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Abstract Skeletal muscle regeneration is the process that
ensures tissue repair after damage by injury or in degener-
ative diseases such as muscular dystrophy. Satellite cells, the
adult skeletal muscle progenitor cells, are commonly con-
sidered to be the main cell type involved in skeletal muscle
regeneration. Their mechanism of action in this process is
extensively characterized. However, evidence accumulated
in the last decade suggests that other cell types may partic-
ipate in skeletal muscle regeneration. Although their actual
contribution to muscle formation and regeneration is still not
clear; if properly manipulated, these cells may become new
suitable and powerful sources for cell therapy of skeletal
muscle degenerative diseases. Mesoangioblasts, vessel as-
sociated stem/progenitor cells with high proliferative, mi-
gratory and myogenic potential, are very good candidates
for clinical applications and are already in clinical experi-
mentation. In addition, pluripotent stem cells are very prom-
ising sources for regeneration of most tissues, including
skeletal muscle. Conditions such as muscle cachexia or
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aging that severely alter homeostasis may be counteracted
by transplantation of donor and/or recruitment and activa-
tion of resident muscle stem/progenitor cells. Advantages
and limitations of different cell therapy approaches will be
discussed.

Keywords Skeletal muscle repair - Satellite cells -
Reprogramming

1 Introduction

Skeletal muscle regeneration only occurs upon damage or
stress conditions (as intense physical exercise), when satel-
lite cells (SCs) become activated and proliferate to eventu-
ally repair or replace the damaged or dead muscle fibers.
However, if compared to other cell types, such as fibro-
blasts, SCs proliferation capability is relatively limited. In
fact, if fiber degeneration is caused by a major trauma or by
a chronic degenerative disease, SCs are not able to sustain
regeneration of the damaged area and the lack of new fibers
is eventually replaced by fibroblasts that form scar tissue.
The inability of the skeletal muscle tissue to be properly
repaired under severe degenerative conditions has led many
laboratory groups to search for alternative cell sources for
effective regeneration. Many cell types, other than SCs, and
located in different compartments, show myogenic potential
in vitro and upon transplantation [reviewed in 1, 2]. Their
natural contribution to skeletal muscle regeneration is still
questionable and when found in vivo [3] it was shown to
occur at much lower frequency than SCs. Nevertheless,
myogenic potential of some of these cells in certain exper-
imental conditions is remarkable and makes them potential-
ly useful for cell therapy of muscle degenerative diseases.
These cell types include: mesoangioblasts (MABs),
CD133+ (also known as AC133+) cells, muscle interstitial
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cells (PICs), endothelial progenitor cells, side population
stem cells, hematopoietic stem cells, mesenchimal stem
cells, multipotent adult progenitor cells, and adipose-
derived stem cells.

A further possibility for production of cells for tissue
repair is the use of pluripotent stem cells, which are, by
definition, able to give rise to cell types of all the three
germ layers (ectoderm, mesoderm, and endoderm), and
could represent a virtual unlimited source of skeletal
muscle cells as well as most of the other cell types of
the body. Because of their remarkable properties, these
cells could be potentially used to treat most of the
degenerative diseases. In particular, studies of skeletal
muscle derivation and transplantation gave encouraging
results opening new therapeutic perspectives for muscle
degenerative diseases [2, 4, 5].

There exist more than a hundred of skeletal muscle
diseases and many of them involve fiber degeneration
mechanisms. The majority is included in the category
of muscular dystrophies, characterized by a primary ge-
netic defect of skeletal muscle leading to different
degrees of muscle wasting and consequent movement
disability. In most of the cases, the disease is caused
by a mutation affecting proteins directly involved in the
maintenance of the myofiber architectural structure. The
Duchenne muscular dystrophy (DMD), the most severe
myopathy of its category, is caused by a particular mu-
tation in the Dystrophin gene that results in the total lack
of the protein, leading to alteration of the muscle integ-
rity and increased susceptibility to contraction-induced
damage. One major hurdle to the treatment of genetic
muscle diseases (except than the few forms localized to
certain muscles only) is represented by the abundance of
skeletal muscle [6]. The correction of the genetic defect
should occur in most muscle fibers to be beneficial. Any
approach based on local treatment but in need to be
extended to the whole body muscle mass would be
clinically difficult to perform. Therefore, beside pharma-
cological and viral gene therapy, the use of cells that can
reach the target tissue through the circulation appears a
realistic approach for an effective treatment.

In aging and in conditions of muscle wasting associated
to pathologies as cancer, AIDS and chronic heart failure, the
damaged muscle is also not repaired and mechanisms of
block of muscle regeneration and stem cell recruitment
contributes to reduction in muscle fiber size. Chronic mus-
cle atrophy is indeed caused by loss and dysfunction of
muscle precursor cells that can be considered as targets for
the treatment of cachexia.

