGF-I into rette tibialis anterior muscle leads to the increased expression of cyclin
D1, higher proportion of cells in S-phase, and enhanced MPCs proliferation (Had-
dad and Adams 2004). However, this effect apparently did not depend on ERK1/
ERK2 MAPK pathway, since simultaneous infusion of skeletal muscle with IGF-I
and MEKI1 inhibitor PD-098059 did not result in the significant decrease in the
proliferation of analyzed MPCs (Haddad and Adams 2004). Thus, it was suggested
that MAPK pathway is not essential for the IGF-I induced proliferation of MPCs.
On the other hand, ERK1/ERK2 MAPK pathway was shown to transduce IGF-
I-mediated mitogenic signal in L6A1 myoblasts, whereas the PI3K/p70 S6K
was involved in differentiation of those cells (Coolican et al. 1997). Other studies
documented that in MPCs IGF-I might “utilize” other than ERK1/ERK2 MAPK
signaling pathway. Czifra et al. postulated that IGF-I action on human MPCs
is exclusively mediated by PKC9, but in C2C12 myoblasts also by ERK1/ERK?2
MAPK (Czifra et al. 2006). However, other lines of evidence argued against IGF-I
involvement in the regulation of human MPCs proliferation, suggesting that it
causes muscle hypertrophy by increasing the cell recruitment rather then by stimu-
lating cellular divisions (Jacquemin et al. 2004).

Besides ERK1/ERK2 MAPK, PI3K/Akt pathway is also considered as the one
crucial for the regulation of MPCs proliferation mediated by IGFs. MPCs isolated
from transgenic mice overexpressing IGF-I were characterized by the presence of
activated PI3K and Akt, and increased proliferation potential (Chakravarthy et al.
2000). Activation of PI3K/Akt is associated with the increase in CDK2 activity,
hyperphosphorylation of pRb and decrease in the level of p27%™', securing the
proper S-phase progression. Interestingly, ectopic expression of p27*™"! in murine
MPCs inhibited proliferation of those cells, even if they were stimulated with IGF-I
(Chakravarthy et al. 2000). IGF-I-mediated activation of PI3K/Akt pathway reg-
ulates the activity of forkhead transcription factor FOXO1 which controls cell
proliferation and survival. Activation of Akt leads the phosphorylation of FOXO1
on Ser”>® which inhibits its translocation to the nucleus. This in turn leads to
decrease of the p27%™! promoter activity which is regulated by FOXOI1, and
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downregulation of p27%™' expression (Machida et al. 2003). Thus, in MPCs
FOXO1 has been postulated to “mediate” between phosphorylation of Akt and
regulation of activity of p27%™"! promoter (Machida and Booth 2004).

Another mode of IGF-I action includes the increase of MPCs survival. Results
obtained by Barton et al. revealed that IGF-I ameliorates the dystrophic muscle
phenotype of mdx mice, i.e., reduces necrosis and prevents apoptosis of MPCs
(Barton et al. 2002). Generation of the transgenic mdx mice, characterized by IGF-I
synthesis directed by myosin light chain promoter (mdx:mIGF** mice), allowed to
achieve muscle-specific overexpression of this growth factor. Such mice were
characterized by muscle hypertrophy and improved regeneration of their dystrophic
muscles resulting from increased MPCs survival (Barton et al. 2002). The pheno-
type of mdx:mIGF"* mice was explained by the higher expression and persistent
activation of Akt kinase which is crucial for survival of MPCs. In addition, muscles
of mdx:mIGF** mice were characterized with reduced fibrosis and increased
strength in comparison to mdx dystrophic muscles (Barton et al. 2002).

Interestingly, IGFs regulate not only the proliferation, but can also impact on the
MPC:s differentiation. Their mode of action greatly depends on the duration of the
stimulation. Brief exposition (1-8 h) of L6E9 myoblasts to IGF-I stimulates their
proliferation by inducing cyclin D1 expression. However, 30 and 48 h long treat-
ment leads to myogenin and MRF4 expression, and promotes the differentiation
of those cells (Engert et al. 1996). Both IGFs were shown to promote terminal
differentiation of C2 and C2C12 myoblasts via activation of PI3K that leads, to the
induction of MyHC expression (Shanely et al. 2009). As it was described terminal
differentiation of murine MPCs is correlated with the expression of the cell cycle
inhibitors p21<""! or p57%"2 and cell cycle exit (Parker et al. 1995; Zhang et al.
1999b). Similar mechanisms operate also in human myotubes that upon IGF-I
treatment upregulate p575'"2, and increase the synthesis of myogenin and MyoD
(Jacquemin et al. 2007). Interestingly, IGF-I is not able to induce differentiation
when p38 MAPK is blocked with a specific inhibitor, implicating that this kinase
mediates IGF-I “differentiating” action (Wu et al. 2000). Besides IGF-I, IGF-II is
also able to induce the cell cycle withdrawal and myoblasts differentiation acting
via ERKS signaling pathway. Activated ERKS, similarly to ERK1/ERK2 MAPK
translocates into the cell nucleus and increases MyHCs and MEF2 expression
(Carter et al. 2009). Introduction of antisense IGF-II constructs into C2 myoblasts
reduces both ERKS activity and MyHC expression (Carter et al. 2009). Thus, the
role of IGF-I and IGF-II in myoblast proliferation depends on the origin of analyzed
myogenic cells, and their concentration present in the cellular environment.

