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Muscle wasting (cachexia) is an incurable complication associated with chronic infection and cancers that
leads to an overall poor prognosis for recovery. Tumor necrosis factor-� (TNF�) is a key inflammatory
cytokine associated with cachexia. TNF� inhibits myogenic differentiation and skeletal muscle regeneration
through downstream effectors of the p53 cell death pathway including PW1/Peg3, bax, and caspases. We report
that p53 is required for the TNF�-mediated inhibition of myogenesis in vitro and contributes to muscle
wasting in response to tumor load in vivo. We further demonstrate that PW1 and p53 participate in a positive
feedback regulatory loop in vitro. Consistent with this observation, we find that the number of
PW1-expressing stem cells in skeletal muscle declines significantly in p53 nullizygous mice. Furthermore,
gene transfer of a dominant-negative form of PW1 into muscle tissue in vivo blocks myofiber atrophy in
response to tumor load. Taken together, these results show a novel role for p53 in mediating muscle stem cell
behavior and muscle atrophy, and point to new targets for the therapeutic treatment of muscle wasting.
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Severe muscle wasting (cachexia) is a frequent compli-
cation associated with a wide variety of chronic diseases
and accounts for ∼40%–50% of cancer patient morbidity
(Tisdale 2002). It is therefore crucial to identify regula-
tory proteins that may serve as pharmacological/gene
therapy targets (Muscaritoli et al. 2004). Cachexia is
characterized by a drastic loss of body weight due to a
complete loss of fat and profound loss of skeletal muscle
mass (Tisdale 2002). Cachexia is accompanied by el-
evated circulating levels of inflammatory cytokines, in-
cluding tumor necrosis factor-� (TNF�), interleukin-1
(IL-1) and IL-6, as well as tumor-derived factors such as
proteolysis-inducing factor (PIF) (Todorov et al. 1999;
Reid and Li 2001). TNF� (originally referred to as cachec-
tin) plays a pivotal role in mediating muscle wasting by
enhancing sarcomere dismantling and protein degrada-
tion (Tisdale 2001). The increased muscle protein break-
down observed in cachexia is mediated by a proteasome-
dependent pathway. Recently, two muscle-specific E3
ubiquitin–protein ligases, atrogin-1/MAFbx and Murf,
have been reported to be involved in skeletal muscle
atrophy (Bodine et al. 2001; Gomes et al. 2001). The in-
duction of atrogin-1 in atrophic muscle is dependent on
activation of Foxo transcription factors (Sandri et al.
2004).

We and others have demonstrated that TNF� inhibits
myogenesis in vitro (Miller et al. 1988; Szalay et al. 1997;
Guttridge et al. 2000; Coletti et al. 2002), and recently
we extended these observations to regenerating muscle
in vivo (Coletti et al. 2005). It is well established that
TNF� exposure leads to the activation of NF�B (Israel
2000). Several reports suggest that TNF� exposure leads
to a down-regulation of the myogenic factors MyoD and
myogenin (Szalay et al. 1997) through an unusual mecha-
nism in which NF�B activation leads to the degradation
of MyoD transcripts (Guttridge et al. 2000). In addition,
NF�B activation has been reported to inhibit muscle dif-
ferentiation by induction of cyclin D1 as well as induce
cachexia when constitutively activated in transgenic
mice (Guttridge et al. 1999; Cai et al. 2004). The func-
tional link between the effects of TNF� on muscle stem
cells and subsequent myofiber atrophy remains unre-
solved. One plausible model is that a prolonged block of
muscle regeneration and/or block of stem cell recruit-
ment into mature myofibers contributes to muscle wast-
ing. Indeed, it has been reported that muscle atrophy
involves a loss of muscle precursor cells (Mitchell and
Pavlath 2004).

After birth, muscle stem cells appear as quiescent,
mononuclear cells immediately adjacent to the myofi-
bers under the basal lamina (“satellite cells”) (Mauro
1961). Satellite cells play a pivotal role in postnatal
growth and regeneration (for review, see Charge and
Rudnicki 2004). Deregulation of satellite cell function or
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number leads to a failure in postnatal growth and muscle
atrophy (Garry et al. 2000; Seale et al. 2000; Nicolas et al.
2005). The mechanisms underlying muscle stem cell
specification and maintenance are beginning to be un-
raveled. Pax7 is a member of the paired-homeobox do-
main family of transcription factors that plays a crucial
role in establishing and/or maintaining satellite cells
(Seale et al. 2000; Olguin and Olwin 2004; Oustanina et
al. 2004; Zammit et al. 2004). Mice deficient for Pax7
show severe defects in postnatal muscle growth coupled
with an inability to sustain a population of satellite cells
(Seale et al. 2000). We recently reported that a p53 gene
target, PW1, is constitutively expressed in muscle satel-
lite cells as well as a subset of muscle interstitial cells
(Nicolas et al. 2005). Transgenic mice expressing a trun-
cated dominant-negative form of PW1 (�PW1) under the
myogenin promoter show a failure in postnatal muscle
growth reminiscent of the Pax7 mutant phenotype
(Nicolas et al. 2005). �PW1 transgenic mice show in-
creased levels of atrogin-1 and a deregulation of satellite
cells, which accumulate as clusters under the basal
lamina (Nicolas et al. 2005). These observations support
the hypothesis that muscle stem cells are critical for
muscle homeostasis, although the mechanism of how
perturbation of stem cells trigger fiber atrophy remains
unresolved.

The p53 tumor suppressor protein responds to cellular
stress by inducing cell cycle arrest or apoptosis (Vousden
2000; Vousden and Woude 2000). p53 activation is di-
rectly linked to cellular senescence (Itahana et al. 2001),
and several mouse models have shown that p53 is a
mediator of organismal senescence (Chin et al. 1999; Ru-
dolph et al. 1999; Vogel et al. 1999; Lim et al. 2000; Maier
et al. 2004). p53 nullizygous (p53−/−) mice are highly sus-
ceptible to early onset of cancer but otherwise show an
overtly normal phenotype. Any resistance to aging of the
organism is presumably masked by early death associ-
ated with a high rate of lethal tumors. Many studies
support the hypothesis that p53 plays a role during dif-
ferentiation and development of specific lineages includ-
ing skeletal myogenesis (Soddu et al. 1996; Tamir and
Bengal 1998; Porrello et al. 2000). In the case of skeletal
muscle, a well-understood cascade of molecular events
directs the reprogramming of myogenic stem cells from
proliferation-associated gene expression to myofiber-spe-
cific gene expression (Walsh and Perlman 1997). The up-
regulation of cyclin-dependent kinase inhibitor p21 and
inactivation of Cdk activity results in hypophosphoryla-
tion of retinoblastoma protein (pRb), which is critical for
cell cycle arrest (Walsh and Perlman 1997), whereas p21
is induced by the myogenic factor MyoD (Halevy et al.
1995). p53 is activated during myogenic differentiation
and participates with MyoD to promote myogenesis
(Weintraub et al. 1991; Tamir and Bengal 1998) by up-
regulating pRb (Porrello et al. 2000). Nonetheless, p53
expression is not essential for muscle development since
p53−/− mice develop overtly normal skeletal muscle
(Donehower et al. 1992) and show normal muscle regen-
erative capacity (White et al. 2002; our unpublished ob-
servations). We demonstrated previously that TNF� in-