In this review, we will discuss some of the most charac-
terized muscle precursors, their use and potentiality in cell
therapy approaches of neuromuscular degenerative diseases
and muscle wasting conditions.
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2 Muscle satellite cells

SCs of skeletal muscle were originally defined by their
anatomical location, beneath the basal lamina and the sar-
colemma, flanking each mature skeletal muscle fiber
(Fig 1). In normal physiological conditions, SCs in adult
skeletal muscle are in quiescent state. Upon damage or
muscle exercise, they become activated, start proliferating
and terminally differentiate to regenerate the damaged mus-
cle. SCs are able to fuse with both the existing damaged
fibers and with each other to form de novo fibers. Once
activated, a subset of SCs returns to the original niche, the
basal lamina, thus providing a constant source for their self-
renewal [7, 8]. Electron microscopy, thymidine labeling,
and, more recently, lineage tracing studies indicated that
they also participate in skeletal muscle growth [9]. In normal
healthy conditions, SCs are a small percentage of the total
amount of nuclei within the neighboring fibers, although
with certain variability in specific muscles [10, 11]. Despite
severe skeletal muscle, degenerative myopathies lead to
muscle wasting and inability to be naturally regenerated
over time; SC proliferative and regenerative potential in
response to damage in these conditions is extremely high
[12]. Wide studies have been made on their capability to
proliferate, differentiate, efficiently regenerate skeletal mus-
cle, reviewed in [13, 14], and, very importantly, to self-
renew, maintaining the SC compartment even under many
cycles of regeneration [15, 16].

Because of their natural function, SCs were the first
candidate for a cell therapy approach. In the past, it was
demonstrated that wild-type SCs injected into a mouse with
dystrophic phenotype (mdx), are able to fuse with the recip-
ient fibers and restore production of the lacking protein [17].
Unfortunately, clinical trials that followed this model failed,
mostly because of inefficiency in different steps of the
clinical procedure [reviewed in 18]. More recent studies
showed that transplantation of single muscle fibers strongly
increases the number of entire muscle fibers newly formed
that also are able to regenerate upon de novo damage in-
duction [19], although clinical translation of this experimen-
tal approach does not appear simple.

Quiescent and proliferating SCs express several specific
markers that allow prospective isolation of partially purified
populations for characterization and clinical application.
These include transcription factors Myf-5, Pax7, or Pax3
[14] and surface markers such as CD34, M-cadherin, c-
MET, CD56, although these last are not specific for SCs
and show a certain rate of variability among different spe-
cies [reviewed in 1]. In the last years, different groups have
isolated SC populations using different surface marker com-
binations [20-22] and showed that these selected popula-
tions have much higher potency to regenerate skeletal
muscle if transplanted after fresh isolation than after in vitro
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Fig. 1 Skeletal muscle cross-
section including
haematoxylin-eosin stained
muscle fibers and a blood cap-
illary running longitudinally
along the section (arrow). The
image shows the localization of
the main skeletal muscle pre-
cursor cells as satellite cells,
mesoangioblasts (MABs), mus-
cle interstitial cells (PICs),
fibro-adipogenic precursors
(FAPs) and hematopoietic stem
cells (see the legend on the
right)

expansion, suggesting that important signals for mainte-
nance of appropriate proliferation and regeneration potency
are progressively lost when the cells are placed in culture.
New approaches, that recapitulate bioengineered skeletal
muscle niche, demonstrate that a substrate stiffness similar
to muscle tissue dramatically improves the self-renewal and
engraftment potential of SCs in comparison with plastic
[23]. All these results are promising from a therapeutic
perspective and a large amount of work has been addressed
to solve most of the problems involved in the use of SCs in
correction of dystrophy in DMD patients through intramus-
cular SCs injections, as immunoresponse and poor survival
of SCs rapidly after the injection [reviewed in 18].
Nevertheless, a phase I clinical trial by intramuscular SCs
transplantation has been completed with modest improve-
ment in treated patients. The major limitation of this method
is that even with different injections in different muscles, the
transplantation does not achieve a general effect, due to the
poor survival to transplantation and limited migratory capa-
bility of SCs. Importantly, they are not able to cross the
vessel walls [24, 25]. This is a major hurdle to the possibility
of use of SCs for an effective cell therapy treatment through
systemic delivery [26].

