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Abstract: Neuromuscular diseases affect skeletal muscle and/or nervous control resulting in direct disruption of
skeletal muscle and muscle pathology, or nervous system disruption which indirectly disrupts muscle function.
Stem cell-based therapy is well-recognized as a promising approach for several types of diseases including those
affecting the neuromuscular system. To design a successful therapeutic strategy, it is important to choose the most
appropriate stem cell type. Skeletal muscle progenitor cells (SMPCs), also called myogenic progenitors, can contrib-
ute to muscle regeneration, differentiate into skeletal muscles, and are valuable cells for therapeutic application.
Different types of stem/progenitor cells, including satellite cells, side population cells, muscle derived stem cells,
mesenchymal stem cells, myogenic pericytes, and mesoangioblasts, have been identified as possible cell resources
of SMPCs. Furthermore, recent advances in stem cell biology allow us to use embryonic stem cells and induced
pluripotent stem cells for SMPC derivation. When skeletal muscle is chosen as a target of cell transplantation, the
possible criteria for choosing the “best” progenitor/stem cell include preparation strategies, efficiency of intramus-
cular integration, method of cellular delivery, and functional improvement of the muscle after cell transplantation.
Here, we discuss recent findings on various types of SMPCs and their promise for future clinical translation in neu-
romuscular diseases.
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Introduction cell types [1, 2]. Numerous studies have dem-

onstrated effective protocols to differentiate
stem cells into various cell lineages, and have
functionally examined the differentiated cells in
animal models of human diseases or injury

Stem cells have received much attention in
recent years because of their potential use in
cell-based therapies designed to treat human
diseases with no cure. In mammals, stem cells

are broadly categorized into two types: pluripo-
tent stem cells (PSCs), which include embryonic
stem cells (ESCs) as well as induced pluripotent
stem cells (iPSCs), and tissue-specific stem/
progenitor cells. PSCs possess the potential to
differentiate into virtually any specialized cell.
Tissue-specific stem/progenitor cells, also
called adult stem cells, intrinsically reside in
various tissues of the body and can maintain,
generate, and replace terminally differentiated
cells within their specific tissue. While tissue-
specific stem/progenitor cells normally contrib-
ute to growth and repair of resident tissue fol-
lowing differentiation, it has become evident
that these cells can also differentiate into other

[3-6].

For neuromuscular diseases such as muscular
dystrophy, stem cell-based therapy targeting
degenerating muscles is a promising approach
to recover skeletal muscle function either
directly, by relieving intrinsic pathology, or indi-
rectly, by relieving nerve pathology. Skeletal
muscle stem/progenitor cells (SMPCs) are one
of the most valuable cell types for this approach.
As myogenic progenitors, SMPCs can contrib-
ute to muscle regeneration and differentiate
into skeletal muscle. Various SMPCs have been
isolated from pre- or post-natal muscles as well
as non-muscle somatic tissues, and, recently,
PSCs have been used to propagate SMPCs
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Figure 1. Various resources for skeletal muscle stem/progenitor cells. Satellite cells are located beneath the base-
ment membrane of skeletal muscle fibers and are naturally committed to differentiation into cells of the muscle
lineage. Mesenchymal stem cells (MSCs) and pluripotent stem cells (PSCs) can differentiate into muscle progenitor
cells and can be programmed ex vivo to activate their muscle differentiation capacity. Muscle side population (SP)
cells and muscle-derived stem cells (MDSCs) localize to an interstitial site between muscle fibers. Mesoangioblasts
and pericytes, are associated with blood vessel wall. These non-muscle cells can contribute to muscle regeneration
without genetic modifications or chemicals treatment for muscle cell lineage differentiation.

using distinct protocols for muscle differentia-
tion. Among these cells, satellite cells, which
are present in postnatal muscles and contrib-
ute to muscle growth and regeneration, can be
defined as resident SMPCs. In contrast, tissue-
specific stem/progenitor cells or pluripotent
stem cells-derived myogenic progenitors can
be described as de novo SMPCs.

