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What You Will Learn in This Chapter

To understand the biology of skeletal muscle stem cells involved in muscle regeneration,
you have to understand myogenesis in the embryo. In this chapter, the steps and regulators
of myogenesis are introduced. You will learn about the sources of muscle progenitors in the
mesoderm and their distribution in the embryo. During this process, muscle stem cells are
set aside which attach to the muscle fibres as undifferentiated quiescent satellite cells rep-
resenting the main source for muscle growth and regeneration. In addition to satellite cells,
pericytes, endothelial and interstitial cells, mesoangioblasts and side-population cells pos-
sess myogenic potential. You will learn about skeletal muscle specific transcription factors
(MRFs) and their functions. Finally, you will learn about muscle wasting, which occurs dur-
ing aging and muscle dystrophies. In this context, novel stem cell-based approaches involv-
ing reprogramming will be explained.

5.1 Myogenesis in the Embryo

Skeletal muscles, the most abundant tissue in the human body forms about 40% of the
total body mass. It is involved in the control of movement, posture, breathing as well as
control of whole-body metabolism (Frontera and Ochala 2015). The skeletal muscle tissue
is made up of long terminally differentiated multinucleated cells (myofibres) that are
ensheathed in several hierarchies of connective tissues containing blood vessels, nerves
and stem cells. These myofibres contain specialized proteins; actin and myosin that enable
the muscle to perform its contractile function to bring about various movements in the
body as well as maintenance of posture of the body (Sambasivan and Tajbakhsh 2015).
These muscle fibres are formed throughout the body and during the entire life of verte-
brates. The progenitor cells of these elongated multinucleated cells in the vertebrate embryo
originate from distinct mesoderm populations. The muscles of the trunk and its append-
ages are derived from the somites, bilateral paired blocks of paraxial mesoderm that form
along both sides of the notochord and the neural tube (Yusuf and Brand-Saberi 2012).

The somites are initially epithelial spheres filled by losely-packed mesenchymal cells
and are developed in a cranio-caudal sequence to form sequential portions of paraxial
mesoderm (Christ and Ordahl 1995). With progress of the developmental processes, the
somites are transformed into more complex structures: The dorsally located dermomyo-
tome which yields epaxial and hypaxial skeletal muscle (Christ et al. 2000) together with
other derivatives such as angioblasts, dermis and smooth muscle (Kalcheim et al. 1999;
Ben-Yair and Kalcheim 2008), and the ventral sclerotome, which differentiates into axial
cartilages of the vertebral column and ribs (Christ and Ordahl 1995).

The head and neck muscles are heterogeneous in origin. The head muscles such as the
extraocular muscles, muscles of mastication and muscles of facial expression are derived
from cells of the pre-otic paraxial head mesoderm and the prechordal mesoderm. The
pre-otic paraxial mesoderm cells migrate into the first and second pharyngeal arches,
respectively. The other muscles of the head such as the tongue muscles, hypobranchial
muscles and the posterior pharyngeal muscles arise from the occipital somites that migrate
into the third pharyngeal arch. The pharyngeal mesoderm forms the inner core of the
pharyngeal arches and is made up of cells from the paraxial mesoderm and the splanchnic
mesoderm which are almost not separable. The regulatory networks governing the devel-
opment of the craniofacial muscles and the trunk muscles are distinct, both at signaling
level and the level of the transcription factors (Tzahor 2015).
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5.2 Molecular Regulation of Embryonic Myogenesis

Skeletal muscle development in the embryo is controlled both by intrinsic and extrinsic
regulatory pathways. For example, Myf5; MyoD double knockout embryos in which
MRF4 expression is not compromised fail to develop limb and craniofacial muscles
whereas some trunk muscles are developed (Kassar-Duchossoy et al. 2004). On the other
hand, mice lacking both Pax3/Myf5 (and MRF4) are unable to develop trunk muscles but
are able to develop normal head muscles (Tajbakhsh et al. 1997), an indication that differ-
ent molecular pathways are involved in the development of the craniofacial, trunk and
limb muscles. Thus, Pax3 is required for the expression of MyoD in the trunk and not the
head, which is consistent with the absence of expression of Pax3 in the muscle progenitors
of the head (Hacker and Guthrie 1998; Harel et al. 2009).

Specification of skeletal myoblasts develops in the somites in response to signaling
molecules from the neighbouring tissues such as the neural tube, notochord and dorsal
ectoderm (Fan and Tessier-Lavigne 1994). These signaling molecules include the Wnt
family, sonic hedgehog (SHH) and noggin as activators, and Bone morphogenic protein 4
(BMP4) as inhibitor (Hirsinger et al. 1997). In the trunk, expression of SHH and noggin
by the notochord and the floor of the neural tube cause the ventral part of the somite to
form the Pax1 and Pax9-positive sclerotome for vertebral column formation (Huang and
Christ 2000). The ectoderm overlying the somite and the dorsal aspect of the neural tube
express Wnts which in conjunction with the low levels of SHH causes the dorsal portion
of the somite to form the dermomyotome; a sheet-like pseudostratified epithelium with
ventrally curved lips. The cells of the dermomyotome express the paired- and
homeodomain-containing transcription factors Pax3 (the first skeletal muscle-relevant
myogenesis regulator) and Pax7 (Bober et al. 1994). Also, an interaction between the acti-
vating Wnts and inhibitory BMPs directs the dorsomedial portion of the dermomyotome
to form the Myf5-positive muscle precursor cells of the primary myotome. The latter con-
sists of elongated unit-length muscle pioneer cells spreading from the medial to the lateral
extent throughout the myotome (Kahane et al. 2007). According to studies of mutant
mice, the induction of Myf5 in the epaxial myotome relies on SHH (Borycki et al. 1999;
@ Fig.5.1).