3 Nonsatellite cell muscle precursors
3.1 Muscle interstitial cells

Other than under the basal lamina, cells with myogenic
potential have been found in the interstitial space between
the muscle fibers. These nonsatellite muscle resident pro-
genitor cells are named PICs (Pw1+ interstitial cells), on the
basis of their localization (Fig. 1) and the expression of the
zinc finger protein Pwl, an early marker of the myogenic
lineage [27]. Differently from the SCs, in a quiescent state
they do not express any other marker of the myogenic
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lineage, such as Pax7. Upon isolation and differentiation,
they express the myogenic markers and fuse into myotubes
in vitro at the same extent of SCs. They contribute to muscle
growth since their number diminishes with muscle matura-
tion, similar to SCs, concur to regeneration and are a source
of both SCs and PICs in vivo. Contrarily to SCs that need
Pax7 to proliferate, PICs accumulate enormously in Pax7 '~
mice. Nevertheless, they need Pax7 to differentiate since
PICs derived from Pax7 '~ mice are not able to become
myogenic in vitro, indicating Pax7 as a myogenic determi-
nant of PICs. Elegant studies aimed to the definition of the
PICs’ lineage in embryos demonstrated that SCs and PICs
have a distinct origin, and that PICs are not derived from
SCs but they are able to originate SCs and PICs. This
indicates a higher position of PICs respect to SCs in the
muscle precursor lineage hierarchy [28]. PICs are not the
only muscle precursor found in the interstitial space.
Recently, a population of cells with a myogenic potential
have been described in this compartment and is vessel
associated. It still has to be assessed if they are different
from the PICs population. They express the (34 integrin
marker and no other myogenic marker in the quiescent state.
When activated, they differentiate in myotubes in vitro and
participate to regeneration of damaged muscle [29]. For
their properties, including the ability of self-renewing,
PICs and other interstitial cells are a new promising candi-
date for the cell therapy of muscular pathologies.

3.2 Hematopoietic stem cells

Almost 15 years ago, the presence of progenitors with
myogenic potential was described in bone marrow [30],
suggesting the exciting possibility that muscle degenerative
diseases could be treated by bone marrow transplantation.
Transplantation of bone marrow-derived cells and side pop-
ulation progenitor enriched fraction results in cell recruit-
ment to an injured muscle and participation to muscle repair
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[31-33]. The limiting aspect of this approach is the low
frequency of engraftment, even when a subpopulation of
hematopoietic cells with myogenic potential, CD45+, was
used for transplantation in a DMD patient with hematologic
disease [33, 34].

Later, a subset of hematopoietic stem cells expressing the
CD133 marker and early myogenic markers as Myf-5, Pax7,
and M-cadherin, AC133+ cells, were isolated and injected
into the circulation of scid/mdx mice, were concurred to
muscle repair and also to a recovery of force compared to
the normal mice [35]. CD133+ cells were also isolated both
from blood and muscle compartments from dystrophic mice
and were genetically corrected by lentiviral vectors express-
ing small nuclear RNA engineered to cause exon skipping in
order to correct the dystrophin gene and have been found to
be efficient in the functional recovery of the dystrophic
phenotype of scid/mdx mice [36]. Muscle-derived cells
showed an increased ability to restore skeletal muscle func-
tion in dystrophic murine model, compared to the blood-
derived cells. For an efficient application of these cells in a
transplantation strategy, it is crucial to explore why the
blood-derived cells lack an efficient in vivo engraftment
and try to improve it. In 2007, the first encouraging results
of a double-blind phase I clinical trial with the use of the
AC133+ cells in an 8-year-old dystrophic boy were pub-
lished and demonstrated that the intramuscular transplanta-
tion of muscle-derived AC133+ cells in DMD patients was a
safe and feasible procedure. Indeed, the patients showed an
increased number of capillaries and a change in the ratio
slow/fast myosin myofibers which likely reflected paracrine
effects of transplanted cells [37].

3.3 Mesoangioblasts

The identification of myogenic progenitors in the embryonic
dorsal aorta [38] and later quail chick and mouse chick
transplantation experiments led to the identification and
definition of MABs, multipotent vessel-associated progeni-
tors located in the aorta—gonad—mesonephros region in
mouse (Fig. 1). MABs can be propagated in vitro for several
passages while retaining the ability to differentiate into several
cell types of mesoderm when under specific experimental
conditions [39, 40]. Gene expression analysis on early clon-
ally expanded MABs before the first culture passage con-
firmed the expression of almost all the markers reported
after long-term culture (Sirabella et al., unpublished observa-
tions), indicating consistency of their molecular signature over
time and suggesting that artificial culture growth conditions
do not alter their properties. MABs resemble mesenchymal
stem cells for biological properties but differ from them for the
expression of some antigens such as CD34. In addition, as for
most but not all the typical MAB markers, CD34 expression is
strongly maintained at any culture passage and consistently
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found in all the generations of MAB clonal lines (Sirabella et
al., unpublished observations).

Cells suggested to be the progeny of embryonic MABs
because of their position and biological properties, can be
isolated from postnatal vessels [40, 41]. Adult MABs ex-
press pericyte markers such as NG2 and alkaline phospha-
tase [40].

