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Abstract

We have previously reported that mice with muscular dystrophy, including mdx mice, develop
embryonal rhabdomyosarcoma (eRMS) with a low incidence after 1 year of age and that almost all
such tumours contain cancer-associated p53 mutations. To further demonstrate the relevance of
p53 inactivation, we created p53-deficient mdx mice. Here we demonstrate that loss of one or both
p53 (Trp53) alleles accelerates eRMS incidence in the mdx background, such that almost all
Trp53~/~ mdx animals develop eRMS by 5 months of age. To ascertain whether increased tumour
incidence was due to the regenerative microenvironment found in dystrophic skeletal muscles, we
induced muscle regeneration in Trp53*/* and Trp53~/~ animals using cardiotoxin (Ctx). Wild-type
(Trp53*/*) animals treated with Ctx, either once every 7 days or once every 14 days from 1 month
of age onwards, developed no eRMS; however, all similarly Ctx-treated Trp53~~ animals
developed eRMS by 5 months of age at the site of injection. Most of these tumours displayed
markers of human eRMS, including over-expression of 1gf2 and phosphorylated Akt. These data
demonstrate that the presence of a regenerative microenvironment in skeletal muscle, coupled with
Trp53 deficiency, is sufficient to robustly induce eRMS in young mice. These studies further
suggest that consideration should be given to the potential of the muscle microenvironment to
support tumourigenesis in regenerative therapies for myopathies.
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Introduction

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma of childhood and
adolescence [1]. The name ‘rhabdomyosarcoma’ comes from the presence of skeletal
muscle cells representing various stages of muscle differentiation, from mononucleated
myoblasts to multinucleated myotubes and rhabdomyoblasts, within the tumour [2].
Immunostaining for muscle proteins, particularly MyoD, myogenin and desmin, is used to
aid in differentiating RMS from other types of sarcoma [3]. While RMS often emanates
from skeletal muscle, it can also arise from tissues lacking skeletal muscle, such as the
bladder or prostate [1,4-6]. The two major subtypes of paediatric RMS are embryonal RMS
(eRMS) and alveolar RMS (aRMS). aRMS is associated with specific t(1;13)(p36;q14) or
t1(2;13)(g35;q14) chromosomal translocations between PAX7 or PAX3, respectively, and
FKHR (Forkhead in human rhabdomyosarcoma, also known as FOXQO1) [7-9], while
eRMS is associated with particular genetic deletions (eg del11p15.5 [10,11]).

A number of mouse models for aBRMS and eRMS have been made that speak to the
molecular mechanisms of RMS formation and the involvement of various oncogenes in this
process. Most aRMS models have been based on the forced expression of PAX3:FKHR or
PAX7:FKHR fusion proteins [12-15]. By contrast, a number of eRMS models have been
made implicating p53 inactivation as a primary event in oncogenesis. p53-deficient mice
expressing an activated form of HER-2/neu develop eRMS of the urinary tract (and also
salivary carcinomas) [16], p53-deficient mice made to express K-ras containing an
oncogenic mutation develop pleomorphic RMS of the lower extremities [17] and eRMS in
fish [18], p53-deficient mice with a deletion of the tumour suppressor patched 1 [19] or
suppressor-of-fused [20] develop RMS and also medulloblastoma, and p53-deficient mice
also deleted for c-Fos develop RMS of the facial and orbital regions [21]. A new study by
Keller and colleagues defines RMS variability further by showing that the incidence of
various RMS subtypes is altered depending on the types of muscle cells deleted for p53 [22].
Of particular note, deletion of p53 in differentiated myoblasts and myotubes led to exclusive
formation of eRMS, while deletion of p53 in satellite cells, the predominant regenerating
stem cell pool in muscle, led primarily to undifferentiated pleomorphic (or spindle cell)
sarcoma [22].

