
Summary. Rhabdomyosarcoma (RMS), a form of soft
tissue sarcoma, is one of the most common pediatric
malignancies. A complex disease with at least three
different subtypes, it is characterized by perturbations in
a number of signaling pathways and genetic
abnormalities. Extensive clinical studies have helped
classify these tumors into high and low risk groups to
facilitate different treatment regimens. Research into the
etiology of the disease has helped uncover numerous
potential therapeutic intervention points which can be
tested on various animal models of RMS; both
genetically modified models and tumor Xenograft
models. Taken together, there has been a marked
increase in the survival rate of RMS patients but the
highly invasive, metastatic forms of the disease continue
to baffle researchers. This review aims to highlight and
summarize some of the most important developments in
characterization and in vivo model generation for RMS
research, in the last few decades.
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Introduction

Rhabdomyosarcoma (RMS) is the most common
soft tissue sarcoma in childhood, with approximately
250 children being diagnosed every year in the United
States. Thanks to successive treatment protocols from
the Intergroup Rhabdomyosarcoma Study Group
(IRSG), a large majority of children with localized
disease are now able to be cured of their disease (70%
vs. 25% in the 1970’s) (Meza et al., 2006). This is, in
large part, due to the discovery of different risk-factors

and the tailoring of treatment based upon the risk of
treatment failure. For instance, evaluation of the results
of the early IRSG treatment protocols revealed that the
alveolar subtype (ARMS) was associated with a poorer
outcome than the embryonal subtype (ERMS) in
children with localized disease (Gaiger et al., 1981).
This led to more intensive chemotherapy for children
with localized ARMS in later treatment protocols.
Newer risk-factors, based on histologic findings and
molecular characterizations, are helping to further
distinguish patients who are at a higher risk of treatment
failure (and should therefore be treated with more
aggressive therapy). Embryonal tumors with areas of
anaplasia seem to behave more aggressively than other
embryonal variants. Alveolar tumors, generally the more
aggressive subtype, are known to be associated with two
chromosomal translocations (t(2;13) and t(1;13)), which
result in the creation of the abnormal transcription
factors PAX3-FKHR and PAX7-FKHR (also known as
PAX3-FOXO1 and PAX7-FOXO1), respectively. It is
now clear that these different variants of ARMS not only
have different prognoses, but also have different
metastatic profiles. Aberrations in the p53 pathway,
caused by p53 mutations or abnormal expression of p53
regulators, such as MDM2, have been found in
rhabdomyosarcomas. MDM2 has been shown to be
over-expressed in a variety of soft-tissue sarcomas,
including RMS (Keleti et al., 1996). Expression of
alternatively-spliced variants of MDM2 (MDM2-alt)
have been correlated with advanced disease in RMS as
well (Bartel et al., 2001a). Similar findings have been
reported with the related protein MDM4. These
molecular characterizations may help to further define
patients who are at risk for treatment failure, may
suggest methods of pathogenesis of these tumors, and
eventually lead to the development of targeted therapies
in the treatment of this disease. This is especially needed
for children who present with metastatic disease, in
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whom the prognosis remains poor, despite increasing
intensive chemotherapy regimens (Breneman et al.,
2003).
Background

Rhabdomyosarcomas are soft tissue sarcomas that
are thought to arise from primitive mesenchymal cells
which show evidence of skeletal muscle differentiation.
A majority of these tumors are found in children under
the age of 10 years, and with a slight male predominance
(1.5:1) (Ruymann and Grovas, 2000). The site of
occurrence varies with age, with tumors of the
genitourinary system, bladder, and prostate being more
common in children <5 years of age. Tumors of the head
and neck are found frequently in children aged 5-9 years,
and tumors of the extremities, trunk, and paratesticular
region being more common in older children and
adolescents (Ruymann and Grovas, 2000). Tumors
usually present either as a painless mass or as the result
of the tumor displacing a vital structure (i.e., the eye) or
interfering with that structure’s normal function. 