The Wnt/f-catenin signaling pathway also regulates multiple steps of myogenesis by
regulating step-specific targets (Suzuki et al. 2015). During the organization of the meso-
dermal epithelia to form somites, Wnt6 signaling from the overlying ectoderm maintains
the epithelial structure of the dermomyotome of the somite. Transduction of Wnt6 signal-
ing by its receptor molecule frizzled7 (Linker et al. 2005) is mediated by paraxis (bHLH
transcription factor; Burgess et al. 1996) and leads to activation of f- catenin required for
the maintenance of the epithelial structure of the somite (Linker et al. 2005). Indeed,
mouse embryos deficient in Wnt/B-catenin signaling are embryonic lethal by E8.5 with
increased cell death (Haegel et al. 1995; Girardi and Le Grand 2018), while those with
conditional depletion of B-catenin in the muscle precursor Pax7+ cell lineage show
reduced muscle mass and slow myofibres (Hutcheson et al. 2009). Moreover, upregulation
of Dkk1/4, a Wnt/B-catenin antagonist (Zorn 2001; Hirata et al. 2011) inhibits muscle
development. Hence Wnt/p-catenin signaling plays a crucial role in skeletal muscle devel-
opment and homeostasis (Suzuki et al. 2015), because the proliferation of adult skeletal
muscle stem/precursor cells is also regulated by Wnt/p-catenin signaling.

The myogenic regulatory factors (MRFs) were the first tissue-specific regulators of
differentiation (Weintraub et al. 1991). They comprise four distinct muscle-specific tran-
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O Fig. 5.1 Signals and genes controlling somite compartment formation. WNTs from the dorsal neural
tube and ectoderm activate Pax3, which is initially expressed throughout the epithelial somite. It is
subsequently maintained only in the dermomyotome, which contains muscle stem cells/progenitors.
The myotome is formed from the dermomyotome in two waves: First, Myf5-positive pioneer cells arise
from the dorsomedial lip of the dermomyotome. In a second wave, myotome cells are recruited from all
four edges of the dermomyotome. The combined influence of activating WNT proteins and inhibitory
BMP4 protein controls MyoD expression in the ventrolateral region to create the hypaxial muscle cell
precursors. Noggin (BMP inhibitor), secreted by the notochord counteracts the BMPs from the lateral
plate. SHH is produced by the notochord and also by the floor plate of the neural tube. It is essential for
the expression of Myf5 in the DML (low levels), and also causes the ventral part of the somite to form the
sclerotome (high levels). Pax1 and Pax9 are induced in the sclerotome, which control chondrogenesis
and vertebra formation. (Adapted from Yusuf and Brand-Saberi (2012))

scription factors (MyoD, myogenin, Myf5 and MRF4) that are involved in the regulation
of myogenesis in the embryo and in vitro. They belong to the basic-Helix-Loop-Helix
superfamily that is involved in establishing as well as maintaining the myogenic lineage
(Naidu et al. 1995). Traditionally, the MRFs were classified in those responsible for myo-
genic specification (,early group“: Myf5 and MyoD), myogenin and MRF4 were consid-
ered as control factors of muscle differentiation (“late group”). MRFs share many common
features and it was later found that they exert overlapping functional activities, e.g. in the
absence of Myf5, MRF4 carries out myogenic determination activity, although it was ini-
tially described to be involved in myotube differentiation (Summerbell et al. 2002;
Kassar-Duchossoy 2004; Moncaut et al. 2013). Despite the overlapping functional activ-
ity of this gene family, the temporal and spatial expression patterns of individual mem-
bers suggest that during normal myogenesis, each plays a unique role in controlling
aspects of skeletal muscle myogenesis (Naidu et al. 1995). Indeed, gene ablation studies of
the MRFs of this gene family showed their involvement in different aspects of myogenesis
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(Hasty et al. 1993; Naidu et al. 1995). For instance, Myf-5 and MyoD act upstream of
myogenin to specify myoblasts for terminal differentiation while myogenin and MRF4
are directly involved in the differentiation process and trigger the expression of myotube-
specific genes (Bentzinger et al. 2012; Ganassi et al. 2018).

