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Recent Advances in and Therapeutic Potential of
Muscle-Derived Stem Cells
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Abstract Over the past few years, issues related to the commitment and potential of reservoir precursor cells that
reside in most tissues have been revisited. Many reports have documented either plasticity or de-differentiation of a
number of precursor cells isolated from several tissues, including bone marrow, brain, and skeletal muscle. These
findings have challenged the dogma that mononuclear cells derived from adult, post-mitotic tissues can differentiate and
contribute only to the tissue from which they originate. Thus, much current research in stem cells is testing the
therapeutic potential of these cells to deliver normal genes and their encoded proteins into damaged or injured tissues.
This review will focus on muscle-derived precursor cells and their apparently heterogeneous nature and summarize
some of the most recent findings and hypotheses on their characterization and practical use. J. Cell. Biochem. Suppl. 38:

80-87, 2002. © 2002 Wiley-Liss, Inc.
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Stem cells are cells capable of extreme
proliferation that leads to self-renewal and
gives rise to more differentiated progenitors.
Research into these cells has grown at a
tremendous rate, and stem cells have been
isolated not only from early embryos but have
now also been identified in fetal and adult
tissues. Although adult skeletal muscle is
considered a terminally differentiated organ, it
contains populations of mononuclear cells that
can undergo several cycles of proliferation and
are able to terminally differentiate to become
part of mature myofibers. This review will focus
on muscle stem cells and their isolation, char-
acterization, and therapeutic potential.

Transplantation of mononuclear muscle-
derived cells, or myoblast transfer (MT), was
initially attempted in an effort to introduce
dystrophin, the protein mutated in Duchenne
Muscular Dystrophy (DMD), to the skeletal
muscle of mdx mice [Partridge et al., 1978, 1989;
Karpati et al., 1989] and DMD patients [Law
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et al., 1991; Gussoni et al., 1992; Huard et al.,
1992a; Karpati et al., 1993; Mendell et al., 1995;
Morandi et al., 1995; Neumeyer et al., 1998],
which lack full-length, functional dystrophin.
Initial MT trials showed that while the treat-
ment was safe, it was not effective in human
subjects. The results of these studies led to
further investigations aimed at improving the
efficacy of MT, a number of which have focused
on the isolation of skeletal muscle stem cells.

DEVELOPMENTAL ORIGINS
OF SKELETAL MUSCLE

Skeletal muscle originates from the meso-
derm and is the end result of a highly complex
set of processes [Buckingham, 2001]. Cells
migrate from the somites that flank the neural
tube in early embryos and subsequently fuse to
produce long, multi-nucleate myotubes, which
further join to form myofibers [Hauschka, 1994;
Buckingham, 2001]. In addition to the paraxial
mesoderm, skeletal muscle precursors have also
been identified in tissues of non-somite origin,
such asthe dorsal aorta [De Angelis et al., 1999].
Adult skeletal muscle is constituted by termin-
ally differentiated multinucleated myofibers
and by several populations of mononuclear cells
(Fig. 1A). One such population consists of
satellite cells, which are adjacent to skeletal
muscle myofibers and lie underneath the basal
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Fig. 1. A: Schematic representation of differentiation of a myoblast into myocytes which orient and then
fuse to form a myotube. B: Schematic representation of the relative positions of myofibers, satellite cells,
and mesenchymal cells. The basement membrane is represented in gray.

lamina (Fig. 1B) [Mauro, 1961; Bischoff, 1994].
There are also mononuclear cells within the
connective tissue of healthy skeletal muscle,
referred to as mesenchymal cells. Little is
known about these cells at the present time,
but there is preliminary evidence that a sub-
population may be extremely primitive.

SKELETAL MUSCLE STEM CELLS

Many tissues of the body have reservoirs of
reparative, regenerative stem cells. Satellite
cells are thought to be skeletal muscle stem cells
due to their proliferative and regenerative
capacity. Satellite cells have been primarily
defined by their position, directly opposed to the
sarcolemma of muscle fibers, but covered by the
same basement membrane as the myofiber
[Mauro, 1961; Bischoff, 1994]. They are nor-
mally quiescent, but are activated by various
forms of muscle damage, including exercise, and
physical and chemical trauma. Once activated,
satellite cells divide asymmetrically to generate
another satellite cell and multiple activated
myogenic precursor cells (MPCs). MPCs under-
go several rounds of division before fusing to
pre-existing or new myofibers.