20.5.2.3 Fibroblast Growth Factors

Among known FGFs, FGF-1 (also termed as acidic FGF, or aFGF), FGF-2 (also
termed as basic FGF, or bFGF), FGF-4, -6, and -9, were shown to have a signifi-
cant impact on the myogenic cell proliferation (Doumit et al. 1993; Johnson
and Allen 1995; Sheehan and Allen 1999). The notion that FGFs play a crucial
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function as regulators of myogenesis is also supported by the observation that
their receptors, such as FGFRI1, are involved in the regulation of growth and
differentiation, not only of embryonic, but also of adult myoblasts (Itoh et al.
1996; Flanagan-Steet et al. 2000). Thus, it is not surprising that FGFs up-regulation
is also observed during skeletal muscle regeneration.

In regenerating rette plantaris muscle expression of FGF-1, FGF-5, and -7 is
associated with the expression of “early” MRF - MyoD and of PCNA protein that
is involved in DNA replication and serves as a marker of actively dividing cells
(Tanaka et al. 2008). Inhibition of FGF2 by specific antibodies impairs not only the
number, but also the diameter of newly formed myofibers (Lefaucheur and Sebille
1995). Moreover, injection of FGF2 into tibialis anterior of mdx mice improves
proliferation capacity of MPCs, and leads to the increase in number of newly
regenerated myofibers (Lefaucheur and Sebille 1995). The impact of FGFs on
muscle regeneration was confirmed by the analyses of the phenotype of mice
lacking FGF-6. Their skeletal muscles were characterized by impaired ability to
regenerate, reduced number of myoblasts expressing MyoD and myogenin, and
decreased proliferative capacity of MPCs (Floss et al. 1997). However, these results
were questioned in other study documenting that during skeletal muscle regenera-
tion of FGF6-deficient mice formation of new fibers is accelerated, due to stimula-
tion of differentiation, accompanied by increase in p16™~** and p21“""! (Armand
et al. 2005). Importantly, Armand et al. revealed that during muscle regeneration
the influence of FGF-6 is dose-dependent. Injection of high amounts of human
recombinant FGF-6 into muscles of FGF-6-deficient mice results in accumulation
of cyclin D1 transcripts, and stimulation of proliferation. Lower doses of FGF-6
stimulate their differentiation (Armand et al. 2005). FGF-2, -4, -6 and -9 were
shown to act synergistically with HGF increasing its mitogenic effect on MPCs
(Sheehan and Allen 1999). However, the detailed mechanisms of FGFs impact on
the cell cycle machinery are still not well characterized. Moreover, the interpreta-
tion of experiments in that the levels of certain FGF were manipulated is difficult
due to the possible functional redundancy between other existing isoforms.

The effect of FGFs on myogenic cell proliferation depends on signaling pathway
activated. This was confirmed by the overexpression of FGFR1 in L6 myoblasts,
which resulted in significantly higher activation of Raf-1 kinase and ERK1/ERK2
MAPK, than in the case of the overexpression of FGFR4 (Vainikka et al. 1994).
Moreover, overexpression of a truncated form of FGFR1 resulted in decreased
proliferation and enhanced differentiation of murine Sol 8 myoblasts (Scata et al.
1999). It was also shown that in embryonic and adult turkey MPCs FGF-2 activates
ERK1/ERK2 MAPK and in murine MPCs also p38 MAPK (McFarland and Pesall
2008; Shi et al. 2010). Involvement of ERK1/ERK2 MAPK pathway in repression
of MPCs differentiation was questioned by the results of experiments in that
inhibition of this pathway did not enhance the myogenic differentiation of MM14
myoblasts (Jones et al. 2001). In conclusion, the influence of FGFs on MPCs’ cell
cycle may be regulated by acting through different receptors and activation of
distinct signaling pathways. As it was shown for other growth factors their action
depends on their concentration, receptor specificity, and activated pathways.
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20.5.2.4 TGFB Family

TGFp is a family of growth factors that include TGF[fs, myostatin and bone
morphogenic proteins (BMPs). Depending on the cell type and conditions these
factors can either promote or suppress cellular proliferation. In general, members of
this family acting on their target cells bind to TGFBR-I and -II serine/threonine
kinase receptors, trigger their phosphorylation, and activate the cascade of kinases
leading to the phosphorylation of Smad transcription factors (Whitman 1998).
Among the signaling pathways which were shown to be involved in TGFfs action
are PI3K, ERK1/ERK2 MAPK and JNK pathways.