5.3 Skeletal Muscle Regeneration

Skeletal muscles have extensive metabolic and functional plasticity as well as a robust
regenerative capacity (Tajbakhsh 2009), which enables them to generate new myofibres
when they are damaged by injuries or diseases (Carlson 1973). This striking regenerative
capacity of skeletal muscle makes it a good tool (Fry et al. 2015) for the study and applica-
tion of regenerative medicine (Church et al. 1966; Zouraq et al. 2013). The satellite cells
between the sarcolemma and the basal lamina of the skeletal muscle syncytium are the
main players in the regeneration of skeletal muscles (Tedesco et al. 2010). The satellite
cells also contribute to the postnatal growth of the myofibre, which is evident by the
higher number (approximately 6-8 times) of nuclei in the adult myofibre as compared to
that of the neonate (Mauro 1961). In addition to the satellite cells, other progenitor cells
including pericytes, endothelial and interstitial cells located outside the basal lamina
have shown some myogenic potential in vitro and after transplantation (Cossu and
Biressi 2005). For some time now, there has been much interest in understanding the
cellular and molecular mechanisms underlying the regeneration of skeletal muscles in
different contexts as such knowledge might contribute to further development of thera-
pies for diseases such as muscular dystrophy; this will be described in more detail in
subsequent paragraphs.

Skeletal muscle regeneration employs essential aspects of embryonic myogenesis, and
it is a very important homeostatic process in the adult muscle, which allows for repair of
damaged muscle fibres. When a muscle fibre is damaged, the satellite cells respond to the
injury by activation and re-entry into the cell cycle. The vast majority of the satellite cell-
derived progenitors exits the cell cycle after one or more rounds of proliferation and enters
a terminal (GO) phase that leads to differentiation, followed by either fusion to one another
to generate new muscle fibres or to repair existing muscle fibres (Olguin and Olwin 2004;
Olguin and Pisconti 2012; @ Fig. 5.2).

There are two concepts to understand the replenishment of the satellite cells in the
regenerating myofibres; first, the activated satellite cells have been shown to divide asym-
metrically giving rise to a daughter cell that has self-renewal capabilities and another
daughter cell that becomes a myoblast (Kuang et al. 2007; Troy et al. 2012; Dumont et al.
2015). Simultaneously, the proliferating myoblasts are induced to upregulate Pax7, which
inhibits myogenin expression and promotes the entry of the cell into a mitotically quies-
cent state (Olguin and Olwin 2004; Wen et al. 2012).

5.4 Stages of Skeletal Muscle Regeneration

Skeletal muscle regeneration proceeds through three sequential but overlapping
stages: inflammatory reaction, satellite cell activation and formation of myofibres, and
remodeling of the newly formed myofibres (Charge and Rudnicki 2004; Ciciliot and
Schiaffino 2010).
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O Fig. 5.2 Skeletal muscle regeneration. During skeletal muscle injury, the satellite cell expressing
Pax7 becomes activated (expressing Pax7, MyoD and Myf5) to enter into the cell cycle. It then divides
asymmetrically giving rise to two daughter cells, one of which strongly expresses Pax7 and hence
re-enters the quiescent state to replenish the satellite cell stock, while the other one expressing MyoD
and Myf5 becomes a myoblast. The myoblast undergoes several cell divisions before cells fuse with each
other and differentiate to form myotubes expressing myogenin. The myotube undergoes remodeling
and maturation to either fuse with existing myofibres to repair the damaged fibre or form an entirely
new myofibre to replace a completetly damaged fibre

During the inflammatory stage, there is an influx of calcium that leads to activation of
calcium-dependent proteases such as calpains that disintegrate the myofibril and other cell
constituents as a result of the damaged sarcolemma. This together with the entry of plasma
proteins and activation of complement cascades induce chemotactic recruitment of neutro-
phils and macrophages (Tidball 2008). The early macrophages (called inflammatory macro-
phages) secrete pro-inflammatory cytokines such as tumor necrosis factor o (TNFa) and
interleukin 1§ (IL-1p) and are responsible for the removal of necrotic tissues from the dam-
aged muscle. At about 24 hours after the onset of injury, these early invading macrophages
expressing CD68 (a marker for late endosomes and lysosomes) reach their highest numbers
and begin to be replaced by a second type of macrophages expressing CD163 (involved in
the removal of proinflammatory ligands), possibly due to a phenotypic switch from CD68+/
CD163- to CD68-/CD163+. These late macrophages, also called anti-inflammatory macro-
phages, secrete anti-inflammatory cytokines such as interleukin 10 (IL-10) that contribute to
the termination of the inflammation and release factors that promote myogenic precursor
proliferation, growth and differentiation (Cantini et al. 2002; Sonnet et al. 2006; Arnold et al.
2007). Thus, macrophages play a central role in skeletal muscle response to injury by remov-
ing necrotic tissues and promoting muscle regeneration (Ciciliot and Schiaffino 2010).

Towards the end of the inflammatory stage, the satellite cells undergo a finely orches-
trated cellular and molecular response to regenerate well functional muscle fibres in two
ways: By producing myocytes that either fuse with the existing functional fibres to repair
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them or fuse with each other to form new myofibres to replace the damaged ones (Charge
and Rudnicki 2004). Nagata et al. (2006) indicated that multiple signals appear to trigger
satellite cell activation, which include sphingosine-1-phosphate synthesized by the plasma
membrane, that stimulate the entry of the satellite cells into the cell cycle. Abrogation of
the synthesis of sphingosine-1-phosphate renders skeletal muscle regeneration defective.
Nitric oxide (NO) has also been found to be necessary for the activation of satellite cells
possibly through the activation of matrix metalloproteinases, which induce the produc-
tion of hepatocyte growth factor (HGF) from the satellite cells. HGF contributes to satel-
lite cell activation (Tatsumi et al. 1998, 2006) and at the same time inhibits satellite cell
differentiation (Miller et al. 2000).

