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O R I G I N A L A R T I C L E
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Muscle satellite cells are multipotential stem cells that exhibit
myogenic, osteogenic, and adipogenic differentiation
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Abstract Muscle satellite cells are believed to represent a
committed stem cell population that is responsible for
the postnatal growth and regeneration of skeletal
muscle. However, the observation that cultured myo-
blasts differentiate into osteocytes or adipocytes follow-
ing treatment with bone morphogenetic proteins
(BMPs) or adipogenic inducers, respectively, suggests
some degree of plasticity within the mesenchymal lin-
eage. To further investigate this phenomenon, we explore
the osteogenic and adipogenic potential of satellite cells
isolated from adult mice. Our experiments clearly dem-
onstrate that satellite cell-derived primary myoblasts, ex-
pressing myogenic markers such as MyoD, Myf5, Pax7
and desmin, differentiated only into osteocytes or adipo-
cytes following treatment with BMPs or adipogenic in-
ducers, respectively. However, satellite cells on isolated
muscle fibers cultured in Matrigel readily differentiated
into myocytes as well as osteogenic and adipogenic lin-
eages, whereas primary myoblasts did not. Satellite cell-
derived primary myoblasts isolated from mice lacking
the myogenic transcription factor MyoD (MyoD-/-) dif-
ferentiate into myocytes poorly in vivo and in vitro (Meg-
eney et al., Genes Dev. 1996; Sabourin et. al, J. Cell
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Biol., 1999). Therefore, we tested whether MyoD-/- pri-
mary myoblasts display increased plasticity relative to
wild type cells. Unexpectedly, the osteogenic or adipo-
genic differentiation potential of MyoD-/- primary myo-
blasts did not increase compared to wild-type cells.
Taken together, these results strongly suggest that muscle
satellite cells possess multipotential mesenchymal stem
cell activity and are capable of forming osteocytes and
adipocytes as well as myocytes.
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Introduction

During vertebrate embryogenesis, mesodermal progeni-
tors give rise to distinct cell lineages, including skeletal
myocytes, osteocytes, chondrocytes, and adipocytes, in
response to distinct signals derived from surrounding
tissues (Brand-Saberi et al., 1996). The existence of
multipotential mesodermal progenitors in the embryo
has been well studied using the C3H10T1/2 cell line de-
rived from embryonic mesodermal cells. 10T1/2 cells
readily differentiate into three distinct mesodermal cell
lineages, skeletal myocytes, adipocytes, and chondro-
cytes following treatment with 5-azacytidine (Taylor and
Jones, 1979). Treatment with bone morphogenetic pro-
teins (BMPs) can induce osteogenic, chondrogenic, and
adipogenic differentiation of 10T1/2 cells (Katagiri et
al., 1990; Asahina et al., 1996). In addition, multipoten-
tial mesenchymal stem cells derived from bone marrow
can differentiate into skeletal myocytes, adipocytes, oste-
ocytes, and chondrocytes following treatment with vari-
ous inducers as well as in vivo transplantation (Prockop,
1997; Pittenger et al., 1999; Liechty et al., 2000). There-
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fore, these results suggest that there are common pro-
genitors which give rise to mesenchymal progenies.

Satellite cells are believed to represent the committed
myogenic stem cells of adult skeletal muscle. Satellite
cells make up 2 – 5 % of sublaminar nuclei and reside
closely juxtaposed to skeletal muscle fibers beneath the
basal lamina. Satellite cells are normally mitotically
quiescent, but initiate proliferation when activated by
growth factors induced by weight bearing or other
trauma such as injury, to mediate the postnatal growth
and regeneration of muscle. The myogenic precursor
cells (MPCs), the progeny of activated satellite cells, un-
dergo multiple rounds of cell division prior to their ter-
minal differentiation to form multinucleated myotube
(Grounds and Yablonka-Reuveni, 1993; Seale and Rud-
nicki, 2000). Satellite cells represent a unique population
of committed myogenic progenitors that are distinct
from their daughter myoblasts by both biochemical and
biological criteria (Seale and Rudnicki, 2000).

