
Tumorigenesis and Neoplastic Progression

Mice Lacking Dystrophin or � Sarcoglycan
Spontaneously Develop Embryonal
Rhabdomyosarcoma with Cancer-Associated
p53 Mutations and Alternatively Spliced or Mutant
Mdm2 Transcripts

Karen Fernandez,* Yelda Serinagaoglu,†

Sue Hammond,‡§ Laura T. Martin,†¶

and Paul T. Martin*¶�

From the Division of Hematology/Oncology,* the Center for Gene

Therapy,† and the Department of Pathology and Laboratory

Medicine,‡ Nationwide Children’s Hospital, Columbus, Ohio; and

the Departments of Pathology,§ Pediatrics,¶ and Physiology and

Cell Biology,� The Ohio State University College of Medicine,

Columbus, Ohio

Altered expression of proteins in the dystrophin-as-
sociated glycoprotein complex results in muscular
dystrophy and has more recently been implicated in a
number of forms of cancer. Here we show that loss of
either of two members of this complex, dystrophin in
mdx mice or � sarcoglycan in Sgca�/� mice, results
in the spontaneous development of muscle-derived
embryonal rhabdomyosarcoma (RMS) after 1 year
of age. Many mdx and Sgca�/� tumors showed in-
creased expression of insulin-like growth factor 2,
retinoblastoma protein, and phosphorylated Akt and
decreased expression of phosphatase and tensin ho-
molog gene, much as is found in a human RMS. Fur-
ther, all mdx and Sgca�/� RMS analyzed had in-
creased expression of p53 and murine double minute
(mdm)2 protein and contained missense p53 muta-
tions previously identified in human cancers. The
mdx RMS also contained missense mutations in
Mdm2 or alternatively spliced Mdm2 transcripts that
lacked an exon encoding a portion of the p53-bind-
ing domain. No Pax3:Fkhr or Pax7:Fkhr transloca-
tion mRNA products were evident in any tumor.
Expression of natively glycosylated � dystrogly-
can and � sarcoglycan was reduced in mdx RMS,
whereas dystrophin expression was absent in al-
most all human RMS, both for embryonal and alve-
olar RMS subtypes. These studies show that absence

of members of the dystrophin-associated glycopro-
tein complex constitutes a permissive environment
for spontaneous development of embryonal RMS
associated with mutation of p53 and mutation or altered
splicing of Mdm2. (Am J Pathol 2010, 176:416–434; DOI:
10.2353/ajpath.2010.090405)

The dystrophin-associated glycoprotein (DAG) complex
is a well-described group of muscle proteins whose loss
of function causes muscular dystrophy.1–3 Aberrant ex-
pression or modifications of DAG proteins have more
recently been associated with several types of cancer,
suggesting that DAG proteins may also play a role in
cancer biology.4,5 Here we demonstrate that mice with
primary defects in the DAG complex develop embryonal
rhabdomyosarcoma (ERMS), a soft tissue sarcoma of
childhood that can emanate from skeletal muscle.6

As the name implies, the DAG complex is defined by
the association of protein members with dystrophin. Dys-
trophin is a 427-kDa cytoplasmic protein that is essential
for anchoring the DAG proteins in the sarcolemmal mem-
brane of skeletal myofibers and cardiomyocytes.7 In do-
ing so, dystrophin links the muscle membrane to the
extracellular matrix that surrounds each myofiber, via the
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DAG complex, and to the cytoskeleton by direct binding
to filamentous actin. Dystrophin binds the sarcolemmal
membrane via its binding to dystroglycan, a central and
essential member of the DAG complex.3,8 Dystroglycan
is a complex of two polypeptides (termed � and � dys-
troglycan) that are post-translationally cleaved from the
same precursor protein.9 � dystroglycan is a transmem-
brane protein that can bind to or associate with cytoskel-
etal-associated proteins (including dystrophin, utrophin,
ankyrin, and plectin110,11) and signaling proteins (includ-
ing Grb2, rapsyn, src, Akt, mitogen-activated protein ki-
nase5,12–17) via its intracellular domain and to � dystro-
glycan via its extracellular domain. � Dystroglycan, by
virtue of binding to � dystroglycan, is tightly (but nonco-
valently) linked to the extracellular face of the membrane
and binds extracellular matrix proteins (including laminin,
agrin, and perlecan) via interactions that require its
heavily glycosylated mucin domain.18,19 Dystroglycan
also associates with proteins within the membrane, in-
cluding the sarcoglycans (which in skeletal muscle in-
clude �-, �-, �-, and �-sarcoglycan). Consistent with the
importance of the DAG complex for maintaining mem-
brane stability, mutations that lead to loss of dystrophin,
sarcoglycans, laminin (�2), or to reduced glycosylation of
� dystroglycan, cause forms of muscular dystrophy.20–25

Proteins within the DAG complex have recently been
implicated in a number of cancers,26–31 including pedi-
atric rhabdomyosarcoma (RMS).32 Aberrant underglyco-
sylation of � dystroglycan, akin to what is seen in certain
congenital and limb girdle muscular dystrophies,25 has
been demonstrated both in pediatric ERMS and alveolar
RMS (ARMS).32 Such loss of � dystroglycan glycosyla-
tion correlates with reduced laminin binding, however,
the expression of � dystroglycan, which is translated from
the same gene, is unchanged. Thus, pediatric RMS
shows a loss of � dystroglycan glycosylation but not
dystroglycan protein expression. This finding is similar to
studies of dystroglycan expression in other types of can-
cer, including cancer of the breast and colon,27,28,33–35

glioma,31 oral squamous cell carcinoma,30 and certain
pediatric cancers such as neuroblastoma and medullo-
blastoma.32 Because dystrophin anchors both dystrogly-
can and sarcoglycans in the membrane, mice lacking
dystrophin, including the mdx mouse,20,23 also have re-
duced expression of these proteins at the sarcolemmal
membrane of skeletal myofibers.36 Similarly, DAG proteins
are less stably associated with the membrane in the ab-
sence � sarcoglycan.37 Thus, such mouse models, in ad-
dition to being useful for the study of muscular dystrophy,
may speak to the role of the DAG complex in tumorigenesis
in cellular systems where its expression is altered.

Here, we show that mice lacking either dystrophin or �
sarcoglycan develop ERMS with age. RMS is the most
common soft tissue sarcoma of childhood and adoles-
cence.38 The name rhabdomyosarcoma comes from the
presence of skeletal muscle cells representing various
stages muscle differentiation, from mononucleated myo-
blasts to multinucleated myotubes and rhabdomyoblasts,
within the tumor.6 Immunostaining for muscle proteins,
particularly MyoD, myogenin, and desmin, is used to aid
in differentiating RMS from other types of sarcomas.39

While certain features of RMS are common, they com-
prise a highly heterogeneous group of tumors based on
histopathology. The two major subtypes of pediatric RMS
are ERMS and ARMS, although other subtypes (spindle
cell RMS, botyroid RMS, anaplastic RMS, and pleiomor-
phic RMS) have also been described.40 Clinically, ERMS
is more typically present at earlier ages, arises primarily
from the head and neck, genitourinary tract, and retro-
peritoneum, and is associated with better clinical out-
comes, while ARMS occurs more commonly in adoles-
cents and adults, is more often identified in the trunk or
extremities, and is associated with poorer treatment out-
comes.6 ARMS is also associated with specific t(1;
13)(p36;q14) or t(2;13)(q35;q14) chromosomal translo-
cations between paired box (PAX)7 or PAX3 and
forkhead in human rhabdomyosarcoma (FKHR), also
known as FOXO1,41–43 respectively, while ERMS may
contain deletions of 11p15.5.44,45 Chromosomal translo-
cations in ARMS lead to the expression of PAX3/FKHR or
PAX7/FKHR fusion proteins that correlate with poorer
treatment outcomes.46 Other oncogenes and cell cycle
modulators, including TP53 and MDM2,47–51 cyclin-de-
pendent kinase inhibitor (CDKN)2A,52–55 AKT,56,57 phos-
phatase and tensin homolog (PTEN),58,59 survivin,60,61

RAS,62 PTCH,63–65 SUFU,64,65 signal transducers and ac-
tivator of transcription (STAT)3,66 neurofibromatosis (NF)1,67

platelet derived growth factor receptor (PDGFR)-A,68 leuke-
mia inhibitory factor (LIF),69 c-met,54,70 and insulin-like
growth factor (IGF)2,71,72 have also been implicated in ei-
ther ERMS or ARMS biology.