Prior to the use of chemotherapy, treatment consisted
of surgical resection with or without radiation to the
primary site. Most children would eventually develop
metastases and succumb to the disease. Since the 1970’s,
the Intergroup Rhabdomyosarcoma Study Group (IRSG)
has developed successive treatment protocols for
children and adolescents with rhabdomyosarcoma using
a combination of surgery, chemotherapy, and radiation
therapy. These treatment protocols tailored the intensity
of chemotherapy based on early risk factors (site of
disease, presence of metastases). As the tailored therapy
regimens have improved overall survival, they have also
changed the risk factors associated with treatment
failure. Patients currently are placed into risk categories
based on well-known risk factors such as tumor subtype,
staging (tumor site, size, regional lymph node
involvement, and metastases), and clinical grouping
(completely resected disease vs. incomplete, local
disease vs. regional spread vs. metastases). Localized
ERMS at favorable sites or completely resected ERMS
at unfavorable sites are considered “low-risk”.
Incompletely resected ERMS at unfavorable sites and all
non-metastatic ARMS tumors are considered
“intermediate-risk”, and all metastatic RMS tumors 
are considered “high-risk”. These molecular
characterizations, therefore, will help determine future
risk-group stratification and therefore the type and
intensity of therapy given.

With the exception of certain chemotherapeutic
agents, ionizing radiation, and parental recreational drug
use, there are no known environmental triggers in the
development of RMS (Ruymann and Grovas, 2000).
There are, however, several inherited conditions with a
strong association with the development of RMS.
Children with neurofibromatosis type-1, a neuro-
cutaneous disorder, have an increased incidence of
several tumor types, including rhabdomyosarcomas.

Approximately 1.5-6% of those with neurofibromatosis
type-1 will develop RMS (Sung et al., 2004).
Rhabdomyosarcoma is also seen in the Li-Fraumeni
Syndrome, an autosomal dominant disorder involving a
germline mutation of the p53 tumor suppressor gene
(Ruymann and Grovas, 2000). Families affected with the
Li-Fraumeni syndrome have a high incidence of soft
tissue sarcomas, adrenocortical carcinoma, and breast
cancer. The Beckwith-Wiedemann overgrowth syndrome
is associated with gene abnormalities on chromosome
11p15. This locus is where the gene for insulin-like
growth factor II (IGF-II) is found. The Beckwith-
Wiedemann Syndrome is most readily associated with
Wilms’ tumor (nephroblastoma), but these children also
have an increased risk of other embryonal tumors
(including rhabdomyosarcomas) (Matsumoto et al.,
1994; Smith et al., 2001). 
Histology of rhabdomyosarcoma

A revision of the new classification system
introduced in the 1990’s, the International Classification
of Rhabdomyosarcoma (ICR), divided rhabdomyo-
sarcomas into embryonal (with botryoid and spindle cell
variants), alveolar (and solid variant), and anaplastic
subtypes. The malignant cell of rhabdomyosarcomas is
termed the rhabdomyoblast (Qualman et al., 1998). The
classification of RMS into its various subtypes not only
depends on the appearance of the cellular background
but also on the appearance of the cell itself. The ERMS
subtype (approximately 50% of all cases) is composed of
sheets of rhabdomyoblasts that have irregularly
distributed dense chromatin (Fig. 1A) (Bennicelli et al.,
1995). Overall, children with ERMS have a 5-year
survival of 66%. The botryoid variant ERMS is less
common (around 6% of all cases) and has a classic gross
morphologic appearance (resembling a cluster of
grapes). Microscopically, it is defined by a cambium, or
layer of rhabdomyoblasts, beneath an intact epithelial
layer (Fig. 1B) (Qualman et al., 1998). Children with
this type of tumor have an excellent 5-year survival rate
of 95% (Qualman et al., 1998). A more recent ERMS
variant has been described, the spindle cell variant. As
the name implies, it has a spindled appearance under
microscopic examination (Fig. 1C). The rhabdomyo-
blasts show varying degrees of myogenic differentiation.
It is found mainly in the paratesticular region, and is also
associated with a superior 5-year survival (88%). 