hibits myogenesis by activating the bax–caspase 9 path-
way through PW1 (Coletti et al. 2002). Bax and caspases
are key targets in the p53-mediated cell death pathway
(for review, see Schuler and Green 2001). We showed
that PW1 is induced by p53 in the apoptotic pathway in
murine fibroblasts (Relaix et al. 2000). In addition, PW1
associates with at least two other p53 gene targets,
SIAH-1 and bax, which induce cell death when coex-
pressed with PW1 (Deng and Wu 2000; Relaix et al.
2000). Forced expression of PW1 alone is sufficient to
trigger bax translocation to the mitochondria, which is a
key event in the p53-mediated cell death pathway (Deng
and Wu 2000).

In addition to a role in the p53 pathway, PW1 partici-
pates in the TNF�–NF�B activation pathway via physi-
cal interaction with TRAF2 (TNF� receptor-associated
factor 2) (Relaix et al. 1998). �PW1 blocks TNF�-medi-
ated NF�B activation as well as p53-mediated apoptosis,
implicating a pivotal role in mediating both the p53 and
TNF� pathways (Relaix et al. 1998, 2000). We originally
identified PW1 in a screen for genes involved in the me-
sodermal to skeletal muscle commitment prior to the
overt expression of the MyoD family of muscle tran-
scription factors (Relaix et al. 1996). PW1 expression ini-
tiates in the early embryonic mesoderm and is down-
regulated in all mesodermal tissues as they differentiate;
however, PW1 expression is maintained in a subset of
postnatal muscle interstitial and satellite cells (Relaix et
al. 1996; Nicolas et al. 2005). While expression of PW1 is
not restricted to satellite cells, we note that all primary
myoblasts and all myogenic cell lines examined to
date—with the exception of the F3 line—express high
levels of PW1, whereas fibroblasts express PW1 uniquely
upon induction of p53-mediated cell death (Relaix et al.
1996, 2000; Coletti et al. 2002).

The observation that PW1 is expressed in muscle stem
cells and mediates both intrinsic and extrinsic cell stress
pathways led us to investigate whether p53 plays a role
in the TNF� response in skeletal muscle. Mice carrying
mutations that lead to a chronic activation of intrinsic
cell stress responses such as defects in DNA repair
mechanisms show severe muscle atrophy similar to
what occurs in the presence of chronically elevated
TNF� levels (Nussenzweig et al. 1996). Expression of
�PW1 in myogenic stem cells in vivo leads to severe
muscle atrophy bearing the molecular hallmarks of ca-
chexia (Nicolas et al. 2005). Lastly, muscle wasting is
observed after radiotherapy in rodents, and the p53 target
gene, p21, is expressed at elevated levels in aged human
muscle (Persons et al. 2001; Welle et al. 2004). Taken
together, these data suggest a mechanistic link between
p53-mediated cell stress and muscle atrophy. Here we
demonstrate that the TNF�-mediated inhibition of myo-
genic differentiation is p53 dependent through a PW1-
mediated pathway. p53 is expressed in muscle stem cells
and loss of p53 function alters muscle stem cell number.
p53−/− mice are less susceptible to TNF�-mediated cachex-
ia, highlighting the importance of p53 for muscle homeo-
stasis. Our data reveal a novel role for p53 and its effector
PW1 in mediating stem cell balance and muscle atrophy.
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Results

p53 is expressed in myogenic cells and is required for
TNF�-mediated inhibition of muscle differentiation

We reported previously that TNF� blocks myogenic dif-
ferentiation and that this block requires the p53 target
gene product, PW1. We further observed that the TNF�-
mediated block of myogenesis requires additional p53
effectors, including bax and caspase 9 (Coletti et al.
2002). To test whether p53 directly participates in the
TNF�-mediated myogenic block, we first derived pri-
mary muscle cultures from p53+/+ and p53−/− mice to
characterize p53 expression in normal myogenic cells.
Primary cultures consist of a mixture of myoblasts and
nonmuscle cells (“fibroblasts”); however, myoblasts can
be identified by the expression of the myogenic factor,
MyoD1, which is not expressed in fibroblasts (Megeney
et al. 1996; Seale et al. 2004). Immunostaining for both
MyoD1 and p53 revealed coexpression of MyoD and p53
in primary cultures obtained from p53+/+ skeletal
muscle, demonstrating that p53 is specifically expressed

in cells committed to the myogenic fate, whereas p53 is
not expressed in cells that do not express MyoD (Fig. 1A).
We note that p53−/− myoblasts express MyoD, demon-
strating that p53 function is not required for myogenic
potential in vitro (Fig. 1A). Indeed, p53−/− myoblasts ef-
ficiently form multinucleated myotubes expressing
myosin heavy chain (MHC) (Fig. 1B). We conclude that
p53 serves as a reliable marker for myogenic cells but is
not required for myogenic stem cell identity. Moreover,
p53−/− myoblasts showed robust differentiation in the
presence of TNF�, whereas wild-type myoblasts were
markedly inhibited in the presence of TNF� (Fig. 1B,C).
Not unexpectedly, p53−/− myoblasts exhibited higher
rates of proliferation as compared with p53+/+ myoblasts.
In addition, p53−/− myoblasts expand immediately upon
plating, whereas p53+/+ myoblasts typically take more
than a week before they reach appreciable rates of pro-
liferation, presumably due to “culture shock,” which
may reflect a p53-dependent process. These observations
raised the possibility that standard primary culture con-
ditions select for qualitatively different lineages of myo-
genic cells or cells with selected proliferation capacities.