We have recently described eRMS formation in two different mouse models of muscular
dystrophy [23], the mdx model for Duchenne muscular dystrophy and the a-sarcoglycan-
deficient (Sgca™~) model for limb girdle muscular dystrophy 2D, after 1 year of age.
Additional studies also support an association with RMS in aged mdx mice [24,25]. In the
mdx and Sgca™~ animal models of muscular dystrophy, skeletal myofibres become
weakened by the absence of proteins within the dystrophin-associated glycoprotein complex
[26-28]. This gives rise to damage and death of skeletal myofibres. Such damage stimulates
an inflammatory response, involving macrophages and T cells, and increased proliferation of
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satellite cells, the regenerative stem cells of adult skeletal muscles [29]. Ultimately, the
differentiation and fusion of replicated satellite cells leads to the formation of new skeletal
myofibres. The late onset of eRMS in these models suggests that RMS arises from the
cumulative effects of chronic muscle regeneration.

As all of the eRMS tumours we previously studied in mdx mice had cancer-associated
mutations or deletions in p53 (Trp53) [23], we have chosen here to directly engineer p53-
deficiency into the mdx model. We present studies showing that Trp53 ~/~ mdx mice have
very high incidence and early onset of muscle-derived eRMS and that induction of muscle
regeneration is sufficient to induce robust eRMS formation in non-dystrophic p53-deficient
mice.

Materials and methods

Materials

Mice

Histology

Antibody to dystrophin (Dys1) was purchased from Nova Castra (Newcastle upon Tyne,
UK). Antibodies to Mdm2 (Sc-965), p53 (Sc-100), Rb (Sc-102), MyoD1 (Sc-760),
myogenin (Sc-576) and PTEN (Sc-6817R) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibody to desmin (H-37) was purchased from Sigma (St. Louis,
MO, USA). Antibodies to Akt (9275; phospho-threonine 308, 9271; phosphoserine 473, and
9272; Akt1-3 protein) were purchased from Cell Signaling Technology (Danvers, MA,
USA). Antibody to 1gfl (AF791) and 1gf2 (AF792) were purchased from R&D systems
(Minneapolis, MN, USA). All secondary reagents were purchased from Jackson
ImmunoResearch (West Grove, PA, USA).

Mice deleted for p53 (Trp53~/~, B6.129s2-Trp53 < tm1Tyj>/J, stock no. 002 101) and mice
deficient in dystrophin (mdx, C57BI1/10ScSn-Dmd™d%/J, stock no. 001 801) were obtained
from Jackson Laboratory (Bar Harbor, ME, USA) and bred to generate Trp53*/*, Trp53+/-,
Trp53~/~, Trp53~/~ mdx (mdx meaning mdx/mdx female or mdx/Y male), Trp53*/~ mdx
and Trp53*/* mdx animals. Mice were bred and cared for in a clean barrier facility and all
animal care and experiments were done under protocols approved by the Institutional
Animal Care and Use Committee (IACUC) at Nationwide Children’s Hospital. Only
littermates from identical crosses were compared for each experiment, with the exception of
wild-type (Trp53*/*) and mdx mice, where multiple generations were mixed for analysis.
Mice were given free access to water and food, were housed in cages with 2—4 animals/cage
and were checked daily for development of tumours.

For analysis of tumour morphology, tissue was excised after sacrifice, embedded in Optimal
Cutting Temperature (OCT, Sakura Finetek; Torrance, CA, USA) and frozen in liquid
nitrogen-cooled 2-methylbutane. Tumours were divided into quarters and each quarter
sectioned at 6-8 pum thickness on a cryostat through multiple regions. Multiple sections of
each block were stained with haematoxylin and eosin (H&E) and imaged as previously
described [23,30]. Bright-field photographs were taken using a Zeiss Axioskop 40
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microscope with AxioCamICc3 digital camera system. Immunohistochemical staining for
myogenin, MyoD and desmin was performed by the avidin—biotin complex peroxidase
method, as previously described [3,23]. Immunostaining of tumours for dystrophin, p53, Rb,
Mdmz2, 1gf1, Igf2, phospo-Ser473-Akt, phospho-Thr308-Akt, Akt and PTEN was done
much as before [23], using horseradish peroxidase species-specific secondary antibodies and
species-appropriate blocking sera.