Though alveolar tumors are not as common as
embryonal tumors, they account for the majority of
disease-related deaths. The alveolar subtype derived its
name from the histologic similarity to lung alveoli. This
is caused by segmentation of rhabdomyoblasts into
clusters and the subsequent death and loss of the
centrally located cells, resulting in cleft-like spaces lined
with tumor cells (Fig. 1D) (Gaiger et al., 1981; Qualman
et al., 1998). The rhabdomyoblasts have nuclei with
coarse chromatin and uniform, popcorn configuration
nuclei, and generally have less myogenic differentiation

14
RMS advances and model systems



15
RMS advances and model systems

Fig. 1. Typical light microscopic appearance of pediatric rhabdomyosarcoma subtypes. A. Embryonal RMS (NOS). B. Spindle-cell variant of embryonal
RMS. C. Botryoid variant of embryonal RMS. D. Alveolar RMS. E. Solid variant of alveolar RMS. F. Anaplastic RMS. Haematoxylin and eosin, x 100



than their embryonal counterparts. These tumors are
most often seen in the extremities and trunk, and are
more common in older children and adolescents. A solid
variant of the alveolar subtype has also been described.

The revision of the International Classification of
Rhabdomyosarcoma (ICR) describes another subtype of
rhabdomyosarcoma, anaplastic RMS (Qualman et al.,
1998). In the past this subtype was also known as the
pleomorphic subtype. The rhabdomyoblasts are defined
by large, lobulated, and hyperchromatic nuclei as well as
atypical mitoses (Fig. 1E). Focal or diffuse anaplasia can
be seen in both ERMS and ARMS in approximately
13% of cases. This anaplastic hallmark has been shown
to be an independent prognostic factor (Qualman et al.,
2008). The poorer survival in patients with anaplastic
ERMS may help to explain the difference in survival
between the botryoid and spindle-cell ERMS variants
and conventional ERMS, which previously included
anaplastic ERMS. Despite the decreased survival
experienced by patients with anaplastic RMS, there are,
at this time, no new therapeutic agents or regimens to
help improve the prognosis.

The purely histologic diagnosis has been
supplemented clinically by newer, molecular diagnostic
techniques (especially for ARMS). Every tumor
submitted to the Children’s Oncology Group is currently
undergoing FISH and/or RT-PCR for translocation
detection. This helps to clarify the diagnosis in cases
where sampling error during biopsy or incomplete
resection could cause an ARMS to be called ERMS
based on histology. The use of molecular biology will
better define these tumors and their subsequent
biological activity.
Molecular findings in RMS

A purely histologic classification of rhabdomyo-
sarcomas, as both a diagnostic and prognostic tool, is
being supplemented by a molecular characterization of
these tumors. This molecular characterization will not
only help to define tumors according to risk of treatment
failure, but will also help to uncover the mechanisms
involved in the development of rhabdomyosarcomas,
and possibly lead to novel therapeutic options. 

Chromosomal aberrations are the most well known
molecular abnormalities in RMS. In particular, alveolar
RMS is strongly associated with two chromosomal
rearrangements. The t(2;13)(q35;q14) and the less-
common t(1;13)(p36;q14) account for approximately
two-thirds of alveolar RMS tumors (approximately one-
third have no translocation). The t(2;13) translocation
results in the fusion of the gene encoding the DNA
binding domain of PAX3 with the gene encoding the
transcriptional activation domain of FKHR (FOXO1) on
chromosome 13. PAX3 is thought to be responsible for
the migration of myogenic cells to the limb buds during
early embryonic development (Daston et al., 1996). The
resultant aberrant transcription factor PAX3-FOXO1 is a
more potent transcriptional activator than wild-type

PAX3 (Bennicelli et al., 1995), although the fusion gene
itself is rarely amplified. Several transcriptional targets
of the PAX3-FOXO1 transcription factor have been
studied. The anti-apoptotic protein BCL-XL was shown
to be up-regulated in the presence of PAX3-FOXO1
(Margue et al., 2000). PAX3-FOXO1 has also been
shown to inhibit myogenic differentiation and block
normal PAX3 function (Xia et al., 2002). Other genes
involved in myogenesis, such as transcription factors
(MYOD, MYOG, SIX1) and insulin-like growth factor-II
(IGF-II), are also up-regulated by PAX3-FOXO1 (Xia et
al., 2002). These findings may help explain why alveolar
tumors are more aggressive and frequently metastasize.
The t(1;13) translocation likewise results in an aberrant
transcription factor, in this case PAX7-FOXO1. PAX7,
while not believed to be involved in the migration of
myogenic cells, is involved in myogenic differentiation.
Although less common than t(2;13) in alveolar RMS,
some studies have suggested that patients with the
t(1;13) translocation tend to have a better prognosis
(though still poor) than those with t(2;13) (Kelly et al.,
1997; Sorensen et al., 2002). This data must be
interpreted with caution, however, as the number of
patients with the t(1;13) translocation is small. 