Figure 1. p53 is expressed in myogenic
cells and is required for TNF�-mediated in-
hibition of differentiation. (A) Myogenic
cells were identified in primary muscle cul-
ture from p53+/+ and p53−/− mice by immu-
nostaining for MyoD (green). Immunostain-
ing for p53 (red) in p53+/+ cells reveals colo-
calization with MyoD-positive cells. p53−/−

cell cultures were tested to verify the speci-
ficity of p53 detection. Nuclei were visual-
ized by DAPI staining (blue). Bar, 5 µm. (B)
Primary muscle cultures from p53+/+ and
p53−/− mice were differentiated in the pres-
ence or absence of TNF� as indicated. MHC
(green) was used to determine biochemical
differentiation. TNF� blocks differentia-
tion of p53+/+ myogenic cells, whereas
p53−/− myogenic cells differentiate regard-
less of treatment. Nuclei were visualized by
DAPI staining (blue). Bar, 10 µm. (C) Quan-
titative analysis of myogenic differentia-
tion (% differentiation) of cells treated as
described for B. TNF� treatment does not
block differentiation of p53−/− myogenic
cells. The values are presented as
mean ± SD of at least three independent ex-
periments. (*) p < 0.01 by Student’s t-test.
(D) Confluent C2C12 cultured in DM with
or without TNF� and/or the p53 inhibitor
Pifithrin, as indicated. Immunolocalization
of myosin was used as a marker of myo-
genic differentiation. C2C12 cells do not
differentiate in the presence of TNF�. Dif-
ferentiation is restored in the presence of
Pifithrin. The final density of cells shown
in D are close to confluence; however, only
myotubes are stained. Bar, 30 µm. (E) Quan-
titative analysis of myogenic differentiation (% differentiation) of cells treated as described for D. Inhibition of p53 by Pifithrin rescues
differentiation of C2 cells in the presence of TNF�. The values are presented as mean ± SD from at least three independent experi-
ments. (**) p < 0.01 by Student’s t-test
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To address this concern, we used C2C12 myogenic cells
that also express p53 (Latella et al. 2004; data not shown)
and assayed differentiation in the presence or absence of
the p53 inhibitor Pifithrin (Komarov et al. 1999) in com-
bination with TNF�. As previously observed, TNF�
treatment blocks myogenesis (Fig. 1D,E). Treatment
with Pifithrin alone does not interfere with differentia-
tion (Fig. 1D,E). In contrast, treatment with Pifithrin res-
cues muscle differentiation in the presence of TNF�. We
conclude that p53 activity is required in the TNF�-me-
diated block of myogenesis, as demonstrated with both
genetic and pharmacological approaches.

p53 activation blocks myogenesis
in a PW1-dependent manner

The observation that p53 and a p53 target gene (PW1) are
required for the effects of TNF� on myogenesis suggests

direct interaction and consequently coexpression of
these two gene products in myoblasts. Immunostaining
reveals that p53 and PW1 colocalize in the nuclei of pri-
mary myoblasts (Fig. 2A). To test whether p53 can me-
diate myogenesis through p53-dependent cell stress re-
sponse pathways, we treated C2C12 cells with the DNA-
damaging agent Doxorubicin and evaluated subsequent
myogenic differentiation. As reported by others
(Kurabayashi et al. 1993, 1994), we found that Doxoru-
bicin treatment was sufficient to inhibit muscle differ-
entiation (Fig. 2B,C). Since our previous studies revealed
that PW1 acts downstream in the p53 cell stress re-
sponse, we examined F3 myoblasts that do not express
PW1 under any conditions (Coletti et al. 2002). In con-
trast to C2C12 cells, we note that F3 differentiation is
not inhibited in the presence of Doxorubicin (Fig. 2B,C).
Identical results were obtained using another p53 acti-
vator Etoposide (see Puri et al. 2002; data not shown).
Forced expression of a GFP-PW1 fusion construct in F3

Figure 2. PW1 confers p53 sensitivity in
myogenic cells. (A) Immunolocalization of
PW1 (green) and p53 (red) in proliferating
primary myoblasts showing coexpression
in vitro. Nuclei were visualized by DAPI
(blue). Bar, 20 µm. (B) Myogenic cells cul-
tured in DM in the presence or absence of
Doxorubicin. Immunohistochemistry of
myosin shows that C2C12 (PW1-express-
ing) cells do not differentiate in the pres-
ence of Doxorubicin. In contrast, F3 cells
(PW1 negative) differentiate regardless of
treatment. Bar, 30 µm. (C) The myogenic
potentials of C2C12 and F3 cells cultured
as shown in B were evaluated by quanti-
tative analysis of myogenic differentiation
(% differentiation). F3 cells are resistant to
genotoxic stress-mediated inhibition of
differentiation. Values are expressed as the
mean ± SD of at least three independent
experiments. (**) p < 0.01 by Student’s t-
test. (D) F3 cells were transfected with ei-
ther EGFP or PW1-GFP expression vector
and induced to differentiate in the pres-
ence or absence of Doxorubicin. Myosin
(red) was immunostained to assess differ-
entiation in cells expressing either EGFP
(green) or PW1-GFP (green). Nuclei were
visualized by DAPI staining (blue). (Top
panels) Ectopic PW1 expression in F3 cells
does not affect differentiation. (Middle
panels) F3 cells transfected with EGFP dif-
ferentiate in the presence of Doxorubicin.
(Bottom panels) In contrast, virtually all
F3 cells expressing PW1-GFP fail to differ-
entiate in the presence of Doxorubicin.
Only PW1-negative F3 cells are myosin
positive upon Doxorubicin treatment as
shown in the middle and bottom panels.
Bar, 15 µm.
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cells has no effect on F3 differentiation (Fig. 2D, top
panel); however, GFP-PW1-expressing cells poorly differ-
entiate in the presence of Doxorubicin as compared with
cells that were transfected with GFP alone (3% vs. 36%
of differentiation) (Fig. 2D). These data indicate that PW1
expression blocks myogenesis in response to p53-medi-
ated cell stress.