Preclinical transplantation studies with postnatal MABs
in animal models showed very encouraging results. These
cells were able to partially recover muscle morphology and
function in a mouse model of limb—girdle muscular dystro-
phy (x-sarcoglycan null), not only in local areas after intra-
muscular injection but, most importantly, after delivery
through arterial circulation. When genetically corrected,
similarly to their embryonic wild-type counterpart, MABs
from juvenile x-sarcoglycan-null mice are able to restore
skeletal muscle after autologous transplantation [41].
Further studies showed that MABs can also improve muscle
activity of dystrophic dogs, which are the closest animal
model to the human DMD genotype and phenotype.
However, in dogs, recovery of muscular activity occurs
upon transplantation of heterologous but not autologous
genetically corrected cells [42].

Similar cells are present in the pericyte compartment of
human postnatal vessels and typically express pericyte
markers such as alkaline phosphatase and NG2 but do not
express endothelial markers such as CD31 and CD34 [43].
They neither show the embryonic MAB marker profile nor
the SCs one, but spontaneously differentiate into skeletal
muscle fiber, representing a myogenic cell type distinct from
SCs. Remarkably, these cells can be easily isolated from
muscle biopsies, expanded in vitro with high efficiency and
transplanted trough systemic delivery into recipient animals
that model muscular dystrophy, where they efficiently par-
ticipate in skeletal muscle regeneration. All these features
make them an ideal candidate cell type for clinical applica-
tions of skeletal muscle myopathies. Currently, a phase I/I1
clinical trial with transplantation of these cells in DMD
patients is in progress at the San Raffaele Hospital in
Milan, Italy. Very recently, an amelioration of the dystrophic
phenotype in mdx mice using MABs engineered with a
human artificial chromosome carrying the entire human
dystrophin genetic locus has been described and this fasci-
nating approach has been proposed for future clinical trans-
lation [44].

Studies of human MABs in other muscle diseases, as
inflammatory myopathies and facioscapulohumeral muscular
dystrophy, are also ongoing [44, 45]. Postnatal MABs isolated
from biopsies of inclusion body myositis (IBM) patients,
differently from the ones isolated from patients with dermato-
myositis and polymyositis, are deficient in myogenic differ-
entiation while SC-derived myoblasts from the same patients
display normal skeletal muscle differentiation in vitro [46].
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This suggests that MABs may have a direct role in IBM
pathogenesis. Transient exogenous induction of MyoD ex-
pression in MABs from IBM patients rescues their myogenic
potency [47]. Gene expression analysis revealed that IBM
MABs, with respect to healthy control cells, have increased
expression of TGFf3 (transforming growth factor beta), solu-
ble frizzled receptor protein, and basic helix loop helix B3. All
these molecules have been shown to be negative myogenesis
regulators and therefore are likely to be responsible for this
effect [46, 47]. More recently, it has been found that guanine
nucleotide exchange factor, previously shown to play a role in
skeletal muscle regeneration [48], is downregulated in IBM
MAB:s and its overexpression partially rescues their myogenic
differentiation capability both in vitro and in vivo [47].
Pharmacological treatments with drugs targeting the mole-
cules directly implicated in the pathogenesis of the disease
would be a much easier approach rather than cell transplanta-
tion [49].

Interestingly, MABs are also found in the juvenile vessel
of cardiac ventricle in mouse [50]. They show high sponta-
neous cardiac differentiation and efficiently regenerate heart
when injected into the ventricle of an infarcted heart. This is
consistent with previous studies that showed the ability of
embryonic MABs to repair infarcted myocardia [51].
Importantly, cardiac MABs are also present in human.
Remarkably, cardiopathic conditions in human are mirrored
by impaired activity of cardiac MABs isolated from the
patients [52], suggesting that they may be a physiological
player in heart homeostasis and repair. Some muscular dys-
trophies, including the most sever ones, beside skeletal
muscle wasting, lead to impairment or eventually failure of
the cardiac muscle. Therefore, cardiac MABs arise as a
promising candidate for cell therapies directed towards both
regeneration of infarcted hearts and primary skeletal
myopathies.

4 Muscle from fat

Adipose tissue (AT) is composed of mature adipocytes
embedded in a framework of collagene and is a source of
adipose precursors of different rate of differentiation, includ-
ed in the stromal vascular fraction (SVF). AT-derived vas-
cular cells can differentiate in vitro in myogenic cells by an
artificial inductive media and also in other nonmesenchymal
lineages [53—55]. Subpopulations of AT-SVF derived from
inguinal or visceral fat can differentiate in myotubes by a
fusion-independent cell-autonomous mechanism when cul-
tured in the presence of primary myoblasts. They require
either a cell contact with myoblasts or need to be exposed to
the soluble factors secreted by muscle cells. However, a rare
subset spontaneously differentiates into skeletal muscle.
Indeed, murine and human AT-SVF cells (referred as

human mesenchymal adipose-derived stem cells) signifi-
cantly participate in muscle regeneration in vivo and can
restore dystrophin expression in mdx mice [56, 57]. More
recently, it has been shown how under forced expression of
MYOD their capability to repair dystrophic muscle was
increased while their adipogenic differentiation was
inhibited [58]. An expansion of AT cells within skeletal
muscle observed in response to denervation [59], in sarco-
penia [60] and in muscular dystrophy [18], with myogenic
differentiation potential of adipogenic stem cell, demonstrat-
ed in vitro and in vivo, make them a potential alternative
tool for repairing damaged muscle fibers. Moreover, the
immunosuppressive properties of adipose stem cells [61,
62] increase the feasibility of transplantation procedures in
damaged muscle, representing an important advantage in a
clinical therapy perspective.