In embryonal tumors, the most common
chromosomal aberration is allele loss at chromosome
11p15.5. In addition to embryonal RMS, other pediatric
embryonal tumors, such as Wilms’ tumor and
hepatoblastoma, also display gene disruption at this
locus. Disruption can be caused by loss of
heterozygosity (LOH) or loss of imprinting (LOI). As
stated earlier, the Beckwith-Wiedemann syndrome is
associated with gene alterations at this site. While there
are numerous genes within this region, most of the focus
in this region involves insulin-like growth factor II (IGF-
II). IGF-II has been found to be overexpressed in
rhabdomyosarcoma tumors (Minniti et al., 1994). Other
candidate tumor suppressor genes, such as H19 and p57
(CDKN1C), have also been localized to 11p15 (Xia et
al., 2002).

In both embryonal tumors with anaplasia and
alveolar tumors, genomic amplification has been shown
at similar frequencies (Bridge et al., 2002).
Amplification of the locus of the insulin-like growth
factor type I receptor gene (IGF1R) has been implicated
in a subset of these tumors (Makawita et al., 2009). 

The p53 pathway has been implicated in the
development of rhabdomyosarcomas. Individuals with
the Li-Fraumeni syndrome (who have inherited germ-
line p53 mutations) are at an increased risk of
developing rhabdomyosarcomas, suggesting an
association between mutation of p53 and the subsequent
development of RMS. p53 mutations (both germ-line
and somatic) have also been found in cases of sporadic
RMS. While mutations of p53 are found in many human
cancers, reported rates of p53 mutations in sporadic
cases of RMS vary considerably (Taylor et al., 2000). 

In addition to mutations in p53 itself, dysfunction
and/or dysregulation of the p53 pathway may also play a
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role in the development of tumorigenesis. MDM2, a
negative regulator of p53, is being investigated for its
potential role in the development of rhabdomyo-
sarcomas. MDM2 is itself induced by p53 expression,
and plays two roles in p53’s regulation. First, the MDM2
protein directly binds to p53, blocking its trans-
activational activity. Secondly, MDM2 acts as an E3-
ubiquitin ligase, mediating p53’s translocation to the
cytoplasm and subsequent degradation. Therefore,
amplification in either MDM2 gene expression or
protein function could result in decreased p53 activity
and tumorigenesis. MDM2 may also have p53-
independent oncogenic properties that are still being
elucidated. Indeed, MDM2 has been found to be
amplified in adult soft tissue sarcomas (approximately
30%) as well as other adult tumors, and have been
correlated with a poorer prognosis in adult soft tissue
sarcomas (Bartel et al., 2001b). In pediatric rhabdomyo-
sarcomas, however, MDM2 has been found to be
amplified in only a minority of tumor samples (10-17%)
(Taylor et al., 2000; Takahashi et al., 2004), and protein
expression was elevated in a similar number of cases
(Takahashi et al., 2004). This suggests that MDM2 gene
amplification and elevated protein expression by
themselves may not be a major contributor to
tumorigenesis in pediatric RMS. 

