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Abstract 
Soft tissue sarcomas (STSs) are a heterogeneous group of mesenchymal 

tumors comprised of >70 subtypes. An important question is how the cell of origin 

and the pathways to tumor development shape the broad array of STS subtypes. 

By forcing identical tumor-promoting mutations in different cell types in 

Genetically Engineered Mouse Models (GEMMs) of STS, I have a unique model 

system to investigate this question. In the process of performing these 

experiments I observed that genetic mutations are necessary, but not sufficient 

for rapid sarcoma formation. However, tissue injury dramatically accelerates 

sarcoma formation in our GEMM of STS. For my thesis, I have worked to 

understand how cell of origin affects sarcoma subtype and how the 

microenvironment in our models promotes transformation. I have observed that 

cell of origin plays an important, but not the only, role in defining STS subtype. 

Additionally, I have concluded that the microenvironment, and specifically the 

HGF/c-MET signaling pathway plays a crucial role in promoting sarcoma 

development after acute tissue injury. 
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CHAPTER 1: INTRODUCTION 
 

1.1 Soft Tissue Sarcomas 

Soft tissue sarcomas (STSs) are a heterogeneous group of mesenchymal 

tumors comprised of >50 subtypes. Each year in the US, approximately 10,000 

people are diagnosed with soft tissue sarcomas, representing less than 1% of the 

newly diagnosed cancers [1, 2]. Although these tumors are rare, they are 

relatively understudied and their etiology is poorly understood.  

 

Soft tissue sarcomas (STS) have been classified into two major groups 

based on their genetic composition. The first are tumors that comprise about 

25% of all soft tissue sarcomas and develop after a gene translocation or 

generation of a fusion gene, carrying subtype specific translocations such as 

PAX3;FOXO1 in alveolar rhabdomyosarcoma and EWSR1;FLI (or alternatively 

EWS) in Ewing’s sarcoma [3]. The other 75% of soft tissue sarcomas have a 

more complex karyotype and it is likely that more than a single genetic change 

drives their development. A recent study sequencing human sarcomas has found 

that a variety of proto-oncogenes and tumor suppressors are mutated in soft 

tissue sarcomas, including NF1, PTEN, PIK3CA, KIT, and CTNNB1 [4].  This 



  

  2  

study also found that the classic tumor suppressors TP53 and RB1 are 

commonly mutated in soft tissue sarcoma. 

      

STS have different incidences depending on age. Rhabdomyosarcoma 

(RMS) is the most common type of soft tissue sarcoma in children and 

adolescents, accounting for 5% of all pediatric cancers diagnosed each year [5]. 

In adults, RMS is a more rare diagnosis (roughly 3% of all soft tissue sarcomas), 

and Undifferentiated Pleomorphic Sarcoma (UPS) is a more common diagnosis 

in adults. The rarity of the disease has made it harder to develop improved 

modes of treatment, explaining in part, the poor prognosis of this malignancy in 

adults [5]. 

  

1.2 Rhabdomyosarcoma 

Rhabdomyosarcoma (RMS) is the most common type of childhood soft 

tissue sarcoma. RMS is classified by histology into subtypes that include alveolar 

(aRMS), embryonal (eRMS) and pleomorphic (pRMS) RMS. They are thought to 

be of skeletal muscle lineage due to the expression of myogenic markers [6].  

The prognosis for children with RMS depends on subtype and presence of 

metastasis among other factors. The five-year overall survival rate for eRMS and 
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aRMS is 80% and 52% respectively [7], but there is only  <25% survival rate if 

metastatic at diagnosis [8].  

 

1.2.1 Embryonal Rhabdomyosarcoma (eRMS) 

Embryonal RMS resembles embryonic skeletal muscle by histology and 

encompasses three subtypes: spindle cell, botryoid, and anaplastic variants [9]. 

Consistent with this histological appearance, eRMS develop in areas with 

skeletal muscle like the head and neck (47%), and the extremities (9%), but also 

in other regions not known for containing skeletal muscle, such as the 

genitourinary tract (28%). Hematoxylin and Eosin (H&E) staining of eRMS is 

characterized by the presence of cells at different stages of myogenesis, such as 

rhabdomyoblasts, which are large, mainly eosinophilic cells that resemble 

differentiating myoblasts [9]. In addition to these histological characteristics, 

eRMS express markers of myogenic differentiation, such as MYOD and 

MYOGENIN, and these are used for pathological diagnosis [9]. Whole genome, 

whole exome and transcriptome sequencing analysis of human eRMS showed 

frequent mutations in the tyrosine kinase/RAS/PI3K pathway, which is altered in 

93% of cases. Additionally, mutations in a majority of fusion-negative RMS occur 

in KRAS, NRAS, HRAS, FGFR4, CTNNB1, FBXW7, BCOR and PI3CA [10-13]. 

Other whole genome sequencing studies discovered that human eRMS show 

mutations in the P53 pathway, specifically in MDM2, MDM4, and TP53 [14, 15] 
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and that presence of RAS mutations can be correlated with prognosis [15]. 

Additionally, other sequencing studies have revealed that commonly mutated or 

overexpressed genes in eRMS include SHP2, and the c-Met receptor [9, 16-19].  

 

1.2.2 Alveolar Rhabdomyosarcoma (aRMS) 

The Alveolar subtype of RMS (aRMS) is characterized cytologically by its 

resemblance to lymphoma with partial muscle differentiation characteristics [9]. 

Its name recalls its histological resemblance to that of the lung alveoli [2]. Unlike 

eRMS, alveolar RMS commonly arise in the extremities (39%) and tend to 

present at higher stage lesions at diagnosis. Further, children with metastatic 

aRMS at diagnosis have a five-year survival rate of <30% [20]. There are three 

subtypes of aRMS: those with typical features, those with solid pattern and those 

with mixed alveolar and embryonal characteristics [9]. Unlike eRMS, where no 

single mutation is pathognomonic, aRMS are characterized by the expression of 

a fusion protein. A majority of aRMS are caused by a gene fusion between the 

DNA binding domain of PAX3 or PAX7 with the trans-activation domain of the 

FOXO1 gene [2]. Additionally, the presence of the PAX3-FOXO1 fusion protein 

correlates with more aggressive tumors than PAX7-FOXO1 expression [6]. More 

recent genomic studies have found that tumors that are aRMS by histology but 

do not contain the classical PAX-FOXO1 fusion, either contain a different fusion 

protein containing PAX3 or 7 and cluster closely with other fusion positive aRMS, 
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or contain other somatic mutations and cluster more closely with eRMS by 

unsupervised clustering analysis [10]. An independent genomic study showed 

that aRMS tumors did not contain RAS or P53 mutations [15], further supporting 

that aRMS is a molecularly separate STS subtype driven in its majority by the 

PAX-FOXO1 fusion protein. 

 

1.3 Undifferentiated Pleomorphic Sarcoma 

Undifferentiated Pleomorphic Sarcoma (UPS), previously known as 

Malignant Fibrous Histiocytomas (MFH), is commonly regarded as a ‘diagnosis of 

exclusion’ as to date, there has been no positive defining feature that classifies 

this sarcoma subtype. These tumors show no signs of myogenic differentiation 

by immunohistochemical, ultrastructural or molecular definitions [21]. There are 

two schools of thought as to the origin of these tumors. On the one hand, some 

hypothesize that these tumors develop from differentiated cells in different soft 

tissues, which de-differentiate into a common histology. Others suspect that cells 

at different points of myogenic differentiation are the cell of origin for UPS [22].  

 

1.4 Muscle biology and differentiation  

 
During fetal development, the notochord (Sonic Hedgehog) and the neural 

tube (Wnt) signal the mesenchymal stem cells to induce muscle differentiation, 
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which begins with the expression of the transcription factors Pax3 and Pax7 [23, 

24]. Pax3 and Pax7, then induce the myogenic differentiation cascade by aiding 

the expression of the Myogenic Regulatory Factors (MRFs) Myf5, MyoD, 

Myogenin, and Myf6 [24]. Cells in the presomitic mesoderm that express Myf5 

and its inhibitor, Mdfi, develop to form the myotome, the region of the 

dermamyotome that will give rise to all skeletal muscle, as well as the sclerotome 

(which will form the vertebral cartilage in the somite), and other somatically 

derived tissues. Reduction of the expression of Mdfi in the dermamyotome 

causes an increase in Myf5 activity and further commitment into the muscle 

lineage. Early expression of Myf5 in the epaxial myotome yields the development 

of the back, intercostal and abdominal wall muscles, while expression of MyoD, 

in the hypaxial myotome leads to the development of limb, tongue and 

diaphragm muscles, and the muscles of branchial arch-derived tissue. Although 

Myf5 expression is not necessary for MyoD expression, deletion of both Myf5 

and Pax3 in mice prevents the expression of MyoD, which suggests that Myf5 

and Pax3 expression is necessary for MyoD expression [23]. MyoD and Myf5 

(individual) knockout mice are able to initiate the skeletal muscle development 

process, while the double knockout lacks skeletal muscle cells [25]. This 

suggests that Myf5 and MyoD have some overlapping roles during fetal muscle 

differentiation, including aiding the differentiation of the myogenic precursors into 

myoblasts [24]. Both MyoD and Myf5 are able to induce the expression of 
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Myogenin and Myf6 (and myogenin induces Myf6 expression) [23]. Myogenin 

and Myf6 have some overlapping roles, including the fusion of myoblasts into 

myotubes, which will continue to develop into mature muscle fibers. Both proteins 

are expressed throughout the rest of fetal development and in adult muscle [24]. 

 

In adult muscle, there is little to no new formation of fibers, but rather, the 

adult stem cells (satellite cells) are activated and fuse to pre-existing fibers to 

increase their size. Satellite cells are a heterogeneous population and increasing 

evidence suggests that their gene expression varies between skeletal muscles at 

different sites in the body and within the same muscle site. A majority of satellite 

cells express Pax7 and in many muscles its paralogue, Pax3 [26], however, there 

is a population of quiescent satellite cells that express MyoD and Myf5 [27]. 

Although Pax3 fulfills important roles during fetal development, in the adult, Pax3 

and Pax7 have some overlapping roles. Pax7 however, is indispensible for 

satellite cell survival [28], and further, satellite cells are crucial for muscle 

regeneration in the adult [29, 30].   

 

In adult muscle, the hallmarks of differentiation are best observed after 

excessive exercise or injury to the muscle. Under these circumstances, adult 

muscle stem cells (satellite cells) express the aforementioned transcription 

factors serially.  Similar to fetal differentiation, the initiating transcription factor in 
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this “myogenic cascade” is Myf5, which is normally expressed as an untranslated 

transcript in approximately 90% of Pax7+ satellite cells [31].  After a sufficient 

insult to the skeletal muscle, Myf5 RNA acts a molecular “trigger” and is rapidly 

translated; these Pax7+Myf5+ “activated” satellite cells quickly begin to 

proliferate and differentiate into the myogenic transient amplifying population 

known as myoblasts [32].  As a subset of activated satellite cells begin to 

differentiate into myoblasts, they begin to express MyoD, a transcription factor 

specific to myoblasts [33].  These hyperproliferative myoblasts then express 

myogenin and fuse into multinucleated myotubes.  Finally, when mytotubes 

express the terminal MRF, Myf6 (MRF4), they fuse with existing skeletal muscle 

fibers in their majority, and sometimes differentiate into de novo fibers [34] 

(Figure 1).   

  

Figure 1: Schematic of Adult muscle differentiation 
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1.5 Approaches to define the cell of origin for soft tissue 
sarcomas 

 
The cell of origin for soft tissue sarcomas (STS) has been debated for 

some time. Due to its resemblance to developing muscle, it has been 

hypothesized that the cell of origin for these tumors lies in the differentiating 

muscle lineage. For this reason, the hallmarks of adult muscle differentiation can 

prove useful in defining the cell of origin for STS and in turn, better understanding 

the development of STS to improve treatment modalities for these tumors [2]. 

  

The understanding of muscle development and differentiation has allowed 

scientists in the field to generate transgenic mice whereby Cre is expressed 

under the control of a myogenic regulatory factor (such as Pax7, Myf6, or Myf5) 

by being knocked into the endogenous locus downstream of its promoter. This 

allows for Cre expression in a particular cell type along the muscle 

developmental continuum. Cre is a recombinase that recognizes short base pair 

sequences denominated ‘loxP sites’ and excises the DNA between them. Cre-

loxP technology can therefore be used to delete certain genes or induce the 

activation of a gene that is preceded by a lox-STOP-lox (LSL) construct. In 

cancer biology, genetically engineered mice, where tumor suppressors are 

flanked by loxP sites (“floxed”) and oncogenes preceded by LSL cassettes, are 

generated in order to induce oncogenic alterations in a Cre-dependent manner. 
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This powerful tool allows for tumor suppressor deletion and oncogene activation 

only in cells where Cre is expressed.  

 

The crossing of MRF-Cre mice to mice containing floxed alleles allowed 

for modeling mutations along the muscle developmental continuum. These 

models (including models of fusion-positive RMS and synovial sarcoma) [21, 35, 

36] are better tools to understand the processes of human sarcoma. Specifically, 

Keller and colleagues developed a model of aRMS using Myf6Cre mice 

containing a mutation in p53 or ink4a/Arf in conjunction with the expression of 

Pax3:Fkhr downstream of the Pax3 promoter [20]. Later, Haldar and colleagues 

developed a model of synovial sarcoma using Myf5Cre mice containing the 

SYT:SSX fusion protein (characteristic of this sarcoma subtype). These mice 

developed tumors with 100% penetrance and the authors concluded that it was 

less differentiated muscle cells that gave origin to tumors in this model [35]. 

Hettmer et al. developed a model of RMS by isolating satellite cells from p16/p19 

null mice and inducing an oncogenic insult in vitro (introduction of KrasG12D via 

lentiviral infection) and injecting these cells into mice. Tumors were pRMS by 

histology suggesting that satellite cells can be a cell of origin for this sarcoma 

subtype [37]. Finally, Rubin et al. developed several models of STS using 

Myf5Cre, Myf6Cre, MCre (Cre downstream of the Pax3 promoter), and 

Pax7CreER mice crossed to conditional mice containing floxed p53, Rb, and/or 
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Ptch1 alleles. The authors concluded that mutations affect the STS subtype 

outcome as well as the cell of origin and that in the context of p53 loss, Myf6 

expressing cells are likely cells of origin for eRMS, while satellite cells are a cell 

of origin for UPS [21]. It is important to note however, that in these models Cre is 

expressed whenever the promoter is expressed. In other words, Cre is 

expressed throughout fetal development as well as in adult skeletal muscle. This 

makes it impossible to discern whether the cell of origin for the sarcoma being 

modeled is an adult muscle cell or whether the oncogenic mutations occurred 

during prenatal muscle development.  

