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Pax7 Is Required for the Specification of Myogenic
Satellite Cells

skeletal muscle are mitotically quiescent and are acti-
vated in response to diverse stimuli, including stretch-
ing, exercise, injury, and electrical stimulation (Schultz
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undergo multiple rounds of cell division before fusion1280 Main Street West
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stant over repeated cycles of degeneration and regener-‡Department of Molecular Cell Biology
ation, suggesting that the steady-state satellite cell
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distinct from their daughter myogenic precursor cells as
defined by biological and biochemical criteria (Grounds
and Yablonka-Reuveni, 1993; Bischoff, 1994).Summary

Satellite cells clearly represent the progenitors of the
myogenic cells that give rise to the majority of the nucleiThe paired box transcription factor Pax7 was isolated
within adult skeletal muscle. However, recent studies

by representational difference analysis as a gene spe- have identified a population of pluripotential stem cells,
cifically expressed in cultured satellite cell-derived also called side-population (SP) cells, in adult skeletal
myoblasts. In situ hybridization revealed that Pax7 was muscle. Muscle-derived SP cells are readily isolated by
also expressed in satellite cells residing in adult mus- fluorescence-activated cell sorting (FACS) on the basis
cle. Cell culture and electron microscopic analysis re- of Hoechst dye exclusion (Gussoni et al., 1999; Jackson
vealed a complete absence of satellite cells in Pax72/2

et al., 1999). Purified SP cells derived from muscle ex-
skeletal muscle. Surprisingly, fluorescence-activated hibit the capacity to differentiate into all major blood
cell sorting analysis indicated that the proportion of lineages after tail vein injection into lethally irradiated
muscle-derived stem cells was unaffected. Impor- mice (Jackson et al., 1999). Of particular significance is

the observation that transplanted SP cells isolated fromtantly, stem cells from Pax72/2 muscle displayed al-
bone marrow or muscle actively participate in myogenicmost a 10-fold increase in their ability to form hema-
regeneration. However, only muscle-derived SP cellstopoietic colonies. These results demonstrate that
appear to give rise to myogenic satellite cells (Gussonisatellite cells and muscle-derived stem cells represent
et al., 1999). In addition, SP cells convert to desmin-distinct cell populations. Together these studies sug-
expressing myoblasts after exposure to appropriate cellgest that induction of Pax7 in muscle-derived stem
culture conditions (Gussoni et al., 1999). However,cells induces satellite cell specification by restricting
whether SP cells are equivalent to satellite cells, arealternate developmental programs.
progenitors for satellite cells, or represent an entirely
independent cell population has remained unclear.

Introduction The gene expression profile of quiescent satellite cells
and their activated progeny is largely unknown. Quies-
cent satellite cells express the c-Met receptor (receptorMuscle satellite cells represent a distinct lineage of myo-

genic progenitors responsible for the postnatal growth, for hepatocyte growth factor) and M-cadherin protein
(Irintchev et al., 1994; Cornelison and Wold, 1997). Acti-repair, and maintenance of skeletal muscle (reviewed in

Seale and Rudnicki, 2000). At birth, satellite cells ac- vated satellite cells upregulate MyoD or Myf5 before
entering S-phase (Cornelison and Wold, 1997). Prolifer-count for z30% of sublaminar muscle nuclei in mice

followed by a decrease to ,5% in a 2-month-old adult ating myogenic precursor cells, the daughter cells of
satellite cells, express desmin, Myf5, MyoD, and other(Bischoff, 1994). This decline in satellite cell nuclei re-

flects the fusion of satellite cells during the postnatal myoblast specific markers (George-Weinstein et al.,
1993; Cornelison and Wold, 1997). Nevertheless, thegrowth of skeletal muscle (Gibson and Schultz, 1983).

Satellite cells were originally defined on the basis of paucity of cell-lineage specific markers has been a sig-
their unique position in mature skeletal muscle and are nificant impediment to understanding the relationship
closely juxtaposed to the surface of myofibers such that between satellite cells and their progeny.
the basal lamina surrounding the satellite cell and its Our poor understanding of molecular events respon-
associated myofiber is continuous (Bischoff, 1994). sible for satellite cell development and activation in-

In mice .2 months of age, satellite cells in resting dicated the use of a PCR-based subtractive hybridization
approach (Hubank and Schatz, 1994) to identify tissue-
specific genes expressed in the satellite cell myogenic§ To whom correspondence should be addressed (e-mail: mrudnicki@
lineage. Results from this analysis identified several my-ottawahospital.on.ca).
oblast-specific genes potentially involved in satellite cell‖ Present address: Ottawa Hospital Research Institute, 501 Smyth

Road, Ottawa, Ontario, Canada K1H 8L6. function. Pax7 was selected for further analysis based
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on the established role of the closely related Pax3 pro-
tein in regulating the developmental program of embry-
onic myoblasts (Maroto et al., 1997; Tajbakhsh et al.,
1997). In this article, we demonstrate a unique require-
ment for Pax7 in the specification of myogenic satellite
cells.