Besides gene amplification, another means of
altering MDM2 expression and function involves pre-
mRNA splicing. Many of these alternatively-spliced
variants have been described in the literature, and most
lack the p53 binding sequence found in full-length
MDM2. They appear to function, at least in part, by
directly binding to and inhibiting full-length MDM2
(Evans et al., 2001; Chandler et al., 2006). Their
presence would therefore suggest activation of the p53
pathway. However, some alternatively-spliced forms of
MDM2 have been shown to have oncogenic properties
in transgenic mice, and so the mechanism of
contribution of these alternatively-spliced variants of
MDM2 to tumorigenesis remains unknown (Steinman et
al., 2004). Alternatively-spliced variants of MDM2 have
been described in adult soft tissue sarcomas, but have
not been shown to correlate with prognosis (Bartel et al.,
2001b). Reports have described expression of many
different alternatively-spliced MDM2 variants in
pediatric RMS cell lines and tumors at a high frequency
(75% and 82%, respectively) (Bartel et al., 2001a). This
rate is much higher than have been described for either
p53 mutation or MDM2 amplification in pediatric RMS. 

MDM4, a protein related to MDM2, is another
regulator of p53. Like MDM2, MDM4 can bind directly
to p53 and block its transactivational activity. Unlike
MDM2, MDM4 is not known to possess an E3-ubiquitin
ligase activity. The contribution of MDM4 expression to
tumorigenesis remains unclear. Besides inactivating p53,
MDM4 is thought to have several interactions with
MDM2. These include stabilizing MDM2 protein as well
as stimulating MDM2-mediated p53 degradation (Stad et
al., 2001; Linares et al., 2003). The MDM4 gene was

found to be overexpressed in 17% of soft tissue
sarcomas and was associated with a poor prognosis
(Bartel et al., 2005). Alternatively-spliced variants of
MDM4 have also been described (Giglio et al., 2005;
Prodosmo et al., 2008). Some of these splice variants
(MDM4-E) can directly bind and inhibit p53 and have
been reported as significant prognostic markers in soft
tissue sarcomas (Bartel et al., 2005). 

Other tumor suppressor pathways may play a role in
tumorigenesis in rhabdomyosarcomas (Table 1). The RB
tumor suppressor gene is another target of interest in
rhabdomyosarcomas. RB serves in the regulation of
myogenic differentiation (Cam et al., 2006). No RMS
tumors have been found with mutations in the RB gene,
though amplifications and mutations in the regulators of
RB have been discovered. p63 and p73 regulate the level
of RB protein through phosphorylation via the cyclin-
dependent kinase inhibitor p57 (CDKN1C). An isoform
of p73, termed DNp73, inhibits both p63 and p73, thus
preventing dephosphorylation of the RB protein and
preventing the cell from exiting the cell cycle (Cam et
al., 2006). DNp73 was found to be overexpressed in
RMS tumor samples (Cam et al., 2006). The gene for
p57 is located on chromosome 11p15, and is usually
expressed from the maternal allele – the allele that is
often lost in embryonal RMS (Matsuoka et al., 1996).
Other cyclin-dependent kinase proteins also inhibit RB
through phosphorylation. CDK4 amplification has been
described in RMS cell lines (Khatib et al., 1993). CDK4
has the same gene locus (chromosome 12q13-15) as
MDM2, although they are not necessarily amplified
together (Ragazzini et al., 2004). Homozygous deletion
of CDKN2A, a gene which encodes an inhibitor of
CDK4, was found in RMS tumors and cell lines
(Iolascon et al., 1996). Mutations of the Ras family of
membrane-bound proteins, have been described in a
small number of embryonal RMS tumors, at a frequency
of approximately 20% (Xia et al., 2002). These proteins
are involved in cellular transduction and signaling in
various growth and differentiation pathways. The MYCN
oncogene has been implicated in some alveolar RMS
tumors. Amplification of MYCN was found exclusively
in alveolar RMS subtypes, and the presence of
amplification correlated with a poorer prognosis
(Hachitanda et al., 1998).

Durbin et al. have described a unique molecular
connection between ERMS and ARMS through Integrin
Linked Kinase (ILK), which acts as a tumor suppressor
in ERMS but as an oncogene in high grade ERMS, and
in all ARMS tumors. Furthermore, ILK is sensitive to
the expression of Pax3/FOXO1 fusion transcription
factor, which is a common translocation in ARMS. Their
study showed that Pax3/FOXO1 expression in ERMS is
capable of converting the tumor suppressive ILK into a
growth promoting factor by its impact on JNK1-c-jun
signaling pathways (Durbin et al., 2009).