PW1 regulates p53 expression and activity

While we previously demonstrated that p53 can induce
PW1 expression de novo in fibroblasts, the situation in
myoblasts appears different. The observation that p53
and PW1 colocalize in muscle cells, and that PW1 is
necessary for p53-mediated cell stress responses in myo-
blasts, suggests that PW1 positively regulates p53 ex-
pression and activity. We therefore examined p53 expres-
sion following forced expression of GFP or GFP-PW1 in
fibroblasts that do not normally express PW1 or exhibit
elevated levels of p53 except under cell stress conditions
(Relaix et al. 2000). We detected a significant increase in
nuclear p53 localization in cells overexpressing PW1 as
compared with cells transfected with EGFP alone (Fig.
3A,B). Using the luciferase gene reporter under control
of the p21 promoter containing p53-binding sites, we
show that PW1 expression leads to bona fide p53 activa-
tion (transcriptional activity) (Fig. 3C). To investigate
whether endogenous PW1 regulates endogenous p53 ac-
tivity in myogenic cells, we cotransfected C2C12 cells
with the dominant-negative �PW1 construct and the

p21–luciferase reporter construct. �PW1 expression re-
sults in a down-regulation of the p21–luciferase pro-
moter activity (Fig. 3D). We conclude that PW1 activates
p53, and that p53 is constitutively active in myogenic
cells.

p53 mediates skeletal muscle atrophy

Our data reveal regulatory cross-talk between the TNF�
pathway, which is known to mediate muscle atrophy,
and a p53 pathway in myogenic cells in vitro. To deter-
mine if this relationship exists in vivo, we tested
whether p53+/+ and p53−/− mice show a difference in
muscle atrophy in response to tumor load. We used the
established C26 tumor graft model of cancer-associated
cachexia that induces a pronounced elevation of circu-
lating inflammatory cytokines (Tanaka et al. 1990;
Sturlan et al. 2002). Since p53−/− mice develop tumors
between 3 and 6 mo of age (Donehower et al. 1992; Jacks
et al. 1994; Tyner et al. 2002), we used young (7 wk) mice
that were analyzed at 10 wk of age—well before the on-
set of spontaneous tumor occurrence. We nonetheless
performed biopsies on all of the mice at the end of the
experiment to monitor for spontaneous tumor forma-
tion. We first observed that weight loss in response to
tumor load was more pronounced in p53+/+ as compared
with p53−/− mice (data not shown). However, loss of body
weight that occurs in cachectic subjects has multiple
causes, stemming from diminished appetite and fat loss,

Figure 3. PW1 up-regulates p53 expres-
sion and activity. (A) Immunofluorescence
analysis of p53 expression in 10T1/2 fibro-
blasts. 10T1/2 cells were transfected with
either EGFP or PW1-GFP expression vector
(PW1-GFP) followed by immunolocaliza-
tion of p53 (red). Nuclei were visualized by
DAPI staining (blue). The results were sub-
jected to quantitative analyses as shown
below in B. Bar, 5 µm. (B) Quantification of
p53-labeled 10T1/2 cells reveals a signifi-
cant increase in p53-positive cells follow-
ing PW1-GFP transfection. The values are
the mean ± SD of 100–200 transfected cells
in three independent experiments. (**)
p < 0.01 by Student’s t-test. (C) Quantifica-
tion of p53 activity using the p21–lucifer-
ase reporter construct. 10T1/2 cells trans-
fected with PW1 show an increase in p53
transcriptional activity as compared with
control (mock)-transfected 10T1/2 cells.
Luciferase activity was normalized for
transfection efficiency with a cotrans-
fected RFP expression construct (see Mate-
rials and Methods) (**) p < 0.05 by Stu-
dent’s t-test. (D) C2C12 cells transfected
with the dominant-negative PW1 (�PW1)
show a decrease in p53 transcriptional activity as compared with C2C12 cells transfected with control vector (mock). Luciferase
activity was normalized for transfection efficiency as described above and in Materials and Methods. (**) p < 0.05 by Student’s t-test.
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as well as skeletal muscle wasting. We therefore re-
stricted our analyses to skeletal muscle responses to tu-
mor load. Previous studies have shown a difference in
response to atrophic stimuli between fiber types (Des-
planches et al. 1987). Transverse cryosections at the mid-
belly of Tibialis anterior (TA) muscle were collected and
stained for NADH to distinguish between fast and slow
fibers. As shown in Figure 4A, different fiber types can be
readily distinguished. A fiber cross-section area was sub-
jected to a two-way ANOVA (analysis of variance) to
assess the effects of genotype and tumor load individu-
ally as well as their potential interaction. These analyses
reveal that tumor load has a highly significant effect on
fiber size (p < 0.0001, F value = 81.62) regardless of phe-
notype. We also note a weaker effect of genotype on fiber
size in that p53−/− fibers are slightly smaller at 10 wk of
age as compared with p53+/+ mice, regardless of tumor
load (p = 0.02, F value = 5.74). Importantly, we find that
the p53 genotype is a very significant factor in muscle
fiber size in response to tumor load (p = 0.0003, F
value = 16.85). In order to eliminate the variation due to
genotype, we normalized changes in fiber size as a func-
tion of percentage change following tumor load com-
pared with control values and subjected these data to a

Student’s t-test used for post-hoc analysis (see Materials
and Methods). As shown in Figure 4B, analyses of fast
fiber sizes from both TA and gastrocnemius (GA) reveal
a significant decrease in p53+/+ tumor-bearing mice as
compared with p53+/+ controls, whereas p53−/− mice
show a markedly reduced response to tumor load. We
note that the tumor-induced atrophy is significantly
higher in p53+/+ mice when directly compared with
p53−/− mice. p53+/+ mice undergo an average loss of 52%
in fiber size in response to tumor load as compared with
p53−/− mice, which show only an average loss of 26%
(see Fig. 4B). We also compared changes in slow fibers as
shown in Figure 4C. ANOVA was similarly performed
for these data, revealing that tumor load causes a de-
crease in slow fiber size (p < 0.0001, F value = 54.85). In
contrast to our findings with fast fibers, genotype has
no significant effect on slow fiber size (p > 0.05, F
value = 3.95). We note that tumor load shows a signifi-
cant interaction with genotype, affecting the final slow
fiber size outcome (p < 0.05, F value = 4.82). In p53+/+

mice, there is an average reduction of 38% in slow fiber
size due to tumor load in contrast to an average reduc-
tion of 25% in p53−/− mice (Fig. 4C). We note that loss of
p53 has a less pronounced effect on changes in slow fiber