Scoring of RMS staining and histopathology

The extent of staining or the extent of histopathology was scored in a blinded fashion with
respect to case by two independent investigators. Quantification was performed by capturing
images with a Zeiss Axioskop 40 microscope with an AxioCamICc3 camera system
microscope. Quantification of tumour cells positively stained or of histopathology indices
(eg the presence of anaplasia or necrosis) was scored using Zeiss AxioVision Rel 4.7
software.

Induction of muscle regeneration with cardiotoxin

Cardiotoxin (Ctx) from Naga naga venom (Sigma C9759; St. Louis, MO) was injected at a
concentration of 10 pM in a 300 pl volume into the gastrocnemius or quadriceps, or in a 100
pl volume into the tibialis anterior muscle, on the left side of Trp53*/* or Trp53~/~ animals,
with the contralateral muscle used as a mock-injected control. All injections were done
using a sterile 0.3 cc ultrafine insulin syringe. Mice were injected once every 7 days or once
every 14 days, beginning at 4 weeks of age and continuing until tumours were evident in the
injected limb.

Quantification of muscle regeneration

Statistics

Gastrocnemius muscles from Trp53*/* or Trp53~~ muscles multiply injected with
cardiotoxin (from 1 to 5 months of age), but where muscles had had 2 weeks to fully
regenerate prior to analysis, were frozen in liquid nitrogen-cooled isopentane, cross-
sectioned at 8 um thickness on a cryostat and stained with H&E. No tumours were present in
any of the muscles used for this analysis, although Trp53~~ animals did develop muscle-
derived tumours in their quadriceps (Trp53*/* animals had no tumours). At least three
images, each sized at 31 181 pm?, were captured at random and quantified for each muscle,
and four animals were compared per condition. Each myofibre in each image was quantified
for the presence or absence of (at least one) centrally located nuclei and its diameter
measured, as before [31,32]. Errors are reported as standard deviations (SDs).

Comparison of significance for muscle regeneration measures (myofibre diameter or
percentage of myofibres with central nuclei) was done using an unpaired two-tailed
Student’s t-test with Microsoft Excel software. Comparison of significance between
genotypes or treatment groups for RMS-free tumour survival was done using a log-rank test
with JMP 9 software.
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Results

Deletion of p53 increases onset and frequency of eRMS in mdx mice

All of the mdx mice that had developed muscle-derived embryonal rhabdomyosarcoma
(eRMS) in our previous study had cancer-associated, likely inactivating, p53 (Trp53)
missense mutations or deletions within the tumours [23]. Therefore, we generated mdx
animals with a deletion of one or two alleles of p53 to reproduce this cancer-specific
molecular event. mdx (mdx/mdx or mdx/Y) and wild-type mice were bred into Trp53*/* and
Trp53~/~ backgrounds to generate six genotypes of mice: Trp53*/+, Trp53*/~, Trp53~-,
Trp53** mdx, Trp53*/~ mdx and Trp53~/~ mdx. Mice were assessed daily for evidence of
tumours (Figure 1). We confirmed our previous result that about 9% of mdx animals
developed muscle-derived eRMS after 1 year of age and that no wild-type animals
developed eRMS. eRMS formation in mdx animals was not evident until after 1 year of age.
Trp53*/~ mdx mice, by contrast, developed eRMS beginning at 3 months of age, with 60%
of animals having eRMS by 10 months. Less than 10% of non-mdx Trp53*/~ animals
developed eRMS, and these tumours only formed at 10 months of age. Even more robust
were the results with Trp53~/~ mdx animals. Trp53~/~ mdx mice began to develop muscle-
derived eRMS at 3 months of age, with 90% of animals having muscle-derived eRMS by 5
months. While non-mdx Trp53~~ animals develop many types of cancer, only 30% of these
were eRMS, even at 10 months of age, with the majority of the remaining tumours being
lymphoma, as previously described [33]. Only two such lymphomas were identified as
palpable muscle-derived tumours in our assay. Relative to age at 5 months, the odds ratio of
Trp53~/~ mdx animals developing eRMS was 42 compared to Trp53~/~ and 175 compared
to Trp53*/~ mdx. Independent of age, the odds ratio of Trp53~/~ mdx animals developing
eRMS was 21 compared to Trp53~/~, 37 compared to Trp53*/~ mdx, 71 compared to mdx
and 250 compared to Trp53*/~. Similarly, the odds ratio of Trp53*/~ mdx mice developing
eRMS, independent of age, was 38 relative to Trp53*/~ and 11 relative to mdx. When
assessed as RMS-free survival using a log-rank test of significance, mdx versus wild-type
(Trp53**) and Trp53~/~ mdx versus Trp53~/~ comparisons were highly significant (p <
0.001), while the Trp53*/~ mdx versus Trp53*/~ comparison was very significant (p < 0.01).
Thus, deletion of one or both alleles of p53 in mdx mice accelerated the age of onset and
increased the frequency of eRMS formation.