The switch of the myoblasts from the proliferation state to the differentiation state, just as
in embryonic development, appears to be controlled by the Notch-Wnt signaling pathway
with Notch signaling prevalent during the proliferation phase, while Wnt signaling is domi-
nant during the differentiation phase (Conboy and Rando 2002; Brack et al. 2008). After
injury, there is sustained Notch signaling, which ensures proper expansion of the satellite cell
progeny, while the Wnt signaling drives the differentiation process (Brack et al. 2008).

The regenerated myofibres undergo a variety of remodeling and maturation processes
usually based on conditions of the injury such as the type of muscle injury, involvement of
blood vessels and re-establishment of neuromuscular and myotendinous connections
(Ciciliot and Schiaffino 2010). One of the major factors of muscle regeneration is the success-
ful establishment and maintenance of the basal lamina of the fibres within which satellite
cells and myotubes can proliferate and fuse to form normal muscle fibres. In rodents and
humans, freshly regenerated muscle fibres are characterized by the presence of their centrally
located nuclei (Ciciliot and Schiaffino 2010; Fry et al. 2015). Regenerating muscle fibres may
remodel to form different patterns, which include clusters of smaller muscle fibres as a result
of non-fusion of myotubes within the same basal lamina or formation of fork fibres as a result
of fusion at only one extremity (Schmalbruch 1976). After segmental necrosis, regenerative
processes are concentrated at the level of the damaged stump and if the reconstitution of
myofibre integrity is prevented by scar tissue that separates the two stumps, then a new myo-
tendinous junctions will be formed (Jarvinen et al. 2008) to repair the muscle tissue.

5.5 Types of Muscle Stem/Progenitor Cells

More than 50 years ago, the best described stem cells of skeletal muscle were discovered by
Alexander Mauro in transmission electron micrographs: Satellite cells (Mauro 1961). Like
most other skeletal muscle progenitors, they arise from the dermomyotomes of the somites
within the population of Pax3 expressing cells that somewhat later also express Pax7
(Armand et al. 1983; Gros et al. 2005). In contrast to the postmitotic myonuclei, the satel-
lite cells on muscle fibres are mitotically quiescent and can be activated due to injury or
training-stimulated muscle growth. Satellite cells are specified and characterized by the
expression of the paired box transcription factor Pax7 that protects them from apoptosis
and is essential for the production of fetal myogenic progenitors and myofibres (Seale
et al. 2000; Olguin and Olwin 2004; Kassar-Duchossoy et al. 2005; Relaix et al. 2005, 2006;
Hutcheson et al. 2009).

Some of the satellite cells also express Myf5 and are thus committed to muscle forma-
tion. While the latter are considered as muscle progenitor cells, Pax7+ Myf5- cells are
regarded as multipotent stem cells (Asakura et al. 2001). The expression of Myf5 depends
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on epigenetic changes of the Pax7 as well as the Myf5 locus. First of all, Pax7 has to be
methylated at several arginine residues by an arginine methyltransferase called CARM1
(Kawabe et al. 2012). Subsequently, a histone methyltransferase complex is recruited to
the Myf5 locus to allow for Myf5 transcription. However, Myf5 is not translated into pro-
tein immediately, but sequestered in mRNP granules (Crist et al. 2012). In this way, satel-
lite cells are maintained in the quiescent state, but at the same time are poised for rapid
entry into myogenic differentiation upon activation.

The aforementioned chromatin remodelling processes go along with the occurrence of
asymmetrical divisions during which two kinds of daughter cells are being generated: the
Myf5+ daughter cells poised for muscle differentiation and their Myf5- sisters that will
remain quiescent stem cells. These asymmetrical divisions are also controlled by miRNA-
489, which maintains stemness and quiescence in one of the daughter cells by inhibiting
the translation of the oncogene DEK that leads to the proliferation of committed progeni-
tor cells upon activation (Cheung et al. 2012). Furthermore, miRNA-31 is a component of
the mRNP granules in poised daughter cells. It targets Myf5, thus preventing its transla-
tion (Crist et al. 2012).

In contrast to the situation in the trunk and limbs, satellite cells in the head and neck
region are independent of the Pax3 pathway. Here, satellite cells are derived from the non-
somitic cranial paraxial mesoderm and express Mesp1 and Isl1 (Harel et al. 2009). However,
Pax7 is activated also in head muscle progenitors during the fetal period and retained in
adult satellite cells (Sambasivan et al. 2009; Gnocchi et al. 2009). In addition to the tran-
scription factor Pax7, surface markers have been established in satellite cells, among them
c-met, M-cadherin, syndecan3 and 4, Vcam-1, NCAM-1, and CD34, E-cadherin, Vcam1,
Icam1, Cldn5 (claudin 5), Esam (endothelial cell-specific adhesion molecule), and Pcdhb9
(Cornelison and Wold 1997; Irintchev et al. 1994; Beauchamp et al. 2000; Fukada et al.
2007). Interestingly, some of these cell surface molecules are shared with hematopoietic
stem cells or with endothelial cells pointing to a common derivation within the mesoderm
(Kardon et al. 2002), an issue to be kept in mind when reading the following paragraph.