 

1.6 CreER alleles along the muscle developmental continuum 

In order to find better ways to control the oncogenic insult in a spatial and 

temporal manner, we have used the conditional adenovirus expressing Cre 

injections and CreER technology, whereby CreER is expressed under the 

desired promoter (and therefore cell population) but only active in the presence 

of tamoxifen. Originally, a temporally and spatially controlled model of soft tissue 

sarcomas was developed by injecting p53flox/flox; KrasLSL-G12D (KP) mice [38, 39] 

intramuscularly with adenovirus expressing Cre recombinase to yield soft tissue 

sarcomas [40]. This allowed controlling the location and time of tumor 

development. Due to the ability to target tumor development to a certain area at a 
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particular time, this model has proven useful in surgery, radiation therapy, 

chemotherapy, and metastasis studies [41-43].  

 

Because the virus can infect a wide array of cells at the site of injection 

however, it is likely that more than one cell type is responsible for the 

development of these tumors. To better understand the role of the cell of origin in 

sarcoma subtype, in this thesis I have developed and characterized models of 

conditional knockout of p53 and Kras in specific cell types along the muscle 

developmental continuum. 

 

 A putative cell of origin for sarcomas are satellite cells, which 

characteristically express Pax7 (highly expressed in fusion-negative RMS) [44]. 

Satellite cells were originally described by their location between the muscle fiber 

membrane and basal lamina, which gives them a unique regulatory niche [45-

47]. Additionally, satellite cells have the capacity to self renew and differentiate 

into muscle after injury, the two characteristics that grant them ‘stemness’ [48, 

49]. When undisturbed in their niche however, satellite cells remain quiescent 

[46, 50]. To study satellite cells as a putative cell of origin for soft tissue 

sarcomas, we used Pax7CreER mice [51]. In these mice, the Cre is activated by 

tamoxifen and expressed under the endogenous Pax7 promoter, and thus, 

CreER is only transcribed in cells that are actively expressing Pax7, such as 
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satellite cells. Upon addition of tamoxifen, CreER translocates to the nucleus and 

recombines the region of the genome that is flanked by loxP sites. 

 

1.7 Muscle injury and the role of HGF/c-met pathway in sarcoma 
development 

   Satellite cell activation is necessary and sufficient for muscle 

regeneration after injury [52-55]. In studies of muscle injury and regeneration, the 

HGF/c-Met pathway has been identified as a promoter of satellite cell 

proliferation. Allen et al. demonstrated that cultured rat satellite cells were 

activated after HGF treatment in a dose-dependent manner [56]. Subsequent 

studies by Tatsumi and colleagues observed that rats treated with HGF had 

increased satellite cell proliferation, confirming that this effect was relevant in 

vivo. Additionally they showed that HGF is present in the extracellular matrix 

surrounding adult muscle fibers, while the c-Met receptor is expressed 

specifically in satellite cells.  Upon satellite cell activation, HGF and its receptor, 

c-Met, co-localize [57]. Finally, Sharp and colleagues demonstrated that mice 

lacking both alleles of Ink4a/Arf and overexpressing HGF rapidly develop RMS 

with 100% penetrance [58]. These data, together with the fact that c-MET is 

overexpressed in human eRMS [16], suggest that this pathway may not only be a 

good tool to promote satellite cell proliferation, but may also be a mechanism that 

is important in RMS development.  
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1.8 Overarching hypothesis 

 
Because of their rarity, human sarcomas have been difficult to study and 

characterize, which has also limited the development of new therapies. For this 

reason, generating new mouse models of sarcoma is crucial to further the 

understanding of the molecular mechanisms of this disease. An important 

question is how the cell of origin and the pathways to tumor development shape 

the broad array of STS subtypes. By forcing identical tumor-initiating mutations to 

different cell types in Genetically Engineered Mouse Models (GEMMs) of soft 

tissue sarcoma, I have a unique model system to investigate this question. In the 

process of performing these experiments I observed that genetic mutations are 

necessary, but not sufficient for rapid sarcoma formation. However, tissue injury 

dramatically accelerates sarcoma formation in our GEMM of STS. This thesis 

therefore focuses on the study of how cell of origin affects sarcoma subtype and 

how the microenvironment in these models promotes transformation.  
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CHAPTER 2: METHODS 
 

2.1 Mouse Experiments 

Mice were maintained on a mixed 129 S4/SvJae and C57/Bl6 background. 

The Pax7CreER allele (B6;129-Pax7tm2.1(cre/ERT2)Fan/J) has been described [51]. 

R26LSL-YFP/YFP (B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J) reporter mice [59] were 

obtained from the Jackson Laboratory. KrasLSL-G12D [39] and Trp53flox/flox mice [60] 

were obtained from Tyler Jacks and Anton Berns respectively. The Pax7CE mice 

have been previously described [51], and the MyoDCE mice were generated as 

described below. R26mTmG reporter mice were developed by Liqun Luo and 

obtained from the Jackson Laboratory.  The c-Metflox/flox mice (FVB;129P2-

Mettm1Sst/J) were generated by Cang-Goo Huh [61] and obtained from the 

Jackson Laboratory. All animal experiments were performed according to 

protocols approved by the Duke University and Carnegie Institution of Science 

Institutional Animal Care and Use Committee. 

 

Systemic sarcomas were generated in mice using intraperitoneal (IP) 

injections of tamoxifen (Sigma-Aldrich) dissolved in ethanol and diluted in corn oil 

(10 µl of 20 mg/ml tamoxifen per gram body weight). To target sarcoma formation 

to a specific site in the body, 50 µL 4 hydroxytamoxifen (4OHT) (Sigma-Aldrich) 
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were injected intramuscularly at 10mg/mL in DMSO. PBS, cardiotoxin (0.5 

mg/mL dissolved in PBS) and HGF (2 µg/mL dissolved in PBS) were delivered 

intramuscularly (IM) at a volume of 25 µL. 5’-Ethynyl-2’-Deoxyuridine (EdU), a 

thymidine analog that serves as a marker of cell proliferation, was dissolved in 

PBS at a concentration of 0.5 mg/mL and administered intraperitoneally at 10 µL 

per g of body weight.  

Tumor size was monitored using a caliper and making three 

measurements along the 3 dimensional axis. The volume was calculated as 

follows: 

Tumor size = π x (length x width x depth) / 6 

Tumor specimens were fixed in 10% formalin/70% ethanol and paraffin 

embedded.  5 µm sections were stained with hematoxylin and eosin or with 

antibodies.  

 

For HGF-mediated activation of satellite cells and assessment of P-MET 

expression in muscle, mice 2-4 months-of-age were treated with tamoxifen IP 

and corresponding IM injection (HGF to the tibialis anterior muscle or cardiotoxin 

to the gastrocnemius muscle, respectively). Mice treated with IM HGF were 

injected with IP EdU (10 µl 0.5 mg/mL per g of body weight) for two subsequent 

days after IP tamoxifen/IM HGF. Three days after treatment, all mice were 

euthanized and the treated muscles were mounted on cork using Tragacanth 
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(Sigma) and flash frozen for 30-45 seconds in 2-methylbutane (Sigma) cooled by 

liquid nitrogen. More specifically, in YFP/P-MET experiments, female Pax7CreER/+; 

R26YFP/YFP (P7Y) mice were given tamoxifen (Sigma) diluted to 20 mg/mL in corn 

oil, at 3 mg per 40 g body weight per intraperitoneal injection once a day 

consecutively for 5 days. Mice were anesthetized using 2,2,2-tribromoethanol 

(Sigma), which was dissolved in 2-methyl-2-butanol (Sigma). For quantification of 

P-MET/YFP double positive cells in injured and uninjured muscle, 25 µl of 40 µM 

cardiotoxin (Sigma) was injected with an insulin syringe into gastrocnemius 

muscles. 3 days later, mice were sacrificed and gastrocnemius muscles were 

harvested, fixed for 10 minutes in ice cold 4% paraformaldehyde (EMS) / 1x 

HALT phosphatase inhibitor (Thermo) / phosphate buffered saline (PBS; Gibco), 

incubated at 4°C overnight in 10% sucrose / 1x HALT phosphatase inhibitor / 

PBS, then overnight again at 4°C in 20% sucrose / 1x HALT phosphatase 

inhibitor / PBS, then flash frozen as described above. 

 

2.2 Immunohistochemistry and Immunofluorescence 

All immunohistochemistry was performed using the Vectastain Elite ABC 

Kit (Mouse IgG) and 3,3’-Diaminobenzidine tetrahydrochloride (Sigma-Aldrich).  

Antibodies used included Pax7 (mouse monoclonal, Developmental Studies 

Hybridoma Bank (DSHB) 1:5 for immunofluorescence, 1:50 for 
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immunohistochemistry), MyoD1 (Dako, clone 5.8A, 1:100), Myogenin (Dako, 

clone FD5, 1:100), Ki67 (BD Bioscience, clone B56, 1:200).  

 

EdU (Click-iT® EdU Alexa Fluor® 647 Imaging Kit, Life Technologies, 

C10340), and CD45 (BD Pharmingen clone 30-F11, 1:50). Immunofluorescence 

and immunohistochemistry images were captured on a Leica DM5500B 

microscope using Leica Application Suite software. 

 

For P-MET/YFP double positive cell quantification experiments, primary 

antibodies included P-MET (rabbit anti-phospho-c-Met Y1234/1235, Cell 

Signaling 1:100) and GFP (chicken anti-GFP, Aves 1:500). Secondary antibodies 

included biotinylated goat anti-rabbit, Vector 1:200, and Alexa Fluor 633 

conjugated goat anti-chicken, Invitrogen 1:500. Biotinylated antibody was 

detected by Alexa Fluor 568 conjugated streptavidin, Invitrogen 1:500. DAPI was 

used for DNA detection, and slides were mounted with Fluoromount-G 

(SouthernBiotech). Images were taken with a Leica SP5 confocal equipped with 

a 25x/.95 water objective using Leica image acquisition software. Images were 

processed using ImageJ software. Percentage of P-MET/YFP double positive 

cells was calculated for each muscle, then percentages were averaged and 

presented with standard deviation. n = 3 muscles for 2 mice, over 1000 cells 

counted for injured and uninjured muscles.  



  

  19  

2.3 PCR 

PCR for p53  and Kras recombination was performed as previously 

described by the Tyler Jacks laboratory (CITE). The details of the PCR protocol 

for detection of recombined and wild type c-Met were kindly provided by Dr. 

Thorgeirsson [61].  Briefly, Quick-Load Taq 2X Master Mix (NEB) was used to 

assess c-Met recombination. The cycling parameters were 94°C for 30 sec, 56°C 

for 30 sec, and 68°C for 60 sec for a total of 30 cycles. Primers Met-1 and Met-2 

yield a Floxed (380 bp) and a WT (300 bp) band. Primers Met-1 and Met-3 yield 

a PCR product corresponding to the deleted allele (650 bp). 

Primers 

Met-1: 5’ tta ggc aat gag gtg tcc cac 3’  

Met-2: 5’ cca ggt ggc ttc aaa ttc taa gg 3’  

Met-3: 5’ cag ccg tca gac aat tgg cac 3’ 

 

2.4 Statistical Analysis 

Survival curves were compared with the log-rank test using GraphPad 

Prism software. Statistical significance of values reported on bar graphs was 

deterimined using the Student’s t test.  
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2.5 Microarray Processing and Analysis 

RNA from P7KP, MDKP, and MgnKP tumors was isolated as was 

previously described in Blum et al. [62]. Briefly, RNA was isolated from whole 

tumor preserved in RNAlater solution (Ambion) by grinding in liquid nitrogen and 

transferring the powder into 1mL TRIzol (Invitrogen). The suspension was 

incubated at room temperature for 10 min and 200uL of chloroform were added. 

The suspension was incubated at room temperature for an additional 3 min. The 

mixture was spun at 12,000 rcf for 15 min and the top phase was transferred to a 

new tube and mixed with 70% ethanol. This mixture was purified using the 

Qiagen RNeasy Mini Kit. 

The GSEA analysis for P7KP and MDKP tumors has been previously 

described by Blum et al. [62]. Briefly, we eliminated any sample belonging to a 

sarcoma subtype category that had less than 5 samples because of the 

unreliability of results that use small sample sizes. Probes were mapped to 

genes by calculating the median of all probes.  The gene set comprised of genes 

upregulated in P7KP RMS was generated using a Student’s t-test. All genes 

overexpressed in the P7KP RMS samples compared to the MDKP samples with 

a two-tailed p-value of <0.0001 were used. The gene set comprised of genes 

upregulated in P7KP derived UPS and MDKP derived UPS was also generated 

using a Student’s t-test. All genes overexpressed in the mouse UPS samples 

compared to the mouse RMS samples with a two-tailed p-value of <0.001 were 
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used. GSEA was performed by permutation of the phenotype labels 1,000 times, 

with weighted enrichment statistic.  Genes were ranked using the signal-to-noise 

metric.   

 

The human dataset was downloaded from GEO (GSE2553) [63]. The 

satellite cell data set was also downloaded from GEO (GSE9294) [64]. All 

microarray data have been deposited in GEO (GSE46836). 

 

2.6 Diagnosis of mouse sarcomas by pathology 

Leslie G. Dodd examined all tumors generated in P7KP and myoDKP 

mice after IP tamoxifen in a blinded fashion and gave them a primary diagnosis 

of UPS, pRMS, eRMS, or aRMS. When samples had a differential diagnosis, 

they were taken to Diana Cardona to obtain a second opinion. Tumors generated 

in c-MetFlox; P7KP mice after IP tamoxifen or IM 4OHT and P7KP mice after 

4OHT we evaluated by Diana Cardona in a blinded fashion and diagnosed as 

UPS, eRMS or pRMS. Specifically, D.C. classified tumors that stained positive 

for two or more of the myogenic markers (Pax7, MyoD, and Myogenin) and that 

had features of RMS as either pRMS or eRMS. Tumors that stained for one 

myogenic marker or none were classified as UPS. 
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2.7 Generation and analysis of the CreER-IRES-tva-IRES-MyoD 
mouse 

MyoDCE/+ mice were generated by our collaborators from the Gerard 

Groseveld group as it is described by Blum et al. [62] 

 

2.8 Methods for ongoing experiments 

2.8.1 Studying the role of c-MET in sarcoma maintenance using 
Crizotinib, a c-MET inhibitor 

P7KP mice were treated with 4OHT intramuscularly (50 µL 10 mg/mL) to 

generate tumors at the site of injection. When tumors were palpable, they were 

measured three times per week and when they reached 150 mm3 treatment with 

crizotinib (Tocris 4368 , batch 2) or vehicle (distilled water) begun and was 

provided daily until tumors reached 2000 mm3. At this time, tumors were 

collected and a piece stored in RNA later and a piece frozen in OCT.  