eRMS tumours in Trp53*/~ mdx and Trp53~/~ mdx animals were derived from skeletal
muscles throughout the body plan and grew very rapidly (see Supporting information, Table
S1). In addition, 6 of 34 Trp53*/~ mdx animals and 10 of 20 Trp53~/~ mdx animals showed
multiple eRMS tumours, sometimes in distant locations along the rostral-caudal axis (see
Supporting information, Table S1). All muscle-derived tumours were identified as eRMS by
blinded assessment of tumour histopathology by at least two independent investigators. Such
analysis showed all muscle-derived tumours in Trp53*/~ mdx and Trp53~/~ mdx mice to be
eRMS (Figure 2). Common features in all Trp53*/~ mdx and Trp53~/~ mdx tumours were
hypercellularity, with spindle-shaped or round cell morphology (or both) and the presence of
rhabdomyoblasts (Figure 2). In addition, aspects of muscle differentiation, eg skeletal
myofibres, were seen in all eRMS tumours. Where sections contained tumour borders, these
were always juxtaposed with regions of dystrophic skeletal muscle (Figure 2B). Anaplastic
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cells were a feature of 48% of Trp53*/~ mdx and 64% of Trp53~/~ mdx tumours, while
necrosis was a feature of 56% of Trp53*/~ mdx and 75% of Trp53~/~ mdx tumours (see
Supporting information, Table S1). In Trp53~/~ animals, we occasionally identified
lymphomas (Figure 2F). These were confirmed by lack of immunostaining for MyoD and
myogenin and by positive immunostaining for B220, CD3 and/or LCA (not shown).

In addition to showing classic eRMS morphology, all muscle-derived Trp53*/~ mdx and
Trp53~/~ mdx tumours were positive for immunostaining with MyoD, myogenin, and
desmin (Figure 3A). In all such cases, staining with secondary antibody alone showed no
positive immunostaining. For Trp53*/~ mdx and Trp53~~ mdx tumours, MyoD and
myogenin staining was predominantly in the nucleus, consistent with the fact that these
proteins are transcription factors. Positive nuclear staining for MyoD and myogenin was
present in a significant fraction of the eRMS tumour cells, in the range 10-50%, while
staining for desmin was present in almost all tumour cells. While there are other tumours,
for example malignant peripheral nerve sheath (or triton) tumour, that can show the RMS-
like features described here and stain for muscle proteins [34], the histochemical findings, in
aggregate, strongly supported a diagnosis of eRMS in all instances. Likewise, the very
abundant presence of differentiating myotubes and rhabdomyoblasts within the tumours did
not support a diagnosis of spindle cell or undifferentiated pleomorphic sarcoma in any
instance.