Results

Identification of Genes Expressed in Satellite
Cell-Derived Myoblasts
To gain insight into the developmental program respon-
sible for the differentiation and activation of skeletal
muscle satellite cells, representational difference analy-
sis (RDA) of cDNAs was employed to identify genes
expressed specifically in satellite cell-derived myoblasts
(Hubank and Schatz, 1994). This analysis resulted in the
identification of 17 distinct products corresponding to
12 known and 5 potentially novel genes by searching
GenBank (NCBI) using the FASTA program (unpublished
data). RDA clone dp3–7 encoded a fragment from within
the Pax7 mRNA. Pax7 is a member of the paired-box
family of transcription factors that play important regula-
tory roles in the development of diverse cell lineages
(Mansouri, 1999). Therefore, a full-length 4.3-kb Pax7
cDNA was isolated from an adult mouse skeletal muscle
cDNA library (Clontech) to facilitate further analyses

Figure 1. Pax7 Is Expressed Specifically in Proliferating Myoblasts(NCBI accession number AF254422).
(A) Pax7 was expressed at high levels in proliferating wild-type my-
oblasts (Wt-Mb) and MyoD-deficient cells (MyoD2/2 Mb) cells and

Pax7 is Specifically Expressed downregulated in response to differentiation conditions (Wt-D and
MyoD2/2 D).in Proliferating Myoblasts
(B) Expression of Pax7 was specific to myogenic cells, with lowDetailed expression analysis of the distribution of Pax7
levels detected in C2C12 myoblasts.mRNA was conducted using Northern blot analysis (Fig-
(C) Pax7 was not detected in RNA from a panel of tissues.ure 1). These analyses demonstrated that Pax7 was ex-

pressed exclusively in proliferating primary myoblasts,
three independent mice by using three separate se-with comparable levels of expression in both wild-type
quences as anti-sense cRNA probes to verify the ex-and Myo2/2 cultures (Figure 1A). However, Pax7 mRNA
pression patterns described. Approximately 5% of mus-was downregulated after myogenic differentiation (Fig-
cle nuclei (including satellite cell nuclei and myonuclei)ure 1A). Furthermore, Pax7 was not expressed at detect-
were associated with Pax7 expression in adult wild-typeable levels in a variety of nonmuscle cell lines (Figure
muscle. By contrast, the number of Pax7-positive cells1B). Rather, Pax7 was strictly expressed in myogenic
increased to 22% in MyoD2/2 muscle. The increasedcells, including low levels in proliferating C2C12 mouse
expression of Pax7 in MyoD2/2 muscle strongly supportsmyoblasts, which is a continuous cell line originally de-
the notion that Pax7 is expressed in satellite cells, be-rived from satellite cells (Figure 1B). In addition, Pax7
cause previous work has revealed that MyoD-deficientmRNA was not detectable in 20 mg of total RNA from
muscle contains increased numbers of satellite cellsseveral adult mouse tissue samples (Figure 1C). Analysis
(Megeney et al., 1996). At high magnification (2003),of poly(A)1 RNA from select mouse tissues revealed
Pax7 appeared to be expressed in cells residing beneathexpression of Pax7 at low levels only in adult skeletal
the basal lamina of wild-type muscle fibers in positionsmuscle (not shown). Therefore, in adult mice, Pax7 ex-
characteristic for quiescent satellite cells (Figure 2C).pression appears specific to the satellite cell myogenic

To determine whether Pax7 was upregulated in regen-lineage.
erating skeletal muscle, we analyzed 3-week-old mdx
and compound mutant mdxMyoD2/2 skeletal muscle by