The myogenic regulatory factors (MRFs), a group of
skeletal-muscle specific basic helix-loop-helix (bHLH)
transcription factors consisting of MyoD, Myf5, myo-
genin, and MRF4, play essential roles in satellite cell
activation, proliferation, and differentiation (Grounds et
al., 1992; Smith et al., 1994; Cornelison and Wold 1997;
Seale and Rudnicki, 2000). Recently, we and other
groups demonstrated that satellite cell-derived primary
myoblasts isolated from adult mice lacking MyoD (Myo-
D-/) display accelerated growth rate and delayed ter-
minal differentiation. Therefore, MyoD-/- primary myo-
blasts have been suggested to display characteristics that
are more primitive than wildtype cells and may represent
an intermediate stage between a stem cell and a myogen-
ic precursor cell (Megeney et al., 1996; Sabourin et al.,
1999; Yablonka-Reuveni et al., 1999; Cornelison et al.,
2000). We recently found that the paired-box transcrip-
tion factor Pax7 is expressed in both quiescent and acti-
vated satellite cells. Homozygous Pax7 gene knockout
mice (Pax7-/-) that do not survive beyond two weeks
after birth display complete lack of satellite cells in their
muscles, suggesting the essential role of Pax7 in satellite
cell development (Seale et al., 2000).

Recent in vitro experiments demonstrate that cultured
myogenic cells, which are believed to be already commit-
ted into muscle lineage, can differentiate into osteocytes
or adipocytes by treatment with BMPs (Yamaguchi et
al., 1991; Katagiri et al., 1994) or adipogenic inducers
such as thiazolidinedione or fatty acids (Teboul et al.,
1995), respectively. However, it remains unknown
whether muscle satellite cells also are capable of differ-
entiation into osteogenic and adipogenic lineages.

In this work, we demonstrate that satellite cell-derived
primary myoblasts isolated from adult skeletal muscle
differentiate into osteocytes or adipocytes following
treatment with BMPs or adipogenic inducers, respec-
tively. In addition, satellite cells isolated on muscle fibers
more readily differentiate into osteocytes and adipocytes

than primary myoblasts. The enhanced mesenchymal
plasticity displayed by satellite cells therefore suggests
that satellite cells represent a unique stem cell compart-
ment with a mesenchymal repertoire of potential.

Methods

Transgenic mice

Myf5-nlacZ (Tajbakhsh et al., 1996a) transgenic mice were pro-
vided from Dr. Tajbakhsh. MyoD-/- mice (Rudnicki et al., 1992)
were maintained by back crossing with Balb/c mice.

Cell culture

For isolation of satellite cell-derived primary myoblasts, hindlimb
skeletal muscle derived from Balb/c, MyoD-/-, and heterozygous
Myf5-nlacZ mice (two-month old) was digested with collagenase
type B and dispase II (Roche Diagnostics). Primary myoblasts were
cultured in HAM’s F-10 medium supplemented with 20% FCS,
2.5 ng/ml basicFGF (R&D systems) on collagen-coated dishes, as
described previously (Sabourin et al., 1999). Cultures were induced
to muscle differentiation in Dulbecco’s Modified Eagle’s Medium
(DMEM) with 5% horse serum and to osteogenic differentiation
in DMEM supplemented with 5% horse serum and 100–400 ng/ml
of human recombinant BMP7 (kindly provided by Dr. Sampath,
Creative Biomolecules) or human recombinant BMP4 (R&D sys-
tems) for three to six days (Katagiri et al., 1994). Adipogenic differ-
entiation of cultures was induced in DMEM supplemented with
5% horse serum with MDI-I cocktail; 0.5 mM methyl-isobutylxan-
thine (Sigma-Aldrich), 1 mM dexamethasone (Sigma-Aldrich),
100 mM indomethacin (Sigma-Aldrich), and 10 mg/ml insulin
(Sigma-Aldrich) followed by 10 mg/ml insulin, as described pre-
viously (Pittenger et al., 1999). The treatment cycle of MDI-I (two
days) followed by Insulin (one day) was performed three times
(total nine days). Single muscle fibers were isolated from hindlimb
skeletal muscles prepared from Balb/c mice (two-month old) by
digestion in 0.4% collagenase typeA (Roche Diagnostics), as de-
scribed previously (Cornelison and Wold, 1997). Isolated muscle
fibers were cultured in undiluted Matrigel (Beckton Dickinson) for
2 days followed by addition of DMEM supplemented with 10%
FCS.