Induction of muscle regeneration is sufficient to induce robust early onset eRMS in
Trp53~~ mice

One explanation as to why p53 deficiency led to an earlier onset and a higher frequency of
eRMS in mdx mice would be that the regenerative microenvironment present in mdx
skeletal muscles is permissive for eRMS formation. Conversely, the loss of dystrophin in
mdx animals could be directly responsible for increased tumour formation. Indeed,
dystrophin is absent in most paediatric RMS [23]. To test the role of muscle regeneration
directly, we induced regeneration in specific skeletal muscles of Trp53*/* and Trp53~~ mice
using cardiotoxin. Cardiotoxin (Ctx) is a cobra venom protein that induces death via the
elevation of intracellular free calcium levels in skeletal myofibres. This, in turn, induces
immune cell recruitment and clearance of necrotic myofibres by macrophages, while at the
same time inducing the division of satellite cells, the intramuscular stem cell pool [35].
Dividing satellite cells ultimately repopulate the region of muscle damage and fuse together
to make new skeletal myofibres, thereby completing the regeneration cycle. The molecular
and cellular processes induced by Ctx are very similar to those that are chronically present in
dystrophic skeletal muscles, such as those that occur in the mdx mouse [36]. While there are
other methods to induce muscle damage (eg barium loading, muscle freezing, physical
injury or forced ambulation), cardiotoxin injection is a relatively standard method to induce
a very focal muscle injury from which the animal quickly recovers with minimal discomfort.
Unlike some of these other methods, the use of cardiotoxin also allows for the study of
regeneration within a region of an otherwise normal muscle.

Wild-type (Trp53*/*) and Trp53~/~ mice were treated with cardiotoxin (Ctx) once every 7
days or once every 14 days from 4 weeks of age onwards. Skeletal muscles (gastrocnemius,
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quadriceps and tibialis anterior) on the left side of the animal were injected with Ctx, while
the same muscles on the contralateral (right) side were mock-injected with vehicle alone.
Once a tumour was identified in the lower hindlimb, or at the end of the experiment for
animals with no tumours, mice were allowed to recover from their final Ctx treatment for 2
weeks prior to sacrifice. This is roughly the amount of time required for muscle regeneration
to be completed in response to a single Ctx injection [36]. All Ctx-treated Trp53~/~ animals,
regardless of injection schedule, developed muscle-derived tumours in their left lower
hindlimb muscles by 5 months of age (Figure 4). By contrast, no Ctx-treated Trp53*/*+
animals showed any muscle-derived tumours. We could identify muscle-derived tumours
emanating from the gastrocnemius, quadriceps or tibialis anterior muscle of Ctx-injected
Trp53~/~ hindlimbs, and Ctx-treated Trp53~/~ animals only showed tumours in the injected
muscles (see Supporting information, Table S1). Several untreated Trp53~/~ animals also
developed RMS tumours over the time course of this experiment (Figure 4). This level of
tumour incidence (20%), however, was far lower than the incidence (100%) in Ctx-treated
Trp53~/~ animals. When assessed as RMS-free survival using a log-rank test of significance,
Ctx-treated Trp53~/~ animals showed a highly significant decrease in RMS-free survival
compared to untreated Trp53~/~ mice or Ctx-treated Trp53*/* mice (p < 0.001 for both
comparisons).

All tumours were dissected and analysed by histological staining to define the form of
cancer present. H&E staining of Ctx-injected Trp53~/~ tumours (Figure 5) showed
characteristics of eRMS tumours previously seen in mdx [23], Trp53*/~ mdx, and Trp53~/~
mdx mice (Figure 2). These included hypercellularity with round or spindle cell morphology
and the presence of rhabdomyoblasts. Diffuse or focal anaplasia was present in 45% of
tumours analysed and 63% of tumours showed some evidence of necrosis (see Supporting
information, Table S1). By contrast, Ctx-treated Trp53*/* muscles showed only normal
regenerated skeletal muscle (Figure 5D). Muscle regeneration was evidenced by the
presence of centrally located myofibre nuclei in almost 100% of Ctx-treated skeletal
muscles. Central nuclei are an almost indelible indicator of regenerated rodent muscle,
including muscles in mdx mice [31]. By contrast, centrally localized nuclei are typically
found in 1-2% (and not more than 5%) of wild-type skeletal myofibres [31]. To verify that
p53 deletion had not altered muscle regeneration, which in turn would alter the muscle
microenvironment, we quantified the percentage of myofibres with central nuclei and
average myofibre diameter in Ctx-treated Trp53~/~ muscles and Ctx-treated Trp53*/*
muscles (Figure 6). Here, we chose only Ctx-treated gastrocnemius muscles where no
tumours were present for analysis. There was no significant change in either of these
measures (p = 0.67 for central nuclei, p = 0.98 for myofibre diameter) between Ctx-treated
Trp53~/~ and Trp53*/* muscles. Thus, the extent of muscle regeneration and the extent of
muscle growth within those regenerating myofibres was no different between Trp53~/~ and
Trp53*/* animals, much as has been previously observed [37].