Materials and Methods

Materials

Antibodies to dystrophin (Dys1, mouse IgG2a to human
amino acid [aa]1181-1388; Dys2, mouse IgG1 to human
C-terminal 17aa; Dys3, mouse IgG2a to aa308-351), �
sarcoglycan (a-Sarc, mouse IgG1 to rabbit aa217-289),
and � dystroglycan (43DAG, mouse IgG2a to human
C-terminal 15aa) were purchased from Novo Castra
(Newcastle On Tyne, UK). Antibody to glycosylated �
dystroglycan (IIH6C4, 05-593, mouse IgM to glycosy-
lated rabbit � dystroglycan) was purchased from Upstate
Biotechnology (Lake Placid, NY). Antibody to MDM2 (Sc-
965, mouse mAb to human aa154-167), p53 (sc-100,
mouse mAb to mouse aa88-93), MyoD1 (Sc-760, rabbit
pAb to mouse full-length protein), myogenin (Sc-576,
rabbit pAb to full-length rat myogenin), NF2 (Sc-332,
rabbit pAb to human C-terminus), N-myc (Sc-971, rabbit
pAb to human C-terminus), Pax 3/7 (Sc-25409, rabbit
pAb to human Pax3 aa272-479 [C-terminus]), desmin
(H-37, rabbit pAB to human aa15-90), Bax (Sc-6236,
rabbit pAb to mouse aa1-171 of mouse Bax�), BH3 in-
teracting domain death agonist (BID) (Sc-11423, rabbit
pAb to human aa1-195), BclII (Sc-783, rabbit pAb to
human aa1-205), FKHR (H-128, rabbit pAb to human
aa471-598), Rb (p110,Sc-102, mouse mAb to Rb-�Gal
fusion protein), and survivin (sc-10811, rabbit pAb to
human aa1-142) were purchased from Santa Cruz Bio-
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technology (Santa Cruz, CA). Antibodies to BclII (AF810,
goat pAb to mouse aa1-208), apoptosis inhibiting factor
(AF 1457, rabbit pAb to human aa121-613), Igf1 (AF791,
goat IgG to mouse IGF-1), Igf2 (AF792, goat IgG to
mouse IGF-II), and actin (AF4000, sheep pAb to human
actin) were purchased from R&D Systems (Minneapolis,
MN). Antibodies to actin (A 5060, rabbit pAb to aa20-33)
and desmin (DE-U-10, mouse mAb to pig full-length pro-
tein) were purchased from Sigma (St. Louis, MO). Anti-
body to Akt1-3 (9272, rabbit pAb to human Akt carboxy-
terminus), phospho-Akt (Ser473) (9271, rabbit pAb to
human Akt phospho-serine 473), phospho-Akt (Thr308)
(9275, rabbit pAb to human Akt phospho-threonine 308)
were purchased from Cell Signaling Technology (Dan-
vers, MA). Antibody to caspase-3 (31A1067, mouse mAb
to human full-length protein, recognizes active cleaved
fragments) was purchased from Alexis Biochemicals
(San Diego, CA). Antibody to caspase 9 (JM-3136-100,
rabbit pAb to human full-length protein) was purchased
fromMBL Polyclonal antibody (Watertown, MA). Antibody to
glyceraldehyde-3-phosphase dehydrogenase (GAPDH,
mouse IgG2b to rabbit GAPDH) was purchased from
Chemicon (Temecula, CA). All relevant fluorescent- or en-
zyme-conjugated secondary antibodies were purchased
from Jackson ImmunoResearch (West Grove, PA).

Mice

The mdx mice and C57Bl/10 littermates, and also � sar-
coglycan-deficient (Sgca) mice and C57Bl/6 littermates,
were originally obtained from Jackson laboratories (Bar
Harbor, ME). Some mdx mice were bred to either Galgt1
or Galgt2 knockout mice, which were on a pure bred
C57Bl/6 background. Galgt1 and Galgt2 deficient mice
were obtained from the Consortium for Functional Gly-
comics (Scripps Research Institute, La Jolla, CA). Of
these animals, only Galgt2 or Galgt1 heterozygous mdx
mice were used for analysis (which were phenotypically
indistinguishable from mdx mice and showed no failure to
synthesize glycans normally made by Galgt1 or Galgt2
[not shown]). Some mdx mice were also bred to Cmah-
deficient mice, which were bred on a pure C57Bl/6 back-
ground. Cmah�/� mice were a generous gift from Ajit
Varki (UC San Diego). Again, only Cmah�/� mdx mice
were considered in the analysis of tumorigenesis, and
these were indistinguishable from mdx and showed no
deficit in Neu5Gc, the sialic acid requiring Cmah activity
(not shown). Wild-type animals were defined as any
mouse from the colonies of C57Bl/6 or C57Bl/10 mice,
including Galgt2�/�, Galgt1�/�, Cmah�/�, and Sgca�/�

mice. All of these heterozygous mice behave as wild-type
mice and have no overt phenotype (no change in muscle
pathology, muscle physiology, lifespan, or ambulation).
Mice were bred and cared for in a barrier facility and all
animal care and experiments were done under protocols
approved by the Institutional Animal Care and Use Com-
mittee at Nationwide Children’s Hospital. Mice were
checked daily for development of tumors.

Human RMS Tissue Arrays

Tissue microarray slides were obtained from the Biopa-
thology Center at The Research Institute at Nationwide
Children’s Hospital after review by the Children’s Oncol-
ogy Group and after Institutional Review Board approval
from Nationwide Children’s Hospital. Tissue microarrays
consisted of slides containing alveolar RMS (39 unique
cases with 5 embryonal RMS and 5 normal muscle con-
trols) or embryonal RMS (32 unique cases with 5 alveolar
RMS and 5 normal muscle controls). Arrays contained
one to three sections of the same tumor (ERMS or ARMS)
and two to three sections of the same normal muscle
spaced randomly throughout the slide.

Histology

For analysis of tumor morphology, tissue was excised
after sacrifice, embedded in optimal cutting temperature
compound (Sakura Finetek, Torrance, CA), and frozen in
liquid nitrogen-cooled 2-methylbutane. Serial cryosec-
tions of 6 �m thickness were cut and stained with H&E, as
previously described.32 Coverslips were positioned on
the slides and attached using a drop of Permaslip (Alban
Scientific, St. Louis, MO) and dried at room temperature
overnight before viewing under a light microscope.
Bright-field photographs were taken using a Zeiss Axios-
kop 40 microscope with AxioCamICc3 camera system.

Immunostaining of Mouse RMS

Immunohistochemical staining for myogenin, MyoD, and
desmin was performed by the avidin-biotin-complex per-
oxidase method.39 Briefly, 6-�m cryosections of tumor
tissue on slides were fixed in ice cold methanol for 3
minutes. Slides were incubated with avidin, biotin and
0.3% H2O2/PBS for 15 minutes each. Slides were washed
with PBS between incubations. Tissue was blocked with
10% goat serum in PBS for 30 minutes at room temper-
ature, followed by primary antibody [MyoD, myogenin,
desmin (1:50) in PBS with 10% goat serum overnight at
4°C], biotin-labeled secondary anti-rabbit IgG for 30 min-
utes, and then horseradish peroxidase-conjugated strepta-
vidin (Jackson ImmunoResearch; West Grove, PA) for 15
minutes. Slides were washed with PBS between incuba-
tions. Developing substrate (3-amino-9-ethylcarbazole) was
added for 15 minutes, after which slides were counter-
stained with hematoxylin for 45 seconds and then
quenched with ammonium hydroxide 0.25% for 30 sec-
onds. After drying of the slide, coverslips were positioned
on the slides and attached using xylene-based mounting
media. Immunofluorescence staining for � and � dystrogly-
can and � and � sarcoglycan was done as previously
described on snap-frozen tumor or skeletal muscle tissue
sectioned at 8 �m on a cryostat.73 When possible, immu-
nostaining was confirmed using more than one antibody
made against the given protein.
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Immunostaining of Human RMS Tissue Arrays

Tissue microarray slides were deparaffinized in xylene,
rinsed through three changes of 100% ethanol, and re-
hydrated in graded ethanol (95% to 70%) and distilled
water. Slides were subjected to antigen retrieval by incu-
bation with 10 mmol/L sodium citrate, pH. 6.0 for 30
minutes at 220°C. Slides were then cooled and washed in
PBS. Endogenous peroxidase activity was blocked by
pre-incubation with 3% hydrogen peroxide for 15 min-
utes, and slides were blocked by incubation in PBS with
10% goat serum for 1 hour at 25°C. Primary antibody
(Dys1 at 1:10 or Dys2 at 1:5) was added overnight. Slides
were washed in PBS for 10 minutes and then incubated
with horseradish peroxidase-conjugated anti-mouse IgG
(1:100) diluted in 10% goat serum/PBS for 1 hour. Slides
were again washed in PBS for 10 minutes, after which
they were developed for horseradish peroxidase activ-
ity using 3-amino-9-ethylcarbazole substrate for 40
minutes. Slides were then counterstained with hema-
toxylin for 45 seconds and quenched in ammonium
hydroxide 0.25% for 30 seconds. Stained sections
were covered with water-soluble mounting media and
dried in warmer. Coverslips were positioned on the
slides and attached using xylene based mounting me-
dia and dried at room temperature.

Scoring of Human RMS Tissue Array Staining

The extent of staining was scored blind with respect to
case by three independent investigators. Scores were
performed by eye using a Zeiss Axioskop 40 microscope
with AxioCamICc3 camera system microscope. Percent-
age of tumor cells with positive staining was scored as
follows: 3 for �75%; 2 for 25% to 75%; 1 for 5% to 25%;
and 0 for �5%. Scores were assessed only for tumor
cells in ERMS and ARMS sections and only for myofibers
in normal muscle sections. Almost all scores given 0 in
fact had no detectable expression outside of normal skel-
etal muscle and endothelial cells present within the tumor
section. On each microarray slide, particular tumors were
represented in two to three independent regions. Scores
were averaged to yield a single score for each tumor
case. In some cases, estimates of percent staining by
eye were confirmed using Zeiss AxioVision Rel 4.6 soft-
ware to determine percentage area with stained tumor
cells. These measurements always confirmed the tumor
score given.