Histochemistry

Monoclonal anti-desmin (D33; Dako), monoclonal anti-myosin
heavy chain (MF20; Developmental Studies Hybridoma Bank),
monoclonal anti-Pax7 (Pax7; Developmental Studies Hybridoma
Bank), monoclonal anti-myogenin (F5D; Developmental Studies
Hybridoma Bank), monoclonal anti-MyoD (PharMingen), and
polyclonal anti-Myf5 (sc-302, Santa Cruz Technology) were used
for immunohistochemistry. Vectastain ABC kit (Vector) was used
for detection of primary antibodies. For detection of osteoblastic
cells, alkaline phosphatase (ALP) staining (Leukocyte Alkaline
Phosphatase Assay Kit, Sigma-Aldrich) was used. Double staining
was performed by X-gal-staining followed by ALP staining or by
ALP-staining followed by immunostaining. LacZ expression was
detected by X-gal staining overnight as described previously (Asa-
kura et al., 1995). For detection of accumulated oil droplets, Oil
Red-O (Sigma-Aldrich) staining was used followed by nuclear
hematoxylin counter staining.

RT-PCR

Total RNA was reverse transcribed followed by 25–40 PCR cycles
(RNA PCR Core Kit; Perkin-Elmer), using gene specific primer
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pairs for b-actin (5ø-CAC CCT GTG CTG CTC ACC GAG GCC-
3ø and 5ø-ACC GCT CGT TGC CAA TAG TGA TGA-3ø), tissue
non-specific alkaline phosphatase (TNAP) (5ø-TTG AAA CTC
CAA AAG CTC AAC ACCA-3ø and TCT CGT TAT CCGA GTA
CCA GTC CC-3ø), Runx2/CBFa1 (5ø-ATG TTC ATT CGC CTC
ACAA ACAA-3ø and 5ø-CTG AGG CGG GAC ACC TAC TCT
CAT-3ø), osteocalcin (Fleet and Hock, 1994), osteopontin (Sodek
et al., 1995), and PPARg2 (Hansen et al., 1999).

Results

Previous work has demonstrated that proliferating pri-
mary myoblasts derived from satellite cells express myo-
blast markers such as MyoD, Myf5, desmin, but not ter-
minal differentiation markers such as myogenin or myo-
sin heavy chain (MHC) (Grounds et al., 1992; Smith et
al., 1994; Cornelison and Wold, 1997; Sabourin et al.,
1999). We re-examined expression of these muscle pro-
teins in both proliferating and differentiating primary
myoblasts isolated from two-month old adult mice. In
addition, expression of Pax7 protein was examined in
these cells since Pax7 gene is expressed in both quiescent
and activated satellite cells and plays an essential role in
satellite cell development (Seale et al., 2000).

Immunohistochemical detection clearly revealed that
almost all proliferating primary myoblasts expressed
MyoD, Myf5 and Pax7 and desmin (Fig. 1). By contrast,
few proliferating primary myoblasts expressed terminal
differentiation markers such as myogenin and MHC
(Fig. 1). Under low serum conditions, primary myo-
blasts underwent terminal differentiation and formed
multinucleated myotubes that expressed myogenin,
MHC, MyoD, and Myf5. By contrast, Pax7 expression
was down-regulated in these cells (Fig. 1).

Previous work demonstrated that the C2C12 muscle
cell line and primary myoblasts isolated from new born
mice differentiate into osteogenic or adipogenic cells fol-
lowing treatment with BMPs (bone morphogenetic pro-
teins) or adipogenic inducers, respectively (Katagiri et
al., 1994; Teboul et al., 1995). However, it remains un-
known whether muscle satellite cells, the adult stem cells
of skeletal muscle, also are capable of differentiation
into non-muscle lineages. To investigate whether muscle
satellite cells are committed or multipotential stem cells,
we first used BMPs to examine the osteogenic differen-
tiation capacity of satellite cell-derived primary myo-
blasts. Staining for alkaline phosphatase (ALP), one of
the early markers for osteogenesis, clearly showed that
treatment with BMP7 could induce osteogenic differen-
tiation of primary myoblasts in a dose dependent man-
ner, while BMP7 suppressed formation of MHC-ex-
pressing myotubes (Fig. 2A). RT-PCR experiments
clearly revealed that osteogenic marker mRNAs for
tissue-non-specific alkaline phosphatase and osteocalcin
were up-regulated in primary myoblast culture following
treatment with BMP7 for six days (Fig. 2B). By contrast,