All Ctx-treated Trp53~/~ tumours were positive for immunostaining of tumour cells with
antibodies to MyoD, myogenin and desmin (Figure 3B), much as we had observed for
Trp53*/~ mdx and Trp53~~ mdx tumours (Figure 3A). Because regenerating satellite cells
have increased expression of myogenic factors such as MyoD, we were careful to analyse
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tumour regions well removed from the border of regenerating muscle. The positive
immunostaining of some differentiating myofibres in these sections, particularly for desmin,
reflects the normal presence of immature and differentiating muscle within eRMS tumours
(Figure 3B). These data, coupled with the presence of abundant intratumoural regions of
regenerating muscle and/or rhabdomyoblasts (Figure 5), confirmed a diagnosis of eRMS in
all instances.

Last, we stained Ctx-treated Trp53~/~ tumours to determine whether molecular changes
often found in human eRMS would be present in this new tumour model (Figure 7). We
immunostained tumours with antibodies to insulin-like growth factor 2 (1gf2), insulin-like
growth factor 1 (Igf1), phosphorylated-Akt kinase (pSer473 and pThr308), phosphatase and
tensin homologue (PTEN), retinoblastoma (Rb), murine double minute 2 (Mdm2) or p53. As
in human eRMS [38,39], we found high expression of 1gf2 in tumour cells. Expression of
phosphorylated (presumably activated) Akt, a downstream signal of 1gf2, was also very
high. Highly phosphorylated Akt was evidenced by staining with phospho-serine 473-
specific and phospho-threonine 308-specific Akt antibodies in 7 of 10 tumours analysed. In
each instance, phosphoserine 473 or phospho-threonine 308 Akt was high in almost all
tumour cells, while I1gf2 expression was high in about half of all tumour cells. PTEN, a
phosphatase that can remove phosphorylation from Akt, was expressed at very low levels, as
was Igfl. p53 was absent, as expected in Trp53~/~ mice, and this was no different than
staining in the presence of secondary antibody alone (‘2nd Only’ in the figures). Expression
of dystrophin in these non-mdx muscles was by and large absent from eRMS cells, much as
we had previously seen in human eRMS [23]; however, dystrophin was highly expressed in
small regenerating myofibres that were very abundant within the tumours (not shown). This
is consistent with the presence of muscle regeneration in eRMS. Rb expression was variable.
Some small regions showed high nuclear expression, while others did not (not shown).
Mdm2 expression was apparent in most tumours (not shown). We had previously shown that
eRMS tumours in mdx mice do not bear transcripts consistent with Pax3/7:Fkhr
chromosomal translocations found in aRMS [23] and we also found no evidence that this
was the case here (not shown). Thus, eRMS tumours derived from Ctx-treated Trp53~/~
muscles have high expression of certain markers of human eRMS, particularly 1gf2 and
phosphorylated Akt.

Discussion

The experiments presented here demonstrate that the regenerative microenvironment
normally found in the skeletal muscles of mice with muscular dystrophy is sufficient to
induce development of embryonal rhabdomyosarcoma (eRMS) in the absence of p53
(Trp53). These data strongly suggest a role for muscle inflammation, satellite cell division or
myoblast differentiation in the development of eRMS. The division and differentiation of
intramuscular satellite cells, the regenerative stem cell pool in skeletal muscles, and the
invasion of immune cells, primarily macrophages, to clear necrotic myofibres are processes
of primary importance to the regeneration of skeletal muscle. The two methods we have
used here to study the regenerative microenvironment, cardiotoxin-induced muscle injury
and dystrophin-deficiency, lead to similar molecular changes that are focused on muscle
inflammatory factors and factors that control satellite cell division and differentiation
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[36,40-42]. The fact that all Trp53~~ mice develop eRMS in response to cardiotoxin-
induced muscle injury and the fact that almost all Trp53~~ mdx mice develop eRMS by 5
months of age suggest that the processes involved in muscle regeneration give rise to a
permissive environment for eRMS development and that dystrophin is not required for this
to occur.