In 1980s, TGFP was determined as a factor that negatively regulates myoblasts
differentiation (Massague et al. 1986). In vitro experiments underscored the propro-
liferative function of TGFB1, TGF2, and TGF3, which stimulated C2C12 murine
myoblasts proliferation via inhibition of the expression of the p21“"*! and induction
of PCNA translocation to the cell nucleus (Schabort et al. 2009). Interestingly,
TGFB1, TGFB2, and TGFp3 isoforms delayed myogenic commitment by increasing
MyoD degradation and by decreasing myogenin and MyHCs expression (Martin
et al. 1992; Schabort et al. 2009). Increase in the expression of TGFf3 accompanies
skeletal muscle regeneration (Sakuma et al. 2000; Zimowska et al. 2009). However,
it also results in the development of fibrosis and inhibition of TGFf with specific
antibodies leads to the improved muscle repair (Zimowska et al. 2009).

A member of TGFf family, myostatin (Mstn), was documented to be specifi-
cally expressed in the developing myotome and in the different types of adult
muscles. Contrary to TGFB1, TGFB2, and TGFB3, Mstn arrests muscle growth
by decreasing myoblast proliferation and inhibiting G1/S progression. This is
achieved via activation of GSK-3f that phosphorylates and induces degradation
of cyclin D1 and leads to the drop in CDK4 activity (Yang et al. 2007). In addition,
p21€P! expression becomes upregulated leading to CDK2 inhibition and as a result
pRb becomes dephosphorylated, i.e., able to bind and inactivate E2F (Thomas et al.
2000; Rios et al. 2001; McCroskery et al. 2003). Overexpression of Mstn in C2C12
cells was shown to prevent myoblast differentiation via reversible repression of
MyoD and myogenin expression (Rios et al. 2001). Analysis of mutant mice
lacking Mstn documented that the absence of Mstn leads to enhanced proliferation
and delayed differentiation, resulting in the increased muscle mass and higher
number of larger myofibers (McPherron et al. 1997; McCroskery et al. 2003). Such
phenotype was confirmed in the analyses of other mouse and bovine models, such as
Belgian Blue or Piedmontese (Grobet et al. 1997; Kambadur et al. 1997; McPherron
and Lee 1997; Szabo et al. 1998).

The other members of TGFf family, i.e., BMPs also impact on the myogenesis
(Wang et al. 2010). During somite development BMP2, together with the FGF4
and Shh, inhibits the expansion of cells within the limb buds and induces chondro-
and osteogenesis (Wall and Hogan 1995). Modulating the BMP-dependent signal-
ing pathways was shown to have a significant impact on the proliferation of
mesodermal precursor cells. In mice null mutation of BMP receptor fully inhibits
the mesoderm development and causes early embryonic lethality by 9.5 dpc
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(Mishina et al. 1995). Activation of BMP signaling pathway induces Smad
phosphorylation and MPCs proliferation (Wang et al. 2010). The presence of the
phosphorylated form of Smad was also observed in dividing satellite cells loca-
lized at the isolated muscle fibers, indicating that BMP signaling is active in those
cells. The inhibition of BMP signaling by the Noggin overexpression represses
Smad phosphorylation and leads to the decrease in the number of muscle precursor
cells (Wang et al. 2010).

