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Abstract Muscular dystrophy (MD) refers to a group of
more than 30 genetically and clinically heterogeneous
disorders, characterized by progressive weakness and
degeneration of the skeletal muscles that control movement.
To date, MD is still incurable but increasing evidence
suggests that stem cells might represent a therapeutic option
in the future. This review will outline recent progress in this
field involving the use of adult and embryonic stem cells.
We will discuss in further detail the nature of these cells and
their distinct biological properties which lead to their
unique advantages and disadvantages in regard to thera-
peutic application.
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Introduction

Muscular dystrophies are heterogeneous neuromuscular
disorders of inherited origin, including X-linked recessive
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as in Duchenne or Becker muscular dystrophy (MD),
autosomal dominant as in Facioscapulohumeral MD,
myotonic dystrophy and limb—girdle MD type 1, or
autosomal recessive as in limb—girdle MD type 2 (reviewed
in [1]). Duchenne muscular dystrophy (DMD) is the most
common affecting 1 out of every 3,500 live born boys. It is
caused by mutations in the dystrophin gene, resulting in the
absence of dystrophin in skeletal muscle and other tissues
[2, 3]. In the early phase of the disease, skeletal muscle of
DMD patients is characterized by an ongoing process of
degeneration and regeneration which is later followed by
exhaustion of its regenerative capacity, fibrosis, and
eventual disruption of the muscle tissue architecture.
Clinically it is characterized by progressive muscle weak-
ness and atrophy, leading patients to be confined to a
wheelchair before the age of 12 and eventual death due to
respiratory insufficiency [1]. No effective therapy is
available at present. Several studies in the last two decades
have exploited the potential of cell based therapies to
promote muscle regeneration. Initial studies focused on the
transplantation of adult myoblasts, which through cell
fusion, lead to the development of new or hybrid muscle
fibers [4-6]. However, this approach is hindered by the
poor survival and limited migratory ability of injected
myoblasts [5, 7], and produced discouraging results in early
clinical trials [8—11]. Rather than myoblasts, stem cells,
which are endowed with self-renewal and differential
potential, would be preferable for therapeutic applications.

Embryonic and adult stem cells differ significantly in
regard to their differentiation potential and in vitro
expansion capability. While adult stem cells constitute a
reservoir for tissue regeneration throughout the adult life,
they are tissue-specific and possess limited capacity to be
expanded ex vivo. Embryonic Stem (ES) cells are derived
from the inner cell mass of blastocyst embryos and, by
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definition, are capable of unlimited in vitro self-renewal
and have the ability to differentiate into any cell type of the
body. While transplanted adult stem cells are primed to
respond immediately to tissue damage by appropriate tissue
specific differentiation, transplantation of ES cells in the
undifferentiated state produces teratomas.

Muscle Adult Stem Cells
Satellite Cells

The regeneration ability of adult skeletal muscle has
conventionally been attributed to the satellite cell: a
quiescent population of muscle precursors located beneath
the basal lamina of each myofiber [12]. In mature skeletal
muscle these cells are normally in a dormant state, being
activated in response to muscle damage or disease.
Activated satellite cells can proliferate and fuse to existing
necrotic muscle fibers or together to form new myotubes
with central nuclei. Satellite cells can be defined by their
position, beneath the basal lamina [12], and in the last
decade phenotypically, by the expression of specific surface
markers including M-cadherin [13], c-Met [13], CD34 [14],
syndecan-4 [15], and more importantly, Pax7, a paired box
homeodomain-containing transcription factor [16, 17]. It
has been demonstrated that following the activation and
proliferation of satellite cells, a small subset of cells do not
undergo the terminal differentiation pathway, but retain the
ability to go back to a quiescent state and thus preserve the
satellite cell pool [18-20]. Recent experiments by
Rudnicki’s group [21] revealed an heterogeneity within
the satellite compartment and that, the apical-basal location
of a daughter cell determines whether a cell will self-renew
(basal position—in contact with basal lamina) or differen-
tiate (apical—pushed away from basal lamina). Based on
these characteristics of self-renewal and ability to regener-
ate injured muscle, satellite cells are quite well accepted as
the stem cells of adult skeletal muscle. In terms of
engraftment, it has been reported that the transplantation
of single intact myofibers, containing in average 22
satellite cells, into injured muscles results not only in
efficient muscle regeneration but also in expansion of
the satellite cell pool (tenfold) [22]. Similar outcome has
been reported with the transplantation of FACS-purified
Pax3-GFP" satellite cells of diaphragm [23] or myofiber-
associated CD45 Sca-1 Mac-1 CXCR4" B 1-integrin” cells
[24]. Although to date, improvement in muscle contractility
has not been reported after transplantation of satellite
cells, they represent a potential cell source for skeletal
muscle regeneration. The major challenge in applying these
cells for therapeutic purposes is to obtain enough cells
since activation and in vitro expansion diminishes their
engraftment ability [23]. A similar phenomenon has been