Interaction between muscle and adipose tissue are inter-
estingly significant, especially in pathologic conditions as
muscular dystrophy where regeneration is impaired and a
fibrotic scar infiltrated with adipocytes occurs, known as
fatty degeneration. It has been proposed that the damaged
environment has influence on the myogenic fate of SCs that
are forced to adopt a fat fate [63, 64]. Recently, two groups
[65, 66] isolated a population of cells, fibro-adipogenic
progenitors (FAPs), Scal, CD34, and PDGFRa positive,
abundant as SCs in muscle tissue, capable of generating
both adipocytes and myofibroblasts in vitro, which do not
differentiate in myoblasts in vitro or in vivo. FAPs are
located in the interstitial space between the myofibers, lying
adjacent to the external side of the blood vessel basement
membrane (Fig 1). Via direct cell-cell contact, adipogenic
progenitors are a source of prodifferentiation factors and
have an accessory function for myogenic cells during mus-
cle regeneration. Furthermore, FAP fate responds to the
efficiency of regeneration in a way that when the muscle
fibers are regenerating FAPs are ablated from the tissue. On
the contrary, when a fatty degeneration occurs, FAPs differ-
entiate in adipocytes with a consequent increase of FAP
engraftment. Therefore, FAPs play a dual role in the contest
of muscle damage, contributing to muscle degeneration by
differentiating in fibroblasts and adipose cells and partici-
pating to muscle regeneration by production of prodifferen-
tiation signals [65—67]. The discovery of this dual-function
cell type in the muscle compartment highlights the impor-
tance of the stem cell niche and how it influences the
regenerative fate of the muscle precursor cells.

5 Reprogramming for skeletal muscle derivation
Examples of noncanonical myogenic progenitors above

reported reveal that mesoderm progenitor heterogeneity is
higher than what believed in the past and involves a certain
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degree of plasticity. It is generally accepted now that cellular
commitment of a specific cell type to a certain differentia-
tion fate can be altered when specific regulatory mecha-
nisms, as expression of certain transcription factors or
chromatin remodeling processes, are modified to some ex-
tent. By environmental or genetic manipulation, many cell
types can undergo switch of their commitment state or
differentiation fate, hence can be reprogrammed. Skeletal
muscle holds a very early example of cellular reprogram-
ming: it has been demonstrated that primary fibroblasts can
be converted to skeletal muscle cells simply by exogenous
expression of the gene MyoD [68], later widely investigated
and defined as a master regulator of the myogenic program.
Recently, the use of novel technology as high throughput
sequencing combined with chromatin immunoprecipitation
revealed that MyoD has a high spectrum of interaction and
the ability to widely modify the chromatin state [69]. Other
observations reveal that even small molecules can deeply
affect the commitment state of a cell type. For example, it
has been recently shown that a synthesized molecule, named
reversine is able to change the differentiation program of
fibroblasts, reverting them to a multipotent state, hereby
making them able to differentiate into different cell types
under specific conditions [70]. Similarly, the ability of mes-
odermal stem/progenitor cells to undergo “unorthodox” dif-
ferentiation is a process that can be activated under certain
environmental natural or artificial conditions. However, it is
not clearly defined if this process occurs because these cells
are intrinsically multipotent or rather in a committed uni-
potent state yet reprogrammed under those conditions.
Embryonic stem cells (ESCs) are typically the most “un-
committed” stem cell type experimentally available, able to
give rise to all the cell types of the body, hence defined as
pluripotent. Along the last 30 years, starting from the first
study on ESCs isolated from mouse [71], very extensive
studies have been made. Human ESCs, although partially
regulated by quite different molecular mechanisms respect
to the mouse ESCs, equally display high proliferative po-
tential and spectrum of differentiation, holding major prom-
ises for clinical applications. Important recent studies
demonstrated controllable commitment and differentiation
of ESCs into skeletal muscle [4, 5] (Table 1). Quite surpris-
ingly, in vivo skeletal muscle differentiation upon ESC
transplantation does not form teratomas [2], a very impor-
tant advantage for therapeutic perspectives. In general, ESC
robust capacity of both self renewal and differentiation in
cell types of all tissues make them a major candidate for
clinical therapies of a wide range of degenerative diseases.
However, the use of ESCs is hindered by ethical concerns
because human embryos are required for their derivation. In
addition, autologous cell therapies are prevented and conse-
quently any therapy with these cell types would require
treatment with immunosuppressive drugs. These obstacles
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can be apparently overcome after a recent revolutionary dis-
covery in the stem cell field: in 2006, the research group led by
Yamanaka demonstrated that by the exogenous activation of
four specific transcription factors, Oct3/4, Sox2, Klif4, and
cMyc, a committed cell type can be fully reprogrammed to a
pluripotent state [72], reaching the primordial stem state of
ESCs. The stem cells generated are named induced pluripotent
stem cells (iPSCs). The result, first obtained in mouse fibro-
blasts, was soon confirmed in humans [73]. From a therapeu-
tic perspective, the use of iPSCs would resolve the ethical
concerns and gives rise to the possibility of autologous cell
transplantation. In addition, the derivation of patient-specific
iPSCs opens the possibility of disease modeling with in vitro
recapitulation of specific pathologies and the use of the same
models for drug screening.