In this review, we compare different types of
stem/progenitor cells which show potential
benefits for neuromuscular diseases. We also
discuss the potential use of these cells as
resources for SMPCs and their therapeutic
applications in neuromuscular diseases.

Variations of cellular resources for SMPC
preparation

To date, different types of SMPCs have been
isolated from various sources including adult
tissues and pluripotent stem cells (Figure 1).
When designing a cell-based therapy, the
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choice of cell type depends on the pathological
condition to be treated and the environment
within the target tissue. The survival of the
transplanted cells depends on the tissue-envi-
ronment into which they are transplanted. For
example, fully-differentiated myoblasts from
adult skeletal muscle have a low survival rate in
dystrophic muscle when compared to undiffer-
entiated stem/progenitor cells [7, 8]. This sug-
gests that exogenous fully-differentiated cells
like myoblasts cannot adjust well to the dystro-
phic muscle environment. Therefore, undiffer-
entiated SMPCs might be a better tool for intra-
muscular delivery than other types of stem/
progenitor cells in the case of dystrophic skel-
etal muscle.

Here we propose four requirements defining
the appropriateness of a stem cell pool for the
preparation of SMPCs for therapeutic applica-
tion: (a) easy isolation from accessible tissue
sources, (b) differentiation capacity for muscle
cell lineages including SMPCs with or without
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genetic modification, (c) ability to be transplant-
ed into muscle, and (d) possibility for systemic
delivery including the ability to reach and inte-
grate into the target site in pathological mus-
cles. Each of the following stem cell pools have
been shown to fulfill some or all of these
requirements and are therefore potentially use-
ful for therapeutic application against neuro-
muscular degenerative diseases.

Satellite cells

In postnatal and adult skeletal muscles, regen-
erative capacity is primarily based on the pres-
ence of satellite cells. These cells are localized
under the basement membrane of muscle
fibers [9]. In adult muscles, satellite cells are
mitotically quiescent; however, they are acti-
vated in response to stress induced by weight
bearing or by trauma such as muscle injury [10,
11]. The descendants of activated satellite
cells, called myogenic precursor cells or myo-
blasts, undergo multiple rounds of division,
known to be controlled by hepatocyte growth
factor (HGF), before fusion and terminal differ-
entiation [10, 12]. Satellite cells are biological-
ly, biochemically, and genetically distinct from
their daughter myoblasts [13]. Activated satel-
lite cells also generate progeny to restore a
pool of quiescent satellite cells [10, 14]. These
cells symmetrically or asymmetrically divide
into myoblasts and daughter satellite cells.
Symmetric satellite cell/satellite cell and asym-
metric satellite cell/myoblast divisions are reg-
ulated by cell polarity and contact with the
muscle fiber membrane. Apical-basal and pla-
nar cell divisions result in asymmetric and sym-
metric self-renewal, respectively [14, 15]. Both
quiescent and activated satellite cells express
Pax7, which can serve as a priming factor for
satellite cell myogenesis [16]. Myf5 is only
expressed in activated satellite cells [17]. The
cell origin of mammalian satellite cells is the
Pax3/Pax7-expressing cell population that aris-
es when the myotome (the first skeletal muscle
compartment in the somite) is formed from the
central dermomyotome (the epithelium of
somite) [18, 19]. Satellite cells can be isolated
in culture from postnatal and adult muscles
while maintaining their myogenic potential.
Isolated satellite cells are naturally committed
to become myoblasts with the expression of a
muscle determinant factor MyoD [20] and then
terminally differentiate into multinucleated
myotubes in vitro.
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Applications of satellite cells and myoblasts for
cell-based therapy in neuromuscular diseases
have been investigated. When isolated satellite
cells are transplanted into degenerating or
pathological muscle, the grafted cells can con-
tribute to muscle fiber reconstruction. Several
methods have been developed to prepare sat-
ellite cells for muscle transplantation in rodent
studies [7, 21, 22]. These methods are mainly
based on the fluorescence activated cell sort-
ing (FACS) isolation using satellite cell-specific
surface proteins allowing isolation of satellite
cells from adult muscle biopsies. Satellite cells
are known to express cell surface proteins such
as M-cadherin, Syndecan-4 and C-X-C chemo-
kine receptor type 4 (CXCR4) [21-24]. These
protein markers have been used for FACS [25,
26]. In another study, satellite cells could be
isolated from the diaphragm of transgenic mice
over-expressing green fluorescence protein
(GFP)-tagged Pax3 (Pax3%/*) by FACS [19]. The
integration of purified satellite cells into the
dystrophic muscles in a mouse model of mus-
cular dystrophy (mdx mice) and their subse-
quent differentiation resulted in significant
increase in dystrophin-expressing muscle
fibers and contractile function [21, 27].
However, only a small percentage of transplant-
ed highly-purified satellite cells (3-5%) have
been observed to re-locate into their comfort-
able cellular place between basement and
plasma membrane to prepare for future myot-
raumas such as muscle injury [7, 241, 27].