The satellite cell niche is complex and comprises the extracellular matrix and neigh-
bouring cells, which includes the cell contacts and secretome of the latter. The cellular
neighbourhood of satellite cells comprises the myofibre, fibroblasts (interstitial cells) and
endothelial cells of the capillaries (Christov et al. 2007). During inflammation, it also con-
tains inflammatory cells. The endothelial cells can fuel the proliferation of satellite cells by
IGF1, HGE FGF2, VEGF and PDGFBB (Christov et al. 2007). Interestingly, myoblasts
derived from satellite cells and cultivated in dispersed culture employ mechanisms of dif-
ferentiation that differ from the ones in the presence of their niche, i.e. if they are cultivated
together with their myofibre. A key regulator in support of myoblast quiescence in satellite
cell-derived myoblast maintained in their niche is the oncogene p53, whereas the major-
ity of dispersed myoblasts are undergoing differentiation upon downregulation of the
ERK1 pathway after 3 days in culture (Flamini et al. 2018).

5.5.1 Interstitial Cells: Derived Muscle Stem Cells

Although satellite cells are the main source of muscle stem cells (reviewed by Relaix and
Zammit (2012)), several other cells with myogenic potential have been described in the
past. However, their topography is less well defined, because with one exception (for
blood-derived myogenic stem cells, see below) all are residing outside the basement mem-
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brane of the myofibre within the surrounding connective tissue (“interstitium”) in a
stricter or broader sense. Some of them cling tightly to vessels. All of these myogenic
progenitor cells differ in their potential to contribute to skeletal muscle regeneration by
engrafting into preexisting myofibres to a certain extent, which may also partially depend
on the assays used by the experimentors. The borders between the subpopulations are
floating and the terminology in the literature partially depends on authors and their par-
ticular experimental approaches.

Based on their transplantation efficiency, the most important ones next to satellite cells
are pericytes (Dellavalle et al. 2007). Fully mature pericytes are highly branched cells
accompanying the microvessels in all body tissues. They are regarded as tissue-specific
adult stem cells (Dellavalle et al. 2007, 2011) The ancestry of pericytes is diverse and con-
sequently, several subtypes of pericytes can be distinguished on the basis of their markers
and differentiation behaviour (Birbrair et al. 2013). Although their developmental origin
remains elusive, muscle-derived pericytes share with brain-derived pericytes NG2 proteo-
glycan and with many others the more ubiquitous PDGFRs (Balabanov et al. 1996) and
transitorily the intermediate filament Nestin, the decline of which can be used to distin-
guish pericytes with a myogenic potential from those with a neurogenic potential (Birbrair
etal. 2013). The marker that distinguishes muscle pericytes from other pericytes as well as
from satellite cells is Alkaline Phosphatase (AP). AP is neither found on satellite cells nor
on myofibres (Dellavalle et al. 2007, 2011). Using AP, it was shown by genetic reporter
expression (inducible Alkaline Phosphatase CreERT2) that AP-positive pericytes contrib-
uted to developing myofibres as well as to the satellite cell pool. Pericytes have been dem-
onstrated to participate in muscle growth also in vivo (Dellavalle et al. 2011).

For our understanding of muscle dystrophies, it is important to note that pericytes also
contribute to the production of adipose tissue and connective tissue within aging or dis-
eased skeletal muscles (fibro-adipogenic progenitors, FAPs). In this context interestingly,
two subtypes of muscle pericytes can be distinguished on the basis of PDGFRa: Type-1
muscle pericytes positive for both factors participate in adipogenesis and collagen pro-
duction, whereas PDGFRa negative type-2 muscle pericytes are involved in myogenesis
and angiogenesis (Birbrair et al. 2014; Lemos et al. 2015). Although pericytes have been
shown to enter the satellite compartment, it has also been suggested that they exert addi-
tional interactive functions that have a positive impact on myogenesis. In this way the
reinnervation of skeletal muscle via the recruitment of Schwann cells from pericytes is
affected (Birbrair et al. 2013). Secondly, the angiogenic contribution to regenerating mus-
cle is affected (Birbrair et al. 2014) and a third effect has been described via paracrine
interactions from pericytes to satellite cells as well as endothelial cells which have been
shown to be close neighbours (Christov et al. 2007).

Apart from pericytes, interstitial cells expressing PW1 (PW1+ interstitial cells; PICs)
have been described to contribute to myonuclei in regenerating muscle (Relaix et al. 1996;
Mitchell et al. 2010; Besson et al. 2011; Pannérec et al. 2013). PW1 is a zinc-finger tran-
scription factor that interacts with the TNF receptor-2 and is also involved in the p53 axis,
whereby it regulates the stress response, also in myoblasts (Schwarzkopf et al. 2006). PW1
is encoded by the paternally expressed gene 3 (PEG-3) and has been found to be a reliable
marker for adult stem cells that can significantly contribute to the regeneration of tissues
of ectodermal, mesodermal and endodermal origin (Besson et al. 2011). In invertebrates
(planarians), pluripotent adult stem cells (neoblasts) capable of regenerating the whole
body express Piwi, an orthologue of PW1. In vertebrates, PICs are multipotent, but have a
strong preference to differentiate towards the mesodermal lineage, especially skeletal and
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smooth muscle tissue (Mitchell et al. 2010). Those involved in skeletal myogenesis start to
express Pax7 in vivo only in response to local stimuli that recruit them to sites of muscle
injury and the satellite cell compartment.