observed for murine and human hematopoietic stem cells
[25-27].

Muscle Derived Stem Cells (MDSCs)

It has been proposed that satellite cells can move
between adjacent muscle fibers and therefore reside for
some time in the interstitial space during growth and
regeneration. In addition to these satellite cells, a distinct
population named muscle derived stem cells (MDSCs)
has been identified in the muscle interstitial space [28].
This cell population, isolated by using a pre-plating
method which removes adherent cells, can be expanded in
vitro for up to 30 passages while maintaining their phe-
notype in terms of both surface markers (Sca-1" CD34"
Desmin'®") and myogenic potential [7, 29]. Contribution
to muscle regeneration in dystrophic mice has been ob-
served following their local [7, 29] or systemic injection
[30]. However, there has been no evidence of functional
improvement in the muscles from dystrophic mice treated
with MDSCs [31].

Muscle Side Population (SP) Cells

Side population (SP) cells were first identified in the bone
marrow based on their capacity to uptake the vital dye
Hoechst 33342 [32], and BM SP cells are known to be
highly enriched for long-term repopulating hematopoetic
stem cells [32, 33]. Since then, this population has been
identified in several tissues [34-38] including skeletal
muscle [39, 40]. Muscle SP cells are Sca-1" Lin~ and
although unable to undergo myogenesis in vitro [40], there
is evidence for their in vivo participation in skeletal muscle
regeneration [39—41]. Recently one group has used SP cells
isolated from muscles of mdx mice, a mouse model for
DMD that lacks dystrophin, as vehicles to deliver a micro-
dystrophin transgene back to mdx recipient mice [41].
Although engraftment was observed with freshly purified as
well as expanded SP cells after their intra-arterial trans-
plantation, dystrophin restoration was not obtained at
significant levels [41].

Bone Marrow (BM) Stem Cells

Bone marrow contains hematopoietic stem cells (HSCs),
which give rise to all blood lineages, and a population of
stromal cells, known as mesenchymal stem cells (MSCs),
which give rise to fat, cartilage, and bone precursors. A
decade ago Ferrari and colleagues demonstrated for the first
time that cells present in the BM were able to migrate into
areas of skeletal muscle degeneration and participate in the
regeneration process [42]. Although adherent and non-
adherent cell fractions were tested, it was not clear which
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cell population within BM was endowed with regenerative
potential. This initial study was followed by a flourish of
papers [39, 43-45] reporting dystrophin restoration follow-
ing the transplantation of BM-derived cells into mdx mice,
however when enumerated engraftment was not found
therapeutically relevant (below 5%). Subsequent lineage
tracing studies of single hematopoietic stem cells demon-
strated that BM contribution to the muscle compartment
does not occur through a myogenic stem cell intermediate
but through stochastic cell fusion of circulating myeloid
cells with mature myofibers [46]. However this study does
not exclude the possible involvement of MSCs in muscle
repair. In vivo myogenic potential was first attributed to
MSCs by Saito and colleagues more than a decade ago
[47], and has extended to MSC preparations isolated from
human adipose tissue [48] and adult human synovial
membrane [49]. Recent work by Dezawa and colleagues
with human MSCs show that activated Notch along with
specific cytokines [50] induce efficient generation of
skeletal muscle progenitors. Interestingly, the Notch-
induced myogenic population contained Pax7" cells that
contributed to subsequent regeneration of muscle upon
repetitive damage without additional cell transplantation
[50]. Because functional studies were not performed, it is
unknown whether engrafted cells improve muscle contrac-
tility. We have recently demonstrated that Pax3, the master
regulator of the embryonic myogenic program, is able to
induce the in vitro differentiation of a murine BM
mesenchymal stem cell line toward the muscle lineage
[51]. However, when we applied this approach to adult
primary human MSCs, despite activation of the myogenic
program and reasonable engraftment, Pax3-modified
MSCs failed to promote functional recovery (Gang et al,
unpublished data). These results put in question the validity
of MSCs for therapeutic purposes in neuromuscular
disorders.