While promising results have been demonstrat-
ed using satellite cells in animal studies, thera-
peutic applications of satellite cells are still
challenging in human patients. According to a
previous observation in aged mice [28], the
number of satellite cells may be low in the skel-
etal muscles of aged humans. As muscle biop-
sy is the first choice to isolate human satellite
cells, satellite cells isolated from biopsied tis-
sues would be few and not enough for cell sort-
ing. To resolve this disadvantage, a new culture
technique would be necessary to expand a
small number of human satellite cells to a large
scale and maintain them in an immature state.
For example, a hydrogel microenvironment may
be useful for clonal cell expansion and main-
taining the undifferentiated status of isolated
satellite cells [27, 29]. Hydrogel substrate cov-
ered in a microwell mimics the elasticity of skel-
etal muscle and induces cell division without
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differentiation of mouse satellite cells [29].
Alternatively, a free-floating spherical culture,
also known as myosphere culture, might also
prove to be a powerful method to maintain and
expand satellite cells from biopsied human
skeletal muscle [30]. In myosphere culture,
cell/cell contact, which is important for satellite
cells, is continuously maintained, allowing them
to comfortably expand in the spheres.

Satellite cell or myoblast transplantation is a
possible treatment for neuromuscular diseas-
es such as muscular dystrophy. In most cases
of neuromuscular disease, whole body muscle
atrophy and muscle degeneration is observed.
Therefore, a systemic injection of stem/progen-
itor cells into the blood stream would be the
most attractive method for cell delivery.
However, it has been reported that satellite
cells delivered systemically are trapped along
the walls of blood vessels [31] and cannot
cross the vessel wall and migrate into the skel-
etal muscle [32]. Despite this complication,
satellite cells and myoblasts are still one of the
most promising cell types for neuromuscular
diseases.

Side Population (SP) cells

Side population (SP) cells are another type of
myogenic cells in postnatal and adult skeletal
muscles. Muscle SP cells have been isolated
from mouse skeletal muscle using a similar
method to that used for the purification of bone
marrow SP cells [33, 34]. Muscle SP cells are
different from bone marrow SP cells with
respect to expression of surface protein mark-
ers. When isolated using high Hoechst dye con-
centration, the majority of mouse muscle SP
cells are positive for stem cell antigen-1 (Sca-1)
and negative for the hematopoietic SP markers
CD45, CD43, and c-kit [35, 36].

Mouse muscle SP cells are able to survive and
integrate into the skeletal muscle of mice with
muscular dystrophy following transplantation.
Interestingly, these SP cells could be integrated
into the satellite cell position following trans-
plantation [1, 35]. However, intramuscular inte-
gration of muscle SP cells occurs with very low
frequency [37]. To accelerate therapeutic appli-
cations of muscle SP cells, more studies are
required to merge knowledge on how to better
propagate and manipulate these cells.
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Muscle Derived Stem Cells (MDSCs)