Mesenchymal-like cells closely abutting the endothelium of larger vessels have been
detected and characterized by FLK1 expression (VEGFR2, KDR, CD309) that can par-
ticipate in myogenesis under experimental conditions as well (Minasi et al. 2002;
Sampaolesi et al. 2003; reviewed by Cossu and Bianco (2003)). These cells are called meso-
angioblasts, because of their potential to adopt the angiogenic or the myogenic fate. When
they were isolated from healthy dogs and grafted to the dystrophic Golden Retriever,
muscle regeneration was significantly improved (Sampaolesi et al. 2006).

Such cell populations in the interstitium resemble mesenchymal (stromal) stem cells
(MSCs) in morphology and topography resulting in ongoing discussions about whether
or not mesenchymal stem cells can give rise to muscle cell types. First of all, care should be
taken to distinguish between skeletal and smooth muscle cells, secondly MSC markers do
not overlap with myogenic progenitor markers.

5.5.2 Side-Population

The so-called side-population (SP) represents another group of myogenic progenitors
(Gussoni et al. 1999). The term “side population” which is not restricted to muscle stem/
progenitor cells refers to the fact that this cell pool is not detected by the usual set of mark-
ers applied by flow cytometry for a particular cell population of interest, such as muscle
stem/progenitor cells (Golebiewska et al. 2011).

SP cells express the membrane protein ABCG2 (ATP-binding cassette transporters)
that is also found in hematopoietic stem cells and has been implied in therapy (multidrug)
resistence in cancers. In the case of stem cells bearing this transporter, it is responsible for
the exclusion of the dye Hoechst 33342. Thus, the myogenic SP cells are Hoechst-negative
(Gussoni et al. 1999; Asakura et al. 2002).

The fact that some of the side population cells also express syndecan 3 and syndecan 4
(regarded as satellite cell markers) along with ABCG2 contributes to the difficulty or even
impossibility to characterize muscle progenitor cell subpopulations without any overlap
(Tanaka et al. 2009).

5.5.3 Blood-Derived Muscle Stem Cells

In contrast to the aforementioned groups of muscle stem/progenitor cells that reside
within complex tissues (muscle resident), a fraction from the peripheral blood consisting
of monocytes has been described to have myogenic potencies: The CD133-positive cells
(Torrente et al. 2004; Péault et al. 2007; Negroni et al. 2009). CD133 is another name
derived from the hematopoietic nomenclature for the multipass transmembrane protein
Prominin-1, at first described in murine epithelial tissue (Weigmann et al. 1997) and also
a well-known marker of hematopoietic stem and its AC133 epitope is also found on
VEGFR?2 of endothelial progenitor cells (Shmelkov et al. 2005).

From the clinical angle, it has enormous technical and patient-friendly advantages to
obtain such stem cells from the patients’ blood. Thus, the CD133+ cell has received much
attention and has successfully been used in gene therapy (Torrente et al. 2007). The coexpres-
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sion of CD34 allows predictions regarding the proliferative and differentiation behaviour of
the CD133+ cells where CD133+/CD34+ cells had a higher myoblast/myotube fusion index
after intramuscular injection and even yielded a better outcome in comparison to satellite
cells due to a higher migration activity within the host muscle (Negroni et al. 2009).

5.6 Muscular Dystrophies

Muscular dystrophies are inherited diseases usually regarded as a distinct heterogeneous
group of diseases that belong to the larger group of myopathies. They are characterized by
progressive muscle wasting in an early life phase caused by defects or absence of structural
proteins in the muscle tissue that can lead to severe mobility impairment and even a
restricted lifespan. They have in common the histological aspect that is mainly character-
ized by variations in muscle fiber diameter due to different stages of regeneration attempts,
and the invasion of macrophages and inflammatory cells. As the disease advances, the
skeletal muscles accumulate fibrous and adipose tissue in replacement of the functional
muscle tissue (Emery 1993).

We will restrict ourselves here to the brief introduction of three common congenital mus-
cular dystrophies: Duchenne’s muscular dystrophy (DMD), and its milder variant Becker’s
muscular dystrophy (BMD), and Limb girdle muscular dystrophy (LGMD) in which the
underlying mutations have been identified. DMD is an X-linked disease affecting male new-
borns with an incidence of about 1 in 3600 per year (Greenberg et al. 1988). Like BMD, it is
caused by different kinds of mutations in the largest human gene, encoding the sarcolemma
protein dystrophin. Dystrophin is a major component of the dystrophin-dystroglycan complex
that combines the cytoskeleton of the myofibre to the extracellular matrix of the endomysium.
The gene spans more than two megabases and contains 79 exons and the described mutations
comprise frameshifts, deletions and nonsense point mutations resulting in the absence of a
functional dystrophin protein. As a consequence, the myofibres are destabilized during con-
traction and their myonuclei become apoptotic (Meryon 1851, 1852; Duchenne 1868).