Immunoblotting

Tumor and control tissue lysates were prepared from
tumor specimens and from mouse skeletal muscle (gas-
trocnemius) dissected from wild-type or mdx mice. Total
cell lysates were made by homogenization of tissue in
buffer containing 75 mmol/L Tris (pH 6.8), 2 mmol/L
EDTA, 2% NP40, 1% glycerol, and 1:200 protease inhib-
itor cocktail containing phenylmethylsulfonyl fluoride,
aprotinin, bestatin, and leupeptin (Sigma; St. Louis, MO).
Each sample was diluted, and protein concentration

measured in triplicate using the Bio-Rad (Richmond, CA)
DC protein assay kit. The total amount of protein (20 or 40
�g/well) needed to load each well was mixed with SDS
loading buffer containing �-mercaptoethanol (1:50) and
heated at 95°C for 2 minutes. Protein samples were
loaded in equal amounts and separated by SDS-poly-
acrylamide gel electrophoresis (PAGE). The proteins
were transferred to a nitrocellulose membrane and tested
for various antibodies by Western blot as previously de-
scribed.73 Proteins were quantified by densitometric
scanning of blots as previously described.73

Endpoint Reverse Transcription-PCR and
TaqMan Quantitative Reverse
Transcription-PCR

RNA from mdx RMS or Sgca�/� RMS or from normal wild-
type and mdx skeletal muscles (gastrocnemius or quadri-
ceps) was extracted using the Trizol reagent (15596-026,
Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions and further purified on a silica gel-based mem-
brane (RNeasy Mini Kit, 74104, Qiagen, Valencia, CA). RNA
content was measured using an ND-1000 spectrophotom-
eter (Nanodrop, Wilmington, DE). RNA integrity was deter-
mined by capillary electrophoresis using 6000 Nano Lab-
Chip kit on a Bioanalyzer 2100 (Agilent, Foster City, CA).
Only samples with no evidence of degradation were used.
A high-capacity cDNA Reverse Transcription kit (4368813,
Applied Biosystems, Foster City, CA) was used to reverse-
transcribe 0.6 �g total RNA using Oligo d(T)16 primers
(N8080128, Applied Biosystems, Foster City, CA), for end-
point reverse transcription (RT)-PCR, and random primers
for quantitative (q)RT-PCR, in a 20 �l-reaction following the
manufacturer’s instructions. For endpoint RT-PCR, 1 �l of
each sample was used to amplify Pax3/7, Fkhr, p53, Mdm2,
and �Actin cDNAs separately. PCRs were performed using
recombinant TaqDNA polymerase (10342-020, Invitrogen,
Carlsbad, CA) following the manufacturer’s instructions.
The primers used were mPax3/7-F1 (5�-AGTGTCCAC-
CCCTCTTGGCC-3�) and mPax3/7-R1 (5�-ACAGGGTCCA-
CACTGTAGCC-3�) for Pax3/7; mFkhr-F1 (5�-GAGTTTA-
ACCAGTCCAACTCG-3�) and mFkhr-R2 (5�-GTAGT-
CTTGACACTGTGTGGG-3�) for forkhead (Fkhr); �A-F (5�-
GCATGTGCAAAGCCGGCTTC-3�), and �A-R (5�-GGGGT-
GTTGAAGGTCTCAAA-3�) for � actin; mp53-F1 5�-TC-
CGAAGACTGGATGACTGC-3� (in Exon 2) and mp53-R1
5�-CTTGGTCTTCAGGTAGCTGG-3� (at the junction of Ex-
ons 10 and 11b) for p53; and m-mdm2-F1 5�-GAAGTAG-
CAGCCGTCTGCTG-3� (at the junction of Exons 1 and 2)
and m-mdm2-R1 5�-GGATTGGCTGTCTGCACACTGG-3�
(in Exon 12) for Mdm2. Pax3/7, Fkhr, and 5�Pax3/7:3�Fkhr
PCRs were done using a touchdown protocol beginning at
62°C for the annealing temperature and decreasing by
0.5°C each cycle until 55°C. PCRs for p53, Mdm2, and �

actin were done at constant annealing temperature of 55°C.
The bands were resolved in 0.8% agarose gel in 1� Tris-
acetate buffer. Gel pictures were taken using the Flu-
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orChem 8900 gel documentation system (� Innotech, San
Leandro, CA).

For TaqMan qRT-PCR, cDNA was reverse transcribed as
above, only using random primers. Real-Time PCR mea-
surements were performed in triplicate for each sample
using the Applied Biosystems 7500 Real-Time PCR system
(Applied Biosystems, Foster City, CA) with 18S ribosomal
RNA (4308329, Applied Biosystems, Foster City, CA) as
internal control. Primers and probes for the genes of
interest (Trp53-Mm01731290_g1, exons 5–6; Pax3-
Mm00435493_m1, exons 7–8; Pax7-Mm03053796_s1,
exon 9; Fkhr- Mm00490671_m1, exons 1–2; Mdm2-
Mm00487656_m1, exons 9–10) were purchased as ready
to use 20� TaqMan assays from Applied Biosystems. Each
25 �l PCR mix contained 2.5 �l of 1:100 diluted cDNA, 1�
TaqMan assay, and 1� TaqMan Universal PCR master mix
(4304437, Applied Biosystems). After an initial hold of 2
minutes at 50°C to allow activation of AmpErase and 10
minutes at 95°C to activate the AmpliTaq polymerase, the
samples were cycled 40 times at 95°C for 15 seconds and
60°C for 1 minute. Relative changes in gene expression
were determined by the 2���Ct method74 using 18S ribo-
somal RNA as a control. All measurements were done in
triplicate for each data point.

Cloning and Sequencing of p53 and Mdm2
cDNA Fragments

cDNA fragments derived from endpoint RT-PCR were
resolved in 1% agarose gel in 1� TAE buffer. Pfu Turbo
DNA polymerase (600250, Stratagene, La Jolla CA)
was used to amplify cDNAs using the same primers
used for RT-PCR (which encompass the region where
cancer-associated mutations most often occur, exons
2–10 in p53 (PubMed Accession #: NM_011640) or the
full length Mdm2 transcript (exons 1–12, PubMed Ac-
cession #:NM_010786). Oligonucleotide sequences
used for amplification are specified in the RT-PCR
Methods section. Fragments were gel-extracted using
Qiagen gel extraction kit (28704, Qiagen, Inc., Valen-
cia, CA) and cloned into pCR 2.1-TOPO vector using
the TOPO TA cloning kit (K4500-01, Invitrogen, Carls-
bad, CA). Multiple colonies were picked and se-
quenced from 7 mdx RMS (total of 25 p53 and 18
Mdm2 clones) and from 7 age-matched normal mdx
(gastrocnemius) skeletal muscle (total of 18 p53 clones
and 22 Mdm2 clones). Plasmids were first purified and
screened for the p53 or Mdm2 cDNA insert before

Table 1. mdx and Sgca�/� (*) Mice with Muscle-Derived Tumors

Sample Sex Age (months) Body weight (g) Tumor weight (g) Tumor location

1 F* 12 35.0 4.8 Hindlimb
2 M 12 34.1 8.0 Forelimb
3 M 12 42.2 10.6 Paraspinal
4 F 12 31.2 2.9 Forelimb
5 M 13 25.0 3.3 Hindlimb
6 M 13 25.2 2.3 Hindlimb
7 M 14 36.1 8.2 Hindlimb
8 F* 14 31.8 0.6 Hindlimb
9 F* 15 28.4 0.3 Hindlimb

10 F 15 27.8 0.8 Forelimb
11 F 16 33.6 9.4 Hindlimb
12 M 16 38.3 6.4 Forelimb
13 M 16 24.9 0.7 Hindlimb
14 M 16 35.4 5.8 Hindlimb
15 M 16 30.0 1.8 Hindlimb
16 M 17 33.8 5.3 Forelimb
17 M 17 32.4 4.0 Forelimb
18 M* 17 34.0 11.1 Forelimb
19 M 18 36.7 4.0 Paraspinal
20 F 18 27.0 1.9 Forelimb
21 M 18 25.0 2.5 Forelimb
22 M 19 31.9 0.9 Hindlimb
23 F 19 26.4 2.5 Forelimb
24 M 19 18.6 3.3 Back
25 M 19 34.1 1.2 Forelimb
26 M 19 30.1 0.9 Forelimb
27 M 19 25.0 3.2 Forelimb
28 M 19 33.5 6.9 Forelimb
29 M 21 31.2 1.7 Hindlimb
30 M 23 35.0 2.7 Forelimb
31 F 23 34.2 3.2 Hindlimb
32 F 24 17.9 0.8 Periorbital
33 M 24 33.0 5.4 Forelimb/chest
34 F 27 22.4 1.4 Forelimb
35 M 21 26.2 2.4 Paraspinal
36 M 21 36.1 6.4 Hindlimb

*Indicates Sgca�/� animals.
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sequencing. Positive clones were sequenced along
the entire length of amplified clones. M13 Reverse and
Forward primers were used for DNA sequencing reac-
tions. Due to length, a third internal sequencing oligo-
nucleotide, 5�-AGATGAGCTACCTGGGGAGC-3�, was
also used for Mdm2. Sequences were analyzed by
ClustalW2 to determine homology between mouse and
human p53 or Mdm2 gene sequences and then com-
pared with mutations present in the IARC TP53 data-
base (version R13, accessed on April 29, 2009,
http://www-p53.iarc.fr/).75

Statistics

Determinations of significance between RMS and normal
mdx samples were done using an unpaired Student’s t-test
with equal weighting between samples. Where appropriate,
comparison of significance between more than two groups
was done using analysis of variance with pre- and posthoc
Bonferroni analysis. Odds ratio determination was done to
compare tumor incidence using GraphPad Prism 4.03
software (GraphPad, La Jolla, CA).