 

2.8.2 Dissolving Crizotinib in water 

Crizotinib was dissolved in pH 1 water (0.1M - acidified with HCl) at 7.5 

mg/mL and 5 mg/mL. In order to achieve a homogeneous solution, the vial was 

covered in foil to protect it from light and placed in a shaker at 37 °C for 30 

minutes or until the solution was clear. At this time, the pH of the solution was 

measured and confirmed that it was equal to 7.  If this was not the case, the 
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solution was brought to pH = 7 using a 5M NaCl solution. Mice were given 7.5 

mg/mL Crizotinib (50mg/kg mouse) or water (at equal volumes) via oral gavage 

daily. If the mice looked sick, they were switched to 5 mg/mL Crizotinib solution 

but the total amount of Crizotinib given daily was unchanged. 
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CHAPTER 3: CELL OF ORIGIN IN SARCOMA 
 

3.1 Genetically engineered models of cell of origin in soft tissue 
sarcoma 

 

 The cell of origin in soft tissue sarcomas (STS) has been debated for quite 

some time. Because some soft tissue sarcomas have features of muscle 

development (large eosinophilic cells that resemble developing myoblasts, 

expression of the muscle markers PAX7, MYOD, and MYOGENIN, among 

others) it has been posited that the cell of origin lies within the muscle 

developmental continuum [21, 65, 66]. Some soft tissue sarcomas however, 

arise at sites where skeletal muscle is not present, such as the genitourinary 

tract, which has led scientists to hypothesize alternative cells of origin for STS. 

For instance, Hatley and colleagues observed that constitutive expression of 

oncogenic SmoM2 specifically in the adipocyte lineage yielded tumors of the 

embryonal RMS subtype [67]. 

 

Current models of STS use the Cre-loxP system whereby the 

recombinase Cre is used to snip out any genomic sequence located between two 

loxP sites (floxed). When Cre is expressed downstream of a cell type specific 

promoter, the genomic alteration can be targeted to a cell in which the promoter 
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is actively expressed. Mice expressing Cre in a specific cell type can then be 

crossed to mice with floxed genes of interest to either delete and inactivate tumor 

suppressors or activate the expression of oncogenes. Different groups have 

developed mouse models of soft tissue sarcoma using the Cre-loxP system. 

Current data suggests that the cell of origin does affect sarcoma subtype 

although the oncogenic mutations may also play a role. 

 

3.1.1 Models of alveolar RMS 

Keller and colleagues have developed a series of mouse models of 

sarcoma whereby Cre is expressed downstream of the endogenous Pax3, Myf6, 

Myf5, and Pax7 promoters to generate MCre, Myf6Cre, Myf5Cre, and Pax7Cre 

mice respectively. Each of these genes is expressed across the continuum of 

muscle development. These mice were crossed to mice expressing different 

floxed alleles to achieve conditional deletion of such genes specifically in the cell 

of interest. To model the alveolar subtype of RMS (aRMS), Keller et al. crossed 

Pax7Cre mice to mice expressing the lox-STOP-lox- Pax3:Fkhr allele 

downstream of the endogenous Pax3 promoter. In these mice the Pax3:Fkhr 

fusion protein (which is responsible for 80% of aRMS in humans) is expressed 

solely in Pax7-expressing cells and its descendants. The authors report that no 

aRMS developed in this model and conclude that satellite cells are an unlikely 

cell of origin for aRMS [68]. In an accompanying publication, Keller et al. showed 
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that when the Pax3:Fkhr allele was expressed in Myf6-expressing cells (through 

the use of Myf6Cre mice) mice developed sarcomas with low frequency. When 

the expression of the fusion protein was combined with loss of function of Trp53 

or Ink/Arf, the tumor incidence increased significantly. The authors concluded 

that Myf6-expressing cells are a more likely cell of origin for aRMS than satellite 

cells [20].  

 

Later, Sambasivan et al. demonstrated Myf6 is not only a marker of 

terminal differentiation in muscle, but also that during fetal development satellite 

cells are primed by Myf6 [57]. Further, Abraham et al. later developed 

Myf6CreER mice, whereby Cre is fused to the antigen binding domain of the 

estrogen receptor and remains inactive in the cytoplasm until the estrogen 

analog, tamoxifen, is administered. At this point, the enzyme translocates to the 

nucleus to perform its recombination activity. CreER allows for temporal control 

of Cre activity: in Myf6CreER mice, CreER is expressed in all Myf6 expressing 

cells, but is only active after 4-hydroxy-tamoxifen is present. Tamoxifen 

administration to Myf6CreER; pax3:Fkhr; p53flox/flox adult mice, yielded no tumors 

[69], suggesting that terminally differentiated fibers are an unlikely cell of origin 

for aRMS in the context of these mutations. Finally, these observations make it 

impossible to rule out that tumors in Myf6Cre mice arise from the satellite cell 

pool, and further, that satellite cells could be a cell of origin for aRMS. 
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3.1.2 Models of embryonal RMS 

 To date, many groups have modeled eRMS in mice and other organisms. 

Models range from genetically engineered mice that express oncogenes, such as 

Patched (Ptch) ubiquitously rendering tumors that are similar to human eRMS by 

histology [70-72] to xenograft models of eRMS where human eRMS cell lines are 

injected into immunocompromised mice for in vivo studies of the molecular 

mechanisms driving RMS [73]. These models, though useful for the study of 

RMS progression and treatment, cannot be utilized to answer the question of cell 

of origin for soft tissue sarcomas. 

  

 In the Kirsch lab, we have developed several models of soft tissue 

sarcoma by crossing Pax7CreER, MyoDCreER, MyogeninCreER and 

Myf6CreER mice to mice expressing LSL-KrasG12D [38] and p53flox/flox [39] (KP). 

In these mice, CreER is expressed downstream of the endogenous promoters of 

the aforementioned myogenic transcription factors [51, 62, 74]. CreER (unlike 

Cre) allows for the spatial and temporal control of the genomic alterations 

performed on these mice. This unique tool allows for singling out a cell type as a 

plausible cell of origin for sarcoma. When treated with tamoxifen, CreER; KP 

mice mice develop soft tissue sarcomas as follows. 

 



  

  28  

3.2 Transformation of Pax7+ myogenic progenitors in vivo gives 
rise to a spectrum of myogenic sarcomas 

  

 To determine whether satellite cells are a cell of origin for soft tissue 

sarcomas, we crossed Pax7CreERT2 mice [51] to the KP model to generate 

Pax7CreER; LSL-KrasG12D; Trp53flox/flox (P7KP) mice. We injected greater that 6 

week old P7KP mice (n = 17) with systemic (IP) tamoxifen and followed them out 

for tumor formation. Tumors (n = 67, 3.9 tumors per mouse on average) arose 

with 100% penetrance with a media time to tumor of 45 days (Figure 1A). 

Tumors came up at various locations throughout the body including the head and 

neck (23%), body wall (37%), subcutaneously (9%), and extremities (31%) 

(Figure 1J). In order to diagnose the sarcoma subtype, these tumors were 

stained with Hematoxylin and Eosin (H&E) and by immunohistochemistry (IHC) 

with Pax7 as well as with two markers used to diagnose STS in humans, MyoD 

and Myogenin (Figure 1B – I and 2A – N). The sections were then taken to 

Pathology for diagnosis. By histology, these tumors were in a spectrum that 

ranged from undifferentiated pleomorphic sarcoma (UPS) to the different RMS 

subtypes. Specifically, by H&E, 62% of the tumors were UPS and the remainder 

was diagnosed as RMS, of which the majority was eRMS-like, while a few had 

pRMS-like and one had aRMS-like features (Figure 1K). While 100% of eRMS 

and 89% of pRMS stained positive for Pax7, MyoD, or Myogenin by IHC, 74% of 
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UPS stained positive for at least one of these myogenic markers (Figure 1L). We 

concluded that satellite cells are a cell of origin for a range of soft tissue 

sarcomas in the contect of p53 and Kras mutations. 

 

3.3 Generation and characterization of MyoDCE/+ mice  

Because Pax7 is expressed in quiescent satellite cells, activated satellite cells, 

and myoblasts, we hypothesized that the spectrum of sarcomas that arose in 

P7KP mice was due to different subpopulation of Pax7+ cells giving rise to the 

different sarcoma subtypes observed. With the goal of determining if the 

subpopulation of Pax7-expressing cells that also express MyoD was a cell of 

origin for sarcomas, we utilized mice where CreER is expressed after the 

endogenous MyoD promoter. For this purpose, we generated MyoDCreER mice, 

where CreER is knocked into the MyoD locus and expressed downstream of the 

MyoD promoter (Figure 3A) [62].  In order to study the expression of Cre in 

MyoDCreER and Pax7CreER mice, we crossed these strains to the dual reporter 

mouse R26mTmG [75]. In the absence of Cre, this reporter mouse expresses 

membrane-targeted tandem-Tomato (Td-Tomato) in every cell, as it is expressed 

under the ubiquitous Rosa26 promoter. Upon recombination, the Td-Tomato 

gene is excised and membrane targeted GFP is expressed constitutively in the 

cell and its descendants.  We injected Pax7CE/+;R26mTmG/+ and 

MyoDCE/+;R26mTmG/+ mice that were 6 weeks of age or older with systemic 
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tamoxifen and analyzed GFP (as a surrogate of Cre) expression in whole muscle 

lysate by flow cytometry. This experiment revealed that the Pax7CE/+;R26mTmG/+  

muscle contained a distinct population of GFP+ cells, whereas the 

MyoDCE/+;R26mTmG/+  muscle lacked said population of cells (Figure 3B).  This 

result suggests that there is little to no MyoD expression in adult muscle under 

homeostatic conditions (as shown by Cre activity studied by GFP expression). 

Further, these data are consistent with the fact that Pax7 is expressed in adult 

muscle satellite cells [51, 76, 77], and that MyoD expression only increases in 

satellite cells after activation [78, 79].  

 

 In order to further explore the pattern of CreER expression in MyoDCE/+ 

mice, we isolated myogenic progenitors from MyoDCE/+ mice and co-cultured 

them with fibroblasts shedding RCAS-GFP expressing virus for 48 hours. The 

knock-in allele placed downstream of the MyoD promoter contains the fusion 

construct CreER followed by an internal ribosomal entry site (IRES) to allow for 

the expression of an avian retroviral receptor tva under the control of the same 

promoter [62].  In other words, cells that express MyoD will express CreER and 

Tva and thus, will be susceptible to RCAS-GFP infection. Furthermore, 

successful infection with RCAS-GFP (as shown by GFP+ staining) of myogenic 

progenitors isolated from MyoDCE/+ mice can be a surrogate way to demonstrate 

that these mice express the CreER-IRES-tva transcript from the MyoD promoter 
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[62]. To further characterize and confirm that Cre is indeed expressed under the 

MyoD promoter, myogenic progenitors isolated from MyoDCE/CE mice were 

stained for MyoD and CreER [62].  

 

We next sought to demonstrate that MyoDCE/+ mice drive Cre activity in 

differentiating myogenic progenitors in vivo. To this purpose, we injected the 

tibialis anterior (TA) muscles of Pax7CE/+;R26mTmG/+ and MyoDCE/+;R26mTmG/ mTmG 

mice with cardiotoxin (a component of the cobra venom that causes muscle 

injury) to produce an acute injury and induce satellite cell activation [77]. After 

injury (Day 0), 5 daily doses of systemic tamoxifen were administered to the mice 

beginning on day 1 (Figure 3C). On day 6 the mice were euthanized and the 

skeletal muscle was collected, flash frozen and sectioned. The sections were 

then stained and GFP expression was analyzed. Similar to Pax7CE/+;R26mTmG/+ 

mice, the MyoDCE/+;R26mTmG/mTmG  mice had GFP+ regenerating myofibers at the 

site of cardiotoxin injury (Figure 3C). These data suggest that expression of 

CreER in MyoDCE/+ mice occurs only during muscle regeneration and after 

satellite cell activation. 

 

3.4 Transformed MyoD+ myogenic progenitors give rise to UPS  

To determine whether MyoD+ cells are a putative cell of origin for soft 

tissue sarcomas, we crossed MyoDCE/+ mice to LSL-KrasG12D/+;Trp53flox/flox mice 
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to generate MyoDCE/+; LSL-KrasG12D/+;Trp53flox/flox  (MDKP) mice.  We injected 

greater than 6 weeks of age MDKP mice with tamoxifen intraperitoneally (IP) 

(Figure 4A). MDKP mice developed tumors (n=12) at different locations 

throughout the body, like their P7KP counterparts. Tumor development in MDKP 

mice however, had longer latency than tumors that developed in P7KP mice after 

identical treatment. The median time to tumor was153 days compared to 44 days 

in P7KP mice treated with systemic tamoxifen (Figure 4A vs. Figure 1A).  

Interestingly, MDKP mice usually developed a single sarcoma after IP tamoxifen, 

in contrast with P7KP mice, which developed 3.5 tumors per mouse on average.  

These data (increased latency and decreased number of tumors per mouse) 

could be due to the small number of MyoD expressing cells present in mice 

under homeostatic conditions, given that the mice were injected at an age when 

there are few MyoD-expressing cells [80, 81].  

 

Similar to the tumors derived from P7KP mice, tumors from MDKP mice 

developed in the extremities, body wall, and the head and neck region (Figure 

4F). Further, histological analysis of tumors that developed from MDKP mice 

revealed that 100% of tumors were UPS (n=12) (Figure 4G). Just like the P7KP 

counterparts, the UPS in MDKP mice were subdivided into myogenic UPS 

(Figure 4B - C; Figure 5F- G) and non-myogenic UPS (Figure 4D - E; Figure 

5A – E). Specifically, 60% of the tumors stained positive for MyoD, Myogenin, or 
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both and were classified as ‘myogenic UPS’ (Figure 4H). These data suggest 

that MyoD+ myogenic progenitors are a potential cell of origin for both myogenic 

and non-myogenic UPS.  