Figure 4. p53 regulates cancer-associated
cachexia. (A) Representative photomicro-
graphs of cross-sections from TA removed
3 wk following tumor grafting (+C26) or
sham surgery (control). Sections were
stained for NADH activity to identify fast
(light staining) and slow (dark staining) fi-
bers. Bar, 60 µm. (B) Changes in fast fiber
sizes resulting from tumor graft (+C26) in
p53+/+ (O) and p53−/− (X) mice. Data are
represented as percentage of change from
the mean value of controls as compared
with values obtained from tumor-bearing
mice within genotypic groups (p53+/+ and
p53−/−). In tumor-bearing p53+/+ mice, the
average fiber size decreases to 48% of con-
trol values (SD = 15%; p < 0.000005 by
Student’s t-test). In contrast, fast fiber size
in tumor-bearing p53−/− mice shows a less
marked decrease to an average value of
74% of control values (SD = 17%;
p < 0.001 by Student’s t-test). The decrease
in fiber size due to tumor load is signifi-
cantly more pronounced in p53+/+ mice as
compared with p53−/− mice (p < 0.005 by
Student’s t-test). (C) Changes in slow fiber
size resulting from tumor implant (+C26)
in p53+/+ (O) and p53−/− (X) mice. All com-
parisons were performed as described for

B. In tumor-bearing p53+/+ mice, fiber size declines to an average value of 62% of control values (SD = 13%; p < 0.00002 by Student’s
t-test). In contrast, fiber size in p53−/− tumor-bearing (+C26) mice declines to an average value of 75% of control values (SD 17%;
p < 0.0005 by Student’s t-test). We note that loss of p53 has a less pronounced effect on changes in slow fiber size due to tumor load
(p = 0.08) as compared with fast fibers (p < 0.005, see B). (D) Northern blot analysis for atrogin-1 transcripts (arrows) in p53+/+ and p53−/−

muscles following (sham surgery, —) or tumor load (+C26). (Top and bottom panels) Mice subjected to sham surgery do not express
detectable levels of atrogin-1. (Top and bottom panels) Following tumor implantation, p53+/+ mice show a marked up-regulation of
atrogin-1, whereas p53−/− mice show only a modest increase in transcript levels. (Middle panel) GAPDH was used as a loading control.
(Bottom panel) Densitometric analysis of total atrogin transcript levels are presented normalized against GAPDH, revealing a dimin-
ished increase in atrogin expression in p53−/− muscle as compared with p53+/+ muscle following tumor load.
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size due to tumor load (p = 0.08) as compared with fast
fibers (p < 0.005; see Fig. 4B).

The molecular signature of cachexia-associated
muscle fiber atrophy is elevated expression of atrogin-1
(Fig. 4D). As expected, control p53+/+ and p53−/− muscle
showed nearly undetectable levels of atrogin-1 (Fig. 4D).
In response to tumor load, atrogin-1 levels are dramati-
cally up-regulated in p53+/+ muscle, whereas this up-
regulation is attenuated in p53−/− muscle (Fig. 4D). Den-
sitometric measurements of atrogin-1 levels normalized
to GAPDH levels show a >75% reduction in atrogin-1
levels in p53−/− mice as compared with p53+/+ mice fol-
lowing tumor load (Fig. 4D). Taken together, these data
reveal that p53 function mediates muscle atrophy in re-
sponse to tumor load in vivo.

p53 levels affect muscle stem cell populations

Previous studies by our laboratory and others reveal a
strong correlation between postnatal muscle growth and
maintenance of muscle stem cell number (Garry et al.
2000; Seale et al. 2000; Mitchell and Pavlath 2004; Co-
letti et al. 2005; Nicolas et al. 2005). Given that Pax7 and
PW1 identify muscle stem cells, we examined their ex-
pression in 2-wk-old muscle from p53+/+ and p53−/−

mouse hindlimbs. Tissue sections were also stained for
laminin and the nuclei were stained with 4�,6-Diami-
dino-2-phenylindole (DAPI) to allow for the normaliza-
tion of labeled cells (nuclei) to muscle fiber number (Fig.
5A,B). While we observed no change in the overall dis-
tribution pattern of PW1 and Pax7 in p53+/+ as compared
with p53−/− hindlimb muscles (Fig. 5A), we observed a
twofold decrease in the number of PW1- and Pax7-posi-
tive cells in p53−/− muscle as compared with wild type
(Fig. 5A,B). We note a potential trend in larger fiber sizes
in 2-wk-old p53−/− mice as compared with p53+/+ mice;
however, careful analysis of this fails to reveal a statis-
tically significant difference (data not shown).

We have shown here that p53 is readily detected in
primary myoblasts (Fig. 1A); however, we do not detect
significant levels of p53 expression in postnatal muscle
in vivo (data not shown). If p53 plays a role in myogenic
cells in vivo, we would expect to observe p53 expression
in myogenic cells in muscle tissue. Since PW1 as well as
Pax7 are difficult to detect in adult muscle in the ab-
sence of stress or injury, we extended our analysis to
regenerating skeletal muscle. Five days after focal injury
of adult muscle, we observed strong expression of PW1
and p53 in the regenerating regions (Fig. 5C). Further-
more, as observed in primary myoblasts in vitro, p53

Figure 5. p53 regulates myogenic stem cell number and colocalizes with PW1 in vivo. (A) Photomicrographs of representative
cross-sections of 14-d-old hindlimb muscles from p53+/+ and p53−/− mice immunostained for PW1 (green), Pax7 (red), and laminin
(orange). Nuclei were counterstained with DAPI (blue). We note that very few cells are positive for PW1 and Pax7 in the p53−/− muscles
as compared with the wild type (p53+/+). Bar, 15 µm. (B) Quantification of PW1- and Pax7-positive cells per 100 fibers from sections
as shown in A. p53−/− muscles show a statistically significant decrease in PW1- and Pax7-positive nuclei as compared with p53+/+. At
least 100 fibers per randomly chosen field for each individual were counted and the mean value ± SD was calculated from at least three
animals per genotype. (*) p < 0.05 by Student’s t-test. (C) Representative cross-sections of adult muscle 5 d after focal injury immu-
nostained for PW1 (green) and p53 (red) and processed with DAPI (blue) to visualize nuclei. We note that both single cells (red arrow)
and myonuclei (centrally located; indicated by white arrow) show expression of p53 during the regenerative myogenic response. We
further note coexpression of p53 and PW1 in centrally located nuclei (white arrows) as well as in cells outside the muscle fibers (red
arrows). Bar, 15 µm.

Schwarzkopf et al.

3446 GENES & DEVELOPMENT



colocalizes with PW1 in undifferentiated cells infiltrat-
ing the regenerating area (Fig. 5C) and in centrally lo-
cated nuclei that are typical of newly regenerated fibers
(Fig. 5C).