Affected boys show weakness in the muscles of their shoulder and pelvic girdles and
proximal leg muscles during the first 5 years of life. Patients suffer progressive muscle
wasting, which results in the loss of ambulation at 12 or 13 years of age (reviewed by
Emery (1993)). The life expectancy has recently slightly increased as a result of improve-
ments in the medical care to about 30 years, however, secondary complications such as
infections of the respiratory system and coagulative disorders in the context of surgical
interventions may still cause a lethal outcome before the patients reach their twenties.
Dystrophin is also an essential component in cardiac muscles; thus, dilatative cardiomy-
opathy is observed in patients after 10 years and heart failure is one of the inevitable causes
of death in DMD patients (Emery 1993).

BMD is less abundant and dystrophin is usually not absent, but present at compro-
mised quantities and qualities, such as shortened dystrophin variants. Thus, it shows typi-
cally a later onset at the age of about 12 years and is much less debilitating than DMB.

In contrast to DMD and BMD, Limb Girdle Muscular Dystrophy (LGMD) is an autoso-
mal inherited disease and comprises a somewhat heterogeneous group of muscular dystro-
phies with 31 different underlying causes (reviewed by Nigro and Savarese (2014)). It can
thus be divided into different types depending on the underlying genetic disorders. Thereof,
eight mutations are autosomal dominant and 23 are autosomal recessive. The dominant
forms (LGMD1) comprise for example myotilin (LGMDI1A), lamin A/C (LGMD1B), cave-
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olin 3 (LGMDIC), desmin (LGMDI1E); the recessive ones comprise for example calpain
(LGMD2A), dysferlin (LGMD2B), y sarcoglycan (LGMD2C), a sarcoglycan (LGMD2D), f§
sarcoglycan (LGMD2E), & sarco- glycan (LGMD2EF), telethonin (LGMD2G), titin
(LGMD?2)), dystroglycan (LGMD2P), and again desmin (LG- MD2R), to name just a few.

In LGMD 1b, the LaminA/C (LMNA) gene is mutated, a feature shared with the
Emery-Dreyfuss muscular dystrophy (Morris 2001; Bonne et al. 2000). The lamins are
major constituents of the nuclear membrane and loss of function results in compromised
cell function and survival. Thus, disruption of cell membrane components is not the only
underlying disorder, which causes muscular dystrophies.

After reading the preceeding paragraphs of this chapter, you may wonder why satellite
cells are unable to compensate for the loss of myofibres in muscular dystrophies, in par-
ticular in the case of defective dystrophin, which was not considered to be expressed in
satellite cells (Miranda et al. 1988; Huard et al. 1991). In general, the failure of stem cell
therapies was considered to be a result of stem cell exhaustion, similar to the situation in
aging muscle (Sousa-Victor and Munoz-Canoves 2016).

However, it has been shown only recently that dystrophin is indeed present also prior
to muscle differentiation and that it is critically involved in the asymmetrical divisions
occuring during the activation of satellite cells in mdx-mice, a well established murine
model for studying Duchenne muscular dystrophy (Dumont et al. 2015; Chang et al.
2016). Since asymmetrical divisions between Myf5+ and Myf5- satellite cells form the
basis of generating daughter cells that are competent to enter the differentiation pathway
(Myf5+) and to participate in the regeneration of myotubes after satellite cell activation
(Kuang et al. 2007), loss of polarity results in a loss of asymmetrical divisions and a failure
to produce myogenic satellite cells. Dystrophin associates with the asymmetry regulating
proteins Mark2 (Parlb), a Ser/Thr kinase which enables the polarized distribution of
Pard3 resulting in the asymmetric activation of p38/a/b and myogenic commitment of
daughter cells. Loss of function in the Par complex results in abrogation of asymmetrical
division and ensuing absence of myogenic differentiation (Troy et al. 2012). During this
process, the dystrophin+ cell is maintained as satellite stem cell, whereas the other daugh-
ter cell is the satellite progenitor cell that enters into the myogenic program (8 Fig. 5.3).

5.7 Stem Cell-Based Therapies

Until now, there has been no cure for the muscular dystrophies. Thus, therapy revolves
around surgical interference for contractures, attention to respiratory care and cardiovas-
cular complications. In the past decades, muscular dystrophies have been treated mainly
to slow down the process of muscle loss, primarily by interfering with the secondary
events such as immune response by administration of glucocorticoids to the patients.
Causative gene-therapies aiming at the restoration of a functional dystrophin by trans-
genic approaches have faced a number of problems. First of all, dystrophin is the largest
gene in the human genome. High-capacity adenoviral vectors can accommodate and
transfer full lengh dystrophin (Clemens et al. 1996), however the expression just persists
transiently episomal and holds risks for human patients due to likelihood of an immune
response or other complications resulting from the viral vectors. To overcome this diffi-
culty, scientists have designed shortened versions of dystrophin comprising only the most
essential exons, which could be incorporated into integrating systems like retro/lentiviral
vectors or adeno-associated vector (AAV). Alternatively, another related smaller protein
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B Fig. 5.3 Cell polarity defect in dystrophin deficient satellite cells. a Normal satellite stem cells undergo
asymmetric division upon dystrophin-dependent polarization of MARK2 and PARD3 to opposite sides along
the apicobasal axis of the dividing cell. This results in asymmetrical distribution of cell fate determinants
such as mediators of Notch signaling during mitosis to enforce different cell fates (stem cell self-renewal
and myogenic commitment). b Dystrophin-deficiency leads to downregulation of MARK2 in the satellite
cells resulting in equal distribution of PARD3 within the dividing cell. The absence of these polarity cues and
the abnormal mitotic progression cause the satellite stem cells to undergo cell cycle arrest and they may
enter senescence. (Graph redrawn and modified on the basis of Fig. 4 in Chang et al. (2016))