Peripheral Blood AC133" Cells

AC133 (also known as prominin-1 or CD133) is a human
antigen associated with the hematopoietic [52, 53], endo-
thelial [54, 55] and neural [56] lineages. It has recently
being demonstrated that AC133 also identifies a population
of cells within human peripheral blood that can undergo
myogenic differentiation under specific in vitro culture
conditions. When co-cultured with C2C12 mouse myo-
blasts or exposed to Wnt-producing fibroblasts, they were
induced to express M-cadherin, Pax7, CD34 and Myf5
[57]. Following intra-muscular or intra-arterial transplanta-
tion into scid/mdx mice, these cells gave rise to donor-
derived (human) dystrophin® myofibers. Although the
levels of engraftment were somewhat limited, there was
functional improvement in regenerated single myofibers of

treated mice when compared to controls [57]. Nevertheless,
the true identity of these cells is still unclear. It is difficult to
concur that AC133" cells might represent circulating
myogenic progenitors since the majority (>97%) are
positive for CD45 (a pan-hematopoietic marker). It is
reasonable to hypothesize that these cells are equivalent to
the fusogenic circulating myeloid cells described by
Camargo and colleagues for bone marrow, as discussed
above [46]. Although debatably premature, CD133" cells
have already been submitted to a double-blind phase I
clinical trial involving eight boys with DMD, which
apparently resulted in no side effects [58]. More recently
the same authors have reported encouraging results in
which DMD donor-derived AC133" cells, manipulated to
promote exon skipping to bypass DMD frameshift muta-
tion, lead to significant recovery of transplanted scid/mdx
mice [59].

Vessel Derived Stem Cells (Meso-angioblasts)

Nearly a decade ago, Cossu’s group reported the identifi-
cation of a mesodermal stem cell population in the wall of
the mouse embryonic dorsal aorta endowed with endothe-
lial and myogenic potential [60]. Expression of myogenic
markers including CD34, M-cadherin, Myf5, MyoD, and
desmin was observed when dorsal aorta explant cultures
were subjected to in vitro differentiation [60]. Further
studies with these dorsal aorta-derived cells revealed their
extensive in vitro proliferative and multilineage differenti-
ation potential which led the authors to name them as meso-
angioblasts [61]. Since then, meso-angioblasts have become
a major focus of interest by this group, which has recently
identified cells with similar properties in post-natal tissues
of dogs [62] and humans [63]. Based on their perivascular
location, the “meso-angioblast” of adult vasculature has
been designated as a type of pericyte. Intra-arterial
transplantation of adult meso-angioblasts into dystrophic
mice [63, 64] or GRMD dogs (a canine model of DMD)
[62], results in extensive and widespread engraftment,
which is accompanied by functional improvement. These
findings lay the groundwork for clinical studies using
meso-angioblasts/pericytes to treat patients with muscular
dystrophy.

ES Cells: Pluripotency

The tremendous self-renewal and multilineage differentia-
tion potential of ES cells endow them with unique
advantages for cell therapies and regenerative medicine.
Until the 1980s, experiments were limited to the use of
tumor-derived mouse embryonal carcinoma (EC) cells,
which could participate in the development of completely
normal adult mice, creating mosaic mice when transplanted
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into blastocyst embryos. The tumor-derived cells contrib-
uted not only to somatic cells, but also to the germline [65].
ES cells were first obtained from blastocyst embryos in
1981 [66, 67] and have since been used extensively in
mouse transgenic research. When injected into syngeneic or
immunocompromised adult mice, it was observed that ES
cells generate teratomas containing all three germ layers—
ectoderm, mesoderm and endoderm, indicating their pluri-
potency [67]. This strategy was applied again 17 years later
by Thomson and colleagues to demonstrate the pluripo-
tency of human ES cell lines [68]. It was further
demonstrated that mouse ES cells, like their malignant
counterparts (EC cells), have the ability to contribute to
somatic tissues as well as germ cells when reintroduced into
blastocysts, even after being cultured and manipulated in
vitro [69].