Fig. 1 Muscle marker expression in primary myoblasts derived
from adult mice. Proliferating primary myoblasts expressed myo-
blast markers, MyoD, Myf5, and Pax7 in nucleus, and desmin in
cytoplasm. By contrast, muscle differentiation markers, myogenin
in nucleus and myosin heavy chain (MHC) in cytoplasm were
rarely detected in these cells. In differentiation medium for three
days, primary myoblasts initiated terminal differentiation to form
multinucleated myotubes. MyoD, Myf5, myogenin, desmin, and
MHC were expressed in the differentiating cells. By contrast, Pax7
expression was down-regulated in these cells. Scale bar, 50 mm.
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Fig. 2 Osteogenic differen-
tiation of primary myoblasts
by treatment with BMPs. A
Osteogenic differentiation of
primary myoblasts was in-
duced by treatment with
BMP7 for six days. Alkaline
phosphatase (ALP)-staining
(blue color) and anti-MHC
antibodies (brown color) were
used simultaneously for detec-
tion of osteocytes and myo-
cytes, respectively. B RT-PCR
experiment clearly revealed that
osteogenic marker mRNAs for
tissue non-specific alkaline
phosphatase (ALP) and osteo-
calcin (Oc) were up-regulated
in primary myoblast cultures
following treatment with
BMP7 for six days. b-actin
(Act) was used as an internal
control. C Some of the ALP-
positive osteocytes (red color)
co-expressed MyoD or Pax7
(black color in nucleus) follow-
ing treatment with BMP4
(200 ng/ml) for three days (ar-
rows), while most of the ALP-
positive osteocytes were nega-
tive for MyoD (arrowheads).
D Primary myoblasts isolated
from Myf5-nlacZ heterozygous
mice expressed lacZ in their
nucleus (blue color). Some of
the ALP-positive cells (red
color) induced by treatment
with BMP7 (400 ng/ml) for
three days co-expressed lacZ
(arrows), C). Arrowhead, ALP-
positive Myf5-nlacZ-negative
cells. Scale bars, A 100 mm,
C 20 mm, D 50 mm.

without BMP-treatment, primary myoblasts never
formed ALP-positive osteogenic cells but exclusively dif-
ferentiated into MHC expressing myotubes (Fig. 2A).
These results indicate that satellite cell-derived primary
myoblasts retain an ability to differentiate into osteo-
cytes.

Treatment with BMPs suppresses transcriptional ac-
tivity of myogenic HLH proteins including MyoD and
down-regulates MyoD gene expression in C2C12 cells
(Katagiri et al., 1994, 1997). Therefore, one possibility is
that, prior to osteogenic differentiation, treatment with
BMPs may first force primary myoblasts to de-differen-
tiate into multipotential mesenchymal progenitors that
do not express any lineage-specific markers. To test this
possibility, expression of muscle-specific transcription
factors, MyoD and Pax7, were examined following treat-
ment with BMP4. Significantly, a few ALP-weak positive
osteocytes derived from primary myoblasts co-expressed
MyoD or Pax7 in their nucleus, while the majority of

ALP-strong positive osteocytes did not express these
transcription factors (Fig. 2C). Next, heterozygous
Myf5-nlslacZ knock-in mice were used for isolation of
primary myoblasts. The expression of Myf5-nlslacZ in
the transgenic mice recapitulates the endogenous Myf5
gene expression during embryogenesis and adult skeletal
muscle regeneration (Tajbakhsh et al, 1996a; Cooper et
al., 1999; Beauchamp et al., 2000 and data not shown).
Proliferating cells and differentiating myotubes ex-
pressed nuclear lacZ (Fig. 2D). The ALP-positive osteo-
cytes induced by treatment with BMP7 for three days
consisted of lacZ-positive and -negative cells. Taken to-
gether, these results suggest that primary myoblasts dif-
ferentiate directly to osteogenic cells rather than de-dif-
ferentiating to form a common progenitor for myogenic
and osteogenic lineages.