Pax7 Is Expressed in Satellite Cells in situ hybridization. Lack of dystrophin protein causes
To localize Pax7 mRNA in skeletal muscle, we performed mdx muscle to undergo repeated cycles of muscle de-
in situ hybridization on fresh frozen sections of tibialis generation and regeneration (Sicinski et al., 1989). As
anterior and gastrocnemius muscles from wild-type predicted, given the high levels of expression in cultured
(Balb/c), MyoD2/2, mdx, and compound mutant satellite cell-derived myoblasts, Pax7 was widely ex-
mdxMyoD2/2 animals. Interestingly, Pax7 mRNA was as- pressed in regenerating areas of mdx and mdxMyoD2/2

sociated with a subset of nuclei in discrete peripheral skeletal muscle (Figure 2E). Centrally located nuclei
locations within undamaged wild-type (Figures 2A and within muscle fibers of mdx (Figure 2E), MyoD2/2 (not
2C) and MyoD2/2 (not shown) skeletal muscle. Propidium shown), and mdxMyoD2/2 (not shown) muscle were also
iodide (PI) staining was used to identify all nuclei within associated with Pax7 expression, suggesting that re-
skeletal muscle, thereby allowing for the enumeration cently activated and fusing myogenic precursors ex-
of Pax7-positive cells (Figures 2B, 2D, and 2F). The in press Pax7. Lastly, a similar distribution of immunoreac-

tive nuclei was observed in muscle sections stained withsitu hybridization was repeated on muscle sections from
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Figure 2. Expression of Pax7 in Muscle Sat-
ellite Cells

(A) In situ hybridization revealed that Pax7
mRNA was expressed at a frequency and lo-
cation consistent with specific expression in
satellite cells and myogenic precursor cells.
(B) Pax7 expression was associated with PI-
positive nuclei (403 magnification).
(C and D) High magnification (2003) of Pax7-
expressing cell in wild-type muscle was char-
acteristic of a satellite cell residing beneath
the basal lamina.
(E and F) Increased numbers of cells ex-
pressed Pax7 in regenerating mdx muscle
(403). Black and white arrowheads indicate
cells stained positive for Pax7 mRNA and PI-
positive nuclei, respectively.

anti-Pax7 antibody (Developmental Studies Hybridoma muscle normally mediated by satellite cells was deficient
Bank). Taken together, these results support the notion in the absence of Pax7.
that Pax7 is expressed within the satellite cell lineage.
Therefore, these results raise the hypothesis that Pax7 is
required for the ontogeny or function of muscle satellite Absence of Satellite Cell-Derived Myoblasts
cells. from Pax72/2 Muscle

To gain insight into satellite cell function in Pax7 mutant
mice, we cultured primary cells directly from the muscle

Skeletal Muscle Deficiency in Pax7 of 7- to 10-day-old wild-type mice and Pax72/2 lit-
Mutant Animals termates in five independent experiments. After 2 days
To evaluate possible roles for Pax7 in the formation or in culture, many bursts of satellite cell-derived my-
function of satellite cells, we examined skeletal muscle oblasts were readily identified in wild-type primary cul-
from mice carrying a targeted null mutation in Pax7 tures on the basis of morphological criteria (Figure 4A)
(Mansouri et al., 1996b). Mice deficient for Pax7 express and immunocytochemistry by using both anti-desmin
muscle-specific markers, including MyoD and Myf5, in and anti-c-Met antibodies that mark satellite cell-
a normal spatial and temporal pattern within the devel- derived myoblasts (Figures 4B–4E). Strikingly, no my-
oping myotome (Mansouri et al., 1996b). However,

oblasts were identified in mutant cultures, which insteadPax72/2 mice were significantly smaller than their wild-
were uniformly composed of fibroblasts and adipocytes,type and heterozygous counterparts (Figure 3A). The
as identified by morphological and immunochemical cri-body weight of Pax72/2 mice at 7 days of age was 50%
teria (Figures 4F–4J).reduced in comparison with wild-type littermates (n 5

To further investigate whether myogenic cells were20). This weight differential increased with age such
present in postnatal Pax7 mutant muscle, individualthat at 2 weeks of age, mutant animals were z33% the
muscle fibers from 7- to 10-day-old wild-type mice andweight of wild-type littermates. As previously reported,
Pax72/2 littermates were isolated in five independentPax7 mutant animals failed to thrive and usually died
experiments and cultured in methylcellulose stem-cellwithin 2 weeks after birth (Mansouri et al., 1996b). In
medium. Methylcellulose stem-cell medium readily pro-addition, we observed that mutant mice exhibited mus-
motes the activation, migration, and proliferation of sat-cle weakness characterized by an abnormal gait and
ellite cells associated with muscle fibers (A. Asakurasplayed hind limbs (not shown). Light microscopic anal-
and M.A.R., unpublished observation). After 48 and 72ysis of hematoxylin-eosin (HE)-stained lower hind limb
hr in culture, satellite cells associated with wild-typeskeletal muscle (below the knee) of 1-week-old wild-
fibers generated distinct bursts of desmin-expressingtype (Figure 3B) and Pax72/2 (Figure 3C) animals re-
myogenic cells. By contrast, Pax7 mutant muscle fibersvealed a 1.5-fold reduced diameter of Pax7 mutant fibers
did not give rise to any mononuclear cells. After 2 weeks(n 5 100 fibers). However, the overall organization of
in culture, large colonies of fully contractile myosinmuscle fibers was not affected. Moreover, the dia-
heavy chain (MHC)-expressing myotubes were presentphragms of 7-day-old Pax72/2 mice (Figure 3E) were
in cultures of wild-type but not Pax72/2 fibers (notnotably thinner than those of their wild-type littermates
shown). Therefore, these results suggest that satellite(Figure 3D). Therefore, the markedly decreased muscle
cells do not exist or, alternately, that they fail to prolifer-mass and reduced fiber caliber of Pax7 mutant muscle