A population of early myogenic progenitors,
also called muscle derived stem cells (MDSCs),
has been isolated from mouse skeletal muscle
based on their adhesion characteristics to col-
lagen-coated flasks [38, 39]. These cells can
be purified using a modified pre-plating tech-
nique from postnatal mouse skeletal muscles.
Muscle biopsy samples are mechanically dis-
rupted and then digested by a series of
enzymes. The cells are plated and separated
into slowly adhering (presumably enriched
MDSCs) or rapidly adhering cell (fibroblasts and
myoblasts) fractions. MDSCs are a unique cell
population whose characteristics are distinct
from satellite cells and myoblasts [39-41].
Satellite cells typically express Pax7, whereas
MDSCs are more heterogeneous but express
Sca-1 consistently and often express CD34.
Both in vitro and in vivo studies demonstrated
that MDSCs can self-renew and differentiate
into multiple lineages, and have the potential to
regenerate various adult tissues [41-43].
Strikingly, MDSCs display a superior regenera-
tive capacity relative to satellite cells following
transplantation into dystrophic muscle in madx
mice [39, 40]. MDSCs are at least partially
immuno-privileged, as the transplantation of
MDSCs results in robust dystrophin expression
in mdx mice over 3 months after injection [39].
Compared to satellite cells, MDSCs may be
able to overcome some of the challenges asso-
ciated with transplantation such as immuno-
rejection, poor cell survival, and the limited dis-
tribution of the transplanted cells.

Human MDSCs can be isolated from muscle
biopsies of human adults by a modified pre-
plating technique and unfractionated enzymat-
ic digestion [44] which can accelerate their
possible application for cell-based therapy in
patients. However, further studies are still
required to determine whether these cells are
applicable for clinical translation.

Mesenchymal Stem Cells (MSCs)

Mesenchymal stem cells (MSCs) are also con-
sidered as an alternative candidate for cell-
based therapy targeting degenerating or dys-
trophic muscles. MSCs are found in bone
marrow and other mesenchymal tissues.
Interestingly, similar cells were found in the
perivasucular region of blood vessels [45].
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These cells are easy to harvest and can be
expanded in vitro to clinically relevant numbers
while retaining normal karyotype and differen-
tiation capacity [46]. Additionally, MSCs are dis-
tinct from hematopoietic stem cells and able to
differentiate into various tissues such as bone,
cartilage, and fat.

Several studies have demonstrated that MSCs
can also differentiate into SMPCs in vitro and
that these differentiated cells can integrate
into the muscle [46-49]. Naive MSCs are not
able to differentiate into muscle cell lineages
under normal culture conditions; however,
Wakitani et al., using rat MSCs, showed that
these cells can differentiate into muscle cell lin-
eages when treated with 5-Azacytidine, a
chemical analogue of the cytosine nucleoside
used in DNA and RNA [49]. Another study suc-
cessfully demonstrated that activation of Notch
signaling pathway using overexpression of
Notch-intracellular domain (NICD) can promote
skeletal muscle differentiation in both human
and rat MSCs [47]. Human MSCs-derived
SMPCs prepared by overexpression of Pax3
and then implanted did not attenuate dystro-
phic symptoms in mdx mice although the cells
did integrate into muscles [48]. Failure of func-
tional recovery might have been caused by
lower muscle integration efficiency of Pax3-
dependent SMPCs than Notch-dependent
SMPCs (about 10% vs. about 15%~50%). Thus,
detailed evaluation including functional analy-
sis is needed for clinical application of MSCs-
derived SMPCs. On the other hand, murine
MSCs-derived SMPCs, generated by overex-
pression of Pax3, failed to induce functional
recovery of dystrophic muscle following intra-
muscular injection due to unknown mecha-
nisms despite their local muscle integration
[481.

Recent pre-clinical and clinical studies demon-
strated a number of potential therapeutic appli-
cations for human MSCs targeting various dis-
eases such as myocardial infarction, stroke,
and graft-versus-host disease [50]. These cells
are an attractive resource for SMPC prepara-
tion because many clinical-grade MSC lines are
already currently available; however, it is still
necessary to evaluate whether MSCs and MSC-
derived SMPCs can promote functional bene-
fits in animal models of neuromuscular
diseases.
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Mesoangioblasts