More recent studies have demonstrated the
existence of primitive cells within skeletal
muscle that have the capacity to regenerate
not only muscle but bone [Lee et al., 2000] and
blood as well [Gussonietal., 1999; Jackson et al.,
1999; Torrente et al., 2001]. The precise relation
between satellite cells and these other muscle-
derived precursor cells (MDPCs) is unclear.
MDPCs can be isolated by a variety of different
methods, and have also been shown to express
different subsets of markers, suggesting that
they either are heterogeneous in nature or that

depending on isolation and culture procedures,
the markers they express differ. Broadly defin-
ed, the populations of MDPCs could be said to
contain cells that are already committed to the
muscle lineage, cells that are committed but can
be induced to de-differentiate by appropriate
molecular signals and/or primitive cells which
can differentiate into muscle as well as a variety
of other tissues.

PURIFICATION OF MDPCS

In an effort to identify skeletal muscle stem
cells, various groups have endeavored to trans-
fer knowledge of other tissue stem cells, such as
hematopoietic stem cells (HSCs), to mononuc-
lear muscle cells. As no MDPC-specific markers
were known, enrichment techniques have relied
upon other predicted physical properties of
the cells.

Fluorescence Activated Cell Sorting (FACS)

Very primitive hematopoietic stem cells have
been shown to eliminate vital DNA dyes, such as
Hoechst 33342, via a multi-drug-resistance
(MDR)-like pump [Goodell et al., 1996]. These
cells have been named side population (SP) cells
and appear to lose their ability to exclude
Hoechst 33342 when stained in the presence of
verapamil. Recent findings have demonstrated
that the pump responsible for Hoechst dye
exclusion in SP cells is the ABC transporter
Berpl/ABCG2[Zhou et al., 2001]. The potency of
SP cells is apparent, since injection of as few as
150 bone marrow SP cells into the circulation of
lethally irradiated host mice is sufficient for
radioprotection, with the bone marrow and
blood cell lineages being reconstituted by intro-
duced donor cells [Goodell et al., 1996]. This
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FACS-based technique has been gradually
optimized to identify primitive cells in other
tissues. In skeletal muscle, at significantly
higher concentrations of Hoechst 33342 than
for bone marrow, a population of SP cells has
been identified (Fig. 2) [Gussoni et al., 1999]. In
FACS profiles, the SP cells are located in the
lower left hand corner, while the main popula-
tion (MP), which does not exclude the DNA dyes
as efficiently, is in the center of the profile
(Fig. 2A). Importantly, in the presence of vera-
pamil muscle, SP cells are unable to exclude
Hoechst 33342 (Fig. 2B). Attempts to culture SP
cells in vitro have shown that these cells settle
on laminin-coated tissue culture plasticware
after 1 week. Immunofluorescence staining of
cultured muscle SP cells using an antibody to
desmin, an intermediate filament cytoskeletal
protein expressed by myoblasts but not fibro-
blasts, has indicated that SP cells are a mixture
of desmin-positive and negative cells [Gussoni
et al., 1999].

Pre-Plating Technique

Given that more primitive cells display
delayed settling in in vitro culture conditions,
a technique consisting of serial plating of
muscle-derived mononuclear cells has been
developed [Qu et al., 1998]. This pre-plating
technique passages unsettled, floating cells
onto new tissue culture plates first at short
intervals (1 and 2 h after the first plating) to
eliminate contaminating fibroblasts which set-
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tle rapidly [Rando and Blau, 1994; Qu et al.,
1998], followed by longer incubations of 24 h for
approximately 6 days [Qu et al., 1998; Torrente
et al., 2001]. This method enriches for small
cells, which are referred to as PP6 cells.