Results

Spontaneous Development of ERMS in a
Subset of Aged Dystrophin-Deficient (mdx) and
� Sarcoglycan-Deficient (Sgca�/�) Mice

In performing lifespan studies of particular gene dele-
tions in mdx mice, we had allowed a significant number of
mdx mice, 350, to age to a year or older. Here, only
wild-type mdx animals or mice heterozygous for a sec-
ond gene deletion (Galgt1, Galgt2, or Cmah) were used.
These other genes control synthesis of �1,4GalNAc link-
ages on Neu5Ac�2,3Gal�1,4-linked glycans on glyco-
proteins (Galgt2)76 or on gangliosides (Galgt1)77,78 or
control the synthesis of a specific modification (5-hy-
droxylation) of sialic acid (Cmah).79 While mice with a
homozygous deletion of these genes show deficits in the
glycans they create and have resulting phenotypes, in-
cluding altered wound healing and hearing deficits (in
Cmah-deficient mice79) and age-dependent Wallerian
degeneration of peripheral nerves (in Galgt1-deficient
mice77), such mice with only a heterozygous deletion, as
used here, show normal levels of glycan expression in
skeletal muscle and no phenotypes that distinguish them
from normal mdx animals (equivalent muscle pathology
and physiology, lifespan, and ambulation [not shown]).
These mdx mice were compared with equivalent num-
bers of strain-matched C57Bl/6 or C57Bl/10 wild-type
mice. Again, some of these control animals were het-
erozygous for the afore-mentioned gene deletions bred
into the mdx colony, and again such animals showed no
glycosylation deficit and no phenotype (absence of mus-
cle pathology, unchanged lifespan, unchanged locomo-
tor and muscle strength measures [not shown]). Of the
350 mdx mice allowed to age to one year or more, 32
mdx animals, or 9% of the total, developed skeletal mus-

cle-derived tumors (Table 1). By contrast, not one of 450
similarly aged wild-type mice developed such muscle-
derived tumors. Tumor incidence in mdx animals was
proportionate to the number of animals with each sec-
ondary genotype (Galgt2�/�, Galgt1�/�, or Cmah�/� [not
shown]). In addition, 4 of 80 (5%) mice deficient in �
sarcoglycan (Sgca�/�) developed skeletal muscle-de-
rived tumors, compared with none in the heterozygous
and wild-type colonies (Table 1). These mice contained
no secondary genetic changes. Control (nondystrophic,
wild-type) mice did develop tumors outside the muscu-
lature at a low incidence, including tumors derived from
the liver, ovary, and spinal cord (not shown). Thus, con-
trol animals were not immune to developing cancer, but
showed no muscle-derived tumors, while there was a
significant increase in muscle-derived tumors in mdx and
Sgca�/� strains of mice (P � 0.001, two-tailed unpaired
t-test for mdx or Sgca�/� compared with wild-type). The
odds ratio of mdx mice for RMS development was 81 (to
wild-type), while it was 47 for Sgca�/� (to wild-type).

Tumors arose from skeletal muscles throughout the
body axis, but were primarily axial in origin (Table 1 and
Figure 1, A–E). Muscles identified with tumors directly
emanated from them were the trapezius, quadriceps,
gastrocnemius, tibialis anterior, biceps, triceps, and the
muscles of the periorbital region. Once identified, tumors
grew at a dramatic rate, and mice had to be sacrificed

Figure 1. mdx and Sgca�/� mice develop skeletal muscle-derived tumors
with age. Mice lacking dystrophin (mdx) or � sarcoglycan (Sgca�/�) devel-
oped skeletal muscle-derived tumors, primarily from the axial musculature,
after 12 months of age. Examples of tumors emanating from periorbital
muscles (A), muscles in the hindlimb/buttocks (B, C), or forelimb muscles
(D, E) are shown.
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within 1 to 2 weeks after identification of a tumoral mass.
Tumors ranged in size, but frequently exceeded 10% of
total body weight (Table 1). No obvious metastatic le-
sions were visible on gross inspection of other organs,
however, a few mice were noted to have regional hyper-
plastic lymph nodes.

Tumors were snap-frozen, sectioned on a cryostat,
and stained with H&E (Figure 2, A–H). All tumors were
analyzed and diagnosed as ERMS (Figures 2 and 3). All
cases showed moderate to high cellularity with round or
spindle-shaped cells in roughly equal numbers. Some,
but not all, spindle cases had an overall storiform pattern
(Figures 2, A and C). A minority of tumors (4 of 32)
showed anaplasia (Figure 2D), which is associated with
poorer prognosis in human RMS,5 or multinucleated tu-
mor cells. No cases had an alveolar pattern, though
several tumors (two) had very small areas with an alveo-
lar-like morphology (but comprising less than 1% of total
tumor area) where tumor cells appeared to be aligned

along strands of extracellular matrix (Figure 2E). All cases
showed evidence of muscle differentiation that varied
from round cells with abundant cytoplasm indicative of
rhabdomyoblasts (Figure 2H), a hallmark of RMS, to myo-
tube-like formations (Figure 2B). Skeletal myofibers were
often present within regions of tumor growth and always
at its borders (Figure 2G). Because many of these myo-
tubes resulted from regenerative processes, they contain
centrally localized nuclei, a hallmark of regenerating
myofibers in dystrophic rodents.80 About one third of all
tumors contained regions of significant tumor necrosis.

RMS is typically defined by a combination of cellular
and molecular characteristics, including expression of
the myogenic differentiation factors myogenin and MyoD,
as well as the muscle intermediate filament protein
desmin.39 Accordingly, tumors were stained with anti-
bodies that recognize mouse desmin, MyoD, or myoge-
nin (Figure 3). All tumors were found to express each of
these proteins in a subset of tumor cells, helping to define

Figure 2. mdx and Sgca�/� tumors are embryonal rhabdomyosarcoma. Tumors were snap-frozen, cut, and stained with H&E. All tumors showed characteristics
of embryonal rhabdomyosarcoma, including high cellularity (A–C, F) with evidence of muscle differentiation (B). A small fraction of tumors showed anaplasia
(D) and a few contained very small areas (ca. 1% of total) with an alveolar-like pattern (E). RMS cells were present within regions bounded by and containing
dystrophic skeletal myofibers (G) and often contained rhabdomyoblasts (H). Scale bars: 200 �m (A–C), 100 �m (D–F), and 50 �m (G–H).
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all cases as RMS. While there was some background
staining for MyoD and myogenin in regions outside the
nucleus, a finding typically found and considered non-
specific,39 we found high (specific) nuclear staining for
both of these antibodies in a subset of tumor cells in all
tumors analyzed. Staining for desmin, an intermediate
filament protein, was entirely cytoplasmic and showed no
nuclear staining, as expected, while secondary antibody
alone yielded no staining in any tumor. While some re-
gions showed a high co-incidence of MyoD and myoge-
nin staining in tumor cells (20% to 40%) (Figure 3), other
regions within the same tumors showed much lower in-
cidence (�10%), which is more typical of ERMS than of
ARMS.39 Incidence of desmin staining was high in all
regions of all tumors (�90%).

Molecular Characterization of RMS-Like
Changes in mdx RMS

Human RMSs typically have altered expression of a num-
ber of oncogenes, and the majority of ARMS also show
specific chromosomal translocations between PAX3 or
PAX7 and FKHR. Such changes, while never absolute in
terms of incidence, have been well-documented.6,43,48

We assessed many of these molecular changes in mdx
RMS by extracting whole cell protein and comparing
expression with protein extracts isolated from normal
mdx and wild-type skeletal muscle using immunoblotting
(Figure 4). Because mouse Pax3 and Pax7 are so similar
in protein sequence, we used an antibody to a region of

homology between the two proteins to simultaneously
characterize Pax3 and Pax7 expression (or Pax3/7). Both
wild-type and mdx muscles expressed full-length Pax3/7
protein (56 kDa). This was expected, as Pax7 is a mo-
lecular marker for intramuscular satellite cells,81 which

Figure 3. Expression of RMS markers in mdx and Sgca�/� tumors. Tumor
sections were stained with antibody to MyoD, myogenin, desmin, or with
secondary antibody alone. All sections were counterstained with hematoxy-
lin. Every mdx and Sgca�/� tumor contained tumor cells expressing MyoD,
myogenin, and desmin. Scale bar: 100 �m (left panels) or 50 �m (right
panels).