Rhabdomyosarcomas represent a very heterogeneous
group of pediatric cancers. It is clear that their ability to
grow, metastasize, and escape normal treatment methods
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differ depending on their biologic properties – not all of
which are understood at the present time. The
implications for the further molecular characterization of
pediatric rhabdomyosarcomas are several. The first
benefit will be the ability to more accurately define
patients within the current risk-stratification scheme and
determine those who are at a higher or lower risk of
treatment failure. Secondly, molecular characterization
will help to find new therapeutic targets, especially in
those patients for whom conventional chemotherapy has
proven ineffective.
Animal models of RMS

RMS, though a common type of childhood cancer, is
still poorly understood and there is the need to develop a
reliable animal model to understand the etiology of this
disease and to enable therapeutic testing. Over the years,
mouse, fly and fish models have been generated that
mimic human alveolar RMS and/or embryonal RMS and
pleomorphic RMS. The important transgenic mouse
RMS models are outlined in Table 2 in detail. While
some of these models tried to recapitulate the
chromosomal aberrations that characterize RMS
conditions, others tried to identify the crucial signaling
pathways whose deregulation can lead to formation of
any of the three types of RMS. 

>70% of the alveolar RMS tumors are characterized
by translocation events that lead to the generation of a
potent transcriptional activator Pax/FOXO1 fusion
protein. Studies that mimicked the t(2;13) Pax3/FOXO1
fusion event, have reported a scenario in which the

Pax3/FOXO1 fusion protein expression alone did not
induce tumorigenesis though it acted as a toxic,
dominant negative protein to Pax3 on ubiquitous
expression during embryonic development leading to
severe developmental defects (Anderson et al., 2001;
Lagutina et al., 2002; Relaix et al., 2003). Hence the
need arose for a tissue specific, conditional expression of
the PAX/FOXO1 fusion proteins, to understand their in
vivo role in tumorigenesis. A conditional PAX3/FOXO1
knock in model was developed, that faithfully
recapitulates the translocation t(2;13) in a Cre
Recombinase dependent manner in post-natal terminally
differentiating myofibers and formed ARMS tumors at a
very low penetrance and long latency specifically from
cells expressing the Myf6 Cre in skeletal muscle (Keller
et al., 2004b). Furthermore, in a parallel study, Keller et
al used the same mouse model to express the
PAX3/FOXO1 fusion protein ubiquitously (RajCre)
confirming the toxic, embryonic lethal effects of its
expression (Keller et al., 2004a). This study also showed
that expression of the PAX3/FOXO1 fusion protein in
muscle satellite cell pools did not result in tumor
formation. These studies together lent support to the
theory that post natal differentiated myoblasts or
terminally differentiating myofibers are the cells of
origin in ARMS tumors and that these translocations are
unlikely to be germline mutations (Keller et al.,
2004a,b). Similarly a drosophila model expressing
PAX7/FOXO1 t(1;13) in differentiated fly muscle led to
“dedifferentiation” and formation of discrete mono-
nuclear cells from synctial myofibers, providing more
support for the possibility of a differentiated myoblast
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Table 1. Common molecular pathway abnormalities of rhabdomyosarcomas.

RMS subtype Molecular Pathway Gene Abnormality Frequency Reference(s)

Embryonal p53 TP53 Germline mutation 10% Diller et al., 1995
Mutation in tumor 15% Felix et al., 1992; Leuschner et al., 2003; Takahashi et al., 2004

MDM2 Gene amplification 9% Taylor et al., 2000
Protein overexpression 10% Leuschner et al., 2003; Takahashi et al., 2004 
Alternative splicing 82%* Bartel et al., 2001a

ARF Deletion 33% Iolascon et al., 1996
RB CDKN2A/B Deletion 33% Iolascon et al., 1996

∆Np73 Overexpression 86%* Cam et al., 2006
RAS Mutation 19% Stratton et al., 1989; Yoo and Robinson, 1999 

MYCN Amplification 16% Williamson et al., 2005
IGF IGF2 Protein overexpression 94% Makawita et al., 2009
FGF GPC5 Amplification 12% Williamson et al., 2007

Alveolar p53 TP53 Germline mutation 8% Diller et al., 1995
Mutation in tumor 9% Felix et al., 1992; Leuschner et al., 2003 