While the biology of p53 in human cancers is complex, p53 deficiency in Li—-Fraumeni
syndrome is sufficient to induce RMS [43]. What is less well understood is the knowledge
of which elements cooperate with p53 to drive the preferential formation of RMS in skeletal
muscle. Secondary factors, including neuregulin [16], Ras [17,18], patched [19,22],
suppressor-of-fused [20] and Fos [21] can all increase p53-dependent RMS formation. It is
likely that additional elements involved in regeneration can be identified that augment p53
deficiency to induce more robust RMS formation in skeletal muscle. The Trp53~/~ mdx and
Ctx-Trp53~/~ mouse models of eRMS formation should facilitate the search for such factors.
The Trp53~~ mdx and Ctx-Trp53~/~ models may also be used to investigate the cell or cells
of origin for eRMS development. Such ‘seed versus soil” questions still remain in RMS
biology. Evidence exists for mesenchymal stem cells, satellite cells and even skeletal
myofibres as being the cell of origin for RMS formation [5,13,15]. Clearly, RMS can
develop within tissues that lack skeletal muscle, eg bladder or prostate, so the model
developed here is specific for only a subset of the potential oncogenic mechanisms involved
in RMS development [4-6].

What triggers the transition of such cells to cancer cells in eRMS remains an open question.
Muscle regeneration in dystrophic muscles and in Ctx-treated muscles may be coincident
with elevated levels of reactive oxygen species [44] that may, in turn, stimulate increased
DNA mutagenesis. If so, the microenvironment present in regenerating skeletal muscle may
merely provide increased mutagenic potential to already rapidly dividing satellite cells or to
other types of intramuscular stem cells. It is also possible that the increased cell division of
satellite cells and/or other stem cells in regenerating muscle, or their maturation into
myoblasts and/or myotubes, may be sufficient to stimulate eRMS formation, or that such a
transition occurs only in the presence of increased inflammatory cytokines. In this regard, it
is interesting to consider the recent study by Keller and colleagues, which showed that
deletion of Trp53 in late skeletal myoblasts and skeletal myofibres using Myf6-driven gene
deletion led to development of eRMS in 100% of tumours analysed, while deletion of Trp53
in only satellite cells using Pax7-driven gene deletion led predominantly to the formation of
undifferentiated pleomorphic (or spindle cell) sarcoma [22]. Perhaps the high enrichment of
maturing myoblasts and developing myotubes in Ctx-treated muscles here has biased the
cell populations, such that Trp53 deletion leads to eRMS.

As eRMS most often occurs in very young children [1], it may well be that satellite cell
division and fusion into skeletal myofibres, a normal part of postnatal muscle growth [45],
may be present at significant enough levels to trigger the low incidence of eRMS seen in the
paediatric population. If so, the experiments presented here may merely be amplifying such
naturally occurring events. Given that RMS incidence in children is quite low, four to seven
per million children under age 15 [1], understanding how to lessen the expression of
secondary eRMS factors will be important for understanding how to lower eRMS incidence
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further. Use of the two models described here may help in speeding such an analysis and in
testing new RMS therapies.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Increased embryonal rhabdomyosarcoma (eRMS) incidence and decreased age of onset in

p53-deficient mdx mice. Mice defective in expression of p53 (Trp53), mice defective in the
expression of dystrophin (mdx), and mice partially or completely deficient in p53 and
dystrophin (Trp53*~ mdx or Trp53~/~ mdx) were assessed for development of
rhabdomyosarcoma at different ages. All muscle-derived RMS identified were embryonal
RMS (eRMS). Data are reported as a percentage of the total animals for each individual
genotype. n = 450 Trp53*/* (wild-type), 26 Trp53*/~, 22 Trp53~/~, 360 Trp53*/* mdx, 56
Trp53*/~ mdx and 22 Trp53~/~ mdx animals.
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Figure 2.
H&E staining of muscle-derived tumours from Trp53*/~ mdx, Trp53~/~ mdx and Trp537/~