suggested that the postnatal growth phase of skeletal ate in the absence of Pax7.
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Figure 3. Skeletal Muscle Deficiency in
Pax72/2 Mice

(A) Seven-day-old Pax7 mutant animals were
approximately one-half the weight of wild-
type animals and had splayed hind limbs and
an abnormal gait.
(B and C) HE-stained tibialis anterior muscle
sections (403) revealed a normal histological
appearance of Pax7 mutant muscle (C), but
fiber diameter was reduced 1.5-fold com-
pared with that of wild-type muscle (B).
(D and E) The diaphragm of a mutant animal
(E) shown here in cross-section was signifi-
cantly thinner than that in wild-type animals
(D) (403).

Complete Ablation of Satellite Cells in Pax72/2 Muscle of the following: a plasma membrane separating the
satellite cell from its adjacent muscle fiber, an overlyingTo determine whether or not satellite cells were present

in mutant animals, we used transmission electron mi- basal lamina continuous with the satellite cell and
associated fiber, and the characteristic heterochromaticcroscopy (TEM) to analyze skeletal muscle from wild-

type and Pax72/2 mice. Biopsies from gastrocnemius appearance of the nucleus (reviewed in Bischoff, 1994).
Satellite cells were readily identified in wild-typemuscle of three 7- to 10-day-old wild-type mice and

mutant littermates were analyzed by TEM. For each muscle and comprised 25% of peripheral sublaminar
nuclei (n 5 300) (Figures 5A–5D). By contrast, satellitesample, 100 peripheral sublaminar nuclei were analyzed

and identified as either satellite cell or myofiber nuclei. cells could not be identified in .300 sublaminar nuclei
examined from mutant muscles (Figures 5E and 5F).Criteria for the identification of satellite cells consisted

Figure 4. Absence of Myoblasts in Cultures
Derived from Pax72/2 Muscle

Primary cell cultures were analyzed by phase
microscopy (A and F) and by immunocyto-
chemistry with anti-desmin (B and G) and
anti-c-Met (D and I) antibodies. Cells stained
with antibodies were counterstained with
Hoechst 33342 (C, E, H, and J) to show all
nuclei. Black arrowheads indicate satellite
cell-derived myoblasts; white arrowheads in-
dicate immunoreactive cells and correspond-
ing nuclei.
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Figure 5. Complete Ablation of Satellite Cells
in Pax72/2 Muscle

Transmission electron micrographs of 7- to
10-day-old Pax71/1 (A through D) and Pax72/2

(E and F) muscle.
(A and C) Satellite cells (SC) are readily identi-
fied in Pax71/1 muscle (75003).
(B and D) High magnification of satellite cells
clearly revealed the plasma membrane (black
arrowheads) separating the satellite cell from
its adjacent myofiber, the continuous basal
lamina surrounding the satellite cell and myo-
fiber, and the heterochromatic appearance of
the nucleus (20,0003).
(E and F) Myonuclei (fiber nuclei) (MN) but not
satellite cells were present in Pax7 mutant
muscles. Other ultrastructural differences
were not detected.