Previous experiments demonstrated that C2C12 myo-
blasts and primary myoblasts isolated from new born
mice can differentiate into the adipogenic lineage follow-
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ing treatment with adipogenic inducers such as fatty
acids or thiazolidinediones (Teboul et al., 1995), or by
blocking the Wnt-signaling pathway (Ross et al., 2000).
Therefore, we examined whether primary myoblasts iso-
lated from adult mice also have an ability to undergo
adipogenic differentiation. We used MDI-I (methyl-iso-
butylxanthine, dexamethasone, indomethacin and insu-
lin) cocktail as an osteogenic inducer, which efficiently
induces adipogenesis of mesenchymal stem cells isolated
from bone marrow (Pittenger et al., 1999). Treatment
with MDI-I for nine days clearly induced adipogenic dif-
ferentiation of primary myoblasts judged by cytoplasmic
accumulation of oil droplets stained with Oil-Red O,
while without this treatment, primary myoblasts never
underwent adipogenic differentiation (Fig. 3C). These
results indicate that satellite cell-derived primary myo-
blasts also possess an ability to give rise to adipocytes.

We previously demonstrated that primary myoblasts
isolated from adult mice lacking the MyoD gene (Myo-
D-/-) display an accelerated growth rate and delayed ter-
minal differentiation, as compared to wildtype cells.
Therefore, MyoD-/- primary myoblasts have been sug-
gested to display characteristics that are more primitive
than wildtype cells and may represent an intermediate
stage between a stem cell and a myogenic precursor cell
(Sabourin et al., 1999; Yablonka-Reuveni et al., 1999;
Cornelison et al., 2000). Proliferating MyoD-/- primary
myoblasts expressed Myf5 and Pax7, but not MyoD
(Fig. 3A). Therefore, one possibility is that MyoD-/- pri-
mary myoblasts may have a greater potential to differen-
tiate into osteocytes and adipocytes compared to wild-
type cells since MyoD has been shown to play a crucial
role in muscle differentiation of satellite cells. To test
this possibility, osteogenic or adipogenic differentiation
potential of MyoD-/- primary myoblasts was examined
by treatment with BMP4 or MDI-I, respectively. Unex-
pectedly, osteogenic or adipogenic differentiation poten-
tial of MyoD-/- primary myoblasts did not increase com-
pared to that of wild-type cells (Fig. 3B, C). Therefore,
MyoD expression appears not be sufficient to suppress
either osteogenic or adipogenic differentiation of satel-
lite cell-derived primary myoblasts.

To further investigate the hypothesis that muscle sat-
ellite cells are multipotential stem cells, single muscle
fibers were isolated from adult skeletal muscle. Because
satellite cells on the freshly isolated muscle fibers do not
express any myogenic HLH proteins, including MyoD
or Myf5, these cells may maintain more intact features
as stem cells than do primary myoblasts in culture (Cor-
nelison and Wold, 1997). Single muscle fibers derived
from adult mice were cultured in Matrigel for up to sev-
eral weeks. Matrigel is a solubilized basement membrane
matrix that supports the growth and differentiation of
many different cell types but does not contain any strong
osteogenic or adipogenic inducers. Under these culture
conditions, single muscle fibers survived at least one
week to a maximum of one month. Satellite cells ini-

Fig. 3 Osteogenic and adipogenic differentiation potential of Myo-
D-/- primary myoblasts. A Proliferating primary myoblasts derived
from MyoD-/- adult mice expressed myoblast markers, Myf5 and
Pax7 in nucleus, but not MyoD. Wild-type and MyoD-/- primary
myoblasts were treated with BMP4 (200 ng/ml) for three days (B)
or treated with adipogenic cocktail (MDI-I) for nine days (C).
BALP-staining showed BMP4-induced osteogenic differentiation
of wild-type and MyoD-/- primary myoblasts. C Oil-Red O-stain-
ing showed adipogenic differentiation of wild-type and MyoD-/-
primary myoblasts. Hematoxylin was used for counter staining nu-
clei. Arrows, ALP-positive osteocytes; Arrowheads, Oil Red O-posi-
tive adipocytes. Scale bars, A 20 mm, B 200 mm, C 100 mm.