20.5.2.5 Cytokines Impacting on MPCs

Cytokines, such as TNF-a or IFN-y (interferon 7), are produced by inflammatory
cells, such as macrophages, natural killer cells, and T-cells migrating to the site of
muscle injury, and also by endothelial cells and MPCs. TNF-ao binds to TNF-o
receptors pS5 and p75, and IFN-y binds and induces phosphorylation of the IFN-y
receptor, which results in the activation of such signaling pathways as p38 MAPK
pathway. In injured skeletal muscle, their action concerns MPCs recruitment and
their stimulation to reentry or to withdraw the cell cycle and also to differentiate
(Lafreniere et al. 2006). To make the story even more complicated, the expression
of cytokines and chemokines and their receptors is regulated by other cytokines
and growth factors, such as IGF-I (e.g., Reem and Yeh 1984; Sironi et al. 1989).
The significance of these complicated relations for proper myogenic differentiation
during development or muscle regeneration is not fully understood yet. However, it
is well known that various cytokines, such as TNF-a, IFN-vy, LIF, and interleukins,
such as IL-1B, IL-4, or IL-13, participate in the recruitment of MPCs and their
differentiation (Horsley et al. 2003; Broussard et al. 2004; Charge and Rudnicki
2004; Li et al. 2005; Jacquemin et al. 2007; Cheng et al. 2008). Moreover, LIF, IL-6,
and IFN-y were shown to have an impact on cell divisions of MPCs and also
various cell lines such as C2C12 myoblasts (Charge and Rudnicki 2004; Cheng
et al. 2008).

The two best studied cytokines in terms of their involvement in muscle regener-
ation and also in vitro differentiation of myoblasts are IFN-y and TNF-o.. IFN-y
improves murine muscle regeneration, and blocking of its action reduces prolifera-
tion of MPCs and decreases the number of MyoD-positive cells, which in turn leads
to the drop in the number of reconstructed myofibers (Cheng et al. 2008). Inter-
fering with IFN-vy receptor with specific antibody represses proliferation and fusion
of in vitro cultured C2C12 myoblasts (Cheng et al. 2008). On the other hand, the
other proinflammatory cytokine TNF-o was proved to regulate differentiation of
C2C12 myoblasts and murine MPCs, acting via p38 MAPK pathway (Chen et al.
2005, 2007). Importantly TNF-o, both in vitro and in vivo, stimulates cell cycle
withdrawal, by inducing the expression of p21<"*!, and myogenic differentiation
via expression of MEF2C and myogenin (Chen et al. 2005, 2007). Moreover, rege-
neration of Soleus muscle in mice lacking TNF-a receptors, i.e., pS5 and p75, was
accompanied by increased expression of cyclin D1 (Chen et al. 2005), proving that
TNF-o is involved in cell proliferation.
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Among other cytokines that regulate cycling of MPCs are LIF and IL-6 (Barnard
et al. 1994; De Rossi et al. 2000). Both factors utilize the same receptor subunit
gp130 and thus probably are able to activate similar signaling pathways, such as
JAK/STAT pathway (Lord et al. 1991; Hibi et al. 1996; Heinrich et al. 1998).
Results obtained by Cantini and Cararro showed that IL-6 stimulates proliferation
of in vitro cultured human MPCs (Cantini and Carraro 1995). However, Kami and
coworkers suggested that this interleukin promotes rather degeneration of damaged
fibers than proliferation of myogenic cells (Kami and Senba 1998). Moreover, it
was shown that muscle regeneration of LIF-deficient mice is repressed, and infu-
sion of LIF can rescue this phenotype (Kurek et al. 1996). LIF administration into
muscles of mdx mice ameliorates their regeneration, probably by stimulating
myoblast proliferation (Kurek et al. 1996; Austin et al. 2000). LIF was also
shown to activate JAK2/STAT3 pathway and increase proliferation of in vitro
cultured C2C12 myoblasts (Spangenburg and Booth 2002). Although it was
showed that IL-1 activates the p38 MAPK, and NFxB (Li et al. 2009), the detailed
mode of action of interleukins, i.e., signaling pathways that are activated in
myoblasts, is not well described.

Cell cycle of MPCs is orchestrated by various extracellular factors that not only
stimulate their entry but also withdrawal from the cell cycle both in vivo and
in vitro. Although action of growth factors and cytokines depends on experimental
models that are used, it is clear that appropriate spatiotemporal pattern of their
expression secures effective MPCs differentiation and also muscle regeneration.

20.6 Concluding Remarks

Development and regeneration of skeletal muscle may serve as excellent examples
of processes during which cell cycle progression and withdrawal must be perfectly
controlled. Spatiotemporally regulated transitions of cells from proliferating state to
differentiating and quiescent ones and conversely are crucial for proper function of
both growing and regenerating muscles. The number of identified factors
controlling both proliferation and differentiation of myogenic cells still increases;
however, the exact mechanism of their action remains, in many cases, still uncov-
ered. The reciprocal interactions of these factors, for example, cell cycle regulators,
MRFs, other muscle-specific genes, and epigenetic machinery, make this picture
even more complicated. However, sooner or later due to development of precise
molecular methods such as microarrays or CHIP technology combined with “tradi-
tional” ones, and detailed analyses of knockout animals, these puzzles will be put
together.
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