A major concern in the use of iPSCs for clinical trans-
plantation purposes is that most of the methods for their
generation require genetic modification that results in ran-
dom integration of the exogenous sequences, with the added
inconvenience that two of the four exogenous genes nor-
mally used are oncogenic: KIf4 and, more strongly, cMyc.
Since the first technique using the pMx retroviral vector,
intensive biotechnological studies led to modifications and
improvements in the generation of iPSCs. For example, the
use of retroviral delivery with the exclusion of cMyc
resulted in significant decrease of tumor formation upon
iPSC transplantation [74]. Other methods lately developed
are the use of virus vector-free iPSC generation with repeat-
ed transfection of plasmids carrying the same original tran-
scription factors [75] or direct delivery of recombinant
proteins [76, 77]. A theoretically safer virus-mediated effi-
cient alternative method established is the use of the Cre-
recombinase excisable viral vector [78].

Remarkably, it has been shown that it is possible to gener-
ate iPSCs from many different cell types other than fibro-
blasts, as B lymphocytes [79], pancreatic cells [80], neural
stem cells [81] from mouse and keratinocytes [82] and blood
progenitor cells [83] from human, indicating that the barrier to
reprogramming has very similar extent even in very different
committed cell types. Interestingly, a recent study showed that
generation of iPSCs from muscle satellite and stem cells can
be obtained with high efficiency, comparable to the ones from
mesenchymal stem cells and also much higher than from
committed fibroblasts from the same niche [84].

Similarly to ESCs, skeletal muscle can be derived from
iPSCs (Table 1). In pathological conditions where the mus-
cle precursors are poor and inefficient, derivation of iPSCs
from cell types of other compartments converted in muscle
precursors can be a powerful strategy to generate muscle
precursors for cell therapy.

Recently, two elegant studies showed the potential of
iPSCs in therapeutic application for the cure of muscular
dystrophies. Indeed, the group of Perlingeiro showed that
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Table 1 Pluripotent stem cells as source for skeletal muscle

Pluritent stem cells ~ Strategy In vivo model References

hESC EB coculture with mdx muscle-derived progenitors mdx mice [2]
followed by intramuscular injection in mdx mice

hESC isolation of CD73+ subpopulation and injection into SCID/beige mice [4]
SCID/beige mice

mESC Differentiation into PDFRo+/KDR + population Nude mice [5]

miPSC iPSC generation from primary myoblasts and differentation NOD/SCID [84]
in teratomas

mESC Pax3 induction and isolation of PDFRa+/KDR - population Rag—/—yc—/—; mdx mice [119]

miPSC EB differentiation of Pax7 inducible GFP + lines Rag—/—yc—/—; mdx mice [120]

mESC EB differentiation of Pax3 and Pax7 inducible GFP + lines primary and secondary transplantation ~ [121]

in NOD/SCID mice

hiPSC and hESC EB differentiation of Pax7 inducible GFP + lines NOD/SCID gamma-c-mice [85]

hiPSC mesoangioblasts and transplantation into Sgca-null/scid/biege Sgca-null/scid/beige mice [86]
mice

mESC Differentiation ny transfection of IGF2-overexpressing construct C57/86 [122]

miPSC EB differentiation and sorting for SM/C-2.6 of Pax7 enriched cells mdx mice [123]

mESC EB differentiation and sorting for SM/C-2.6 of Pax7 enriched cells ~ Primary and secondary transplantation ~ [124]

in mdx mice
miPSC iPSC generation from MABEs, skeletal muscle into teratoma Rag2—/—yc—/—; a sarcoglycan KO mice  [125]

formation and in vitro differentiation into myoblasts

h Human, m mouse

hESCs or hiPSCs under a conditional expression of Pax7
produce a large amount of muscle precursors that engraft
efficiently in dystrophic muscle and restore «-dystrophin ex-
pression and fiber functionality [85]. Furthermore, Cossu’s
group showed that iPSCs derived from myoblasts and fibro-
blasts of patients affected by a limb—girdle muscular dystrophy
2D, caused by the loss of the «-sarcoglican protein, were
reprogrammed to differentiate into MABs. After genetic cor-
rection with the o-sarcoglican human gene, the MABs
obtained were transplanted in sarcoglican-null immunodefi-
cient mice where they were able to ameliorate the muscle
functionality and to supply the muscle progenitor cell pool [86].