Furthermore, satellite cells were not found in mutant dye in the presence or absence of verapamil. The SP
cell population is sensitive to verapamil, which is thoughtmuscle from E18 embryos (18 days post-coitum; not

shown). Therefore, in the absence of Pax7, complete to prevent dye efflux through the inhibition of mdr (multi-
drug resistant)-like proteins (Goodell et al., 1996, 1997).ablation of muscle satellite cells was observed. The fail-

ure of muscle satellite cells to form in Pax72/2 muscle On the basis of results from three independent trials
with six 7- to 10-day-old Pax72/2 and wild-type animals,thus unequivocally establishes an essential role for Pax7

in the ontogeny of the satellite cell lineage. the proportion of muscle SP cells was unaffected by the
absence of Pax7 (Figures 6A–6D). The relative propor-
tion of SP cells in wild-type (1.8%) (Figure 6A) versusMuscle-Derived SP Cells are Present in Pax7
Pax7 mutant (1.5%) (Figure 6C) muscle did not differMutant Muscle
significantly. Taken together, these data indicate thatTo investigate the relationship between satellite cells
muscle satellite cells are either a population distinctand muscle-derived pluripotent stem cells, we per-
from muscle SP cells or, alternately, represent only aformed FACS analysis of cells isolated from wild-type
small subpopulation of muscle SP cells.and Pax72/2 muscle. Recent work has identified a popu-

lation of pluripotent stem cells (also called side-popula-
tion [SP] cells) in skeletal muscle as defined by Hoechst Stem Cells Derived From Pax72/2 Exhibit Markedly

Increased Hematopoietic Potential33342 dye exclusion (Gussoni et al., 1999; Jackson
et al., 1999). Cell suspensions isolated directly from To characterize the differentiation potential of Pax7-

deficient stem cells, we assayed dissociated muscle1-week-old skeletal muscle were stained with Hoechst
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included granulocytic and monocytic cells and were
present in both wild-type and mutant cultures on the
basis of immunoreactivity with Ly-6G (Figures 6G and
6H) and Integrin aM chain (not shown). Ly-6G is a cell
surface antigen, which is expressed exclusively in gran-
ulocyte and monocyte lineages (Fleming et al., 1993).
Integrin aM chain, also known as MAC-1, is expressed
on granulocytes, macrophages, and natural killer cells
(Leenen et al., 1994). Wild-type cultures were predomi-
nantly composed of contractile muscle colonies reactive
with antibody to MHC (Figure 6E). By contrast, Pax72/2

cultures exhibited a markedly increased potential for
hematopoietic differentiation (Figure 6F) and generated
z10-fold the number of hematopoietic colonies com-
pared with wild-type cultures (Figure 6I). To rule out the
possibility that the presence of differentiating muscle
cells was inhibiting hematopoietic differentiation in wild-
type cultures, we analyzed mixed cultures of Pax72/2 and
wild-type cells. Results from these experiments showed
that hematopoietic colony formation was not adversely
affected by differentiating myocytes (not shown).

The colony-forming assays summarized in Figure 6I
depict the average number of hematopoietic, skeletal
myocyte, and other (e.g., fibroblast and adipocyte) colo-
nies from seven independent isolations performed in
triplicate. Therefore, stem cells isolated from muscle
lacking Pax7 exhibited a strongly increased propensity
toward hematopoietic differentiation and were incapa-
ble of forming adult myoblasts. Importantly, highly puri-
fied SP cells from wild-type muscle convert to myoblasts
under the appropriate culture conditions (Gussoni et
al., 1999). Taken together, these results suggest the
hypothesis that induction of Pax7 in pluripotent muscle-
derived stem cells directs the specification of satellite
cells through restriction of developmental potential (Fig-
ure 7).

Discussion

Pax7 was molecularly cloned by RDA in a screen de-
signed to identify genes specifically expressed in the
muscle satellite cell lineage. On the basis of Northern
blot analysis, expression of Pax7 was confined to prolif-
erating myoblasts and was strongly downregulated dur-Figure 6. Enhanced Hematopoietic Potential of Pax72/2 Muscle–

Derived Pluripotent Stem Cells ing terminal differentiation (Figure 1). In situ hybridiza-
tion studies revealed the apparent localization of Pax7(A through D) FACS analysis of Hoechst-stained muscle-derived

cells demonstrated approximately equal numbers of verapamil-sen- mRNA to satellite cells and their daughter myogenic
sitive SP cells in both Pax71/1 (A and B) and Pax72/2 (C and D) precursor cells (Figure 2). Analysis of postnatal skeletal
muscles. muscle from Pax72/2 animals revealed a complete ab-
(E) MHC-positive muscle colonies predominate in stem-cell me- sence of myogenic satellite cells as determined by pri-
dium/methylcellulose cultures of Pax71/1 muscle cells. mary cell culture and TEM (Figures 4 and 5). However,
(F through H) Pax72/2 muscle cells have increased hematopoietic