tiated their proliferation on the fibers (day 1) and mi-
grated into the Matrigel (day 3) (Cornelison and Wold,
1997). Migrated satellite cells predominantly formed
myoblast and multi-nuclei myotube clusters. However,
by day 4 satellite cells on the muscle fibers (Fig. 4A) and
migrated cells by day 10 initiated the accumulation of
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Fig. 4 Satellite cells on muscle fibers gave rise to adipocytes and
osteocytes in Matrigel culture. Single muscle fibers derived from
adult mice were cultured in Matrigel for four days (A) and ten days
(B, C). Satellite cell-derived adipocytes containing oil droplets in
their cytoplasm were detected on muscle fibers (A). Migrated satel-
lite cells differentiated into Oil-Red O-positive adipocytes (B).
ALP-staining showed that osteocytes were also detected between
adipocytes and myotubes (C). Arrows, adipocytes; Arrowheads, os-
teocytes; Asterisks, myotubes. Scale bar, 100 mm.

oil droplet in their cytoplasm confirmed by Oil Red O
staining (Fig. 4B). In addition, cells strongly positive for
ALP were observed surrounding the myotubes (Fig. 4C).
RT-PCR experiments confirmed that both osteogenic
(osteopontin and osteocalcin) and adipogenic (PPARg2)
markers were expressed in the single muscle cultures in
Matrigel (data not shown). These result suggest that in-
tact satellite cells have an intrinsic capacity to differen-
tiate into myocytes, adipocytes, and osteocytes.

Discussion

Previous work has demonstrated that myogenic cells
such as C2C12 myoblasts, primary myoblasts isolated
from new born mice, or clonal myogenic cells isolated
from adult skeletal muscle display osteogenic (Katagiri
et al., 1994; Lee, J.Y. et al., 2000) or adipogenic (Teboul
et al., 1995) differentiation capability following treat-
ment with BMPs or adipogenic inducers, respectively. In
addition, blocking the Wnt signaling pathway also in-
duces adipogenic differentiation of C2C12 cells (Ross et
al., 2000). However, it remained unclear whether muscle
satellite cells, adult stem cells for skeletal muscle, possess
similar differentiation capabilities. In this work, we
clearly demonstrate that muscle satellite cells can give
rise to osteocytes and adipocytes as well as skeletal myo-
cytes.

Proliferating satellite cell-derived primary myoblasts
expressed several myoblast markers, such as MyoD,
Myf5, Pax7, and desmin, indicating that primary myo-
blasts are already committed to the myogenic cell lineage
(Grounds et al., 1992; Smith et al., 1994; Cornelison and
Wold, 1997; Seale et al., 2000; and this work). However,
treatment with BMPs or adipogenic inducers stimulated
osteogenic or adipogenic differentiation of the primary
myoblasts, respectively. During osteogenic differen-
tiation of primary myoblasts, muscle-specific transcrip-
tion factors, such as MyoD, Myf5, and Pax7, were tran-
siently co-expressed with ALP, an early osteogenic
marker. Therefore, osteogenic differentiation of primary
myoblasts seems to be direct conversion from the myo-
genic to the osteogenic lineage, rather than mediated
through a common progenitor. Direct cell lineage con-
version between differentiated cell types is termed
‘‘transdifferentiation’’ (Eguchi and Kodama, 1993). For
example, smooth to skeletal muscle transdifferentiation
occurs during esophagus development, in which smooth
muscle cells directly differentiate into skeletal muscle
(Kablar et al., 2000).

However, proliferating C2C12 cells (Lee, K.S. et al.,
2000) or primary myoblasts (data not shown) also ex-
press low levels of the osteogenic transcription factor
Runx2/CBFa1 (Ducy et al., 1997; Komori et al., 1997;
Otto et al., 1997), suggesting that they retain some in-
herent capacity for osteogenic differentiation. Moreover,
satellite cells on muscle fibers readily differentiated into
both osteocytes and adipocytes in Matrigel which does
not contain strong osteogenic or adipogenic inducers. By
contrast, primary myoblasts strictly formed differen-
tiated myocytes in this culture. Therefore, satellite cells
on muscle fibers exhibit an enhanced capacity to differ-
entiate into osteocytes and adipocytes, compared to cul-
tured primary myoblasts. MyoD or Myf5 expression is
undetectable in satellite cells on freshly isolated muscle
fibers (Cornelison and Wold, 1997). However, MyoD
and Myf5 are highly expressed in primary myoblasts.
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Taken together, these observations therefore suggest that
satellite cells undergo osteogenic and adipogenic differ-
entiation from a plastic progenitor rather than transdif-
ferentiation of a committed myogenic cell.