MARKERS EXPRESSED BY SATELLITE
CELLS AND MDPCS

Satellite Cells

Numerous studies have focused on identify-
ing myogenic markers on satellite cells and
cultured myoblasts [Seale and Rudnicki, 2000].
Both satellite cells and cultured myoblasts
appear to be fully committed to the myogenic
line and express myogenic markers as they
differentiate. When initiating division, satellite
cells express either myf-5 or Myo-D. Subse-
quently, these two transcription factors are
simultaneously expressed followed by two other
transcription factors, MRF4 and myogenin
[Seale and Rudnicki, 2000].

Satellite cells have also been shown to ex-
press a number of other proteins including
desmin, c-met, M-cadherin, Pax7, and Bcl-2.
Desmin is an early marker for myogenic cells,
expressed both in culture and in vivo. It is
present in replicating myoblasts and also has an
important function in stabilizing the mature
myofiber. In fact, desmin-null (des ') mice have
normal muscle development, but an impaired
repair function similar to that seen in the mdx
mouse [Li et al., 1994, 1997]. These results
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FACS analysis of skeletal muscle mononuclear cells stained with Hoechst 33342 in the absence

(A) or in the presence (B) of verapamil. SP cells are only visible in (A) since they appear to be affected by

verapamil.
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suggest that although desmin is expressed prior
to other muscle markers, it should be thought of
as an indicator of myogenic commitment, not a
determinant [Li et al., 1994, 1997]. c-Met, a
growth factor surface receptor, is expressed
both on myoblasts in vitro and on satellite cells
in vivo and is required both for migration of
myoblast precursors during development and
activation of satellite cells [Cornelison and
Wold, 1997]. M-cadherin is a cell adhesion
molecule expressed during fetal myogenesis,
which has also been found on quiescent satellite
cells [Irintchev et al., 1994; Beauchamp et al.,
2000]. A comparative study of the expression of
c-met and M-cadherin on satellite cells has
indicated that M-cadherin is present on less
than 20% of quiescent satellite cells [Cornelison
and Wold, 1997]. This study proposed that M-
cadherin is only expressed on cells that are
preparing to enter the regenerative phase and
that M-cadherin® c-met® cells represent a
small, distinct population of activated satellite
cells [Cornelison and Wold, 1997]. The paired
box transcription factor, Pax7, was identified as
a satellite cell-derived myoblast-specific gene
based on subtractive hybridization studies
[Seale et al., 2000]. Interestingly, the skeletal
muscle of Pax7 '~ mice shows a complete ab-
sence of satellite cells, but maintains SP cells in
Hoechst FACS analysis [Seale et al., 2000].
These results imply that Pax7 could be an
important factor promoting the differentiation
of SP cells into satellite cells [Seale et al.,
2000]. The apoptosis inhibiting protein, Bel-2,
is expressed by cells that subsequently express
Myf-5 and/or MyoD. Bcl-2 marks the begin-
ning of the transition to myogenic commit-
ment and is required for clonal expansion of
proliferating cells [Dominov et al., 1998].
Although the identity has not been proven
definitively, cells positive for Bel-2 by immuno-
histochemical analysis of skeletal muscle sec-
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tions greatly resemble satellite cells [Dominov
et al., 1998].

Muscle-Derived Precursor Cells

Muscle SP cells have been analyzed for the
expression of several cell surface markers, some
of which are known to be expressed by hemato-
poietic stem cells (CD34, c-kit, CD43, and CD45)
(Table I) [Gussoni et al., 1999]. Like HSCs, over
80% of muscle SP cells are Sca-1" [Gussonietal.,
1999; Jackson et al., 1999]. CD34 has also been
detected by FACS analysis, but the percentage
of CD34" SP cells across preparations is not
constant. Whether this variation is due to donor
age variation or other factors is unclear. Unlike
HSCs, muscle SP cells are CD45™ and CD43~
[Gussoni et al., 1999]. Differences have been
reported in the expression of c-kit, with one
study finding that 90% of muscle SP cells are
negative for expression of c-kit [Gussoni et al.,
1999], and another reporting that 75% of muscle
SP cells are c-kit" [Jackson et al., 1999]. These
variations may be the result of differences in cell
isolation, in vitro culturing conditions or analy-
sis protocols. FACS analysis of these cells
indicates that M-cadherin is not expressed
(Table I).