 

Because we have observed that tumors develop with faster kinetics after 

acute tissue injury in the P7KP model (further described in chapter 4 and [82]), 

we wanted to determine whether tumors have a faster onset in this model as 

well. To test this, we injected 10 MDKP mice with IP tamoxifen and separated 

them into two groups. 5 received an intramuscular (IM) injection of PBS, while 

the other 5 received IM cardiotoxin (Figure 6A). We observed that IM injection 

site tumors developed with 100% penetrance in injured mice than in those 

treated with saline. Additionally, IM injection site tumors developed faster than 

other systemic tumors (median time to tumor = 27 days vs. 132 days 

respectively) (Figure 6A vs. 4B). These results suggest that mechanisms of 

tissue injury are crucial in this model as well to promote sarcoma development. 

Histological analysis of H&E and IHC stained sections (for Pax7, MyoD, and 

Myogenin) revealed that these tumors were both UPS and RMS by histology, 

although a greater number of tumors would have to be analyzed in order to make 

conclusive remarks about this model (Figure 6C) 
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3.5 Transformed Myogenin+ cells in adult mice give rise to RMS 

 It has been posited that mature fibers can be a cell of origin for soft tissue 

sarcomas. Myf6Cre mice can mutate genes to initiate sarcoma development [68]. 

In this model Myf6, and therefore Cre, is expressed during development [68]. 

Thus, in satellite cell precursors it is hard to determine whether it is muscle 

progenitors or truly the adult muscle fibers that are the cell of origin for sarcomas 

in this model. For this reason, we utilized CreER models (where Cre is only 

active after tamoxifen administration) whereby CreER is expressed downstream 

of the endogenous Myogenin and Myf6 promoters, to determine whether 

sarcomas can develop from mature adult fibers. We crossed Myogenin-CreERT2 

mice [74] to the KP model to generate Myogenin-CreER; LSL-KrasG12D; 

Trp53flox/flox (MgnKP) mice. We injected greater that 6 week old MgnKP mice (n = 

15) with systemic (IP) tamoxifen and followed them for tumor formation. Tumors 

(n = 13, 1.5 tumors per mouse on average) arose with 60% penetrance with a 

media time to tumor of 116 days (Figure 7A). Like their P7KP and MDKP 

counterparts, tumors arose at various locations throughout the body including the 

body wall (45%), the genitourinary area (32%), the head and neck (8%), and the 

extremities (15%) (Figure 7C). Additionally, and in contrast to the P7KP and 

MDKP models, some mice showed metastasis in the lungs and lymph nodes 

(data not shown), a characteristic of human RMS. Further studies need to be 

performed to determine the rate of metastasis in this model. 
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In order to diagnose the sarcoma subtype, these tumors were stained with 

Hematoxylin and Eosin (H&E) and by immunohistochemistry (IHC) with Pax7, 

MyoD, and Myogenin (Figure 7B). The histology was reviewed by a sarcoma 

pathologist (D.C.) for diagnosis. Sarcomas that stained positive by at least two of 

the myogenic markers were classified as RMS-like. Tumors that stained positive 

for only one marker or none of the three, were classified as UPS-like. Only 23% 

of the tumors were UPS-like, while the remainder were classified as RMS-like. Of 

these, the majority were eRMS (54% of the total) and the rest were pRMS (23% 

of the total) (Figure 7D). These data suggest that myogenin-expressing cells are 

a cell of origin for RMS in the context of p53 and Kras mutations. 

 

Because tumor models that are spatially restricted have proven useful for 

chemotherapeutic, radiation and metastasis studies [40, 42, 83, 84], and 

because a majority of these tumors are RMS by histology, which are often more 

radiosensitive than UPS in humans, we wanted to develop a model of spatially 

restricted RMS. To this end, we injected 21 MgnKP mice with intramuscular 

4OHT and followed the mice for tumor development and measured tumor growth 

by caliper measurement (Figure 8A). We observed that tumors developed 

significantly faster after IM 4OHT compared to tumors from MgnKP mice treated 

with systemic tamoxifen (median time to tumor = 34 days vs. 116 days 
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respectively) (Figure 8B vs. 4A). Additionally, tumors that arose after 4OHT had 

an almost 100% penetrance (20 of 21 mice had injection site tumors) (Figure 

8B). Tumors were measured twice per week and the kinetics for tumor growth 

were similar to tumors in other models (Figure 8C and data not shown), so mice 

had to be euthanized soon after sarcomas were detected. Interestingly, we 

observed that 48% of these tumors are UPS by histology. Of the remainder, only 

14% were eRMS and 5% were pRMS, while 33% of the sarcomas were of a 

‘mixed RMS’ histology (Figure 8D). By H&E and immunostaining, ‘mixed’ tumors 

contained areas that were RMS-like, and stained focally positive for at least two 

of the myogenic markers used (Pax7, MyoD, and Myogenin). Additionally, 

sarcomas with mixed histology contained areas with spindle-like cells and these 

were negative for at least two of the markers used (Figure 9).  

This spatially and temporally restricted model of RMS will prove useful for 

radiation, metastasis and chemotherapeutic studies. Eventually, data collected 

from these studies could be useful in the treatment of human RMS. 

 

3.6 Transformed Myf6+ cells in adult mice develop sarcomas with 
low penetrance 

 Previous models of sarcoma have suggested that Myf6-expressing cells 

could be a cell of origin for soft tissue sarcomas. Keller and colleagues observed 

that expression of the fusion protein Pax3-FoxO1 together with loss of p53 or 
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Ink4a/Arf in Myf6-expressing cells (using Myf6Cre mice) caused the development 

of RMS in vivo. They concluded that adult muscle fibers (which express Myf6) 

are a cell of origin for alveolar rhabdomyosarcoma [20]. Later, it was observed 

that Myf6 is also expressed earlier during fetal development. Sambasivan and 

colleagues reported that satellite cell progenitors express Myf6 [57] making it 

unclear whether the aRMS observed by Keller et al. had developed from muscle 

fibers or from these early progenitors. Furthermore, Abraham et al. recently 

reported that no tumors develop from Myf6CreER; Pax3-FoxO1; p53flox/flox mice 

after tamoxifen was administered to adult mice. With this information and 

because oncogenic mutations may influence sarcoma subtype in these models, 

we wanted tested whether Myf6-expressing cells could give rise to STS in the 

context of p53 and Kras mutations. To this end, we crossed Myf6CreER mice 

[74] to KP mice to produce Myf6CE/+; LSL-KrasG12D; p53flox/flox (M6KP). We 

treated 13 M6KP mice older than 6 weeks of age with systemic tamoxifen and 

followed the mice for tumor development (Figure 10A). In this ongoing 

experiment (200 days to date), we found that only 2 mice developed soft tissue 

sarcomas and one appeared to have a hematological disorder (as shown by a 

severely enlarged spleen, data not shown) (Figure 10A). The tumors were 

stained for the myogenic markers Pax7, MyoD and Myogenin and diagnosed by 

a sarcoma pathologist. Because of focal staining for Pax7 and MyoD, D.C. 

diagnosed the first tumor as pleomorphic RMS (pRMS), while the second tumor 
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lacked staining for all three markers and was diagnosed as UPS (Figure 10B). 

Because of the low penetrance of this model, we concluded that adult Myf6-

expressing cells are an unlikely cell of origin for soft tissue sarcoma.  

 

3.7 Gene expression analysis of sarcomas derived from 
Pax7CreER and MyoDCreER mice 

3.7.1 P7KP and MDKP derived UPS cluster separately from P7KP 
derived RMS at the gene expression level  

To determine whether the histological differences observed between 

tumors that developed in P7KP mice vs. MDKP mice had a molecular basis, we 

isolated mRNA from all tumor samples in the MDKP model and samples from all 

histological variants of RMS (eRMS, pRMS, aRMS) from the P7KP model. We 

first compared the gene expression profiles by principal component analysis 

(PCA). This unbiased approach transforms the many correlated gene expression 

measurements for each sample into a set of uncorrelated principal component 

scores, while still capturing the greatest possible variation in gene expression. 

We plotted all of the samples on a two-dimensional plot using the principal 

component scores from the first two principal components (Figure 11A).   Those 

samples that are closer together on the plot have a more similar gene expression 

profile to one another than to samples more distal. The first principal component 

scores revealed that eRMS-like tumors (derived from P7KP mice) clustered 
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separately from UPS-like tumors derived from P7KP mice and from all MDKP 

tumors (Figure 11A). Consistent with our histological results, all MDKP tumors 

clustered more closely with UPS-like tumors than to eRMS-like tumors derived 

from P7KP mice. Finally, pRMS-like tumors did not cluster together by PCA, but 

rather were distributed evenly throughout all other clusters. This suggests that 

the histological definition of pRMS in this model does not represent a defined 

group at the molecular level (Figure 11A). 

  

In order to analyze the gene expression data in further depth, we 

performed a second unsupervised approach using hierarchical clustering. 

Consistent with the PCA results, hierarchical clustering revealed that tumors 

derived from MDKP mice tend to cluster more closely with UPS-like tumors 

derived from P7KP mice (UPS-like clade) and farther from eRMS-like and pRMS-

like tumors derived from P7KP mice, which clustered together as a separate 

group (RMS-like clade) (Figure 11B). Two UPS tumors clustered within the 

RMS-like clade (Figure 11B). These tumors stained positively for either MyoD or 

Myogenin and were thus, classified within the myogenic UPS group. This 

molecular analysis of gene expression further suggests that the histological 

diagnosis of these mouse sarcomas has an underlying molecular significance. 
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3.7.2 P7KP and MDKP derived UPS and P7KP derived RMS mimic 
their human counterparts by GSEA 

We next sought to determine whether the gene expression profiles 

between mouse and human sarcoma subtypes were similar using Gene Set 

Enrichment Analysis (GSEA). GSEA is a method used to measure the 

simultaneous differential expression of multiple genes in a gene set between two 

classes (i.e. tumor types A and B).  We generated a gene set comprised of the 

genes most significantly (p< 0.0001) upregulated in RMS-like (eRMS and pRMS) 

tumors derived from P7KP mice compared to the UPS-like tumors derived from 

MDKP mice (Figure 11C and [62]). We then used GSEA to determine if this 

gene set could be used to distinguish between human RMS and other human 

soft tissue sarcomas. Using a previously annotated human sarcoma gene 

expression dataset [63], we performed GSEA for each type of sarcoma by 

comparing each individual sarcoma subtype to all other sarcomas in the dataset.  

Consistent with the histological data, when the gene set comprised of genes 

upregulated in the RMS-like tumors derived from P7KP mice was applied to a 

human dataset of multiple soft tissue sarcoma subtypes, the RMS-like tumors 

derived from P7KP mice enriched in human RMS, suggesting that this system is 

a good model for human RMS (Figure 10C, p=0.002, NES=1.88, FDR=0.024).  
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We then sought to determine whether UPS-like tumors derived from both 

P7KP and MDKP mice mimic human sarcoma at the molecular level. With this 

purpose, we generated another gene set comprised of the genes most 

significantly (p< 0.001) upregulated in UPS-like tumors derived from P7KP and 

MDKP mice compared to RMS-like tumors derived from P7KP mice (Figure 10C; 

and [62]). When this gene set was applied to the human sarcoma dataset 

enriched in its human counterpart. These results suggest that this mouse model 

of UPS closely resembles human UPS (Figure 11C, p<0.001, NES=1.85, 

FDR<0.012).    
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Figure 2: Pax7-expressing cells transform after expression of oncogenic Kras and 
deletion of p53 in vivo 

(A) Schematic of the experimental design and tumor free survival curve. Pax7CreER; 
LSL-KrasG12D; p53flox/flox (P7KP) mice were injected with systemic tamoxifen and tumor 
development was evaluated. Mice developed tumors with 100% penetrance and median 
time to tumor of 45 days. (B – I) Sample images of the tumor classification done by 
Hematoxylin and Eosin (H&E) and MyoD staining. Tumors were classified into 
embryonal (eRMS) and pleomorphic (pRMS) RMS and myogenic and non myogenic 
Undifferentiated Pleomorphic Sarcoma (UPS) (J) Tumors arose at various sites 
throughout the body, including the Head and Neck (H&N), extremities, body wall and 
subcutaneously. (K) Tumors were classified into eRMS, pRMS and alveolar RMS 
(aRMS), and UPS. (L) UPS tumors were subdivided into myogenic and non-myogenic 
according to their staining for myogenic markers Pax7, MyoD, and Myogenin. Note: This 
work was performed in collaboration with Jordan Blum and David Van Mater.  
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Figure 3: IHC staining helps classify P7KP tumors into myogenic and non-
myogenic UPS, eRMS and pRMS 

Tumors derived fro P7KP mice were stained with Hematoxylin and Eosin (H&E) and the 
myogenic markers MyoD and Myogenin. When the sample was negative for those, it 
was stained with Pax7, and if negative for all three, Ki67 staining was done in order to 
rule out the possibility of a faulty sample. Samples that were negative for all 3 myogenic 
markers (but positive for Ki67) were classified as non-myogenic UPS (A-E). Samples 
that had features of eRMS by H&E and stained positive for MyoD, Myogenin or both 
were classified as eRMS (F-H). Likewise, samples that had characteristics of 
undifferentiated sarcoma but stained positive for one or both myogenic markers were 
classified as myogenic UPS (I-K). Samples that contained features similar to human 
pRMS and were positive for one or both markers, were identified as pRMS (L-N). Note: 
This work was performed in collaboration with Jordan Blum and David Van Mater. 
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Figure 4: MyoD- expressing cells are a distinct population from Pax7-expressing 
cells within the muscle lineage 

(A) Schematic of the novel MyoDCreER mouse. (B) Schematic of the experimental 
design and results. Pax7CreER; Rosa26mTmG (Pax7CE/+’ R26mTmG/+) and MyoDCreER; 
Rosa26mTmG (MyoDCE/+;R26mTmG/+) mice were treated with 5 doses of systemic tamoxifen 
(TMX IP). 15 days after the first treatment, mice were euthanized and whole cell lysate 
was isolated from hind limb muscle. Flow analysis for GFP+ cells showed a clear 
population from Pax7CreER mice, but not from MyoDCreER mice. (C) Schematic of the 
experimental design and results. Pax7CreER; Rosa26mTmG (Pax7CE/+’ R26mTmG/+) and 
MyoDCreER; Rosa26mTmG (MyoDCE/+;R26mTmG/mTmG) mice were treated with 
intramuscular cardiotoxin (CTX) followed by 5 doses of systemic tamoxifen (TMX IP). On 
day 6, mice were euthanized and their Tibialis anterior muscle was collected and frozen 
for histological analysis. Muscles were sectioned and stained for GFP (Green). Note: 
This work was performed in collaboration with Jordan Blum.  
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Figure 5: MyoD-expressing cells transform and form tumors after expression of 
oncogenic Kras and deletion of p53 