FACS analysis indicated that the proportion of SP cellspotential (F) and generate granulocyte and monocyte colonies veri-
was unaffected by the absence of Pax7 (Figure 6). Im-fied by Ly-6G immunoreactivity (G and H).
portantly, cells cultured from wild-type muscle effi-(I) Colony-forming assay of muscle cells cultured in stem-cell me-
ciently gave rise to MHC-expressing myocyte colonies,dium/methylcellulose over a period of 2 weeks demonstrated almost

a 10-fold increase in hematopoietic potential of Pax7 mutant stem whereas Pax72/2 muscle cells were unable to form my-
cells. Other cells represent both fibroblasts and adipocytes. oblasts but exhibited a 10-fold increase in hematopoi-

etic potential (Figure 6). Taken together, these data im-
plicate Pax7 in the specification of myogenic satellite
cells from uncommitted progenitors in skeletal musclecells from 7- to 10-day-old Pax72/2 and wild-type ani-

mals for colony formation in methylcellulose stem-cell (Figure 7).
Pluripotential muscle-derived stem cells purified bymedium, which allows the growth of muscle as well as

hematopoietic colonies (A. Asakura and M. A. R., unpub- FACS exhibit the capacity to efficiently reconstitute the
marrow compartment and appear to give rise to musclelished data). Seven independent experiments were ana-

lyzed in which 10,000 cells from both wild-type and satellite cells after intravenous injections in mice (Gus-
soni et al., 1999; Jackson et al., 1999). Moreover, purifiedPax72/2 muscle were cultured. Hematopoietic colonies
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Figure 7. Role for Pax7 in the Specification
of Satellite Cells

Muscle-derived pluripotent stem cells pri-
marily give rise to myoblasts when cultured
in stem-cell medium. By contrast, Pax72/2

muscle stem cells exhibit almost a 10-fold
increase in propensity toward hematopoietic
differentiation and are incapable of forming

adult myoblasts. These data therefore implicate Pax7 in regulating the specification of adult muscle satellite cells by restricting the fate of
pluripotent stem cells. Taken together, these experiments suggest the following hypothesis. Pluripotent stem cells (MSC) within muscle
represent the progenitors of sublaminar satellite cells that are specified following induction of Pax7. Satellite cells are subsequently activated
in response to physiological stimuli to generate daughter myogenic precursor cells (MPC) before terminal differentiation into new or previously
existing fibers.

muscle-derived SP cells convert to desmin-expressing Splotch (Sp) mice, lacking a functional Pax3 gene, do
not survive to term and fail to form limb muscles as themyoblasts in response to appropriate cell culture condi-

tions (Gussoni et al., 1999). On the basis of our results result of impaired migration of Pax3-expressing cells
originating from the somite (Daston et al., 1996; Trem-demonstrating normal numbers of SP cells and the com-

plete absence of satellite cells in Pax7 mutant muscle, blay et al., 1998; reviewed in Borycki and Emerson,
1997). Compound mutant Sp/Myf52/2 mice do not ex-it is clear that SP cells and satellite cells represent dis-

tinct cell populations. Furthermore, the absence of mus- press MyoD in their somites, suggesting that Myf5 and
Pax3 function upstream of MyoD in myogenic determi-cle differentiation and the z10-fold increased hemato-

poietic potential of Pax72/2 muscle-derived stem cells nation (Tajbakhsh et al., 1997). Moreover, forced expres-
sion of Pax3 induces MyoD expression and subsequentsuggest the hypothesis that the progenitors for satellite

cells are present within the muscle SP fraction. Ac- myogenesis in nonmuscle tissues from avian embryos
(Maroto et al., 1997). However, ectopic expression ofcording to this model, upregulation of Pax7 in muscle-

derived pluripotent stem cells induces satellite cell Pax3 in C2C12 myoblasts efficiently inhibits myogenic
differentiation (Epstein et al., 1995). In addition, co-specification by restricting alternate developmental pro-

grams (Figure 7). Alternately, muscle SP cells and satel- expression of MyoD and Pax3 is not observed in the
mouse myotome (Williams and Ordahl, 1994). Therefore,lite cells may represent independent cell populations.

Inherent differences in the compositions of the SP frac- Pax3 was suggested to function as an indirect upstream
factor, which induced migration or other cellular changestions of wild-type and Pax72/2 muscle could explain the

increased hematopoietic differentiation in mutant cul- to facilitate subsequent induction of MyoD transcription
(reviewed in Borycki and Emerson, 1997).tures.