Experiments using gene knock-out mice demon-
strated that myogenic progenitors lacking expression of
MyoD and Myf5 differentiate into non-muscle cell lin-
eages such as cartilage or dermis during embryogenesis
(Tajbakhsh, 1996b; Kablar et al., 1999). Primary myo-
blasts lacking MyoD but expressing Myf5 did not ex-
hibit increased osteogenic or adipogenic differentiation
capabilities, compared to wild-type cells. Therefore,
MyoD expression alone may not suppress either osteo-
genic or adipogenic differentiation of primary myo-
blasts, while MyoD has been shown to be required for
myogenic differentiation of satellite cells (Sabourin et
al., 1999; Yablonka-Reuveni et al., 1999; Cornelison et
al., 2000). Since Myf5 expression is up-regulated in
MyoD-/- primary satellite cells compared to wild-type
cells (Sabourin et al., 1999), it is possible to hypothesize
that Myf5 expression may partially suppress non-myo-
genic differentiation of MyoD-/- primary satellite cells.
In support of this, satellite cells on freshly isolated
muscle fibers, in which expression of MyoD or Myf5 is
undetectable (Cornelison and Wold, 1997), readily un-
dergo both adipogenic and osteogenic differentiation.
Interestingly, ectopic expression of Msx1, a homeobox
type transcription factor, in C2C12 cells suppresses ex-
pression of muscle-specific bHLH genes and induces de-
differentiation of multinucleated myotubes. The de-dif-
ferentiated myotube-derived mononuclear cells as well as
Msx1-induced myoblasts also exhibit an enhanced ca-
pacity to differentiate into osteocytes and adipocytes,
compared to their parent cells (Odelberg et al., 2000).
Since Msx1 expression is detectable in satellite cells on
freshly isolated muscle fibers but down-regulated in acti-
vated satellite cells in culture (Cornelison et al., 2000),
Msx1 may play a crucial role in the differentiation plas-
ticity of satellite cells.

Several in vivo observations have suggested the exist-
ence of mesenchymal progenitors within skeletal
muscles. For example, expansion of adipose tissue
within skeletal muscles occurs in response to dener-
vation (Dulor et al., 1998) and in some muscle diseases
including muscular dystrophy (Lin et al., 1969) and
mitochondrial myopathy (DiMauro et al., 1980). Simi-
larly, a replacement of muscle mass by adipose is ob-
served in compound mutant mice (MyoD-/-:Myf5-/-)
(Rudnicki et al., 1993). Moreover, transplantation of
BMP into adult skeletal muscles induces ectopic osteo-
genesis within these muscles (Urist and Strates, 1971).
Similarly, BMP2/4 have been implicated in ectopic ossi-
fication of muscles in a human disease, Fibrodysplasia
Ossificans Progressiva (FOP) (Shafritz et al., 1996).

Recent work has revealed a novel stem cell population
in skeletal muscle called muscle-derived stem cells, iso-
lated by fluorescence activated cell sorting (FACS) of

side population (SP) cells, on the basis of Hoechst dye
exclusion. Muscle-derived stem cells exhibit the capacity
to reconstitute the entire hematopoietic repertoire and
to participate in the formation of new myofibers follow-
ing tail vein injection into lethally irradiated mice (Gus-
soni et al., 1999; Jackson et al., 1999). However, muscle
SP cells are present in Pax7-deficient muscle that entirely
lacks satellite cells (Seale et al., 2000), indicating that
muscle-derived stem cells represent a distinct cell popu-
lation from satellite cells. It remains unknown whether
muscle-derived stem cells are also capable of differen-
tiation into osteogenic and adipogenic lineages. Further
experimentation will elucidate whether satellite cells or
muscle-derived stem cells are the origin of those adipose
cells and osteocytes in vivo.

In conclusion, we present direct evidence that muscle
satellite cells display multipotential mesenchymal stem
cell activity and are capable of forming osteocytes and
adipocytes as well as myocytes.
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