PW1 mediates muscle atrophy

Our data reveal a role for PW1 and p53 in mediating the
effects of TNF� on myogenesis in vitro as well as a role
for p53 in mediating muscle atrophy in vivo. To test
whether PW1 directly participates in muscle atrophy in
vivo, we delivered the GFP-�PW1 dominant-negative ex-
pression vector to adult TA skeletal muscle using elec-
troporation-mediated gene transfer in control and tumor-
implanted mice. Gene delivery was performed as previ-
ously described (Coletti et al. 2005), and transfected
fibers were compared with fibers transfected with the
GFP expression construct as an internal control. Expres-
sion of the GFP construct in electroporated muscle was
visualized by fluorescent microscopy in combination
with immunostaining for laminin to visualize fibers and
DAPI to identify nuclei (Fig. 6A). In the absence of tumor
load, the nuclear expression of �PW1 or GFP alone did
not significantly affect fiber size (Fig. 6A,B). The atrophic
response to the tumor presence was greatly attenuated in
�PW1-expressing fibers, whereas SNAP-GFP-expressing
fibers showed significant fiber size reduction in response
to tumor load (Fig. 6A,B). We conclude that PW1 is re-
quired for the p53-dependent cachectic response to occur
in skeletal muscle.

Discussion

It is widely recognized that cachexia diminishes the
quality of life as well as the prognosis for recovery from
cancer and other chronic disease (Inui 2002). Cellular
mechanisms underlying cachexia include increased
muscle protein breakdown and impaired satellite cell
function (Glass 2003a,b; Dasarathy et al. 2004). TNF� is
one of the major cytokines implicated in triggering ca-
chexia and has been demonstrated to provoke an up-

regulation of the ubiquitin–proteasome pathway via
atrogin-1 in vitro (Li et al. 2005) and in vivo (Coletti et al.
2005). Additionally, TNF� has been shown to inhibit
skeletal muscle differentiation of myogenic cells in vitro
and in vivo (Miller et al. 1988; Szalay et al. 1997; Gut-
tridge et al. 2000; Langen et al. 2004). We recently dem-
onstrated that elevated levels of TNF� result in both
cachexia and inhibition of muscle regeneration follow-
ing experimentally induced injury in vivo, raising the
possibility that TNF�-induced muscle wasting involves
impaired myogenic stem cell function (Coletti et al.
2005). This proposed mechanism is consistent with re-
sults demonstrating that the inhibition of TNF� activity
slows the breakdown of dystrophic muscle and improves
regeneration and recovery in dystrophic (mdx) mice
(Grounds and Torrisi 2004). Indeed, a recent study has
provided a direct functional link between the process of
muscle atrophy and the maintenance of muscle integrity
through dystrophin function in mdx mice (Acharyya et
al. 2005).

TNF� inhibits muscle differentiation through activa-
tion of components of the p53-dependent cell death path-
way, including bax, caspase 9, and PW1/Peg3 (Coletti et
al. 2002). In nonmuscle cells (fibroblasts) in which PW1
is not constitutively expressed, p53 activates PW1, bax
translocation to mitochondria (Deng and Wu 2000), and
caspase activation (Relaix et al. 2000). Therefore, PW1
provides a mechanistic link between the TNF� signaling
and the p53 apoptotic pathway. These observations sug-
gest that cell death effectors play a role in the regulation
of the myogenic program (Coletti et al. 2002).

In this study we show that p53, in concert with PW1,
plays a role in cachexia by blocking muscle differentia-
tion in the presence of TNF� and regulating muscle stem
cell populations in vivo. We further demonstrate that
TNF� acts through a signaling pathway that requires p53
function to inhibit myogenic differentiation. In support
of this hypothesis, we found that Pifithrin, a p53 inhibi-
tor shown to protect from the side effects of cancer
therapy such as weight loss and muscle atrophy (Koma-
rov et al. 1999), can reverse the inhibitory effect of TNF�
on muscle differentiation. Doxorubicin treatment of

Figure 6. PW1 modulates fiber atrophy in response
to tumor load. (A) Representative sections of TA
electroporated with SNAP-GFP (green) or �PW1-
GFP (green) from tumor-bearing (+C26) or control
(sham-operated) mice. The basal lamina was visual-
ized by laminin immunofluorescence (red), and nu-
clei were counterstained with DAPI (blue). SNAP-
GFP appears throughout the myofiber, whereas
�PW1-GFP fusion protein is restricted to nuclei
(white arrowheads). Bar, 30 µm. (B) Quantification of
transfected fiber cross-section area from muscles
treated as shown in A. As expected, SNAP-GFP elec-
troporated muscle fiber area decreases in response to
tumor load (+C26). In contrast, �PW1-GFP-electro-
porated fibers do not show a significant size change
in response to tumor load (+C26) as compared with
controls. The values are presented as the mean ± SD
of six animals. (*) p < 0.05 by Student’s t-test.
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myoblasts leads to p53 activation via phosphorylation
(Latella et al. 2004), and it has been shown that Doxoru-
bicin/genotoxic stress inhibits myogenic differentiation
by down-regulating MyoD and myogenin (Kurabayashi
et al. 1993, 1994; Puri et al. 2002). We show here that this
effect requires PW1. Taken together, these results imply
a fundamental role for p53 in the TNF� signaling path-
way.

Several studies suggest a role for p53 in regulating
muscle homeostasis. For example, increased p53 levels
are found in skeletal muscle during unloading-induced
muscle atrophy (Siu and Alway 2005) and in immobi-
lized rat muscle (Machida and Booth 2005), as well as in
aging skeletal muscle (Chung and Ng 2006). Under these
conditions, p53 can be localized in muscle stem cells
(satellite cells) (Machida and Booth 2004). Several in vivo
models have been developed that show that p53 plays a
crucial role in the onset of early aging phenotypes in-
cluding profound loss of muscle mass (Vogel et al. 1999;
Tyner et al. 2002; Maier et al. 2004; Varela et al. 2005). In
addition, the procachectic factor myostatin (Zimmers et
al. 2002) inhibits muscle differentiation via p21 and p53
(Joulia et al. 2003). We and others (Yarasheski et al. 2002)
have observed an increased level of myostatin with ag-
ing. Radiation therapy also provokes muscle wasting
(Persons et al. 2001), which can be blocked by chemical
inhibition of p53 (Komarov et al. 1999). Mice deficient
for a protein important for the repair of DNA double-
strand (Ku80−/−) undergo premature senescence. The se-
nescent phenotype has been previously demonstrated to
be dependent on p53 activity in cells obtained from Ku80
mutant mice (Vogel et al. 1999). Here we show that hall-
marks of cachexia, including a decline in muscle fiber
size as well as an increase in atrogin-1 transcription, are
attenuated in p53-deficient mice. Our observation that
p53-null mice are resistant to cachexia provides genetic
evidence that p53 is a key mediator of muscle wasting
and homeostasis in vivo.