Figure 4. Expression of cancer-related proteins in mdx RMS and normal mdx
and wild-type (WT) skeletal muscle. Forty micrograms of whole muscle
protein lysate from wild-type skeletal muscle (WT), mdx skeletal muscle
(mdx), or mdx RMS tumor (mdx RMS) were separated on SDS-PAGE gels and
blotted with the indicated antibodies. All mdx RMS overexpressed p53 and
Mdm2, while some, but not all, mdx RMS overexpressed Igf2, phospho-
serine473-Akt, survivin, and Rb or had reduced levels of PTEN. Native
molecular weights, indicated by asterisks when multiple bands were
present, are: Pax3/7 (56 kDa), Fkhr (80 kDa), p53 (53 kDa) Rb (106 kDa),
Mdm2 (90 kDa), pre-pro IGF1 (24 kDa), pre-pro IGF2 (18 kDa), Akt (60 kDa),
PTEN (54 kDa), survivin (17 kDa), desmin (53 kDa), and actin (43 kDa).
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would be present in normal and dystrophic skeletal mus-
cle.81 mdx RMS expressed Pax3/7 and Fkhr, as did wild-
type and mdx skeletal muscle (Figure 4). Mouse Fkhr
protein in mdx RMS was often of lower molecular weight
than the native protein (80 kDa), suggesting these tumors
may have altered processing of Fkhr that may lead to
expression of inactive or dominant-negative protein frag-
ments. Alternatively, some such bands may reflect non-
specific binding of the primary antibody. No higher
molecular weight fragments (�80 kDa) were present, how-
ever, that would be indicative of expression of Pax3/7-
Fkhr fusion proteins.

We confirmed the lack of human ARMS-like Pax3/7-
Fkhr translocations by RT-PCR (Figure 5). Primers were
used that recognize regions at the 5� and 3� ends of both
Pax3 and Pax7 (using oligos that anneal to regions of
complete homology between the two genes). A minority
of mdx RMS showed increased expression of Pax3/7
mRNAs (Figure 5). These data were quantified by TaqMan
qRT-PCR (Table 2). These studies showed highly vari-
able changes in Pax 3 or Pax7 gene expression in mdx
RMS; 6 of 25 mdx RMS showed elevations in excess of

10-fold for Pax3, relative to wild-type skeletal muscle, and
6 of 25 tumors showed elevation in excess of 10-fold for
Pax7. The majority of mdx RMS, however, showed a less
than twofold change for both genes (not shown). Inter-
estingly, only one of the tumors showing highly elevated
Pax3 also showed highly elevated Pax7. Additionally,
Pax3 showed increased expression in normal muscle
with age (both wild-type and mdx), while Pax7 showed
decreased expression (Table 2). Despite these changes
in normal muscle, both Pax3 and 7 were, on average,
significantly elevated in mdx RMS relative to age-
matched normal mdx muscle, while Fkhr was not (Table
2). Fkhr, however, did show decreased expression in
normal mdx skeletal muscle (both young and old) com-
pared with age-matched wild-type. Nevertheless, none of
the 25 mdx RMS analyzed showed greater than twofold
elevation in Fkhr expression compared with aged-
matched mdx controls. � actin (Figure 5) or 18S RNA
(Table 2) were run as controls to verify that a similar
amount of RT product was present for mRNA analysis.

Before analyzing Pax:Fkhr translocation products,
primers to the 5� and 3� ends of mouse Fkhr were used
to amplify near full-length Fkhr transcripts. As ex-
pected based on qRT-PCR measurements, most mdx
RMSs expressed Fkhr mRNA, though at reduced levels
compared with normal (young) mdx muscle (Figure 5),
which again was consistent with qRT-PCR (Table 2).
Some low molecular PCR products were also present in
this PCR that could not be removed by optimizing an-
nealing conditions (Figure 5). The Fkhr band of the ex-
pected molecular weight (Figure 5) was excised from
some reactions and verified as Fkhr by DNA sequencing
(not shown). To identify transcripts that would emanate
only from human-like Pax3:Fkhr or Pax7:Fkhr transloca-
tions, we used the 5�Pax3/7 and 3�Fkhr primers to amplify
potential transcripts that would result from such human
RMS-like translocations. We found no expression of any
such transcripts that would indicate a Pax3:Fkhr or Pax7:
Fkhr chromosomal translocation had occurred (Figure 5).
These same oligos, however, when used in a different
pairing, did amplify Pax3/7 or Fkhr (Figure 5), suggest-
ing the negative result was reflective of an absence of
Pax3/7:Fkhr translocation products rather than a non-
specific absence of oligonucleotide binding. This find-
ing is consistent with the diagnosis of embryonal RMS
in mdx tumors, as most alveolar RMS cases in humans

Figure 5. mRNA levels for Pax3/7, Fkhr, and possible Pax3/7-Fkhr translo-
cation products in mdx RMS. mRNA for Pax3 and Pax7 (cumulative, Pax3/7),
Fkhr, and potential 5� Pax3/7–3�Fkhr translocation products were assessed by
endpoint RT-PCR, compared with �actin control, in mdx RMS tumors and
wild-type (WT) and mdx skeletal muscle. C is control with no template added.
Asterisks indicate the expected molecular weight of full-length amplified cDNA.

Table 2. TaqMan qRT-PCR Measurements of Changes in p53, Mdm2, Pax3, Pax7, and Fkhr Gene Expression in mdx RMS
Compared with Normal Wild-Type and mdx Skeletal Muscle

Gene WT (young) mdx (young) WT (old) mdx (old) mdxRMS (old)

Trp53 1.00 	 0.26 1.11 	 0.11 0.70 	 0.07 1.28 	 0.10 6.42 	 0.53***
Mdm2 1.00 	 0.31 0.72 	 0.05 0.93 	 0.08 1.15 	 0.12 1.46 	 0.14
Pax3 1.00 	 0.02 1.14 	 0.22 6.28 	 1.45 4.45 	 1.30 9.52 	 2.86*
Pax7 1.00 	 0.24 1.67 	 0.25 0.55 	 0.08 0.80 	 0.05 7.71 	 2.58*
Fkhr 1.00 	 0.13 0.67 	 0.10 0.95 	 0.10 0.52 	 0.07 0.59 	 0.06

mRNA levels of genes of interest were measured, relative to 18S RNA control, in five different groups: RMS derived from mdx mice and normal
skeletal muscles (gastrocnemius) from young and old wild-type (WT) and mdx mice (without tumors). Unpaired two-tailed Student’s t-test comparisons
were done between mdx (old) and mdxRMS (old) for each gene. (*P � 0.05, ***P � 0.001) The fold change is reported relative to wild-type (young)
signal for each gene. Muscles from young mice averaged 3 months of age for each group. Muscles and tumors from old animals averaged 15 months
of age for each group. Errors are SEM for n 
 7 to 25 samples per group.
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(about 80%) contain such PAX3:FKHR or PAX7:FKHR
translocations.46

All mdx RMS showed increased expression of both
p53 and Mdm2 protein, and about half also showed
increased expression of Rb and Igf2 (Figure 4). p53
protein, on average, was increased in mdx RMS by 2.8 	
0.8-fold compared with normal mdx muscle (P � 0.05),
while Rb was increased by 2.8 	 0.9-fold (P � 0.05).
Both increases were normalized to blots re-probed for
actin, which was equivalent between conditions (mdx
RMS was 95 	 6% of control). It was difficult to assess the
extent of Mdm2 overexpression, as normal mdx muscles
expressed so little protein, but mdx RMS showed a 17 	
4-fold average increase relative to mdx (P � 0.001). Five
of seven mdx RMS analyzed showed increased expres-
sion of phosphorylated Akt (phospho-Ser 473) and de-
creased expression of PTEN. The two mdx RMS that did
not show increased phosphoserine 473-Akt showed nor-
mal PTEN expression, consistent with the fact that PTEN
negatively regulates Akt phosphorylation.58 These two
samples, however, also showed reduced Akt protein,
which would yield the same result. Five of seven tumors
also showed increased expression of survivin, an anti-
apoptosis factor implicated in RMS and in other tumor
types.60 All tumors expressed desmin at levels ap-
proaching those found in control tissues (mdx RMS was
73 	 6% of normal mdx muscle signal, P � 0.05), while
secondary antibody alone showed no signal on any blot.
Other cancer-related proteins (NF1, N-myc) showed no
increase in mdx RMS (not shown). Thus, mdx RMS
showed expression of oncogene proteins that was similar
to that reported in human RMS with regard to phospho-
serine473-AKT, PTEN, Igf2, and Rb, but showed an ab-
solute change in the expression of Mdm2 and p53. This
argues that p53 and/or Mdm2 may be more directly
involved in tumorigenesis in these animals.

As with Pax3, Pax7, and Fkhr, we measured mRNA
levels by TaqMan qRT-PCR for p53 and Mdm2 (Table 2).
While there was no significant change in Mdm2 levels
between tumors and aged-matched control mdx tissue,
there was a significant increase in mRNA for p53 (Table
2). Thus, some of the elevation in p53 protein could result
from increased Trp53 gene transcription. Indeed, p53
transcription was elevated by more than twofold in six of
the seven tumors analyzed for protein changes (Figure
4), while none of the same tumors showed similarly ele-
vated Mdm2 transcription. In total, 24 of 25 mdx RMS
analyzed had greater than twofold elevation in p53 tran-
scription compared with wild-type skeletal muscle. By
contrast, only 3 of 25 total mdx RMS analyzed showed
greater than twofold elevation in Mdm2 expression. This
suggests that Mdm2 gene amplification, which can occur
in pediatric RMS,49 was not present in most mdx RMS.