(A) Schematic of the experimental design and tumor free survival curve. MyoDCreER; 
LSL-KrasG12D;p53flox/flox (MDKP) mice were treated with systemic tamoxifen (IP TMX) and 
followed for tumor formation. Tumors arose with 100% penetrance and a median time to 
tumor of 153 days. (B) Tumors were stained with Hematoxylin and Eosin (H&E) and 
classified as UPS. Sarcomas were subdivided into myogenic and non-myogenic UPS 
according to their staining for MyoD. (F) Tumors arose at different sites throughout the 
body such as the body wall, Head and Neck (H&N), and extremities. (G) 100% of the 
tumors were classified as UPS by H&E. (H) Tumors were further subdivided into 
myogenic (60%) and non-myogenic (40%) UPS. Note: This work was performed in 
collaboration with Jordan Blum and David Van Mater. 
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Figure 6: IHC staining helps classify MDKP tumors into myogenic and non-
myogenic UPS 

Histological evaluation by Hematoxylin and Eosin (H&E) staining revealed that all MDKP 
tumors were UPS. IHC done on these tumors provided tools to classify them as 
myogenic or non-myogenic. Tumors were stained for the myogenic marker MyoD (used 
in the clinic to diagnose RMS). When the sample was negative for MyoD, it was stained 
with myogenin and Pax7, and if negative for all three, Ki67 staining was done in order to 
rule out the possibility of a faulty sample. Samples that were negative for all 3 myogenic 
markers (but positive for Ki67) were classified as non-myogenic UPS (A-E), while 
positivity for MyoD conferred them the myogenic UPS classification (F-G). Note: This 
work was performed in collaboration with Jordan Blum and David Van Mater.
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Figure 7: MDKP mice develop tumors with rapid kinetics and 100% penetrance 
after systemic tamoxifen and acute injury 

(A) Schematic of the experimental design and tumor free survival curve. MyoDCreER; 
LSL-KrasG12D; p53flox/flox (MDKP) mice were injected with systemic tamoxifen and 
intramuscular (IM) Cardiotoxin (CTX) or saline (PBS) and assessed for tumor 
development. (B) Mice treated with IM CTX developed IM injection site tumors with 
100% penetrance and rapid kinetics (median = 27 days) while mice treated with IM PBS 
did not develop tumors at the IM injection site up to 100 days after treatment. (C) IM 
injection site tumors were collected, and stained for H&E as well as immunostained for 
MyoD, Myogenin and Pax7. Tumors that stained positive for at least two of the markers 
were diagnosed as RMS, while those that were negative for all markers were diagnosed 
as UPS.  
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Figure 8: Myogenin-expressing cells can transform in vivo after expression of 
oncogenic Kras and deletion of p53 

 (A) Schematic of the experimental design and tumor free survival curve. 
MyogeninCreER; LSL-KrasG12D; p53flox/flox (MgnKP) mice were treated with intraperitoneal 
(IP) tamoxifen and evaluated for tumor development two times per week. Tumors 
developed with 60% penetrance (9 of 15 mice had soft tissue sarcomas) and the median 
time to tumor was equal to 116 days. (B) Tumors were stained with Hematoxylin and 
Eosin for morphology assessment. Tumors were also stained for the myogenic markers 
Pax7, MyoD, and Myogenin. (C) Tumors arose at different sites throughout the body, 
including the genitourinary area, the extremities and the body wall. (D) According to the 
morphology by H&E and the immunohistochemical staining (if the tumors were positive 
for at least two of the myogenic markers), tumors were classified as embryonal RMS 
(eRMS), pleomorphic RMS (pRMS), or Undifferentiated Pleomorphic Sarcoma (UPS). 
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Figure 9: MgnKP mice treated with intramuscular 4OHTdevelop tumors at the site 
of injection with rapid kinetics 

(A) Schematic of the experimental design. MyogeninCreER; LSL-KrasG12D; p53flox/flox 
(mgnKP) mice were injected with intramuscular 4 hydroxy-tamoxifen (IM 4OHT). Mice 
were assessed for tumor development at the site of injection and once tumors arose, 
they were measured until the mice were euthanized. (B) Kaplan Meier curve showing 
injection site tumor free survival (median time to tumor = 34 days) n = 21 mice, 95% 
penetrance. (C) Tumors were measured twice per week and the volume was plotted 
against time.  
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Figure 10: MgnKP mice injected with IM 4OHT develop tumors with different 
histologies from MgnKP mice treated with systemic tamoxifen 

(A) A new histology was observed in MgnKP mice treated with 4OHT intramuscularly. 
D.C. defined as ‘mixed RMS’ as these tumors contained areas that were RMS-like, but 
others that were UPS-like. In the clinic, a tumor that contains features of RMS is treated 
like RMS, and thus, these tumors were defined as RMS. Areas that were RMS-like 
stained positive for Pax7, MyoD, and Myogenin, while the UPS-like areas were negative 
for all three markers. (B) This treatment also yielded eRMS tumors, which stained 
positive for Pax7. MyoD, and Myogenin. (C) Finally, UPS tumors were observed and 
were characterized by their negative staining for all three markers. Scale bar = 50nm. 
NOTE: The staining in this figure was performed by WeiQiao Huang. 
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Figure 11: Myf6-expressing cells transform and develop into tumors with low 
penetrance after expression of oncogenic Kras and deletion of p53 

(A) 13 Myf6CreER; LSL-KrasG12D; P53flox/flox mice (M6KP) were treated with systemic (IP) 
tamoxifen and assessed for tumor development for 200 days (ongoing experiment). Two 
mice developed sarcomas to date. (B) tumors were stained for Pax7, MyoD, and 
Myogenin and diagnosed by D.C. The first stained positive for Pax7 and MyoD and was 
diagnosed as pleomorphic RMS, while the second was negative for all 3 markers and 
was diagnosed as Undifferentiated Pleomorphic Sarcoma (UPS). 
  

A

Figure  2

Assess  for
tumor  formation

M6KP  mouse

B

IP
Tamoxifen
(n=13)

Pax7 MyoD Myogenin

pR
M
S

Pax7 MyoD Myogenin

U
PS



  

  52  

 

  
Figure 12: Gene expression analysis of tumors derived from P7KP and MDKP 
mice shows that histological diagnosis aligns with molecular signatures. 

(A) Principal Component Analysis (PCA) of P7KP and MDKP sarcomas shows that all 
MDKP UPS (Blue) cluster closely with P7KP UPS (Green) and separately from P7KP 
eRMS (Red) by principal component 1 (PC1). Principal component 2 (PC2) shows that 
MDKP UPS (blue) cluster separately from P7KP UPS. Finally, PCA analysis suggests 
that pRMS (Grey) is not a molecularly distinct subcategory as shown by their even 
distribution across the scatter plot. (B) Hierarchical clustering analysis shows two clades 
can be formed from this group of tumors, a UPS-like and an RMS-like clade. Within the 
UPS-like clade lie most P7KP and MDKP UPS tumors; while on the RMS-like clade are 
the pRMS and eRMS tumors derived from P7KP mice. (C) Gene Set Enrichment 
Analysis (GSEA) shows that gene set from genes upregulated in P7KP RMS (pRMS and 
eRMS) enrich with human RMS. Consistently, a gene set generated with the genes 
upregulated in P7KP and MDKP UPS enrich with human UPS. Note: This work was 
performed in collaboration with Jordan Blum and Brian Bennett.   
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CHAPTER 4: THE ROLE OF SATELLITE CELL 
QUIESCENCE AND INJURY IN SARCOMA 
DEVELOPMENT 
 

4.1 Satellite cell activation is a necessary promoter of tumor 
development after initiation of oncogenic mutations in a mouse 
model of STS 

 

For decades cancer has been described as the result of mutations in a 

cell’s genome that cause proliferation independent of the regulatory signals from 

the microenvironment [85]. Furthermore, a number of different systems have 

shown that genetic mutations regulate tumorigenesis [86, 87]. First, genotyping 

of human tumor samples show frequent mutations in oncogenes and tumor 

suppressor genes like KRAS and TRP53 respectively, which suggests that they 

cause cancer [88]. Moreover, engineering mice with activated Kras and loss of 

p53 in defined tissues is sufficient to initiate cancer in some systems [89, 90]. 

Finally, some cancers have been shown to arise after the incorporation of viral 

oncogenes, which activate mitogenic signaling and proliferation [91]. Therefore, 

the necessity of gene mutations for the development of cancer has been firmly 

established. However, tumor initiation might require additional factors from the 

microenvironment that can regulate the proliferative state of the cell [92].  
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We have studied the early steps of tumor development in the P7KP 

mouse model of soft tissue sarcoma. In this model the enzyme Cre recombinase 

is fused to the hormone-binding domain of the estrogen receptor (ER). This 

fusion gene is under the regulation of the endogenous Pax7 promoter; thus, 

CreER is only transcribed in cells that are actively expressing Pax7, such as 

satellite cells. Upon addition of the estrogen analog, tamoxifen, CreER is 

translocated to the nucleus and activated to cleave all regions of the genome that 

are flanked by loxP sites (floxed). In one of our Genetically Engineered Mouse 

Models (GEMM) of soft tissue sarcoma, both p53 alleles are floxed and one 

allele of Kras is substituted by a floxed stop cassette upstream of oncogenic 

KrasG12D  in the endogenous Kras locus.  Upon administration of tamoxifen, 

satellite cells delete both copies of p53 and activate oncogenic Kras (Figure 12) 

 

When undisturbed in their niche, satellite cells remain quiescent. However, 

they will dramatically proliferate in response to a stimulus, such as muscle injury 

[46]. We have observed that satellite cells isolated from Pax7CreER; p53flox/flox; 

LSL-KrasG12D (P7KP) mice treated with 4 hydroxy-tamoxifen (4OHT) in vitro 

delete p53 and recombine oncogenic Kras, which is sufficient for transformation. 

These cells are phenotypically transformed and are tumorigenic when implanted 

into nude mice (data not shown). Interestingly, not every satellite cell in P7KP 

mice transforms to form a tumor in vivo after systemic tamoxifen; and 
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additionally, we have observed that satellite cells from P7KP mice are not 

actively proliferating at two timepoints after in vivo recombination of p53 and 

KrasG12D. However, P7KP mice injected with intraperitoneal (IP) tamoxifen and 

concurrent intramuscular (IM) injury develop tumors with 100% penetrance and 

rapid kinetics at the site of injury [82]. Taken together, these data suggest that 

mutations in p53 and Kras are not sufficient for transformation in vivo. Further, 

events such as those activated during injury are necessary to promote sarcoma 

formation.  

 

4.2 Efficient recombination of p53 and Kras in satellite cells 

To determine whether p53 and Kras are recombined in satellite cells in 

P7KP mice after tamoxifen administration, we used R26mTmG reporter mouse 

[93]. Briefly, in the R26mTmG mouse, cells appear red prior to activation of Cre, 

and they appear green afterward (Figure 13A). We treated R26mTmG/+;P7KP 

mice with tamoxifen IP. Seven days later, we isolated GFP+ cells from skeletal 

muscle in both hind limbs using flow cytometry and obtained DNA from these 

cells (Figure 13B). To test for recombination in the GFP+ population, we 

performed PCR and observed that p53 and Kras are fully recombined in this 

population (Figure 13C)  
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4.3 Cells from P7KP mice transform in vitro following 
recombination of p53 and Kras 

 
Previous work done in the lab established an in vitro transformation assay 

by isolating satellite cells from Rosa26CE/+;KP mice and treating them with 4OHT. 

After 4 passages, these cells appeared phenotypically transformed, as 

determined by formation of spheres and detachment from the plate. When as few 

as 6500 cells were injected intramuscularly into nude mice, they exhibited RMS 

tumors at the site of injection four to six weeks after transplantation. Additionally, 

satellite cells isolated from P7KP mice and treated with 4OHT appeared 

phenotypically transformed after 3-4 passages, further supporting that p53 

deletion and Kras recombination is sufficient for transformation of satellite cells in 

vitro. 

 

4.4 Most satellite cells from P7KP mice remain quiescent in vivo 
at two timepoints after IP tamoxifen 

 
To determine whether satellite cells in P7KP mice proliferate soon after 

recombination of p53 and Kras in vivo, we analyzed the thymidine analog 5′-

Ethynyl-2′-deoxyuridine (EdU) incorporation at two timepoints after tamoxifen 

treatment. Specifically, P7KP and P7 mice were treated with IP tamoxifen and 

euthanized 15 and 48 days after IP tamoxifen. Three days prior to euthanasia, 
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mice were injected with EdU IP to account for cycling cells. At the time of 

euthanasia, tibialis anterior (TA) muscles were isolated, flash frozen and 

sectioned for further IF analysis. Sections were stained for Pax7 and EdU and we 

observed that the number of Pax7+ and Pax7/EdU double positive cells between 

P7KP and P7 mice were not significantly different (Figure 14). This suggests that 

satellite cells are not proliferating 15 and 48 days after tamoxifen delivery. This 

was an unexpected result because the mice had tumors in other sites by 48 days 

post-tamoxifen, which suggested that a small number of satellite cells were 

actively proliferating and expressing their malignant phenotype.  These data 

suggest that most satellite cells remain quiescent despite harboring potent 

oncogenic mutations. We hypothesized that breaking the quiescence of muscle 

cells harboring oncogenic mutations via muscle injury might promote tumor 

development in this mouse model of STS. 

 

4.5 A temporally and spatially restricted model of STS 

In chapter 3, I outlined several models of soft tissue sarcoma whereby the 

cell of origin was clearly defined. In these models however, administration of 

systemic tamoxifen yields tumors at multiple sites throughout the body. Models 

where tumor development can be restricted to a certain location can be useful in 

chemotherapy, radiation therapy, and metastasis studies [41, 42, 84]. In order to 

model a spatially restricted model of STS whereby the cell of origin is known, we 
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injected P7KP mice with intramuscular (IM) 4OHT and assessed the mice for 

tumor development. Specifically, we treated 14 mice with 50µL of 10mg/mL 

4OHT dissolved in DMSO into the left gastrocnemius muscle of each mouse. 