PW1 was identified in a screen for novel regulatory
factors in myogenic stem cell determination (Relaix et
al. 1996) as well as in a screen for novel effectors in
p53-mediated cell death (Relaix et al. 2000). Whereas
PW1 is normally not expressed in nonmuscle cells, it is
expressed following the activation or forced expression
of p53 leading to cell death (Relaix et al. 2000). In this
context, it is curious that PW1 is constitutively ex-
pressed in myoblasts and most myogenic cell lines in
vitro even though myogenic cells appear healthy and ca-
pable of high levels of mitosis (Relaix et al. 1996; Coletti
et al. 2002). We observe that satellite cells as well as a
subset of interstitial cells express PW1 in postnatal
muscle (Nicolas et al. 2005). This expression in intersti-
tial cells is not seen in other tissue types, suggesting that
PW1 also identifies another population of cells with po-
tential stem cell properties. Unpublished results indicate
that pluripotent stem cells (mesoangioblasts) derived
from embryonic vascular tissue with pronounced myo-
genic capacity (De Angelis et al. 1999) are also positive
for PW1 (G. Marazzi and D. Sassoon, unpubl.; G. Cossu,
pers. comm.). These data lend further support to a role

for PW1 in regulating postnatal stem cells in muscle tis-
sue. We observed that p53 colocalizes with PW1 as well
as other myogenic markers including MyoD in primary
myoblasts. We note that p53 expression is as reliable an
indicator of myogenic cells as Pax7 and MyoD in pri-
mary cultures derived from wild-type postnatal muscle
even though the cells do not undergo cell death. These
observations may explain a long-accepted methodology
in preparing “enriched” populations of primary myo-
blasts in which single-cell preparations obtained from
muscle are first preplated for several hours to allow fi-
broblasts to settle, whereas nonadherent cells (myo-
blasts) are transferred to new culture plates as they ap-
pear to undergo stress-induced growth arrest. The obser-
vation that p53 is constitutively active in myoblasts and
not in fibroblasts may underlie the “slower” kinetics of
re-entry into the cell cycle of primary myoblasts in cul-
ture (i.e., “culture shock”).

We find that the number of both PW1- and Pax7-ex-
pressing cells is decreased in p53−/− mice. In addition, we
observe that PW1 overexpression induces p53 expression
and transcriptional activation in fibroblasts, while the
inhibition of PW1 pathways results in repressed p53
transcriptional activity in myoblasts. Taken together,
these data suggest that PW1 and p53 participate in a
positive feedback loop whereby elevated PW1 expression
in muscle stem cells inhibits subsequent stem cell ex-
pansion and/or maintenance. This is consistent with the
observation that impaired satellite cell functions result
in atrophy (Dasarathy et al. 2004). Disrupting normal
muscle stem cell populations can lead to compromised
postnatal growth or directly to muscle atrophy, as seen
in the Pax7−/− mice and in mice without MMF (forkhead/
winged helix protein), which is also selectively expressed
in satellite cells in adult animals (Garry et al. 2000; Seale
et al. 2000). Transgenic mice overexpressing �PW1,
which has been shown to inhibit p53-mediated path-
ways, show a deregulation of postnatal muscle stem cells
(Nicolas et al. 2005) consistent with a role for p53 regu-
lation of muscle stem cells. Taken together, the results
presented here reveal a new role for p53 in concert with
the p53 target PW1 in skeletal muscle pathology and
stem cell behavior. This study demonstrates that in ad-
dition to acting as a tumor suppressor, p53 also plays a
more global role in the organism, contributing to muscle
wasting in response to tumor load. The identification of
key effectors in this pathway may lead to the identifica-
tion of new targets for therapeutic approach in the treat-
ment of cachexia.

Materials and methods

Cells culture and transfection procedures

Primary cultures of satellite cells were obtained from 8-d-old
mouse hindlimbs and maintained in culture in high-serum me-
dium (GM) as previously described (Megeney et al. 1996; Coletti
et al. 2002). C2 and F3 myoblasts and 10T1/2 fibroblasts were
grown in GM as previously described (Coletti et al. 2002). Myo-
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genic differentiation of primary cultures and cell lines was in-
duced by shifting the medium to DMEM supplemented with
2% horse serum (DM). For differentiation experiments, cells
were plated on gelatin-coated coverslips and treated for 24 h
with 30 µM Pifithrin (Calbiochem) or 65 nM Doxorubicin (MP
Biomedicals LLC) as indicated. TNF� (Roche Molecular Bio-
chemicals) was supplemented at 20 ng/mL in GM for 8 h prior
to changing to DM supplemented with 20 ng/mL TNF�. DMSO
was used for control experiments. The medium was changed
daily for all experiments to maintain constant cytokine levels.

Cells plated on gelatin-coated coverslips were transfected
with EGFP-PW1 (kindly provided by Dr. Xiangwei Wu, Baylor
College of Medicine, Houston, TX) (Deng and Wu 2000) or EGFP
using Lipofectamine 2000 reagents according to the manufac-
turer’s instructions (Invitrogen). Cells were treated with DMSO
or 65 nmol Doxorubicin in DMSO 24 h after transfection. Cells
were allowed to grow for 2 d following transfection and then
were differentiated for 3 d. The medium was changed daily to
keep levels of Doxorubicin constant.

The human p53 reporter construct E16TATAp215�-Luc (cour-
tesy of Dr. James Manfredi, Mount Sinai Medical Center, New
York, NY) and a red fluorescent protein (RFP) construct (dsRED-
C1, BD Bioscience) were cotransfected in suspension with ei-
ther pcDNA, PW1, or �PW1-GFP in a 1:1:1 ratio, by mixing 2 µg
of each construct using Fugene transfection reagent (Roche Mo-
lecular Biochemicals). The �PW1-GFP construct was generated
from the �PW1 fragment previously identified in our laboratory
(Relaix et al. 1998) that was subcloned into the EGFP-C1 back-
bone obtained from Clontech. Following transfection, cells
were seeded in replicate dishes and were collected for luciferase
assay and fluorometric analysis or fixed for immunofluores-
cence after 24 h.