ES Cells: Tissues in the Petri Dish

An important observation that was originally made with EC
cells was the capacity of these cells to differentiate into
multilayered cystic structures under suspension conditions.
These cellular aggregates known as embryoid bodies (EBs)
mimic many temporal events of early embryogenesis [70,
71]. This process is also recapitulated by differentiating ES
cells, which initially develop extra-embryonic endoderm,
followed by primitive ectoderm, and subsequent specifica-
tion of mesoderm [72, 73]. Using this system, several
groups have been able to differentiate ES cells into a variety
of specialized cell types including, hematopoietic precur-
sors [74-78], pancreatic (3-like cells [79-81], hepatocytes
[82, 83], neural cells [84, 85], germ cells [86—88],
cardiomyocytes [75], [89-91], smooth muscle [92], and
skeletal muscle [93-96], which we will discuss in further
detail.

ES Cells and Skeletal Muscle Regeneration

The first evidence for the presence of skeletal myogenic
progenitors within EBs was reported by Rohwedel and
colleagues more than a decade ago [93]. This study as well
as a report involving EC cells [97] showed that activation
of the myogenic program during EB development recapit-
ulates mouse embryogenesis as indicated by the sequential
expression of myogenic regulatory factors (MRFs). How-
ever the readout in both these reports was confined to gene
expression analyses of EBs and their outgrowths, or
morphological assessment of rare differentiated cells [93,
97]. Despite these initial studies, there has been very
limited information concerning the in vivo regenerative
capability of ES-derived cells. One group has reported the
presence of sporadic donor-derived (dystrophin) myofibers

following the transplantation of differentiating mouse ES
cells into two mdx mice [95]. In order to obtain this
result, it was necessary to co-culture day 7 EBs on a prep-
aration of primary mouse muscle precursor cells for 4
days. A more recent study has reported the engraftment of
human ES-derived myoblasts in SCID/Beige mice, as
evidenced by the presence of human nuclear antigen and
laminin. In these experiments, ES cells were subjected to
mesenchymal differentiation under selective culture con-
ditions and FACS purification [94]. Despite the potential
benefits of using ES cells to treat muscular dystrophy, these
few reports do not provide a feasible method to generate
large quantities of myogenic progenitors for skeletal muscle
regeneration.

While early events of pre-implantation embryogenesis
are recapitulated reasonably well in EBs, later events,
including the generation of somites, neural tube or
notochord, all required for inducing the proper patterning
of paraxial mesoderm to induce myogenesis does not occur
in a recognizable way. We have recently reported that it is
possible to bypass this defective environment and directly
pattern paraxial mesoderm by over-expressing Pax3, the
master regulator of the myogenic program [96]. For an
optimal control of Pax3 over-expression, we developed an
ES cell line in which expression of Pax3 can be induced by
doxycycline (dox). Our results showed that expression of
Pax3 during EB differentiation enhanced paraxial meso-
derm, and cells with phenotypic and gene expression
profile equivalent to myogenic progenitors within this
population.

Transplantation of bulk Pax3-induced cells led to
teratoma formation, indicating the presence of residual
undifferentiated cells [96]. We therefore developed a cell
purification strategy based on surface markers present on
paraxial or lateral plate mesoderm. By sorting for
PDGFxR, a paraxial mesoderm marker, and absence of
Flk-1, a lateral plate mesoderm marker, we were able to
purify a teratoma-free cell population enriched for early
muscle precursors with significant potential for muscle
regeneration. Following purification and in vitro expansion,
these cells generated a homogenous monolayer of myogen-
ic progenitors expressing Pax3 and Myf5 as well as CD44,
CD29, M-cadherin, CXCR4 and syndecam-4, surface
markers associated with satellite cells [13—15], or with the
migration and differentiation of myogenic progenitors [98].
When this population was injected locally or systemically
into mdx mice, there was significant restoration of
dystrophin levels, which was accompanied by a boost in
the contractile strength of engrafted muscles [96].