Unexpectedly, we have observed that primary skeletal myo-
blasts reprogrammed to pluripotency can lead to spontaneous
embryoid body-derived cardiac differentiation [Sirabella et al.,
unpublished data]. Our data were soon confirmed by another
group that furthermore demonstrated the ability of those
myoblast-derived cardiac cells to improve the function of a
mouse infarcted heart after transplantation without tumor for-
mation [87] indicating skeletal muscle cell source combined
with the reprogramming technology as a possible novel ther-
apeutic approach for myocardial repair.

6 Muscle progenitors in a therapeutic perspective
for muscle wasting

Other than in repair of damaged muscle, muscle stem cells play
a remarkable role in the postnatal growth and maintenance of

the body muscle mass in the adult. As described above, in a
normal physiological state, SCs reside quiescent on the myo-
fibers. However, their proliferative and myogenic potency
change in developing muscle. In fact, at birth, they are 30 %
of myonuclei in the muscle and in the first weeks of life, they
actively proliferate to fuse into the myofibers and contribute to
muscle mass increase. Moreover, their properties are modified
in conditions of hypertrophic and atrophic muscle and in old
ages. On the role of activation/proliferation and fusion of SCs
in hypertrophic muscle, there are several contrasting theories
[reviewed in 88] that will not be discussed in this review. We
will instead discuss the involvement of muscle progenitors in
atrophy and aging.

Muscle atrophy is induced under different conditions as
denervation, disuse, starvation, and unloading. It is also a
complication of several pathologies ranging from cancer to
cardiac failure, AIDS or rheumatoid arthritis (cachexia), and
neuromuscular disorders; it also occurs in physiological
processes such as aging (sarcopenia). Growth and repair of
atrophied muscle mainly depends on muscle precursor cells.
Several studies were accomplished on the effects of the
atrophic stimuli on muscle precursors cells, in particular
SCs. Apoptosis was considered the main cause of depletion
of SCs after denervation [89], immobilization [90] and in a
model of CHF [91]. Aging also causes a major susceptibility
of SCs to apoptosis [92].

The hypothesis that muscle atrophy is accompanied by
apoptotic loss of myonuclei and recovering would require
recruiting of muscle precursor cells is currently debated. By
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time-lapse microscopy in vivo, the group of Gundersen dem-
onstrated that after denervation or mechanical unloading, no
loss of myonuclei was observed while myofiber cross-
sectional area was reduced of 50 %. Nevertheless, apoptosis
was confirmed in muscle of old mice and in SCs [93, 94].
Many evidences link muscle wasting induced by cachexia
and failure in regeneration mediated by muscle precursors.
Muscle regeneration is indeed affected by inflammatory sig-
nals induced locally by damage and systemically in cachexia.
TNF-a, IL-6, and other cytochines, which induce cachexia,
inhibit myogenic differentiation in vitro and muscle regener-
ation [95-99]. Moreover, muscle precursor cells are reduced
and nonfunctional in prolonged atrophied muscle after limb
suspension and these effects are reversed after reloading
[100]. It is possible that the prolonged blockage of muscle
differentiation or stem cell recruitment lead to muscle atrophy.
Aging is a physiological condition accompanied by a
muscle mass loss (sarcopenia), widely considered also de-
pendent by the modified properties of muscle precursors
which lead to reduced capacity of proliferation, regenera-
tion, and generation of reserve population [101-103].
However, studies of heterochronic tissue transplants and
parabiosis demonstrated that the environment is crucial for
determining the efficiency in SC activation. Indeed, muscle
autografted in young host regenerate better than when auto-
grafted in an old host [104] and heterochronic parabioses,
young and old mice sharing the circulatory system, restore
the regenerative capacity of old SCs [105]. A molecular
mechanism has been proposed to explain the stem cell aging
in old mice and the restoration of muscle precursor regen-
erative capacity by young mice circulating factors: satellite
cell activation and determination are controlled by the Notch
signaling pathway, which is initiated by the increased ex-
pression level of the Notch ligand, Delta; in old mice, Delta
expression is impaired and satellite cell activation is re-
duced. When in heterochronic parabioses, the aged SCs
are exposed to factors from young mice, their response is
reactivated [106]. Decline of regenerative potential of SCs
with age is also caused by their conversion from a myogenic
to a fibrogenic lineage. Activation of the canonical Wnt
pathway is responsible of this conversion and in aged mice
serum factors bind the frizzled family of protein that are Wnt
receptors, accounting for the activation of the Wnt pathway
in aged muscle [107]. Further investigation on the molecular
mechanisms responsible for the decreased regenerative po-
tential of SCs in old mice have proposed that elevated levels
of TGF3-1 and pSmad-3 in the serum affect regenerative
competence through activation of cyclin-dependent kinases.
Inhibition of this pathway restores the regenerative potential
of SCs in old mice [108, 109]. Overall, these results show
that the muscle precursors do not lose their capacity to repair
muscle during aging and the environmental factors are cru-
cial for maintaining an efficient regenerative response [107,
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110]. Aged muscle stem cell niche also influences the qui-
escent state and self-renewing capacity of SC. It has been
newly shown that in aged muscle fibers the increased FGF
signaling leads to loss of SC quiescence and regenerative
function. Indeed, the modulation of Sprouty, an inhibitor of
the FGF signaling, alters SC quiescence, self-renewal, and
regenerative capacity [111]. Even the negative regulators of
muscle mass, such as myostatin, which exert a role in
inhibiting SC activation and muscle regeneration in postna-
tal life, affect regenerative potential of muscle precursors in
aging. In mice lacking myostatin, it has been observed a
reduction of the age-related sarcopenia and an increase of
muscle regenerative capacity [112]. Moreover, blockade of
myostatin by antagonist restore the regenerative capacity of
SCs in sarcopenia [113]. More recently, an increase of
myostatin positive SCs associated to type II fiber has been
observed in human old males, which suggest a role of
myostatin for the impaired myogenic capacity of aged mus-
cle [114].