The PP6 population, isolated from muscle
using the pre-plating technique, has been found
to contain a high proportion of Sca-1" CD34"
cells (Table I) [Lee et al., 2000; Torrente et al.,
2001]. More detailed analysis of these markers
by flow cytometry has shown that 60% of PP6
cells initially express Sca-1, but that this
declines while CD34 expression increases after
5 days in culture [Jankowski et al., 2001].
Discrepancies in the expression of desmin and
M-cadherin in the PP6 cells have also been
reported (Table I).

The heterogeneity of MDPCs and variation
in the expression of surface markers and

TABLE 1. Analysis of Cell-Surface and Myogenic Markers Expressed by Muscle-Derived
Precursor Cells

Sca-1 CD34 c-kit CD45 M-cadherin Desmin Reference
PP6 582_958P 25%; > 95° 0? 0? 5-30° 94> Lee et al. [2000]
PP6 >90° 742 <1b 10° Torrente et al. [2001]
WMC* 202 10* 13* Jackson et al. [1999]
Muscle SP 802 75% 22 Jackson et al. [1999]
Muscle SP > 807 30-70% <10? <22 0? Gussoni et al. [1999]

2Flow-cytometry analysis.
Immunofluorescence analysis.
‘Whole muscle cells.
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transcription factors has led to a failure to de-
fine a marker or set of markers specific to these
cells. The only marker on which there is agree-
ment is Sca-1, which is not expressed exclu-
sively by SP or PP6 cells, as it is also present on
MP cells. The identification of Berpl/ABCG2 as
a transporter expressed by SP cells from bone
marrow, skeletal muscle, and embryonic stem
cells hasraised the possibility of it being a useful
marker for routine purification of SP cells, as
well as a tool for studying their location within
the tissue of origin [Zhou et al., 2001]. It will be
particularly useful in examining the relation of
skeletal muscle SP cells to myofibers, satellite
cells, and the mesenchyme.

ABILITY OF SKELETAL MUSCLE STEM CELLS
TO REGENERATE TISSUES IN VIVO

As mentioned earlier, in an effort to deliver
normal dystrophin to murine and human
dystrophic muscle, wild-type myoblasts were
introduced via intramuscular injections. In
these studies, although introduced donor cells
had fused with host myofibers around the site of
injection and produced normal dystrophin, the
amount of detected wild-type dystrophin was
not therapeutically significant. Donor cells may
have suffered from poor spread from the injec-
tion site, a low survival rate, and possibly

immune rejection by the host system [Huard
et al., 1992b; Gussoni et al., 1997; Qu et al.,
1998; Beauchamp et al., 1999].

Intra-arterial myoblast injections have also
been tested in the hope of more widespread
dissemination of donor cells to multiple muscles
via the circulation [Neumeyer et al., 1992].
More recently, intra-arterial delivery of PP6
cells and intravenous delivery of muscle SP cells
have also been tested in mdx mice. Intra-
arterial injection of CD34" Sca-1T PP6 cells
followed by vital microscopy analysis indicated
that the donor cells adhere to the muscle
endothelium prior to fusing with host myofibers
[Torrente et al.,, 2001]. When damage was
induced in mdx muscles prior to cell injection,
a higher proportion of donor cells were detected
in the recipient muscle after intra-arterial
delivery [Torrente et al., 2001]. Thus, it is
possible that damaged tissues secrete signals
that guide injected cells to the injured site and
trigger tissue repair. Similarly, upon intrave-
nous injection of skeletal muscle SP cells in mdx
mice, donor-derived cells were found in multiple
recipient muscles including quadriceps, tibialis
anterior, and diaphragm [Gussoni et al., 1999].
Donor cells were detected both fused to pre-
existing fibers expressing dystrophin (Fig. 3A)
and adjacent to myofibers in a position sugges-
tive of, but not proven to be, satellite cells

Fig. 3. Fluorescence in-situ hybridization detection of the Y chromosome of normal donor cells fused into
(A) or associated with (B) mdx host myofibers. Nuclei are stained in blue by DAPI, the Y-chromosome
hybridization signal is shown in red and dystrophin is visualized as the sarcolemmal staining in green.
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(Fig. 3B). Although these preliminary results
suggest a promising use of SP cells for therapy of
muscle diseases, the number of donor-derived
dystrophin positive myofibers still remains too
low, and much work is needed to study ways of
increasing the percentage of engrafted cells
within dystrophic muscle. Identification of
signals released by injured myofibers that
induce stem cell recruitment and engraftment
will contribute greatly.