Immunohistochemistry, immunofluorescence,
and differentiation assays

Cells were grown on gelatin-coated coverslips and fixed in 4%
paraformaldehyde. Myosin was detected using the MF20 anti-
body (Developmental Hybridoma Bank of the University of
Iowa) followed by goat anti-mouse Ab and streptavidin-conju-
gated horseradish peroxidase (Jackson Laboratories) as previ-
ously described (Coletti et al. 2002). Additional assays were car-
ried out in which cells were stained with antibodies against
MHC (MF20), MyoD (Santa Cruz Biotechnology, Inc.), PW1, or
p53 (Pab 242, kindly provided by Dr. David Lane, University
of Dundee, Dundee, Scotland, UK). AlexaFluor568-conjugated
anti-mouse, AlexaFluor488-conjugated anti-rabbit, and Alexa-
Fluor488-conjugated anti-mouse (Molecular Probes) were used
as secondary antibodies. Nuclei were counterstained with
DAPI. Photomicrographs were obtained using a Zeiss Axiophot
microscope fitted with a SPOT RT Slider camera (Diagnostic
Instruments).

Quantitative analysis of differentiation was performed by de-
termining the number of nuclei in MF20-positive cells and ex-
pressing this as a percentage of the total number of nuclei in
multiple microscopic fields (% differentiation). At least 150–
300 cells from randomly chosen fields in three independent ex-
periments were analyzed.

Luciferase and fluorometric assays

Luciferase activity was assayed in duplicate by mixing 5 µL of
cell extracts with 100 µL of luciferase assay reagent (Promega).
Reporter gene expression was expressed as arbitrary units of
RFP expression normalized for transfection efficiency. Expres-
sion of RFP was assayed on the same lysates used for the lucif-

erase assay. The fluorescence of 10 µL of cell lysates (diluted in
2 mL of water) was measured in duplicate with a 558/583 Ex/Em
pair by using a luminescence spectrometer (Perkin Elmer)

Mice and cachexia mouse models

The animal models used were p53+/+ and p53−/− BALB/c mice
(The Jackson Laboratory, strain name C.129S2(b6)-
Trp53tmaTyj/J) (Jacks et al. 1994) and p53−/− C57BL/6 mice
(Taconic, strain name C57BL/6 TSG-p53) (Donehower et al.
1992).

Cachexia was induced by subcutaneous grafting of a 1-mm3

solid fragment of colon carcinoma (C26, obtained from the Na-
tional Cancer Institute) (Tanaka et al. 1990) in the back of 7-wk-
old p53−/− and p53+/+ BALB/c mice and compared with sham-
operated controls. Siblings derived from matings of heterozy-
gous couples were used for all experiments. The animals were
sacrificed 3 wk after tumor implantation, at which time the
tumor typically grew to a weight of ∼1 g. At the end of the
experiment, mice were 10 wk old, prior to the time when p53−/−

mice develop tumors (3–6 mo of age) (Jacks et al. 1994). None-
theless, heart, lung, kidney, liver, spleen, and intestine were
surveyed for the presence of metastasis and spontaneous pri-
mary tumors. No tumor was ever observed at this stage in mice
used for these experiments.

Northern blot analysis

Northern blot analysis of RNA extracted from skeletal muscle
was performed as previously described (Gomes et al. 2001; Co-
letti et al. 2005). Membranes were probed with a KpnI/PstI frag-
ment from the atrogin-1 plasmid (kind gift of Dr. Alfred Gold-
berg, Beth Israel Deaconess Medical Center, Boston, MA) and
with GAPDH probe as a loading control. Band intensity was
quantified using an Aida analysis system (Reytest). The sum of
the intensity of the three atrogin-1 bands was normalized to
GAPDH band intensity.

Muscle tissue analyses

To independently evaluate both fast and slow fiber size in the
TA and the GA, NADH transferase staining (NADH and NBT
from Roche Molecular Biochemicals) was performed on 8-µm-
thick cryosections (cross-sections in the mid-belly region of the
muscle) as described previously (Degenhardt and Sassoon 2001).
Morphometric analysis was performed on type IIb (no NADH
transferase activity–fast) and type I (strong NADH transferase
activity–slow) fibers separately, as described previously (Coletti
et al. 2005). For each muscle, average fiber size (cross-section
area) was calculated on 200–600 fibers. For each experimental
group (p53+/+ and p53−/− with and without tumor), six to 12
animals were analyzed. Both the genotype and tumor load were
considered as variables using two-way ANOVA. ANOVA was
performed using the VassarStats calculation pages (http://faculty.
vassar.edu/lowry/VassarStats.htm). Based on the ANOVA re-
sults, we then performed Student’s t-test as a post-hoc analysis,
comparing normalized fiber size changes between control and
tumor-bearing mice within genotypic groups (p53+/+ and p53−/−).
We further compared the effect of tumor bearing between the
two genotypic groups.

For immunofluorescence experiments, hindlimb muscles
from 14-d-old postnatal pups were snap frozen in isopentane-
cooled liquid nitrogen. Cryosections were post-fixed with 4%
paraformaldehyde and immunostained for PW1, Pax7 (Develop-
mental Hybridoma Bank of the University of Iowa), and laminin
(Sigma) as previously described (Nicolas et al. 2005).
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Antibody binding was visualized by using Alexa488-conju-
gated goat anti-rabbit IgG (Molecular Probes), biotin-conjugated
goat anti-mouse IgG1 specific followed by Cy3-conjugated
streptavidin (Jackson Immunoresearch), and Cy5-conjugated
goat anti-rabbit IgG (Jackson Immunoresearch). Nuclei were vi-
sualized by DAPI staining. Photomicrographs were captured us-
ing a Leica TCS-SP(UV) confocal microscope (MSSM-Micros-
copy Shared Resource Facility).

Regeneration of skeletal muscle was induced by a single
freeze–crush injury of the TA as previously described (Mc-
Geachie and Grounds 1987). For all regeneration experiments,
2-mo-old mice were used. Five days after injury, tissues were
fixed overnight in 4% paraformaldehyde, and frozen in OCT.
Cryosections were immunostained for PW1 and p53 (CM-5 Ab
kindly provided by Dr. David Lane) as described above.

In vivo gene transfer

To induce exogenous expression of DNA in skeletal muscle, we
injected 25 µg of EGFP-�PW1 into the TA of BALB/c mice, or 25
µg of pCMV-Snap25-GFP (kindly provided by Dr. Tullio Pozzan,
University of Padova, Padova, Italy) into the contra-lateral
muscle. DNA injection was immediately followed by electric
pulses delivered using 3 × 5-mm Genepaddle electrodes (BTX)
as described previously (Dona et al. 2003; Coletti et al. 2005).
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