The ability to generate cells with in vivo muscle
regenerative potential in culture and systemically transfer
them to recipients is an important step towards the
therapeutic application of ES cell-derived cells.
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Deriving Pluripotent Stem Cells from Somatic Cells

In order to generate patient and disease specific stem cells,
many groups have been working on methods of reprogram-
ming somatic cells to an undifferentiated ES-like pluripotent
state. Reprogrammed cells from MD patients eliminate the
risks of immune rejection of the grafted tissue, a common
complication of allogeneic transplantations, and open up new
possibilities for drug development [99]. Replicating pioneer-
ing work using amphibian embryos [100, 101], cloning in
mammals was first achieved through nuclear transfer of
embryonic blastomeres of sheep [102] and cattle [103] in the
late 1980s. A decade later, lan Wilmut and colleagues
applied somatic cell nuclear transfer (SCNT) to clone a
mammal from differentiated adult cells—the famous sheep
“Dolly”—[104], proving that a differentiated mammalian
somatic cell nucleus could be reprogrammed to an embry-
onic state. Since then, many other laboratories have claimed
to produce live offspring resultant of fetal and adult somatic
cells in other species, such as mice [105], cattle [106], pigs
[107], goats [108], rabbits [109], and cats [110]. In addition,
interesting experiments have been able to differentiate mouse
nuclear transfer ES (ntES) cells into several tissues,
including HSCs [111], neurons and gametes [112]. Despite

the advances, this methodology has been overtaken by a
recent flow of papers using genetic manipulation to
transiently overexpress pluripotency factors in somatic cells
—instead of NT—to achieve pluripotent stem cells from
somatic cells. This method was pioneered by Shinya
Yamanaka’s team, using retroviral expression of four
transcription factors, Oct4, Sox2, KlIf4 and c-Myc [113].
iPS cells share many similarities to ES cells, including the
formation of teratomas following their subcutaneous trans-
plantation into nude mice. These cells also contributed to
many different cell types in mid-gestation embryos however,
these embryos failed to complete development, indicating
that their pluripotency was slightly hampered when com-
pared to ES cells [113]. In 2007, this same group
demonstrated that the reprogramming potential retained by
these four factors could be translated from mouse to humans
[114]. Following Yamanaka’s discoveries, many other
groups have further studied the potential of iPS cells,
contributing to a fast advance of this new and promising
field of investigation [113—119]. Therapeutic application of
mouse iPS cells has already been demonstrated in mouse
models of sickle cell anemia [120] and Parkinson’s disease
[121], and no doubt are being attempted in many other
mouse models, including MD.
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Conclusions and Future Prospects

Even though there has been great advance in the generation of
cell populations endowed with in vivo myogenic potential,
several questions remain to be answered before any of these
cell preparations can be moved into clinical trials. Based on
their unique characteristics and in vivo skeletal muscle
regeneration potential, several stem cell populations discussed
in this review (Fig. 1) are excellent clinical candidates,
including mesoangioblasts, PB AC133" cells, satellite cells,
and ES-derived myogenic progenitors. Since mesoangioblasts
have been extensively tested in mouse models of disease, and
more recently even in dystrophic dogs, it is reasonable to
assume that they are on top of the list. However, the fact that
the derivation and use of these cells has not yet been
replicated by other labs brings caution. Because of their easy
accessibility, PB AC133" cells, although not so extensively
studied as mesoangioblasts, would come in second in the list,
especially as vehicles for gene therapy. Again, independent
groups must obtain similar results using animal models
before moving to clinical trials. At this point, despite their
potential, satellite cell preparations are not feasible for
therapeutic applications. Approaches to expand these cells
ex vivo while retaining their regenerative potential are
required. Last but not least, ES-derived progenitors which
possess tremendous self-renewal and regenerative potential,
but are still in their infancy days. One could assume that the
combination of iPS technology with the lineage-specific
reprogramming using Pax3 would be ideal for the generation
of patient-specific myogenic progenitors for musculoskeletal
diseases. However before this can be accomplished, many
milestones have to be overcome, including (1) optimization
of engraftment such that the satellite cell compartment is
significantly repopulated, (2) development of a protocol to
obtain similar populations of muscle precursors from human
ES cells, and (3) activation of the Pax3 regulatory cascade
without genetic manipulation, possibly through the use of
protein transduction.
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