We also surveyed expression of proteins that regulate
cell death to determine whether such proteins might con-
tribute to the behavior of the mdx RMS (Figure 6). Apo-
ptosis inhibiting factor, Bax, and BclII showed no signif-
icant change relative to mdx muscle controls, though
both Bax and BclII were elevated in normal mdx skeletal
muscle versus wild-type. Five of seven mdx RMS had
elevated levels of BID, another promoter of cell death,

and six of seven had decreased levels of GAPDH, a
protein involved in the glycolysis that has recently been
implicated as a negative regulator of apoptosis.82 Seven
of seven mdx RMS showed elevated levels of caspase 3
expression, but no evidence of activated (cleaved 12 or
17 kDa) caspase 3 protein, while caspase 9 expression
was roughly equivalent between mdx RMS and mdx sam-
ples. As before, secondary antibody alone yielded no
specific bands, with the exception of anti-mouse IgG,
which bound to endogenous mouse Fc receptor, and
actin protein levels were not changed (Figure 6). These
molecular changes point to altered expression of certain

Figure 6. Expression of cell death proteins in mdx RMS and normal mdx and
wild-type skeletal muscle. Forty micrograms of whole muscle protein lysate
from mdx RMS and mdx and wild-type (WT) skeletal muscle were separated
by SDS-PAGE and immunoblotted to show relative expression of proteins
involved in the regulation of apoptosis. Most mdx RMS had increased ex-
pression of pre-pro caspase 3 (but not 12 kDa or 17 kDa activated forms),
BID (a pro-apoptosis factor), and reduced levels of GAPDH (an apoptosis
inhibitor). Bax and Bcl-2 were elevated in mdx muscle versus wild-type, but
not increased further in mdx RMS. Native molecular weights are: apoptosis
inhibiting factor (65 kDa), Bax (23 kDa), Bcl-2 (26 kDa), BID (22 kDa),
GAPDH (36 kDa), pre-pro caspase 3 (36/33 kDa), pre-pro caspase 9 (46
kDa), and actin (43 kDa).
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apoptosis factors (survivin, BID, caspase 3, and GAPDH)
in mdx RMS.

We next sequenced cDNA clones from seven of the
mdx RMS (same samples as shown in Figure 4) using
primers that covered the majority of the p53 (Trp53)
exons where human mutations are typically found in var-
ious types of cancer (exons 2–10). We identified either
deletions or point mutations in p53 transcripts from all
(seven of seven) mdx RMS analyzed, while only one of
seven age-matched normal mdx skeletal muscles con-
tained a similar cancer-associated p53 mutation (Table
3). Of the several dozen clones sequenced for each
group, 40% of mdx RMS clones contained cancer-asso-
ciated p53 missense mutations or deletions, while only
5% of normal mdx skeletal muscle samples did. If silent
mutations were also included, which would not alter the
amino acid coding sequence, the percentage of clones
with mutations for the two groups was roughly equal (44%
mdx RMS, 40% mdx normal). Thus, every mdx RMS
analyzed contained transcripts with missense mutations
known to occur in human cancer (or a p53 deletion). The
one possible exception was the E55G mouse mutation in
tumor A (Table 3). Because the human p53 protein con-
tains a 3-aa insertion after this amino acid relative to its
alignment with the mouse, the assignment of homology is
more tenuous, though the amino acids most likely to repre-
sent mouse E55 in human has been shown to contain
cancer-associated missense mutations (E56K, ID#4830,
24294, 23464,75 and E56V, ID#536675). The finding of in-
creased p53 protein in tumors containing inactivating p53
gene mutations is relatively common.83

We also performed sequence analysis along the entire
length of the Mdm2 coding sequence (exons 2–12). As
with p53 (Table 3), we identified more Mdm2 missense
mutations in mdx RMS samples (six of seven tumors) than
in equivalent number of age-matched normal mdx skel-
etal muscles (three of seven controls) (Table 4). Here, we

were unable to reference an extensive database to de-
termine the relevance of the Mdm2 missense mutations to
human cancer. In addition, we found that five of seven
mdx RMS samples expressed a specific Mdm2 splice
form lacking exon 3 (Table 4). By contrast, none of the
seven normal (age-matched) mdx skeletal muscles con-
tained this splice form, though they did possess other
small gene or splice deletions (Table 4). Deletion of exon
3 would eliminate about half of the p53 protein-binding
domain. Splice forms of Mdm2 lacking the p53 binding
domain have been reported to be specifically associated
with cancer84 and to stimulate tumor growth.85 In ag-
gregate, 100% of the almost two dozen mdx RMS
clones sequenced showed either missense mutations
or altered splicing of Mdm2 (deletion of exon 3). Unlike
p53, however, a high percentage (50%) of Mdm2
clones sequence from age-matched normal mdx skel-
etal muscle also showed missense mutations, altered
splicing, or gene deletion. None of the normal mdx
samples, however, contained a spliced deletion of
exon 3, while 50% of mdx RMS clones contained this
specific splice form.

Characterization of the DAG Complex in mdx
RMS and Human RMS

Our original intent in understanding mdx and Sgca�/�

mice emanated from our long-standing interest in the role
of the DAG complex in muscular dystrophy. In both the
mdx and the Sgca�/� models, loss of one component of
the DAG complex results in instability or reduced expres-
sion of other DAGs.36,37 Such changes also appear to
correlate with a number of types of cancer4, 26–32,35 and
also can occur during normal skeletal muscle develop-
ment.86 We had previously shown32 that pediatric ERMS
and ARMS are significantly associated with lowered ex-

Table 3. Description of Human TP53 Cancer-Associated Mutations or Deletions in Mouse Trp53 in mdx RMS and Age-Matched
Normal mdx Skeletal Muscle

Sample Exon
mRNA

nt Description
Wild-type
codon

Mutant
codon

Protein
mouse

Protein
human Effect

Corresponding mutation ID in
the IARC TP53 database

Tumor-A Exon 4 321 A�G GAA GGA E55G Missense
Tumor-B Exon 5 656 A�G ACG GCG T167A T170A Missense 1293, 9320, 9971, 10517
Tumor-A Exon 5 666 T�C GTG GCG V170A V173A Missense 947, 1006, 1383, 1710, 1945,

3034, 4441, 7535, 8309,
9250, 11738, 14868, 14871,
15516, 18252, 21774, 22959

Tumor-46 Exon 6 711 T�C CTG CCG L185P L188P Missense 20483
Tumor-112 Exon 6 771 A�G GAC GGC D205G D208G Missense 8493,10968, 12631, 17796,

24099, 25352
Tumor-50 Exon 7 890 C�T CGC TGC R245C R248C Missense 9913
Tumor-50 Exon 9 1073 C�T CCC TCC P306S P309S Missense 11454, 22236, 22608, 22672,

24559
Tumor-41 Exon 10 1160 T�C TTC CTC F335L F338L Missense 25823
Tumor-113 118 base pairs are deleted in Exons 8–9 (nucleotides 1004-1121),

causing frameshift and premature termination of the protein
(301 amino acids instead of 390)

Deletion

Normal
mdx-1121

Exon 4 437 G�A GTC ATC V94I V97I Missense 23474

Trp53 transcripts from mdx RMS tumors and age-matched normal mdx skeletal muscle were sequenced across exons 2 to 10. Seven of seven
mdxRMS tumors analyzed showed missense mutations known to occur in the homologous region of TP53 in human cancer or deletions. One Trp53
gene deletion was also identified. By contrast, only one of seven normal mdx skeletal muscles analyzed showed any cancer-associated Trp53
mutations. n 
 18 to 25 per condition.
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pression of glycosylated � dystroglycan, but have normal
expression of � dystroglycan, a protein co-translated with
� dystroglycan from the DAG1 gene.9,87 Reduced or
altered glycosylation of � dystroglycan is significant be-
cause it correlates with loss of extracellular matrix bind-
ing, one of the principal functions of the DAG complex.88

Reduced glycosylation of � dystroglycan also correlates
with earlier stages of muscle development.86 Changed
glycosylation of � dystroglycan is usually demonstrated
as loss of binding of monoclonal antibodies, such as
IIH6,89 that recognize the glycans required for extracel-
lular matrix binding,18 or by reduced migration of the
glycoprotein on SDS-PAGE gels.86,89 Therefore, we
asked whether similar changes in � dystroglycan expres-
sion occurred in mdx RMS (Figure 7). Four out of seven
mdx RMS tumors showed lowered (�50%) expression of
glycosylated � dystroglycan (using IIH6 as a probe),
while no mdx RMS showed reduced expression of �
dystroglycan. Indeed, all mdx RMS studied showed in-
creased expression of a higher molecular weight form of
� dystroglycan that has previously been described by
Guttridge87 and colleagues to be present in mdx muscles
with tumors. In addition, four of seven mdx RMS showed

reduced expression of native (50kDa) � sarcoglycan
(Figure 7). Thus, roughly half of mdx RMS showed a
deficit in the DAG complex proteins, a number similar to
our previous studies on human RMS.32 Reduced expres-
sion of � dystroglycan and � and � sarcoglycan was
confirmed by immunostaining. All mdx RMS showed high
membrane immunostaining using antibodies to � dystro-
glycan, while many showed reduced staining using anti-
bodies to � dystroglycan and � and � sarcoglycan (Fig-
ure 8).