MDM2 Gene amplification 20% Taylor et al., 2000
Protein overexpression 7% Leuschner et al., 2003; Takahashi et al., 2004 
Alternative splicing 82%* Bartel et al., 2001

ARF Deletion 17% Iolascon et al., 1996
RB CDKN2A/B Deletion 17% Iolascon et al., 1996

MYCN Amplification 32% Dias et al., 1990; Driman et al., 1994; Hachitanda et al., 1998
IGF IGF2 Protein overexpression 25% Makawita et al., 2009
FGF GPC5 Amplification 16% Williamson et al., 2007

Anaplastic p53 TP53 Mutation in tumor 50% Takahashi et al., 2004

*: No discrimination between ARMS & ERMS



being the cell of origin for alveolar RMS; a question that
had been puzzling researchers for decades (Galindo et
al., 2006). These models also showed that perturbations
in critical signaling pathways like p53, Ras are modifiers
of the disease that work in cooperation with the fusion
proteins generated by the translocations to form alveolar
RMS. This cooperativity between these perturbed
signaling pathways and the fusion proteins seemed to be
essential as these models generated alveolar RMS
tumors only in p53 null, ARF null or Ras mutated
backgrounds suggesting that the translocation events are
not sufficient to induce tumorigenesis. To date, the
model developed by Keller et al. (2004a,b) expressing
the PAX3/FOXO1 fusion protein in terminally
differentiating myoblasts, remains the only convincing
translocation-positive ARMS tumor model despite its
low penetrance and slow tumor onset unless
supplemented by p53 or ARF knockout. Indeed, it has
been shown that these mouse models do exhibit an
expression profile analogous to human ARMS to affirm
the potential use of this mouse for therapeutic testing
(Nishijo et al., 2009). 

On the other hand, embryonal RMS and pleo-
morphic RMS tumors show perturbations in various
tumor pathways but are translocation negative.
Translocation-negative mouse models showing
mutations in p53, Ras, ARF null alleles, Fos null alleles,
constitutive activation of signaling pathways and
oncogenes, all showed formation of spontaneous,
relatively quick onset, embryonal or pleomorphic RMS
with synergistic effects when two or more of these
pathways were inactivated simultaneously. These mice
are therefore, good model systems to study embryonal,
pleomorphic and translocation negative alveolar RMS. 

The question about the cells of origin of ERMS was
answered by a zebrafish model expressing mutant Ras,
which identified muscle satellite like cells as the cells of
origin for ERMS (Langenau et al., 2007). Furthermore,
an analysis of the tumors from these models showed
enrichment of cells expressing high levels of mutant
proteins and deregulated pathways providing an idea
about the cells of origin of these tumors. These studies,
therefore, enabled an understanding of the cross talk
occurring between different oncogenic and tumor-

19
RMS advances and model systems

Table 2. Genetically modified mouse models for RMS.

Cancer Type Genetic Manipulation Phenotype and Penetrance Reference

Cardiac RMS
Expression of SV40 Tumor antigen under
SM22α promoter in smooth muscles: vascular,
GI Tract, genitourinary systems and
transiently in embryonic, murine heart.

80% of mice show cardiac tumors within 12 weeks.
Increased cell density, DNA content in transgene
expressing cardiac tumors compared to transgene
expressing and non expressing normal tissues.

Kobbert et al.,
2008

Embryonal RMS HGF/SF transgenic mice on INK4a/ARF-/-

background

Almost 100% INK4a/ARF null mice expressing HGF/SF
showed highly invasive, multicentric ERMS with appearance
of skeletal muscle cells at ectopic sites at 3.3 months.
HGF/SF expression changes ARF-/- tumor spectrum.