7 Conclusions

Skeletal muscle tissue repair in physiologic and pathologic
conditions, such as aging and diseases, is exerted by muscle
precursor cells. For this reason and because of the successful
attempts to treat diverse diseases through the adult stem cell
therapy, the field of muscle stem cells is lately expanding
more and more. While SCs are the canonical and the most
characterized muscle stem cells, their properties do not
allow considering them as the best candidate for cell therapy
of muscle tissue disorders. Other populations of muscle
stem cells, instead, have several characteristics suggesting
successful perspectives for cell-therapy based approaches to
contrast muscular diseases. On the other hand, the role of the
other muscle progenitors in postnatal myogenesis and re-
generation has not been completely assessed. In fact, recent
studies demonstrated that when in murine models the SC
compartment is selectively ablated, muscle regeneration
following injury is compromised, indicating that other mus-
cle progenitors can’t account for muscle repair in physio-
logical conditions. These limitations can be explained by the
intriguing hypothesis that SCs recruit and activate the other
muscle progenitors by physical and molecular interactions
and commit them to the myogenic lineage [115-117 and
reviewed in 118], suggesting that dissecting the mechanisms
of those interactions may be important for cell therapy
approaches that involve more than one muscle stem cell
population.

It is possible to imagine future therapies for atrophy related
pathologies and conditions based on transplantation of autol-
ogous SCs or induced muscle stem cells. Understanding the
molecular mechanisms that regulate muscle precursor
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efficiency in regeneration and repair may be crucial for the
development of strategies to ameliorate atrophy in conditions
of aging and disease.

However, the decline of activity of muscle precursor cells
in cachexia and aging could depend on the systemic envi-
ronment, which makes the cell transplantation approach not
a suitable system. Further studies on the interactions that
lead to create adverse environment could help to find the
pharmaceutical targets that can ameliorate the conditions for
a stem cell mediated therapy of muscle wasting.

No studies have been conducted so far on the effects of
atrophy and aging on muscle precursors other than SCs.
This may become an extremely interesting field considering
different properties that would make them more effective in
a cell-based therapy of muscle wasting conditions.

In principle, the possibility to reprogram all the cells of
the body to muscle represents a revolutionary concept, tre-
mendously widening the range of muscle sources for the
treatment of muscle dysfunctions. To date, different studies
of skeletal muscle derivation from pluripotent stem cells
have been done (Table 1). The interest in this field is
growing exponentially and very likely many new studies
will follow in the near future. Since the discovery of the
iPSCs, the network of pathways implicated in the reprog-
ramming and maintenance of pluripotency has been exten-
sively studied. Despite not yet completely unraveled at
molecular level, the biological properties of iPSCs result to
be extremely similar to the ones of ESCs. The propelling
results obtained with the latter in regeneration models can
apparently be confirmed with the former. This makes iPSCs
a very promising candidate in autologous transplantation for
tissue repair or replacement including genetic disease ther-
apy after correction of the genetic defects. We predict that in
the near future clinical trials with iPSCs or iPSC-derived
cells will be started and very likely in vitro drug screening
on specific disease-derived iPSCs will have a significant
impact on pharmacological therapy.
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