Because we had identified RMS in mice deficient in
dystrophin (mdx) or � sarcoglycan (Sgca�/�), we also
wanted to understand the expression of these proteins in
human RMS. We first compared protein expression of
four snap frozen RMS and two normal skeletal muscle
samples by immunoblotting (Figure 9). All RMSs (four of
four) had reduced expression of both dystrophin and �
sarcoglycan protein. RMS signal for dystrophin protein
was 30 	 9% of wild-type and � sarcoglycan signal was
14 	 5% of wild-type (P � 0.05 for both, normalized to
actin). Expression of both proteins was close to being
undetectable for three of four RMS, while one sample
showed significant (albeit still reduced) expression. We

Table 4. Missense Mutations and Altered Splicing of Mdm2 in mdx RMS and Normal mdx Skeletal Muscle

Sample Exon mRNA nt Description Wild-type codon Mutant codon Protein mouse Effect

Tumor-113 5 431 A�G TAT TGT Y60C Missense
Tumor-A 5 470 A�C CAC CCC H73P Missense
Tumor-A 6 551 A�G TAT TGT Y100C Missense
Tumor-50 6 565 A�G AGA GGA R105G Missense
Tumor-113 7 619 A�G AGA GGA R123G Missense
Tumor-46 7 650 A�G AAG AGG K133R Missense
Tumor-50 8 655 C�A CCT ACT P135T Missense
Tumor-41 9 821 T�C CTG CCG L190P Missense
Tumor-41 10 1018 G�A GAT AAT D256N Missense
Tumor-113 10 1046 A�G GAG GGG E265G Missense
Tumor-41 12 1241 A�G GAC GGC D330G Missense
Tumor-B 12 1319 A�G GAT GGT D356G Missense
Normal mdx-1211 9 901 C�T CCC TCC P217S Missense
Normal mdx-1211 10 941 C�G TCT TGT S230C Missense
Normal mdx-1121 12 1450 A�G AGC GGC S400G Missense
Normal mdx-791 5 480 T�G TAT TAG Y76Stop Nonsense
Tumor-41 Exon 3 is skipped, missing first 49 amino acids
Tumor-46 Exon 3 is skipped, missing first 49 amino acids
Tumor-46 Exon 3 is skipped, missing first 49 amino acids
Tumor-50 Exon 3 is skipped, missing first 49 amino acids
Tumor-112 Exon 3 is skipped, missing first 49 amino acids
Tumor-112 Exon 3 is skipped, missing first 49 amino acids
Tumor-112 Exon 3 is skipped, missing first 49 amino acids
Tumor-B Exon 3 is skipped, missing first 49 amino acids
Tumor-B Exon 3 is skipped, missing first 49 amino acids
Tumor-113 83 base pairs are deleted in Exon 9 (nucleotides 764-846), causing frameshift and premature termination

of the protein (178 amino acids instead of full-length 489 amino acids)
Normal mdx-1011 48 base pairs are deleted in Exon 10 (nucleotides 913-960), causing deletion of 16 amino acids (221-236)
Normal mdx-1211 Exon 5 is skipped, causing frameshift, and early termination of the protein (75 amino acids instead of

full-length 489 amino acids)
Normal mdx-1211 99 base pairs are deleted in Exon 12 (nucleotides 1235-1333), causing frameshift and deletion of 34 amino

acids (328-361) and introduction of Q in the place of 34 amino acids
Normal mdx-1212 211 base pairs are deleted in Exon 12 (nucleotides 1233-1443), causing frameshift and premature

termination of the protein (326 amino acids instead of full-length 489 amino acids)

Mdm2 transcripts from mdx RMS tumors and age-matched mdx normal skeletal muscle were sequenced. Missense mutations and altered splicing
and/or gene deletions were identified. Six of seven mdx RMS tumors showed missense mutations, and three of seven normal mdx muscles did. Five of
seven mdx RMS also showed a splicing of exon 3, deleting a 49 amino acid (aa) portion of the p53 binding domain, while none of the normal mdx
muscles did. Three of seven normal aged mdx skeletal muscles did, however, show other gene deletions and/or altered splicing. n 
 18 to 22 per
condition.
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could not determine whether this one sample contained
normal muscle tissue taken along with the tumor at the
border of the resection, which could explain such a
finding.

To clarify this further, we next immunostained RMS
tissue arrays bearing normal human skeletal muscle and
sections from pediatric ERMS and ARMS with monoclo-
nal antibodies that bind dystrophin (Figure 10). We first
characterized staining of available human-specific dys-
trophin and � sarcoglycan monoclonal antibodies using
sections from formalin-fixed, paraffin-embedded, normal
muscle after antigen retrieval. Unfortunately, antibodies
to � sarcoglycan and one antibody to dystrophin (Dys3)
did not stain fixed normal muscle. Two dystrophin anti-
bodies (Dys1 and Dys2), however, did stain reproduc-
ibly. Dys1 recognizes a centrally located portion of the
rod domain of the dystrophin protein, while Dys2 recog-
nizes the extreme C-terminal peptide of the protein. Both
antibodies were used to stain tissue arrays containing
normal skeletal muscle and multiple cases of ARMS or
ERMS. We found very high immunostaining of normal
muscle with Dys1 in all instances (Figure 10 and Table 5).

Figure 7. Reduced expression of glycosylated � dystroglycan and � sarcoglycan
in mdx RMS. Forty micrograms of total cell protein was compared for expression
of glycosylated � dystroglycan (using IIH6), � dystroglycan, or � sarcoglycan.
Glycosylated � dystroglycan expression and � sarcoglycan protein expression
were reduced in about half of mdx RMS, while � dystroglycan was not. Asterisks
indicate the molecular weight of native full-length protein. Native molecular weights
are: � dystroglycan (160 kDa), � dystroglycan (43 kDa), � sarcoglycan (50 kDa).

Figure 8. � Dystroglycan, and � and � sarcoglycan immunostaining are re-
duced in mdx RMS. Tumor sections were immunostained with antibodies to
dystroglycans or sarcoglycans. Variably decreased expression of � dystroglycan
(IIH6) and � and � sarcoglycan were found in mdx RMS, while � dystroglycan
was always strongly expressed. Scale bar 
 100 �m.

Figure 9. Expression of dystrophin and � sarcoglycan are reduced in human
RMS. Forty micrograms of whole cell protein was extracted from normal
pediatric human muscle (normal) or from pediatric human RMS (subtype
unspecified), separated by SDS-PAGE, and blotted for dystrophin, � sarco-
glycan, desmin, or actin. Asterisks indicate molecular weight of native
full-length protein: dystrophin (427 kDa), � sarcoglycan (50 kDa), desmin
(53 kDa), and actin (43 kDa).
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Additionally, we observed high staining of normal muscle
when it was present within RMS sections (Figure 10). By
contrast, we observed no Dys1 staining of tumor cells in
the majority of RMS cases (Figure 10 and Table 5). Thirty
of 39 ARMS and 29 of 32 ERMS were scored as 0 (less
than 5% of tumor cells stained) for Dys1 staining by all
three investigators performing the analysis, with almost
all of these cases showing undetectable tumor cell stain-
ing. Of the tumors scored as positive, none exceeded an
average ranking of 1, which indicates 5 to 25% of tumor

cells stained, while all normal muscle samples exceeded
this level. Dys2 staining, while present in normal muscle,
did not typically give as strong a signal (not shown). In
addition, Dys2 was scored higher than Dys1 in the ARMS
samples, but the average level of staining was still below
1. When Dys2 staining was elevated, it was not present at
the membrane, where dystrophin is normally expressed,
but showed broad staining throughout the cytoplasm (not
shown). As such, this may reflect artifactual staining or
expression of a cleaved, nonfunctional, dystrophin pro-

Figure 10. Dystrophin is not expressed in most pediatric RMS, regardless of subtype. Tissue arrays bearing sections of pediatric normal skeletal muscle (SM),
embryonal rhabdomyosarcoma (ERMS), or alveolar rhabdomyosarcoma (ARMS) were stained with Dys1, an antibody to dystrophin. All SM stained strongly along
the sarcolemmal membranes of myofibers, the normal location of dystrophin protein, whereas almost no RMS, either ERMS or ARMS, were stained. When RMS
did express dystrophin, it was present only in a small minority of the tumor cells within the section. Skeletal myofibers within RMS sections (arrowheads),
however, stained strongly for dystrophin. Scale bar 
 100 �m.
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tein fragment. Regardless, there was a highly significant
decrease in dystrophin staining using both antibodies for
both ERMS and ARMS, as compared with normal skeletal
muscle (P � 0.001 for ARMS-normal or ERMS-normal
comparisons, analysis of variance with posthoc t-test).

Discussion

We have described the development of late onset ERMS
in a subset of a large population of dystrophic mice
containing either a mutation in dystrophin (mdx) or a
deletion in � sarcoglycan (Sgca�/�). These data suggest
a connection between the altered expression of the DAG
complex, the cause of dystrophy in these animals, and
RMS formation or biology. That RMS derives from mice
with reduced expression of disparate members of the
DAG complex could alternatively suggest that the dys-
trophic process itself is driving RMS development and
not the specific loss of DAG function. The late onset of
tumor development, with all tumors occurring after 1 year
of age, also supports this notion. Such a conclusion,
however, is actually impossible to prove at this point, as
expression of DAG proteins and dystrophin in skeletal
muscle are tightly linked; sarcoglycan and dystroglycan
expression are reduced at the membrane in mdx mus-
cles lacking dystrophin,36 while dystrophin and dystro-
glycan are less stably present in the sarcolemmal mem-
branes of � sarcoglycan-deficient mice.37 Thus, it is
possible that all such mice would reflect the same overall
loss of function in the DAG complex function, regardless
of the molecular trigger causing muscular dystrophy.