Mesoangioblasts are a type of mesodermal
stem cell first identified in the wall of the mouse
embryonic aorta [51]. These cells were able to
proliferate on a feeder layer as a single clone
and differentiate into various types of solid
mesoderm [52]. Mesoangioblasts are known to
have an unlimited life span and express angio-
genic cell markers such as CD34, Sca-1, and
Fetal Liver Kinase 1 (FIk-1) [51]. Cells resem-
bling mesoangioblasts were also isolated from
vessels of postnatal tissues in mouse, dog, and
human [53]. These postnatal mesoangioblasts
are similar to their embryonic counterparts in
terms of proliferation and differentiation poten-
cy; however, some lines of mesoangioblasts, in
canine and human for example, proliferate to a
limited extent and undergo senescence.

Therapeutic benefits of wild-type or genetically-
modified mesoangioblasts have been tested in
animal models with muscular dystrophy. Intra-
arterial delivery of wild-type or genetically cor-
rected mesoangioblasts was tested targeting
dystrophic muscle of a-sarcoglycan-null mice
and showed a significant functional ameliora-
tion of the dystrophic phenotype [54]. In a
canine model of Duchenne muscular dystro-
phy, intra-arterial delivery of wild-type canine
mesoangioblasts resulted in an extensive
recovery of dystrophin expression, normal mus-
cle morphology and a remarkable clinical ame-
lioration of active motility [54]. When mesoan-
gioblasts are autologously delivered into the
blood circulation, the injected cells can migrate
outside the vessel and integrate into dystrophic
muscles [31]. In addition, dramatic improve-
ment of dystrophic symptoms in mdx mice by
transplantation of mesoangioblasts expressing
full-length of human dystrophin supports the
validity of these cells for clinical applications.
Taken together, mesoangioblasts possess a
strong ability to differentiate into muscle and
are useful for systemic delivery. Both of these
traits strongly support the possible application
of mesangioblasts for treating patients with
neuromuscular diseases.

Pericytes

While mesoangioblasts are isolated from fetal
aorta, similar cells are present in the postnatal
micro-vasculature. These cells were originally
identified as periendothelial cells in small blood
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vessels and called pericytes, which are defined
by their location, morphology and molecular
markers [55]. Pericytes expressing alkaline
phosphatase can differentiate into muscle cell
lineages when cells are transplanted into skel-
etal muscle. The grafted cells are recognized as
mural cells embedded within the vascular base-
ment membrane [56]. Also, recently, endoge-
nous pericytes were observed to integrate into
skeletal muscle in mice [57]. Human pericytes
can clonally be isolated from micro-vascula-
tures in adult skeletal muscles and used for
intravenous injection. Interestingly, human
muscle-derived pericytes can locate into the
satellite cell position with Pax7 expression after
intra-arterial injection into immuno-deficient
mdx (scid-mdx) mice [56]. This suggests that
human muscle-derived pericytes can convert
to SMPCs in skeletal muscles without ex vivo
trans-differentiation induction. Indeed, peri-
cytes express Myf5, which is a priming factor of
muscle differentiation [56]. However, pericytes
are not available for systemic delivery, resulting
in limitation of this cell type on therapeutic
applications [56].

Embryonic Stem Cells (ESCs)