Pax7 belongs to a family of genes that encode paired- Recent work suggests that Pax3 functions together
with the Six1 transcription factor and the transcriptionalbox-containing transcription factors involved in the con-

trol of developmental processes (Jostes et al., 1990; co-regulators Eya2 and Dach2 to regulate the prolifera-
tion of pre-muscle masses in the somite (Heanue et al.,Schafer et al., 1994). Different members of the Pax-

family of transcription factors appear to regulate the 1999). Pax3 and Dach2 are co-expressed in the somite
and appear to participate in a positive regulatory feed-development and differentiation of diverse cell lineages

during embryogenesis (Noll, 1993; Strachan and Read, back loop. Ectopic expression experiments reveal that
combinations of either Dach2 and Pax3 or Eya2 and1994; Mansouri et al., 1996a, 1996b, 1999). Pax7 and

the closely related Pax3 gene belong to a paralogous Six1 synergize to induce myogenesis (reviewed in Relaix
and Buckingham, 1999). It is interesting to speculatesubgroup of Pax genes based on similar protein struc-

tures and partially overlapping expression patterns dur- that an analogous regulatory network functions together
with Pax7 in the specification of adult satellite cells.ing mouse embryogenesis (Jostes et al., 1990; Goulding

et al., 1991). Interestingly, the Pax3 gene plays an essen- Several genes have been suggested to represent di-
rect targets for transcriptional regulation by Pax familytial role in regulating the developmental program of em-

bryonic myoblasts (Maroto et al., 1997; Tajbakhsh et al., members. Pax3 is believed to regulate c-Met transcrip-
tion required to mediate the migration of somitic limb1997).

Pax7 and Pax3 proteins both bind identical sequence- muscle precursors (Epstein et al., 1996). The c-Met re-
ceptor is expressed in quiescent satellite cells and isspecific DNA elements, which suggests that they regu-

late similar sets of target genes (Schafer et al., 1994). thought to activate satellite cells in response to hepato-
cyte growth factor (Allen et al., 1995; Cornelison andFurthermore, increased expression and gain-of-function

mutations in both Pax3 and Pax7 are associated with Wold, 1997). Thus, Pax7 may control the activation and
migration of satellite cell precursors as a function ofthe development of alveolar rhabdomyosarcomas, indi-

cating that both molecules regulate similar activities in c-Met activity.
Regulatory elements in the neural cell adhesion mole-myogenic cells (Bennicelli et al., 1999). However, Pax7

but not Pax3 is expressed in adult human primary my- cule (NCAM) promoter are responsive to four Pax pro-
teins, including Pax3 and Pax7 (Holst et al., 1997). NCAMoblasts (Schafer et al., 1994). Interestingly, differential

expression of alternately spliced Pax7 transcripts corre- is a member of the immunoglobulin superfamily of trans-
membrane proteins and has been implicated in the mi-lates with muscle regenerative efficiency in different

strains of mice (Kay et al., 1995, 1998). Although the gration and differentiation of neural crest cells (Cunning-
ham et al., 1987). Downregulation of NCAM in thePax3 and Pax7 proteins are structurally similar, their

different spatial-temporal patterns of expression sug- developing neural crest of Pax7 mutant animals may be
implicated in the dysgenesis of neural crest derivativesgest that they regulate myogenesis in distinct cell types

during development. reported previously (Mansouri et al., 1996b). NCAM is
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mouse embryonic fibroblast (MEF) cDNA (1:100; 1:400) and oncealso expressed in activated satellite cells and myogenic
against skeletal muscle cDNA (1:400) to generate the final differenceprecursor cells during muscle regeneration (Hurko and
products. The full-length mouse cDNA for Pax7 was isolated byWalsh, 1983; Bischoff, 1994). NCAM may thus represent
screening an adult mouse skeletal muscle library (Clontech) usingan important Pax7 target gene in satellite cells. Identifi-
the RDA clone as a probe (Maniatis et al., 1982).cation of transcriptional targets for Pax7 in the satellite

Total RNA was extracted as previously described (Chomczynski
cell lineage will be important for elucidating the mecha- and Sacchi, 1987). Northern blot analysis of 20 mg of total RNA from
nisms responsible for satellite cell specification, self- tissue or cell cultures was performed according to Maniatis et al.
renewal, and activation. (1982). In situ hybridization for Pax7 mRNA was performed as de-