While there are case reports of RMS occurring in DMD
patients,90,91 the incidence does not appear to be above
what one might expect in the general population for a
combination of a rare X-linked neuromuscular disease
and a rare childhood cancer. Again, such a conclusion is
difficult to extrapolate to the experiments shown here
because there are fundamental differences between mdx
mice and DMD patients that could explain such a dispar-
ity. Foremost among these is the fact that DMD, unlike

muscular dystrophy in mdx mice, is highly associated
with muscle wasting. Weakness in DMD patients arises,
in large part, from the replacement of muscle tissue with
connective tissue or fat.7 Given that ERMS is thought to
emanate from satellite cells in skeletal muscle,92,93 the
regenerative pool of myoblasts present within skeletal
muscles, such cells likely would become significantly
reduced in number as wasting in DMD progressed. By
contrast, mdx mice, show little to no muscle wasting,
have robust muscle regeneration,80,94 and are therefore
likely to maintain their satellite cell population to a higher
degree than found in DMD muscle with age.

This study is actually the second demonstration of
RMS in mdx mice (and the first demonstration in � sar-
coglycan-deficient mice). In the original report by Cham-
berlain and colleagues, a similar incidence of RMS (6%
there vs. 9% here) and similar late onset to development
(�12 months) was found, however, they reported that the
tumors were of the alveolar RMS subtype, a conclusion
based on the fact that the tumor cells expressed high
levels of MyoD and myogenin and also on their histopa-
thology.95 As ERMS also express MyoD and myogenin,39

the expression of myogenic transcription factors is an
inappropriate singular criterion for a diagnosis of ARMS.
Using unbiased methods, we unequivocally demonstrate
here that all RMS derived from mdx mice are consistent
with ERMS: all mdx tumors display both cellular and
molecular characteristics consistent with ERMS and
show almost no characteristics of ARMS. The level of
myogenin and MyoD co-expression within tumor cells is
generally low (less than 10%), tumors display high cellu-
larity with features of differentiated muscle, both features
of ERMS,39,40 and tumor histology shows almost no evi-
dence of ARMS-like morphology, such as alignment of
tumor cells along fibrous septa of collagenous material.
Such features were found in a minority of the tumor sam-
ples (2 of 26) and then only in a small fraction of the tumor
area analyzed. In addition, no transcripts suggestive of
Pax3:Fkhr or Pax7:Fkhr translocations were evident in
any tumor, a finding found in about 80% of human
ARMS.46 A subset of tumors (about 10%), however, did
display anaplasia, a finding that, like ARMS, is associated
with poorer outcomes.6 While it is unlikely, it is also pos-
sible that some of these tumors could not be ERMS but
rather another muscle-derive tumor where muscle pro-
teins (such as MyoD and myogenin) are expressed and
muscle differentiation is present (for example, malignant
peripheral nerve sheath tumor).84 Malignant peripheral
nerve sheath tumors, unlike the mdx RMSs studied here,
typically show only focal expression of muscle differenti-
ation, whereas we identified muscle differentiation and
rhabdomyoblasts to be uniformly present. Other his-
topathological features also make the diagnosis of ma-
lignant peripheral nerve sheath tumors or triton tumors
unlikely, though they could in theory represent a minority
of cases.

We found reduced to absent expression of dystrophin
and in all pediatric RMS we studied, both ARMS and
ERMS. Here again, our findings appear to be at odds with
some previous literature. Using immunostaining of snap-
frozen RMS of undefined subtype, Parham and col-

Table 5. Scoring of Dystrophin Immunostaining in
Embryonal and Alveolar Pediatric
Rhabdomyosarcoma (RMS) and Normal Pediatric
Skeletal Muscle

Sample Dys 1 staining Dys 2 staining

Normal muscle 2.63 	 0.19 2.68 	 0.10
Alveolar RMS 0.2 	 0.08*** 0.72 	 0.11***
Embryonal RMS 0.08 	 0.05*** 0.11 	 0.02***

Tissue microarrays were scored for immunostaining using Dys1 and
Dys2 antibodies in normal muscle, alveolar RMS, and embryonal RMS.
Each tumor was represented between 2 and 7 times on the slide, and
was scored blindly by three independent investigators. Scores of 0
(less than 5% of cells stained); 1 (5% to 25% of cell stained); 2 (25% to
75% of cell stained); or 3 (greater than 75% of cells stained) were
given to tumor cells or normal muscle tissue as appropriate. Scores
were averaged to yield a single score for each tumor. Scores represent
the average of multiple samples per condition (39 alveolar RMS, 32
embryonal RMS, and 5 normal muscle). All increased Dys2 staining in
alveolar RMS was due to intracellular staining and not membrane
staining. ***P � 0.001, ANOVA comparing ARMS or ERMS to normal
with post-hoc t-test. Errors are SEM.
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leagues reported dystrophin was expressed in 8 of 9
RMS studied and suggested that dystrophin may be a
new muscle-specific marker for RMS.96 Given that full-
length dystrophin (427kDa) is not usually expressed in
myoblasts (but instead Dp71,97,98 a shortened protein
transcript that is functionally quite different), it is unlikely
that such a late marker of mature muscle differentiation
would be present in RMS. While we cannot explain the
difference in results, we would note the sections labeled
as positive in the previous study only showed staining in
a subset of tumor cells. We are confident, based on our
simultaneous staining of internal control samples on the
same slides that dystrophin is in fact not expressed in
almost all human RMS cells, regardless of subtype.
Therefore, mdx mice, which have no dystrophin protein
expression in almost all skeletal myofibers,20,23 mimic
this aspect of RMS biology. As such, the absence of
dystrophin and DAG complex proteins from RMS could
result in loss of function effects that impact tumor behav-
ior. Importantly, loss of � dystroglycan expression, which
has been implicated to play roles both in mediating a
tumor cell’s metastatic potential99 and as a tumor sup-
pressor,100 appears both in human RMS and in mdx RMS
to be variably altered, with half of tumors showing a
significant change and half not.32 Thus, it is likely that
reduced glycosylation of � dystroglycan in RMS is not a
primary factor in initiating tumorigenesis, but rather acts
as a secondary modifier of tumor behavior (such as al-
teration of metastatic or growth potential).

By contrast to dystroglycan, our studies on p53 sug-
gest that p53 inactivation is a primary event in mdx RMS
tumorogenesis. Cancer-associated p53 mutations were
identified in all of the mdx RMS analyzed. This is a finding
that is common to a number of double mutant mouse
models for ERMS; mice with an inactivating mutation in
Trp53 but expressing an activated form of HER-2/neu
develop ERMS of the urinary tract (and also salivary
carcinomas),101 mice deficient in Trp53 with a secondary
oncogenic K-ras mutation develop pleomorphic RMS of
the lower extremities102 (and ERMS in fish92), mice with a
deletion of the tumor suppressor patched163 or suppres-
sor-of-fused64 coupled to Trp53 deficiency develop RMS
(but also medulloblastoma), and mice deficient in Fos
and Trp53 develop RMS of the facial and orbital re-
gions.54 These mice stand in contrast to mouse models
for ARMS, where most (but not all54) models use forced
expression of Pax3:Fkhr or Pax7:Fkhr fusion pro-
teins.52,70,93,103 In addition, we identified missense mu-
tations in Mdm2 as well as alternatively spliced Mdm2
transcripts lacking a portion of the p53 binding domain
(exon 3) at a higher frequency in mdx RMS than in normal
mdx skeletal muscle. As Mdm2 protein normally partici-
pates in degrading p53 protein via its E3 ubiquitin ligase
activity,104 either of these molecular features could also
lead to increased p53 protein levels. While one would
normally believe this to lower cancer potential, as p53 is
a tumor suppressor, the presence of inactivating muta-
tions in p53 would nullify such effects. Additionally, there
is evidence that Mdm2 splice forms lacking p53 binding,
which appear to be abundant in mdx RMS, may promote
tumor growth.85 That we saw increased p53 transcription

in 24 of 25 mdx RMS analyzed further suggests inappro-
priate feedback on p53 gene expression is a component
of this process. While we only identified one cancer-
associated p53 mutation in age-matched normal mdx
skeletal muscle (and in 5% of all clones sequenced), this
incidence of mutation closely approximates the inci-
dence of cancer development in mdx mice as a whole
(9%). As such, we cannot rule out that such inactivating
p53 mutations occur in skeletal muscle before tumorigen-
esis. Additionally, we identified far more missense muta-
tions, altered splicing, or gene deletions in Mdm2 in
normal aged mdx skeletal muscle (50% of clones). There-
fore, contributing Mdm2 mutations may also occur in mdx
skeletal muscle before tumorigenesis. Additional work
will be required to clarify these issues of cause and
effect. The engineering Trp53 or Mdm2 mutations (or
splice deletions) into dystrophic mice to yield higher tu-
mor incidence and earlier onset could help to generate a
more practical RMS model with regard to development of
therapies, and such work is currently ongoing.
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