Embryonic stem cells (ESCs) are a powerful cel-
lular resource for SMPC preparation [58]. ESCs
are derived from the inner cell mass of the blas-
tocyst, an early-stage embryo and are able to
differentiate into all derivatives of the three pri-
mary germ layers: ectoderm, endoderm, and
mesoderm [59-62]. Mouse ESCs can sponta-
neously differentiate into myoblasts through
embryoid body (EB) formation [58]. Currently,
three major protocols are used to prepare and
concentrate myogenic precursors from mouse
or human ESCs: 1) direct isolation of myogenic
cells from EBs using FACS and specific cell sur-
face markers [63, 64], 2) ectopic expression of
myogenic genes and isolation of muscle cell lin-
eages using FACS [65], and 3) specific induc-
tion of muscle differentiation with defined
chemicals such as retinoic acid [66]. Human
ESC-derived myoblasts can be transplanted
and successfully integrated in the hind limb
muscle of NOD-scid mice which show immuned-
eficiency due to a lack of both T and B cells
[63]. Differentiated SMPCs from mouse EB cul-
ture were concentrated using FACS with an
antibody against a specific antigen of quiescent
mouse satellite cells (SM/C-2.6) [67, 68]. SM/C-
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2.6-positive cells resemble satellite cells and
maintain self-renewability after intramuscular
transplantation in mdx mice [64]. Another
group used a doxycycline-inducible system in
which they overexpressed Pax3 in mouse ESCs.
The Pax3 gene was integrated into an inducible
locus on the X chromosome of ESCs and its
expression could be induced by doxycycline
(iPax3). After expanding the cells in culture,
Pax3 expression was induced in the EBs and
the SMPC population was sorted by presence
of platelet derived growth factor receptor alpha
(PDGFR-t) and absence of Flk-1 [65]. Mdx mice
that received the iPax3 -derived SMPCs either
systemically or locally regained dystrophin
expression in himdlimb muscles (tibialis anteri-
or muscles, TA) and exhibited functional recov-
ery of muscle force [65]. Together, these find-
ings support the idea that ESCs are a powerful
resource for SMPCs generation and for subse-
quent use for treatment of neuromuscular
diseases.

On the other hand, several concerns still remain
surround human ES cells. The use of ESCs
should be considered during development of
stem cell-based therapies. Firstly, the use of
human embryos for research using ESCs is a
hot topic currently and is high on the ethical
and political agenda in many countries. Despite
the potentially strong benefit of using human
ESCs for the treatment of neuromuscular dis-
eases, their use remains controversial because
of their derivation from early embryos. Secondly,
when transplantating ESCs into patients as
part of a therapy, it should be noted that ESCs
possess an ability to form tumors including ter-
atomas [69]. To enhance the safety of ESCs for
potential clinical use, development of effective
procedures would be necessary to reduce or
eliminate ability to cause tumors when trans-
planted the differentiated cells from ESCs.

Induced Pluripotent Stem Cells (iPSCs)

In 2006, it was first reported that over-expres-
sion of four different genes, Oct4, Sox2, c-Myc
and Kif4, can induce dedifferentiation of mouse
skin-derived fibroblasts to ESC-like repro-
grammed cells, now referred to as induced-plu-
ripotent stem cells (iPSCs) [70]. One year later,
human iPSCs were generated from human pri-
mary fibroblasts using similar protocols [71,
72]. Like ESCs, iPSCs, have the potential to dif-
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ferentiate into any cell lineage. Evidence also
exists that iPSCs favor differentiation into the
lineage from which they were derived due to
residual epigenetic modifications [73, 74].

SMPCs can be generated from both mouse and
human iPSCs, and these iPSCs-derived SMPCs
represent a promising therapeutic tool for neu-
romuscular diseases. Mouse iPSCs can spon-
taneously differentiate into SMPCs through EB
formation. This progenitor population can be
enriched using the FACS targeting the SM/C-
2.6 antigen [67]. When mouse iPSC-derived
SMPCs were transplanted into the TA muscle of
mdx mice, they integrated and increased dys-
trophin expression in the grafted muscle for
over 24 weeks. These data suggest that inject-
ed SMPCs continuously contribute to muscle
regeneration once localized to the satellite cell
position [67]. Since SM/C-2.6 antigen is a spe-
cific marker for mouse satellite cells, human-
specific antigens will be needed in order to
identify and enrich human SMPCs [68].
Recently, it was demonstrated that the condi-
tional expression of PAX7 using doxycycline
derives greater numbers of SMPCs from human
iPSCs [75]. Human iPSC-derived SMPCs have
been observed to integrate well into the TA
muscle of mdx mice and localized to the satel-
lite cell compartment [75]. A future challenge
using human iPSCs will be to derive SMPCs
without genetic modification.

As iPSCs can be prepared using the somatic
cells of a patient, the SMPCs differentiated
from patient-specific iPSCs are able to survive
in the skeletal muscles of the same patient
without immunosuppressive treatments. This
huge benefit will accelerate further develop-
ments of effective protocols for SMPC prepara-
tion from iPSCs and their clinical applications.
Additionally, the use of patient-specific iPSCs
and SMPCs overcomes both the ethical and
immunological concerns intrinsic with use of
ESCs. However, like ESCs, possible risks of
tumor formation still remain following
transplantation.