linking the cytoskeleton with the extracellular matrix in developing muscle, called utro-
phin (“dystrophin-related protein”) has been explored to fulfill substitution of dystrophin
function (Helliwell et al. 1992; Miura and Jasmin 2006). Adeno-associated vectors that can
efficiently transduce satellite cells still have to be explored in more detail, because the com-
monly used AAV6 and AAVS8 serotypes that transduce skeletal muscle successfully fail to
transduce satellite cells or at very low efficiencies, rendering the delivery of functional
dystrophin genes into satellite cells a challenge (Arnett et al. 2014; Chang et al. 2016).

To date, one of the most promising approaches is exon-skipping. The exon-skipping
approach is offered by a few companies uses antisense-oligonucleotides to hide or mask
particular defective exons in the gene sequence of the dystrophin gene, in order to avoid
the truncation of the dystrophin protein during translation. Instead, a shorter but partially
functional gene product will ensue. This will result in a milder manifestation of the dis-
ease, comparable to that of Becker’s muscular dystrophy. Depending on the mutation, not
all patients can benefit from the exon-skipping method (Fletcher et al. 2010; Aartsma-Rus
et al. 2009). Especially frame-shift mutations constituting more than 80% of Duchenne
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patients are amenable to this approach (Pichavant et al. 2011; Koo and Wood 2013). So far,
only a small number of products have been approved by the FDA and the treatment
involves regular (weekly) infusions of the patients with the oligonucleotides.

In mdx mice, the CRISPR/Cas approach in vivo combining systemic and local admin-
istration of Cas9 and guide RNA, respectively, resulted in a partial rescue of the mdx
phenotype (Long et al. 2016; Nelson et al. 2016; Tabebordbar et al. 2016). The immense
potential of the CRISPR/Cas approach for genome editing of dystrophin is being exploited
and refined successfully (Amoasii et al. 2017).

In order to achieve more lasting effects in human patients, genome editing in skeletal
muscle stem cells or induced pluripotent stem cells (iPSC)-derived muscle cells appears to
be an approach that should be developed and pursued in future efforts. The difficulty of ex
vivo expansion and transducing satellite cells still needs to be solved. On the other hand,
the generation of functional satellite-like cells from human iPSCs has turned out challeng-
ing. Two-dimensional culture systems with growth factors administrations over several
weeks show success in provision of Pax7+ satellite cells from human iPSCs (Chal et al.
2015, 2016). The current challenge is to take the complexity of skeletal muscle develop-
ment in the near-natural tissue context into account and develop three-dimensional
‘organoid’ differentiation systems (Brand-Saberi and Zaehres 2016).

Recent advances on tissue culture conditions reaching beyond media and soluble fac-
tors, have further revealed that a relatively elastic environment enhances the myogenic
properties of stem cells (Gilbert et al. 2010; Hosseini et al. 2012). In particular, organoids
aiming at disease modeling are rapidly developing also in combination with bioprinting
approaches (Brand-Saberi and Zaehres 2016; Kim et al. 2018). In summary, interdisciplin-
ary approaches combining 3D organoid cultures, bioprinting and genome editing appear
particularly exciting and promising steps in the process towards understanding and treat-
ing skeletal muscle diseases.

— Take Home Message

1. Skeletal muscle progenitors of the trunk and limbs arise from the dermomyo-
tomes of the somites. Head and neck muscles are derived from the unseg-
mented preotic, the prechordal, the paraxial and splanchnic mesoderm.

2. The key regulatory factors of skeletal muscle specification and differentiation
belong to the MyoD family of bHLH transcription factors: MyoD, Myf5, Mrf4 and
Myogenin, summarized as the muscle regulatory factors (MRFs).

3. The best characterized and most abundant muscle stem cells are the satellite
cells, but several other cell types in the interstitium and the blood have been
shown to have myogenic competence; they are characterized by a plethora of
different marker combinations.

4. Satellite cells depend on the paired box transcription factor Pax7 for their
maintenance. They remain in a quiescent state and can undergo asymmetrical
divisions upon activation.

5. Muscular dystrophies are inherited muscle wasting diseases still lacking cure; in
some of them, cardiac muscle is also affected, for example Duchenne’s muscular
dystrophy, an X-linked lethal disease.

6. Stem cell-based approaches are being developed for disease modeling in vitro
as well as for patient treatment combining organoid cultures, bioprinting and
genome editing in the future.
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