MUSCLE-DERIVED PRECURSOR
CELL PLASTICITY

Another interesting aspect of MDPCs is their
differentiation potential and presumed plasti-
city. For example, skeletal muscle SP cells
are able to radioprotect lethally irradiated
animals and differentiate into bone marrow
cells [Gussoni et al., 1999]. These observations
have been confirmed by another study that
demonstrated the ability of skeletal muscle-
derived mononuclear cells to repopulate the
bone marrow even when co-injected with un-
fractionated bone marrow cells [Jackson et al.,
1999]. Furthermore, serial transplantation
using bone marrow-derived cells from a chi-
meric lethally irradiated animal rescued using
primary muscle cells indicated the primitive
nature of muscle-derived cells and their ability
to differentiate into multiple lineages in vivo
[Jackson et al., 1999].

Similarly, MDPCs isolated by the pre-plating
technique (PP6, Bcl-2%, CD34") have been
shown to differentiate not only into mature
skeletal muscle [Lee et al., 2000] and smooth
muscle [Yokoyama et al., 2001] but also into
osteogenic cells when exposed to BMP-2 in
culture or when genetically engineered to
express BMP-2 [Lee et al., 2000, 2001].

The de-differentiation capacity and plasticity
of muscle-derived cells has also been demon-
strated by exposure of in vitro differentiated
C2C12 myotubes to msxl, a homeobox
transcription factor that is involved in the
cellular de-differentiation of urodele amphi-
bians [Odelberg et al., 2000]. Ectopic expres-
sion of msx1 induces cleavage of differentiated
C2C12 myotubes into smaller myotubes and
proliferating, mononuclear cells. These msx1-
induced mononuclear cells are able to re-
differentiate in vitro into cells of myogenic,
osteogenic, chondrogenic, and adipogenic line-
ages thus demonstrating pluripotency.

CONCLUSIONS AND FUTURE DIRECTIONS

Skeletal muscle contains several types of
mononuclear cells, including defined satellite
cells and undefined muscle-derived precursor
cells. These cells, regardless of the method
utilized for their isolation or purification,
appear to be heterogeneous in nature. In fact,
phenotypic analysis of satellite cells by single
fiber culture indicates the presence of multi-
ple populations of quiescent satellite cells,
the majority of which, but not all, are CD34™
Myf5t [Beauchamp et al., 2000]. Similarly,
analysis of MDPCs isolated by FACS or pre-
plating techniques has shown heterogeneity in
these cells for the expression of several markers,
including CD34, desmin, and c-kit (Table I).
Thus, it is important to optimize protocols that
will standardize satellite and MDP cell isola-
tions as a starting point that will enable us to
compare markers present or absent in a given
population. Concordance in the methods and
protocols utilized for the isolation and expan-
sion of muscle precursor cells is essential prior
to comparing expression and marker studies
from different groups. As new markers for
satellite cells and MDPCs become available, it
may be possible to determine how these various
cells function, what their roles are in mature
skeletal muscle, and how they are related.

From a therapeutic standpoint, although
satellite cells and MDPCs have shown plasticity
and, therefore, great potential, much work is
still needed. Some of the most crucial questions
leading current and future muscle stem cell
research include determining ways to expand
these cells while maintaining their primitive
characteristics and plasticity, and understand-
ing how and why these cells are recruited into
multiple tissues with the goal of directing
this phenomenon into specific target organs.
Finally, muscle may not be the only source of
these stem cells. For example, bone marrow
contains muscle-precursor cells that are cap-
able of contributing to the repair of myofibers
[Ferrari et al., 1998].

Research into stem cells from muscle and
other tissues is now facing numerous chal-
lenges. Although much hope is being placed on
stem cell therapy, successful implementation
will likely require optimization of several steps,
including cell preparation, recipient condition-
ing, and even multiple cell infusion/mobiliza-
tion protocols before significant improvements
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are observed. Many of us know that this will be a
very arduous task; nonetheless, it needs to be
explored.
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