100% of the mice developed tumors at the site of injection and they were 

pleomorphic sarcomas by histology as shown by the spindle cells, epithelioid 

cells, or a mixture of both. When stained for the myogenic markers MyoD and 

Myogenin, 71% was positive for both markers and were characterized as 

pleomorphic rhabdomyosarcoma (pRMS), while the rest did not stain positive for 

both markers and were classified as undifferentiated pleomorphic sarcomas 

(UPS) (Figure 15A and B). Interestingly, we observed that the kinetics of tumor 

development were significantly faster in P7KP mice treated with IM 4OHT 

(median time to tumor = 20 days, range 13- 26 days) (Figure 16A) than in mice 

treated with systemic tamoxifen (median time to tumor = 45 days, range 33-62 

days) (Figure 1A), we developed two hypotheses to explain this phenomenon: 1) 

the local recombination efficiency of Kras and p53 in mice treated with 4OHT is 

higher than that in mice treated with systemic tamoxifen and 2) local injury 

caused by the vehicle of 4OHT (DMSO) activates the transformed satellite cells 

and causes faster tumor kinetics.  
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4.6 Intramuscular injection with DMSO injures muscle and 
accelerates STS formation 

 

To test these hypotheses, we treated P7KP mice with systemic tamoxifen 

and concurrent IM DMSO or saline as a control to determine if the faster kinetics 

phenotype is due to the DMSO or the IM injection itself (Figure 16B).  This 

experimental approach aims to ensure that the recombination efficiency is the 

same as in mice treated with IP tamoxifen alone. We observed that 100% of 

P7KP mice treated concurrently with systemic tamoxifen and intramuscular 

DMSO developed a tumor at the site of IM injection with a median time to tumor 

of 22 days (range 14-29 days) (Figure 16B), which was similar to the time to 

tumor seen with 4OHT alone (Figure 16A). In contrast, only 50% of the P7KP 

mice treated with IP tamoxifen and IM saline developed a sarcoma at the IM 

injection site, and the time to tumor was significantly longer (median 41 days, 

range 40-48 days) (Figure 16B). These data suggests that DMSO accelerates 

sarcoma formation after Kras and p53 recombination in P7KP mice. Additionally, 

it is important to note that sarcomas developed other sites with similar kinetics as 

P7KP mice treated with IP tamoxifen alone (data not shown).   

 

We hypothesized that DMSO caused an acute injury in muscle after 

injection. To test this hypothesis, we treated littermates of the P7KP mice (P7P 
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mice) with IM DMSO, saline as a negative control, or cardiotoxin (a component of 

cobra venom often utilized in muscle injury and regeneration studies [94]) as a 

positive control. Mice were euthanized 1, 3, and 7 days following injection and 

their muscle evaluated by histology. Muscle treated with DMSO showed 

significant cell death and neutrophil infiltration by hematoxylin and eosin staining, 

consistent with injury to the skeletal muscle (Figure 16C). As expected, 

cardiotoxin-treated muscle showed large amounts of cell death and immune 

infiltration, while saline-treated muscle showed no significant differences from 

normal muscle (Figure 16C). Taken together, these results suggest that DMSO 

causes an acute injury to the muscle. 

 

4.7 Cardiotoxin-mediated injury also accelerates sarcoma 
formation in P7KP mice 

 
Because it is likely that DMSO caused acute injury to the muscle 

promoting sarcoma development, we sought to further test this model using 

cardiotoxin because muscle injury using cardiotoxin has been extensively 

characterized [94]. To this end, we treated 8 P7KP mice with systemic tamoxifen 

and IM cardiotoxin and followed them for tumor development. We observed that 

all mice developed IM injection site tumors with a median time to tumor of 17 

days (range 7-17 days) (Figure 16). These results show that concurrent satellite 
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cell transformation with cardiotoxin-mediated muscle injury accelerates sarcoma 

formation.  

 We next sought to further study the temporal relation between the Cre-

mediated recombination of Kras and p53 with cardiotoxin-mediated injury. 

For this purpose we designed an experiment whereby P7KP mice were injected 

with cardiotoxin IM at different timepoints before, after and concurrently with the 

tamoxifen injection (Figure 17A and C). We observed that mice developed a 

sarcoma at the site of injury within 20 days of cardiotoxin administration with 

nearly 100% penetrance if the injury happened either just before tamoxifen-

mediated recombination (up to 3 days before) or at any timepoint thereafter (up 

to 21 days after) (Figure 17B and D). Remarkably, injection site sarcomas had a 

delayed latency and lower penetrance if cardiotoxin was administered more than 

3 days prior to tamoxifen (Figure 17B and D). Additionally, no sarcomas formed 

following treatment with cardiotoxin alone, as seen in other studies [95]. These 

results suggest that transformation and injury have a classic initiator/promoter 

relationship in this model of sarcomagenesis. Specifically, recombination with IP 

tamoxifen acts as the initiating genetic insult, and injury is the promoter to drive 

sarcoma formation.  
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4.8 The Hepatocyte Growth Factor/c-MET pathway promotes 
sarcoma formation in P7KP mice 

 
4.8.1 HGF treatment increases tumor penetrance in P7KP mice after 
IP tamoxifen and this phenotype is dependent on c-Met 

 
These time course experiments further supported the hypothesis that 

Pax7-expressing cells are promoted to transform and develop tumors after the 

oncogenic insult is induced as well as an activating event, such as injury, occurs. 

Recent experiments in squamous cell carcinoma [96] and intestinal cancer [97] 

have suggested a role for altering the activation state of the stem cell in cancer 

development. Here, we hypothesized that cardiotoxin might have a key function 

in activating Pax7-expressing cells to promote their transformation. Similar to the 

experiments where we assesed the activation state of satellite cells after 

tamoxifen administration (Figure 14), we sought to determine the role of 

Hepatocyte growth factor (HGF), which has been shown to promote satellite cell 

proliferation both in vitro and in vivo [98, 99] in the proliferative state of satellite 

cells. For these experiments, P7KP mice (n=3 per group) were treated with 

systemic tamoxifen concurrently with IM saline or HGF (day 0). Importantly, the 

volume of IM injection to the tibialis anterior (TA) muscle for these experiments 

was reduced to 25µL in order to reduce the muscle trauma due to the volume of 



  

  63  

injection (Figure 18). On days 1 and 2 the mice were given two doses of EdU 

and euthanized on day 3. After euthanasia, the TAs were collected, flash frozen 

and sectioned. 10µm frozen sections were stained for Pax7 and EdU (Figure 

19A). We counted 400 – 600 satellite cells per mouse  and determined the 

percentage that were EdU+ (Pax7, EdU double positive) as a measure of satellite 

cell activation. Interestingly, the vast majority of Pax7+ cells were not proliferating 

in mice treated with IM saline despite deletion of p53 and activation of Kras in 

Pax7-expressing cells throughout the animal (Figure 19A). Administration of IM 

HGF caused a >3-fold increase in EdU uptake in satellite cells (Figure 19A). 

Moreover, evaluation of specimens by H&E staining revealed no significant 

inflammatory infiltrate (Figure 20C). Thus, HGF promotes proliferation of 

recombined satellite cells without the histological hallmarks of tissue injury.  

 

We next determined if activation of recombined satellite cells by HGF is 

sufficient to promote tumor development at the site of injection after systemic 

tamoxifen. A total of 39 P7KP mice were treated with IP tamoxifen along with IM 

injection of 25µL of either 40 mM cardiotoxin (positive control), saline (negative 

control), or HGF (Figure 19B). Of note, a concentration of 40 mM cardiotoxin 

was used because the time-to-tumor was not statistically different than a 

concentration of 75 mM (Figure 18C – E). All cardiotoxin-treated mice developed 

a sarcoma at the injection site with a median onset of 15 days, while only 3 of 12 
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saline-treated mice developed a sarcoma at the injection site (Figure 19C). In 

contrast, 11/13 mice treated with IM HGF developed a sarcoma at the injection 

site (Figure 19C). Of note, the sarcomas arising in HGF-treated mice occur with 

a median onset of 37 days, which is slower than sarcomas that arise following 

treatment with cardiotoxin (Figure 19D).  

 

Next, we wished to determine if the increased penetrance of sarcoma 

formation seen with HGF is mediated by the c-MET receptor rather than a 

nonspecific effect from the IM injection. We crossed P7KP mice to c-Metflox/flox 

mice [61] to cause c-Met deletion by Cre in satellite cells upon tamoxifen 

treatment. We treated 11 P7KP; c-Metflox/flox and 13 P7KP; c-Metflox/+ littermate 

control mice with systemic tamoxifen and IM HGF (Figure 19E). We observed 

that P7KP mice with homozygous c-Met deletion no longer had an increased 

penetrance of tumor formation at the IM HGF injection site as compared to P7KP 

mice with only one copy of c-Met deleted (Figure 19F and G). Of note, P7KP; c-

Metflox/flox mice could not be followed beyond 2-3 months because they developed 

sarcomas at other sites. These data provide genetic evidence that HGF requires 

the c-MET receptor to increase the penetrance of sarcoma formation in P7KP 

mice. 
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4.8.2 c-Met is required for tumor promotion after injury in the P7KP 
model of STS 

 
c-MET has recently been shown to to play an important role in satellite cell 

migration in the context of cardiotoxin-mediated injury [100], so we were 

interested to learn if it might also play a role in injury-induced sarcomas. We 

injected Pax7CreER/+; R26LSL-YFPYFP (P7Y) mice with IM cardiotoxin and assessed 

the levels of activated c-MET (P-MET) in satellite cells contained within injured 

and non-injured muscle (Figure 21A). In P7Y mice injected with IP tamoxifen 

and IM cardiotoxin and euthanized 3 days after, the number of P-MET+ cells 

within the YFP+ population was 40-fold higher than in uninjured muscle (Figure 

21B). This result emphasizes that c-MET is activated following acute muscle 

injury by cardiotoxin. Of note, the increased number of DAPI-stained nuclei seen 

in muscle injured by cardiotoxin has been reported by others to be related to 

inflammation, fibroblast infiltration, as well as an increase in the number of 

activated satellite cells that are proliferating within the injury site [53, 101-103]. 

The presence of satellite cells (YFP+ cells) lacking activated c-MET suggests 

that alternative pathways are likely to be involved in satellite cell activation in vivo 

[100]. 

 

We then tested whether c-MET signaling might be a critical mediator of 

the sarcoma-promoting effect of cardiotoxin. A total of 20 mice (10 P7KP; c-
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Metflox/flox and 10 P7KP; c-Metflox/+) were treated with systemic tamoxifen along 

with IM cardiotoxin (Figure 22A). As expected, all of the P7KP; c-Metflox/+ mice 

developed sarcomas at the IM injection site with rapid kinetics (Figure 22B). 

P7KP; c-Metflox/flox mice also developed a sarcoma at the site of IM cardiotoxin 

administration, but the kinetics were much slower and similar to those observed 

in spontaneously developing tumors after IP tamoxifen (Figure 22B, median = 42 

days). This observation led us to question the recombination efficiency of c-Met 

in these tumors. In order to test this, we isolated whole tumor lysates and 

passaged the cells to deplete the stroma. After sufficient passaging to ensure 

stromal depletion, PCR was performed to test c-Met recombination. As a control 

for stroma elimination, PCR for p53 recombination was performed in paralell. 5 

sarcoma cell lines isolated from tumors derived from P7KP; c-Metflox/flox mice had 

full recombination at both c-Met loci, confirming that sarcomas arise despite the 

deletion of c-Met (Figure 22D).  This result reveals that c-MET signaling is 

required for cardiotoxin-mediated promotion of sarcoma formation in P7KP mice. 

Of note, tumor volume was monitored in these mice. We observed that there was 

no difference in tumor growth between the two groups (Figure 22C). This 

suggests that c-Met is not necessary for tumor maintenance, although further 

experiments would need to be carried out to confirm this hypothesis. 
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4.8.3 c-Met is required for tumor promotion in the temporospatially 
controlled model of STS that develop after 4OHT 

 
 We were intrigued by our finding that mice treated with 4OHT had faster 

kinetics for tumor development than mice treated with IP tamoxifen (Figure 16A 

vs. 1A), and hypothesized that this was due to an injury inflicted by DMSO. We 

next sought to determine whether c-Met was also required for tumor promotion in 

this setting. To this end, we treated 6 P7KP; c-Metflox/flox and 10 P7KP; c-Metflox/+ 

littermate controls with IM 4OHT (Figure 23A) and observed that the median 

time to tumor at the site of injection was significantly faster (Figure 23B, median 

time to tumor = 48 days, range 34 – 52 days) in those mice that retained a copy 

of wild type c-Met (median time to tumor = 15 days, range 10 – 45 days). This 

corollary experiment further suppoerts the hypothesis that the c-MET pathway is 

required for sarcoma promotion in the context of injury in P7KP mice. Similar to 

experiments outlined on section 4.8.2, we monitored tumor growth and saw no 

difference in the rate of sarcoma growth between the two groups (Figure 23C).  

 

4.9 c-Met is not required for tumor initiation in the P7KP mouse 
model of STS 

  
 We were next interested in determining whether c-Met is required for 

tumor initiation in the P7KP model of soft tissue sarcoma. To this end, we treated 

13 P7KP; c-Metflox/flox and 13 P7KP; c-Metflox/+ littermate controls with IP 
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tamoxifen and assesed for tumor development. Surprisingly, we observed that 

there was no significant difference in penetrance or time to tumor between the 

two groups (median time to tumor = 57 days vs. 45 days respectively) (Figure 

24A). Additionally, there was no difference in average number of tumors between 

the two groups (Figure 24B). These observations suggested the possibility of 

incomplete recombination in tumors arising in P7KP; c-Metflox/flox mice. To 

address this concern, we isolated whole tumor lysates and passaged the cell 

lines to deplete the stroma. After 10 – 15 passages, DNA was isolated and PCR 

was performed to assess recombination of c-Met (experimental) and p53 

(control). From 5 cell lines tested, we observed that 3 had incomplete c-Met 

recombination (but complete p53 recombination) (Figure 24C). These results led 

to the conclusion that IP tamoxifen alone does not yield full recombination of both 

alleles of c-Met. We are therefore unable to rule out the possibility that c-Met is 

required for tumor initiation in some cases. Furthermore, it is possible that c-Met 

is necessary for tumor maintenance. Many cancers have been shown to have a 

requirement for c-MET in tumor maintenance and this is being explored by a 

number of clinical trials utilizing c-MET inhibitors [104]. This question requires 

further testing and will be better addressed using dual recombinase technology. 