Sharp et al., 2002

Embryonal RMS p53-/- Fos-/-

ERMS of the head and neck in 93% of double negative 
mice at 25 weeks. Significantly lower tumor incidence in
p53 or Fos heterozygote nulls. Indicative of cross talk
between p53 and Fos pathways

Fleischmann et al.,
2003

Embryonal RMS Her2/neu oncogene activation in BALB p53+/-

background
Spontaneous rhabdomyosarcomas in genitourinary
region in100% male mice; onset at 11-21 weeks. Nanni et al., 2003

Embryonal/Alveolar
RMS

Spontaneous mutation in X23 of dystrophin
gene creating premature stop codon

6.4 to 9% mice affected by rhabdomyosarcomas; 
onset 16-20 months

Chamberlain et al.,
2007; Fernandez et
al., 2010

Embryonal RMS SGCA-/- Axial ERMS from skeletal muscles of 5% SGCA-/- mice, 
onset >12 months.

Fernandez et al.,
2010

Alveolar RMS
Conditional fusion PAX3:FOXO1
controlled by Myf6 Cre in differentiated
skeletal muscle fibers

Low penetrance 1/228 mice heterozygote for conditional
fusion allele at 383 days. 40% penetrance at 90 days when
fusion allele was homozygous in p53 null and 28% when
fusion allele was homozygous in ARF null backgrounds.

Keller et al., 2004b

Multifocal RMS
Gorlin syndrome associated Ptch1+/- back-
ground with Tamoxifen inducible Cre mediated
SmoM2 (mutant Smoothened causing
constitutive Hedgehog activation) expression

100% multifocal rhabdomyosarcomas; tumors arise at 5
weeks following Tamoxifen administration or at 9 weeks
due to sporadic SmoM2 expression

Mao et al., 2006

Pleomorphic RMS Conditional KRasG12V knockin somatic mutation
in p53 null or heterozygote null background

100% tumors in p53-/- 10 weeks after Cre electroporation
and 40% tumors in p53+/- background at a slower rate

Tsumura et al.,
2006

Pleomorphic RMS
KRasG12V expression in a) p53+/fl, 
b)p53fl/fl , c) p53R172H/fl , d) p53R172H/+

mice controlled by AhCre

a) KRasG12V p53+/fl: 6% at 112 days; b) KRasG12V
p53fl/fl: 94% at 48 days; c) KRasG12V p53R172H/fl:100% at
51 days; d) KRasG12V p53R172H/+: 88% at 62 days

Doyle et al., 2010



suppressive pathways, which lead to RMS formation and
also provided an idea of the nature of the cells giving
rise to RMS. 

RMS is a pediatric disease that is observed in
children below ten years of age. Interestingly, old age
related, low penetrance ARMS and ERMS formation
was observed in dystrophin and sarcoglycan deficient
mice respectively (Chamberlain et al., 2007; Langenau
et al., 2007; Fernandez et al., 2010) which model
muscular dystrophy. This opens up another alley of
investigation to understand the pathways involved in the
generation of RMS.

The need for a genetically engineered animal model
that perfectly satisfies all criteria for RMS development
is far from over and better model systems remain to be
established that will fully recapitulate the disease
conditions and enable therapeutic testing. In the absence
of available genetically manipulated models, mouse
xenograft models using human RMS tumors are
frequently used to test therapeutic modalities. To this
end, the National Cancer Institute has supported a
consortium referred to as the Pediatric Preclinical
Testing Program, which has established xenografts and
cell lines from pediatric cancers, including seven
rhabdomyosarcomas (Houghton et al., 2007). These
models have been extensively characterized at the
molecular level using Affymetrix gene profiling. When
comparing the rhabdomyosarcoma xenograft models to
clinical samples, the models were shown to have similar
copy number alterations and expression profiles
indicating their promise for a representative response to
therapeutics (Neale et al., 2008). Since its inception, the
PPTP has utilized the xenograft animal panel to test
numerous drugs for efficacy in treatment of RMS
(Houghton et al., 2008, 2010; Kolb et al., 2011). 

The last few years have seen remarkable progress in
field of RMS study with the development of better
diagnostic and prognostic tools. The potential of tailored
therapeutics is becoming more apparent as the different
molecular mechanisms directing the nature and progress
of this disease are being uncovered. Model systems to
test the efficacy of various therapies are emerging that
can be used to specify treatment options for patients with
perturbations in specific molecular pathways or genetic
aberrations. Despite all this, the fight against RMS is far
from over and extensive collaborative efforts are
necessary between clinicians and researchers to bring
about an end to rhabdomyosarcoma.
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