Our experiments demonstrate that Pax72/2 muscle- scribed by Braissant and Wahli (1998). Sections were counterstained
with 100 mg/mL PI (Sigma) in PBS for 10 min at room temperature.derived pluripotent stem cells display almost an order
Three different Pax7 sequences from the full-length cDNA wereof magnitude increase in hematopoietic potential (Figure
used as cRNA probes: Pax7-Sal1, nts 150–1600; dp3–7, nts 4200–6I). Therefore, induction of Pax7 in muscle-derived pluri-
4700; and Pax7-Cla1, nts 515–1500.potent stem cells appears to induce myogenic specifica-

tion by restricting alternate developmental programs
(Figure 7). This lineage-restricting function of Pax7 ap- Myoblast and Stem-Cell Culture
pears analogous to the role of Pax5 in regulating B cell Primary muscle cultures were isolated as in Sabourin et al. (1999).
development. Pro-B cells lacking Pax5 abnormally give Primary MEFs were isolated from 13.5-day-old Balb/c mouse em-
rise to mature T cells expressing a/b-T cell receptors. bryos (Robertson, 1987). Single muscle fibers were isolated from
Pax5 thus suppresses alternate lineage choices of B hind limb skeletal muscles, as described by Cornelison and Wold

(1997). Individual fibers were cultured in methocult GF M3434 con-cell progenitors in a cell-autonomous manner (Nutt et
taining 15% FBS, 1% BSA, 1024 M 2-mercaptoethanol, 10 mg/mLal., 1999; Rolink et al., 1999).
pancreatic insulin, 200 mg/mL transferrin, 50 ng/mL SCF, 10 ng/mLMuscle satellite cells and embryonic muscle are be-
IL-3, 10 ng/mL IL-6, and 3 units/mL EPO (Stem Cell Technologies)lieved to be derived from distinct progenitors during
from 48 hr to 10 days.development (reviewed in Seale and Rudnicki, 2000).

For hematopoietic colony-forming assays, cell suspensions wereIndeed, the presence of grossly normal skeletal muscle
derived from skeletal muscle by digestion in 0.4% collagenase Type

in Pax72/2 mice, which completely lack satellite cells, A (Roche)/DMEM for 1.5 hr at 378C, filtered (74 mm; Costar Netwell),
underscores the assertion that embryonic myoblasts and resuspended at 100 cells/ml in 10% horse serum/DMEM. Ap-
and myogenic satellite cells develop independently. The proximately 10,000 cells were cultured in 3 ml of methocult (Stem
continued presence of muscle SP cells in Pax72/2 mice Cell Technologies) for 14 days.
has important implications for the origin of satellite cells
and the mechanism responsible for their self-renewal.

FACSSP cells may form a reservoir of satellite cell progenitors,
Hoechst staining and FACS analysis were performed essentially aswhich differentiate into myogenic satellite cells during
described previously (Goodell et al., 1996). FACS was performedthe latter stages of embryonic muscle development and
on a Becton-Dickinson FacStar flow cytometer equipped with dualpersist in adult skeletal muscle to maintain steady-state
lasers. Hoechst dye was excited at 350 nm, and its fluorescence

numbers of satellite cells. In addition, it remains possible was measured at two wavelengths using a 424BP44 filter (blue emis-
that satellite cells themselves undergo self-renewal or sion) and a 650LP filter (red emission). A 640 DMSP mirror was used
that myogenic precursor cells de-differentiate to con- to separate wavelengths.
tribute to the satellite cell population.

Recent work suggests that satellite cells are derived
Immunocytochemistry and Electron Microscopyfrom endothelial precursors associated with the embry-
Primary cell cultures or colonies picked from methocult mediumonic vasculature (De Angelis et al., 1999). Therefore, an
were fixed and stained as described elsewhere (Sabourin et al.,interesting possibility is that progenitors associated with
1999) using anti-c-Met SP260 (Santa Cruz), anti-desmin DE-U-10the embryonic vasculature either directly or indirectly
(DAKO), anti-mouse Ly-6G (clone RB6-8C5) (Pharmingen), anti-give rise to satellite cells at embryonic times, which
mouse integrin aM (M1/70) (Pharmingen), and MF20 mAb (anti-MHC).reflects the vascularization of the tissue. Moreover, pu-

Gastrocnemius muscle was prepared for TEM by overnight fixa-
tative vasculature-associated precursors may continue tion at 48C in 2% gluteraldehyde/0.1 M cacodylate (pH 7.4) and
to give rise to pluripotent stem cells in adult muscle. processed using standard procedures as described by Kablar

The pluripotent nature of adult stem cells isolated (1995). Randomly chosen fields were viewed with a Jeol 1200EX
from diverse tissues raises the possibility of combined Biosystem TEM. Diaphragm and tibialis anterior muscles were pre-
gene and stem-cell therapy for a variety of degenerative pared for HE staining as described by Bancroft and Stevens (1990).
diseases, including muscular dystrophy. For example,
ectopic expression of Pax7 and dystrophin in pluripoten-
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