In dual recombinase mice [105], tumors can be generated using adenovirus 

expressing Flp to delete p53 and activate oncogenic Kras, while Cre can be used 

to delete one or both copies of c-Met in the already established tumor. 
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Figure 13: P7KP model of soft tissue sarcoma 

In this model, CreER is expressed downstream of the endogenous Pax7 promoter. 
Additionally, both copies of p53 are flanked by loxP sites (red arrowheads) and one 
allele of Kras is substituted by a lox-STOP-lox-KrasG12D construct. Upon addition of 
tamoxifen, CreER translocates to the nucleus and excises DNA located between loxP 
sites. This leads to p53 deletion and activation of oncogenic Kras specifically in Pax7-
expressing cells.  
  



  

  70  

  

Figure 14: p53 and Kras are fully recombined in satellite cells after IP tamoxifen 

(A) Schematic of R26mTmG reporter mice. In the absence of Cre, all cells have red 
membranes. Upon Cre activity, the red cassette is excised leading to GFP expression in 
the membranes of cells that express Cre. (B) Experiment schematic. R26mTmG/+; P7KP 
mice were injected with systemic (IP) tamoxifen. Seven days later, GFP+ cells were 
isolated using FACS from whole muscle lysates. DNA from those cells was isolated for 
PCR. (C) PCR was performed to test recombination of p53 and Kras. Control DNA came 
from YFP+ and YFP- cells isolated from Pax7CE/+; KrasG12D/+;P53fl/+;Rosa26YFP/+ tumors 
(initiated by IP tamoxifen). 
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Figure 15: Most satellite cells in P7KP mice are non-proliferative 15 and 48 days 
after tamoxifen treatment 

P7KP and P7 mice were treated with tamoxifen IP. They were injected with EdU IP 3 
days before euthanasia. At the time of euthanasia, tibialis anterior muscles were 
collected and frozen for further IF analysis. EdU incorporation marked cells actively 
proliferating at the time of injection, while Pax7 (green arrows) marked satellite cells. 
Pax7/EdU double positive cells (white arrow) represent those satellite cells that were 
proliferating at the time of EdU injection. There was no significant difference in total 
Pax7+ or Pax7/EdU double positive cells between P7KP and P7 mice, suggesting that 
most satellite cells are non-proliferative 15 and 48 days after p53 and Kras 
recombination. 
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Figure 16: P7KP mice treated with 4OHT develop pRMS and UPS 

(A) P7KP mice (n=14) were injected intramuscularly with 4OHT and followed for tumor 
development. The tumors that arose were stained with Hematoxylin and Eosin (H&E) 
and immunostained with the myogenic markers MyoD and Myogenin. Those that had 
features of RMS and stained positive for either or both markers were classified as 
pRMS, while those that lacked of staining for the myogenic markers were classified as 
UPS. (B) 71% of tumors fell into the pRMS category, while the rest were UPS by 
histology. Note: this figure was generated by David Van Mater with work done in 
collaboration with Jordan Blum 
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Figure 17: DMSO is an injuring agent to muscle, similar to cardiotoxin 

(A) P7KP mice (n=14) were treated with intramuscular (IM) 4 hydroxy tamoxifen (4OHT) 
and assessed for injection site tumors. 100% of mice developed tumors at the site with a 
median time to tumor of 22 days. (B) P7KP mice (n=19) were treated with intraperitoneal 
(IP) tamoxifen. Of those, 9 were treated with concurrent intramuscular (IM) DMSO and 
the remaining 10 with IM PBS and IM injection site tumor development was assessed. 
100% of mice injected with DMSO developed injection site tumors with rapid kinetics 
(median = 22 days), while only 50% of mice treated with PBS developed injection site 
sarcomas with delayed kinetics (median = 41 days). (C) Littermate controls were treated 
with IP tamoxifen and IM DMSO, PBS, or Cardiotoxin. Gastrocnemius muscles were 
collected 1, 3, and 7 days after treatment for histological analysis. DMSO shows 
significant necrosis and immune infiltration like the positive control, cardiotoxin, while 
PBS shows no significant trauma. (scale bar, 150 µm). ***, P < 0.001. Note: this work 
was produced by David Van Mater.  
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Figure 18: The timing of cardiotoxin injury plays a role on tumor development 

(A) P7KP mice were treated with systemic intraperitoneal (IP) tamoxifen (black triangle) 
and concurrent intramusIM treatment with cardiotoxin (n=8, red triangle), 7 days post 
(n=8, blue triangle), or 21 days post (n=9, yellow triangle) and assessed for IM injection 
site tumor development. (B) 100% of mice developed injection site tumors with timing 
dependent on the lapse between tamoxifen and cardiotoxin. The time to tumor increased 
as the time between injury and recombination increased (C) The inverse experiment was 
performed, where P7KP mice were treated with IM cardiotoxin 21, 7, or 3 days prior, or 
concurrently with IP tamoxifen. (D) Injection site tumor latency was faster the closer the 
treatments were to each other. Interestingly, if the injury was left to heal completely (21 
days) before tamoxifen treatment, virtually no tumors formed at the injection site. NS, not 
significant; ***, P < 0.001; ****, P < 0.0001. Note: this work was produced by David Van 
Mater. 
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Figure 19: Defining the ideal volume and concentration of cardiotoxin for injury 
experiments 

(A) P7KP mice (n=8) were treated with intraperitoneal (IP) tamoxifen and seven days 
later, they were treated with 25µL of intramuscular (IM) cardiotoxin (CTX, n=4) or PBS 
(n=4). (B) 100% of the CTX treated mice developed injection site sarcomas with rapid 
kinetics, while no injection site tumors formed in the PBS treated mice after 50 days. (C) 
P7KP mice (n=12) were treated with IP tamoxifen and 7 days later with 10, 40, or 70µM 
cardiotoxin. (D) Tumors arose at the site of IM injection with faster kinetics with higher 
concentrations of CTX. (E) There was only a significant difference in the time to tumor 
between 10µM and 40 or 70µM, but no significance between 40 and 70µM. We 
concluded that 25µL of 40µM cardiotoxin was a reasonable dose to use in future 
experiments. NS (not significant), * (p < 0.05). Note: this work was produced by David 
Van Mater.  
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Figure 20: HGF causes satellite cell proliferation and influences sarcoma 
penetrance in a c-Met dependent manner 

(A) P7KP mice were treated with intraperitoneal (IP) tamoxifen and concurrent 
intramuscular (IM) PBS (n=3) or HGF (n=3). All mice were injected with two consecutive 
doses of IP EdU. 3 days after tamoxifen, mice were euthanized, tibialis anterior muscles 
isolated and frozen for histological analysis. Sections were stained for Pax7 and EdU 
and 400-600 Pax7+ cells counted and evaluated for EdU status. (B) P7KP mice were 
treated with IP tamoxifen and concurrent IM PBS (n=12), HGF (n=14), or cardiotoxin 
(n=13). (C) 100% of cardiotoxin treated mice developed injection site tumors with rapid 
kinetics (median time to tumor = 17 days). Mice treated with HGF developed tumors with 
almost 100% penetrance at the injection site, but the kinetics were not significantly 
different from mice treated with IP tamoxifen alone (median = 37 days). As expected, 
mice treated with IM PBS had low penetrance at the IM injection site. (E) P7KP;c-Metf/f 
or P7KP;c-Metf/+ were treated with IP tamoxifen and concurrent IM HGF and assessed 
for tumor development. (F-G) P7KP;c-Metf/+ mice developed IM injection site tumors with 
similar kinetics and penetrance as P7KP mice with equal treatment (Figure 1A), while 
P7KP;c-Metf/f mice had delayed kinetics and lower penetrance at the IM site. *, P < 0.05; 
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Note: this work was produced in 
collaboration with David Van Mater.  
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Figure 21: HGF causes satellite cell proliferation in vivo 

(A) P7KP mice were treated with intraperitoneal (IP) tamoxifen and concurrent 
intramuscular (IM) PBS (n=3) or (B) HGF (n=3). All mice were injected with two 
consecutive doses of IP EdU. 3 days after tamoxifen, mice were euthanized, tibialis 
anterior (TA) muscles isolated and frozen for histological analysis. Sections were stained 
for Dapi (Blue), Pax7 (green) and EdU (red) and 400-600 Pax7+ cells counted and 
evaluated for EdU status. (C) Littermates were treated with IM PBS or HGF and the TA 
muscles collected, frozen, sectioned, and stained with Hematoxylin and Eosin (H&E). No 
gross changes in morphology were observed after IM HGF. (scale bar = 100 µm). Note: 
this work was produced in collaboration with David Van Mater. 
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Figure 22: Following acute injury, satellite cells express active c-MET (P-MET) 

(A) acute injury to the gastrocnemius muscle of Pax7CE; R26YFP mice by intramuscular 
cardiotoxin shows that after 3 days there is co-localization of P-MET (red) and YFP 
(green). In uninjured muscle, there is little to no co-localization. (B) This is quantified by 
the proportion of YFP+ that are also P-MET+. In injured muscle there is a ~40-fold 
increase in double positive cells compared to un-injured muscle. **, P < 0.01. Note: this 
work was done in collaboration with David Van Mater and Micah Webster.  
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Figure 23: Injury accelerates sarcoma formation via the c-MET pathway 

(A) P7KP; c-Metflox/flox and P7KP; c-Metflox/+ mice were treated with systemic (IP) 
tamoxifen and injured with intramuscular (IM) cardiotoxin and mice were assessed for IM 
injection site tumor formation. (B) Mice lacking c-Met developed tumors at the IM site 
with slower kinetics than mice with a functional copy of c-Met. (C) Once tumors arose, 
they grew with similar kinetics in both groups. (D) PCR showing that in 5 cell lines from 
injection site tumors derived from c-Metflox/flox mice, there was complete recombination of 
c-Met ****, P < 0.0001. Note: This work was done in collaboration with David Van Mater 
and WeiQiao Huang.  
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Figure 24: c-Met is required in a second model of injury to promote sarcoma 
formation 

(A) P7KP; c-Metflox/flox and P7KP; c-Metflox/+ mice were injected with intramuscular (IM) 4-
hydroxytamoxifen (4OHT) and mice were followed for injection site tumor free survival. 
(B) Mice lacking c-Met developed tumors at the injection site with slower kinetics than 
mice that conserved a functional copy of c-Met. (C) Once the tumors arose, their growth 
kinetics were similar in both groups. ** (p < 0.01). Note: this work was done in 
collaboration with David Van Mater and WeiQiao Huang. 
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Figure 25: c-Met does not affect tumor-free survival in mice treated with systemic 
tamoxifen 

(A) Tumor-free survival from P7KP; c-Metflox/flox and P7KP; c-Metflox/+ mice injected with 
systemic tamoxifen. (B) Number of tumors per mouse. (C) PCR performed on DNA 
isolated from 5 stroma-depleted cell lines derived from P7KP; c-Metflox/flox sarcomas. 
Partial recombination of c-Met was noted in 3 of these cell lines. Assesment of p53 
recombination via PCR confirms that stromal elements were efficiently removed from the 
cell lines evaluated. ns= not significant.  
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CHAPTER 5: DISCUSSION 
 

5.1 The cell of origin shapes sarcoma subtype as shown by four 
mouse models of soft tissue sarcoma 

 
5.1.1 Constitutive Cre versus Inducible CreER technologies 

 
 We used Cre-loxP technology to model soft tissue sarcomas in 

mice. Cre recombinase is a powerful tool to direct gene recombination to a 

particular cell type by expressing Cre under the endogenous promoter of interest. 

In constitutively active driver lines, Cre can be expressed and recombines DNA 

flanked by loxP sequences at any stage of development (specifically, whenever 

the promoter is expressed, Cre is expressed and active). For this reason, 

unanticipated expression patterns of Cre can make it difficult to pinpoint how cell 

of origin affects sarcoma subtype [57, 106, 107]. For instance, Rubin and 

colleagues used Myf6Cre mice to conclude that eRMS can develop from Myf6-

expressing myotubes [21]. More recently, Sambasivan et al. demonstrated that 

Myf6 is expressed during fetal development in muscle precursors [57] making it 

impossible to unambiguously determine whether it is the adult myotube or the 

fetal precursor that is a cell of origin for eRMS.  
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For our experiments, we have used inducible Cre (CreER - Cre fused to 

the hormone-binding domain of the estrogen receptor), which can be used to 

restrict Cre activity temporally. In these mice, CreER is expressed under the 

control of the promoters of interest and inactive in the cytoplasm. Upon tamoxifen 

administration, CreER translocates to the nucleus and recombines sequences 

flanked by loxP sites. In our models both alleles of p53 are floxed, and one allele 

of KrasG12D is preceded by a lox-STOP-lox cassette in the endogenous Kras 

locus. Cre activity causes the deletion of both copies of p53 and the activation of 

oncogenic Kras. We used four different inducible models whereby CreER is 

expressed downstream of four different endogenous promoters along the muscle 

differentiation continuum: Pax7, MyoD, Myogenin, and Myf6. 

 

5.1.2 Different cells of origin along the muscle developmental 
continuum give rise to a spectrum of sarcomas by histology  

 
Differentiation in the adult muscle occurs after acute injury or excessive 

exercise. In this process, Pax7 expressing satellite cells are activated and enter 

the differentiation program. Differentiating myoblasts express Pax7 and induce 

the expression of MyoD. Myoblasts then differentiate into myotubes that fuse into 

existing fibers. During this process, Pax7 and MyoD expression decreases as 

Myogenin and Myf6 expression is induced [65]. We crossed Pax7CreER/+, 

MyoDCreER/+, MyogeninCreER/+, or Myf6CreER/+ mice to LSL-KrasG12D; p53flox/flox mice 
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in order to generate sarcomas with identical mutations (i.e. express KrasG12D and 

delete p53) but different cells of origin. We observed that after intraperitoneal 

tamoxifen administration, these mice developed a spectrum of sarcomas with 

different kinetics and penetrance, suggesting that cell of origin is an important, 

but not the only, factor defining sarcoma subtype.  