mice. H&E staining of sections taken from muscle-derived tumours in Trp53*/~ mdx (A-C),
Trp53~/~ mdx (D, E) and Trp53~~ (F) mice. Tumours from Trp53*/~ mdx (A-C) and
Trp53~~ mdx (D, E) show histopathology consistent with embryonal rhabdomyosarcoma
(eRMS). Rare intramuscular tumours were identified as lymphoma in Trp53~/~ mice (F).
Features of eRMS tumours included hypercellularity (A-E) with spindle-shaped (A) or
round (D) cell morphology. Tumours always emanated from areas containing regenerating
skeletal muscle (B) and always contained rhabdomyoblasts and/or intratumoural skeletal
myofibres (arrow in C). Bar = 100 um and represents all panels.
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Figure 3.
MyoD, myogenin and desmin immunostaining of muscle-derived tumours from p53-

deficient muscles. (A) All Trp53*/~ mdx and Trp53~/~ mdx muscle-derived eRMS tumours
showed positive immunostaining for MyoD, myogenin and desmin. Example is a tumour
fromTrp53~/~ mdx. Panel marked ‘2nd Only’ was stained with secondary antibody but no
primary antibody. All sections were counterstained with haematoxylin. (B) Staining for
MyoD, myogenin and desmin were similarly positive in eRMS tumours taken from muscles
of cardiotoxin (Ctx)-treated Trp53~~ mice. Bar = 50 um for all panels in (A, B).
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Figure 4.
Increased eRMS incidence and decreased age of onset in cardiotoxin-treated p53-deficient

mice. Muscle regeneration was induced by treatment of wild-type (Trp53*/*) and p53-
deficient (Trp53~/~) mice with cardiotoxin (Ctx). Ctx-treated Trp53~/~ mice showed robust
induction of embryonal rhabdomyosarcoma (eRMS) by 5 months of age. n = 50 Trp53*/*
(wild-type), 12 Ctx-Trp53*/* (cardiotoxin-injected), 22 Trp53~~, 10 Ctx-Trp53~/~
(cardiotoxin-injected).
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Figure5.
H&E staining of muscle-derived tumours from cardiotoxin-treated Trp53~~ mice and

skeletal muscle from cardiotoxin-treated Trp53*/* mice. (A—C) H&E staining of sections
taken from muscle-derived tumours in p53-deficient mice injected with cardiotoxin (Ctx-
Trp53~7) show histopathology consistent with embryonal rhabdomyosarcoma (eRMS).
Arrow in (B) shows tumour cell with anaplasia. (D) H&E staining of skeletal muscle from
wild-type mice similarly injected with cardiotoxin (Ctx-Trp53*/*) showed only normal
regenerating skeletal muscle. Bar = 50 um for all panels.
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Trp53++

-1

Trp537

Quantification of muscle regeneration in cardiotoxin (Ctx)-treated Trp53*/* and Trp53~/~
muscle. Trp53*/* and Trp53~/~ mice were similarly treated with weekly injections of
cardiotoxin (Ctx). Two weeks prior to analysis, Ctx injections were stopped and muscles
were allowed to regenerate. The percentage of myofibres with centrally located myofibre
nuclei, an indicator of at least one cycle of muscle degeneration and regeneration, was
quantified (A), as was the average myofibre diameter (B). Errors are standard deviations for

n = 4 animals per condition.
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Figure7.
Immunostaining of eRMS tumours from Ctx-treated Trp53~/~ mice for markers of human

eRMS. eRMS tumours from Ctx-treated Trp53~/~ mice showed high expression of Igf2,
activated Akt kinase (both phospho-serine 473 and phospho-threonine 308) and low
expression of PTEN and Igfl. ‘2nd Only’ is staining in the absence of primary antibody for
identical exposure time. All slides were counterstained with haematoxylin. Bar = 50 um for
all panels.
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