Summary and conclusion

Stem cell-based therapy targeting skeletal
muscle is promising as a therapeutic approach
for several types of neuromuscular disease.
Much valuable knowledge has been accumu-
lated in preclinical applications of myogenic

259

progenitors for neuromuscular diseases [76,
77].

As discussed above, various types of myogenic
progenitors have been identified with the
potential to contribute to muscle regeneration.
Although satellite cells are considered one of
the most promising cells for therapeutic appli-
cations, insufficient isolation from human biop-
sied muscle tissues has limited their further
application for cell-based therapies. SMPCs
can be converted from non-muscle cells such
as MSCs using genetic modification. However,
human MSC-derived SMPCs failed to promote
functional recovery in dystrophic muscles when
these cells were transplanted into TA muscle.
This suggests that genetic modification
approaches are yet immature to convert fate-
decided cells to useful SMPCs. On the other
hand, recent advances in stem cell biology
allow us to apply PSCs, namely ESCs and iPSCs,
for SMPC preparation. PSCs appear to be the
most powerful resource to prepare SMPCs,
because PSC-derived SMPCs can improve dys-
trophic symptoms and survive for more than 20
weeks in mdx mice [67]. A recent study demon-
strated the presence of tumor-forming cells
originating from PSCs, which express stage-
specific embryonic antigen-5 (SSEA-5) [78].
These tumor forming cells can be removed with
monoclonal antibody against to SSEA-5 [78].
Removal of SSEA-5-positive cells would
decrease a risk of tumor formation after trans-
plantation of PSCs-derived SMPCs. An efficient
protocol, particularly without genetic modifica-
tion, will need to be established for SMPC deri-
vation from human PSCs.

Another concern around SMPC application is
how to deliver the progenitor cells to the dam-
aged muscle in patients. To evaluate the ability
and efficiency of myogenic progenitors to inte-
grate into muscle, isolated cells are systemi-
cally or intramuscularly transplanted in animal
models of neuromuscular diseases. Systemic
delivery would be ideal for clinical applications,
because it is a non-invasive procedure which
would cause less stress to patients. Highly puri-
fied satellite cells can integrate into almost all
muscle fibers (over 90% of muscle fibers can
be integrated) and re-locate to the satellite cell
position of muscle fibers when cells are trans-
planted into injured muscle [7, 21, 27]. However,
satellite cells cannot pass through blood vessel
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wall following intravascular injection, indicating
that these cells are not suitable for systemic
delivery [31]. By contrast, some non-muscle
progenitors, such as mesangioblasts and
MSCs, can be used for systemic delivery [37,
56]. Preliminary clinical trials using systemic
delivery of mesoangioblasts to treat muscular
dystrophy have been ongoing in Italy since
2009. Most recently phase II-lll clinical trials
were engaged in 2011 [79]. Interestingly, one
report exists showing that mouse ESC-derived
SMPCs can be systemically delivered into
injured mouse skeletal muscle through intrave-
nous and intra-arterial injection, suggesting the
PSC-derived SMPCs may be applicable for sys-
temic delivery in future clinical trials [65]. It
should carefully be determined whether non-
muscle cells can result in better intramuscular
integration and functional improvements in
pathological conditions than SMPCs.

In conclusion, stem cell-based therapies, par-
ticularly those targeting skeletal muscle, repre-
sent a challenging but promising attack to
defeat many neuromuscular diseases.
Selection of stem/progenitor cells is very impor-
tant for this therapeutic approach. Currently,
SMPCs are a better cell type for muscle trans-
plantation than non-muscle cells because of
their efficiency of muscle integration. For gener-
ating SMPCs, PSC-derived SMPCs appear to be
a more effective cell type than SMPCs derived
from adult stem cells isolated from somatic tis-
sue such as satellite cells because of their
availability for systemic delivery.
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