 

 Specifically, Pax7CreER; LSL-KrasG12D; p53flox/flox (P7KP) mice developed 

tumors with 100% penetrance and a median time to tumor of 45 days (Figure 

1A). These tumors were a mixed spectrum that ranged from RMS to UPS by 

histology (Figure 1K). After systemic tamoxifen, MyoDCreER; LSL-KrasG12D; 

p53flox/flox (MDKP) mice developed tumors with 100% penetrance but delayed 

kinetics (median time to tumor = 132 days) (Figure 4A). These tumors were 

uniquely UPS by histology (Figure 4G). Induction of the same oncogenic insults 

in more differentiated muscle cells by IP tamoxifen administration into 

MyogeninCreER; LSL-KrasG12D; p53flox/flox (MgnKP) and Myf6CreER; LSL-KrasG12D; 

p53flox/flox (M6KP) mice, generated very different results. MgnKP mice developed 

tumors with 60% penetrance and delayed kinetics (median time to tumor = 116 

days) (Figure 7A). The histology of these tumors were in a spectrum between 

RMS and UPS, but a majority were eRMS (Figure 7D). M6KP mice treated with 

systemic tamoxifen developed tumors with only 15% penetrance in the 200 days 

that they were followed (Figure 10). The two tumors that developed were pRMS 
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and UPS by histology, but because the penetrance was low, it is difficult to 

conclude that Myf6-expressing cells can be a cell of origin for soft tissue 

sarcomas.  Taken together, these results suggest that a myogenin+ cell and a 

Pax7+ cell can initiate RMS tumors.  

	  

5.1.3 Different cells of origin within the muscle developmental 
continuum give rise to a spectrum of sarcomas that are similar to 
their human counterparts 

 
 Gene expression analysis was performed in order to classify these tumors 

molecularly. A microarray was run with tumors obtained from P7KP and MDKP 

mice along with normal muscle as a control. Principal component analysis, an 

unbiased method of statistical analysis, revealed that P7KP derived RMS tumors 

clustered closely and separate from P7KP and MDKP-derived UPS tumors. 

Analysis by hierarchical clustering showed that a majority of P7KP derived RMS 

fell into an ‘RMS-like’ clade, while MDKP derived UPS were on a separate ‘UPS-

like’ clade altogether. Finally, Gene Set Enrichment Analysis (GSEA) showed 

that P7KP derived RMS was similar to human RMS, while P7KP derived UPS 

and all MDKP tumors were similar to human UPS. These results validate these 

models of soft tissue sarcoma and further support the hypothesis that cell of 

origin is an important determinant of sarcoma subtype. 
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 There are several important features about these models. First, genomic 

analysis of human RMS showed that 93% of cases contain mutations in the 

tyrosine kinase/RAS/PI3K pathway, and further, that a majority of fusion-negative 

RMS contain a mutation in KRAS, NRAS, HRAS, FGFR4, and PI3CA [10, 13, 19, 

108]. Additionally, the P53 pathway is commonly mutated in human RMS, 

specifically TRP53 mutations or amplification of MDM2, and MDM4, [14, 15]. 

Therefore, these sequencing studies of human RMS further support utilizing Kras 

and p53 mutations in mouse models of soft tissue sarcoma. In our models, 

oncogenic KrasG12D is expressed at physiological levels because it is under the 

control of the endogenous promoter. Additionally, CreER is expressed 

downstream of the endogenous Pax7, MyoD, Myogenin, and Myf6 promoters 

and the mutations are induced in adult cells after tamoxifen administration in a 

temporally controlled manner. This allows for the oncogenic mutations to be 

induced specifically in Pax7+ [51], MyoD+ [62], Myogenin+ and Myf6+ [74] 

expressing cells, so that the results can be studied in the adult mouse in vivo.  

 

 In summary, in the context of p53 and Kras mutations, we found that 

Pax7+ cells can be a cell of origin for RMS and UPS, and that MyoD+ cells can 

give rise to UPS. Additionally, we found that Myogenin+ cells can be a cell of 

origin for RMS and UPS, but that Myf6+ cells in the adult mouse rarely transform 

to cause soft tissue sarcomas after mutations in Kras and p53 have been 
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induced. This is in contrast to previous studies with Myf6Cre mice that suggested 

that adult Myf6-expressing myotubes can be a cell of origin for RMS [21]. In 

conclusion, our results show that cell of origin is an important defining factor of 

sarcoma subtype. These models of soft tissue sarcoma may be useful for testing 

novel therapies for RMS and UPS in the pre-clinical setting. 

 

 

5.2 Role of injury in Soft Tissue Sarcoma development 

	  
The P7KP mouse model of STS is a unique system to study the role of 

injury in tumorigenesis because it provides tight control of the timing of both 

genetic mutation (IP injection of tamoxifen) and injury (IM injection of cardiotoxin) 

prior to tumor formation. Other injury-mediated sarcoma model systems have 

been described, but they all lack the ability to control the timing of oncogenic 

mutations in a genetically engineered organism. Perhaps the most noteworthy 

model system was described by the laboratory of Dr. Bissell [109-111]. They 

described a series of experiments in chickens infected with Rous sarcoma virus 

(RSV). The chickens developed sarcomas at the site of virus injection in the wing 

despite systemically elevated viral titers. However, the chickens developed 

sarcomas in the contralateral wing after wounding with a clip or suture material. 

Similar findings were seen in transgenic mice constitutively overexpressing the v-

jun oncogene [112-114]. The transgenic mice did not have any demonstrable 
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phenotype with the exception of sarcoma formation at the site of ear tagging and 

tail clipping. More recent examples include the observation that recurrent muscle 

injury with cardiotoxin gives rise to STS at the site of injury in p53-null mice [95]. 

Attempts to generate urothelial tumors in a mouse model containing inducible 

activation of Kras and loss of p53 resulted in STS at the suture site, though this 

was reported as an incidental finding as the intent was to generate a 

genitourinary tumor [115]. Lastly, neurofibromas were found to preferentially 

develop at the site of nerve injury in a mouse model of neurofibromatosis type I 

[116]. 

 

5.2.1 The role of HGF/c-MET in sarcoma formation after injury 

The rapid kinetics of tumor formation in P7KP mice treated with systemic 

tamoxifen and IM cardiotoxin demonstrates that injury acts as a classic promoter 

of STS in a mammalian system. Most Pax7+ cells remain quiescent despite loss 

of p53 and expression of oncogenic Kras (Figure 18A), but cardiotoxin breaks 

their quiescence and promotes tumor formation in a process dependent on c-

MET signaling. HGF is also able to break quiescence of satellite cells harboring 

p53 and Kras mutations and promote sarcoma formation (Figure 18A-D and 

19A-B), but the level of HGF used in our experiment was not sufficient to speed 

up the kinetics. It is also possible that the expression of other growth factors in 

addition to HGF that signal through c-MET are required to promote sarcoma 
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formation. For example, it has been widely reported that the c-MET pathway has 

significant crosstalk with other receptor tyrosine kinase receptors such as EGFR, 

VEGFR and FGFR to promote cancer development as well as drug resistance 

[117]. 

Several studies in rodents have implicated the HGF/c-MET signaling 

pathway in satellite cell activation.  For example, Allen and colleagues 

demonstrated that cultured rat satellite cells were activated after HGF treatment 

in a dose-dependent manner [118]. Subsequent studies by Tatsumi and 

colleagues observed that rats treated with HGF had increased satellite cell 

proliferation, confirming that this effect was relevant in vivo. Additionally they 

showed that HGF is present in the extracellular matrix surrounding adult muscle 

fibers, while the c-MET receptor is expressed specifically in satellite cells. Upon 

satellite cell activation, HGF and c-MET co-localize [119]. More recent 

experiments have shown that c-MET is required for quiescent satellite cells to 

respond to injury in a contralateral limb by transitioning into an alert state, which 

increases their propensity to cycle in vivo [120]. Likewise, deletion of the c-MET 

receptor in Pax7+ cells results in a significant decrease in the recruitment of 

proliferating satellite cells to the site of cardiotoxin injury [100]. In humans, the 

role of HGF/c-MET signaling is difficult to study in the context of acute injury 

because of the lack of available tissue samples.  However, there was a small 

study of a group of human subjects that underwent a muscle biopsy of the 
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quadriceps after completing a series of lengthening contractions [121].  A trend 

toward increased HGF protein expression in the muscle and blood following 

intense exercise was noted [121]. 

Additionally, HGF/c-MET signaling has been reported to play a role in 

sarcoma formation. Ink4a/Arf knockout mice overexpressing HGF under the 

direction of the metallothionein promoter develop embryonal 

rhabdomyosarcomas with a mean onset of 3.3 months. In this study, the skeletal 

muscle of 6-10 week-old mice had hyperplastic satellite cells, consistent with a 

role for HGF in tumor initiation by promoting proliferation of cells lacking Ink4a/Arf 

[122]. HGF/c-MET signaling has also been implicated in many different types of 

human sarcoma. Taulli et al. showed that cell lines derived from human 

embryonal RMS and alveolar RMS expressed high levels of c-MET and HGF 

[123]. Other groups have shown that the HGF/c-MET pathway is upregulated in 

osteosarcoma, chondrosarcoma, and leiomyosarcoma [124, 125], and elevated 

HGF/c-MET expression in human synovial sarcoma has been correlated with 

poor prognosis in patients [126].  

In P7KP mice, we propose that HGF/c-MET signaling is acting as a classic 

promoter, activating satellite cells in the context of cardiotoxin injury. Our finding 

that 21 days can pass between recombination of p53 and Kras and injury by 

cardiotoxin suggests that satellite cells can harbor oncogenic mutations without 
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progression to sarcoma formation. The rarity of sarcomas in humans might be 

partially explained by the requirement for this additional “activation” step, 

whereby quiescence prevents cells that harbor oncogenic mutations from forming 

sarcomas.  

 

Our data also lend credence to patient reports of a localized injury causing 

their sarcoma [127]. In his landmark 1919 textbook “Neoplastic Diseases”, James 

Ewing wrote that “sarcoma commonly develops after a single blow”. When 

patients report a history of trauma prior to the development of sarcoma at the 

same location, such claims are difficult to substantiate in a rigorous manner and 

are frequently ignored by physicians. Here we report on the development of a 

temporally and spatially restricted mouse model of soft tissue sarcoma (STS) that 

allows for the precise timing of genetic mutations and tissue injury. Our data 

demonstrate that injury promotes sarcoma formation in a process dependent on 

HGF/c-MET signaling. Although “a single blow” is not likely to cause sarcoma, 

our results indicate that injury might promote sarcoma development by activating 

quiescent progenitor cells that have acquired oncogenic mutations. 

 

In summary, in this thesis work I have studied how cell of origin affects 

sarcoma subtype and how cell intrinsic and extrinsic factors play a role in 

sarcoma development in a genetically engineered mouse model of soft tissue 
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sarcoma. I have observed that cell of origin is important, but not the only factor 

defining sarcoma subtype. Additionally, I observed that acute tissue injury can 

activate satellite cells and promote sarcoma formation via the HGF/c-MET 

pathway in the context of Kras and p53 mutations. These model systems should 

be useful for exploring novel therapeutic strategies for soft tissue sarcomas. For 

a schematic of the complete model, see Figure 26. 

  

Figure 26: Cell of origin as well as other factors, such as injury, impact sarcoma 
subtype in a GEMM of STS 
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• Davis UWC Scholar 
• UWC-USA Scholar 

2009-2010 
2006-2010 
2006-2010 
2004-2006 

 
PUBLICATIONS  
* Denotes co-authorship 
 
Rebecca Dodd, Leonor Añó, Jordan M. Blum, Zhizhong Li, David Van Mater, David G. Kirsch. 
Methods to generate genetically engineered mouse models of soft tissue sarcoma. Methods in 
Molecular Biology, February 2015 
 
David Van Mater*, Leonor Añó*, Jordan M. Blum, Micah T. Webster, WeiQiao Huang, Nerissa 
Williams, Yan Ma, Diana M. Cardona, Chen-Ming Fan, and David Kirsch. Acute tissue injury 
promotes sarcoma formation via the HGF/c-MET signaling pathway. Cancer Research, January 
2015  
 
Jordan M. Blum, Leonor Añó, Zhizhong Li, David Van Mater, Brian D. Bennett, Mohit Sachdeva, 
Irina Lagutina, Minsi Zhang, Jeffrey K. Mito, Leslie G. Dodd, Diana Cardona, Rebecca D. Dodd, 
Nerissa Williams, Yan Ma, Christoph Lepper, Corinne M. Linardic, Sayan Mukherjee, Gerard 
Grosveld, Chen-Ming Fan, David G. Kirsch. Distinct and overlapping sarcoma subtypes initiated 
from muscle stem and progenitor cells. Cell Reports, November 2013  
 
Grace E Linder; Pavlina D Chuntova; Bryce T McLelland; Leonor Añó; Udochukwu C Obodo; 
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Nathaniel J Crider; David J Matthes; Marcos E García-Ojeda; Jennifer O Manilay; Devavani 
Chatterjea. Semaphorin 4A is dynamically regulated during thymocyte development in mice. 
Cellular Immunology, April 2013 
 
LEADERSHIP AND PROFESSIONAL EXPERIENCE 
 
Duke University, Durham, NC 
 
• Annual Fund Volunteer for the United World College-USA                          Fall 2012 – Present 

 
Communicated with a portion of my graduating class to fundraise for our alma mater. Achieved an 
increase of 14% in student donations. 
 

• Undergraduate Mentor                                                                                   Fall 2012 – Present  
 

Trained student in scientific / laboratory techniques for Honors thesis project; student was awarded 
2 fellowships. 
 

• Director of Communications for the Graduate and Professional Student Council Spring 2014 – 
Present 
 

Managed a committee of six people for website re-design and newsletter distribution, and 
coordinated the University Services Caucus composed of 18 people in the process of passing a 
Dental Resolution to be presented to Duke Administration. 
 

• Publishing Team Leader                                                                         Spring 2012 – Fall 2013 
 

Led a team of three to complete a research project that was published in Cell Reports, one of the 
most prestigious science journals worldwide. Responsibilities included organizing data that was 
already generated, finishing the necessary experiments requested by the reviewers, and delegating 
the completion of figures and text to the other members of the team. 
 
Macalester College, Saint Paul, MN 
 
• Resident Assistant                                                                                   Fall 2007 - Spring 2009 

 
Provided peer counseling and performed the role of a leader and of a resource for 50 students. 
 

• Laboratory Assistant                                                                                Fall 2009 – Spring 2010 
 

Assisted professors in preparation and during lab hours for the Immunology and Biochemistry 
courses. 
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United World College – USA, Montezuma, NM  
 
• Constructive Engagement of Conflict Moderator                               Spring 2005 – Spring 2006 

 
Led community workshops about dealing with conflicts productively and positively. 
 
CONFERENCE ORAL AND POSTER PRESENTATIONS 
# Denotes Student/Mentee author 
 
• Leonor Añó, Oral Presentation (September 2014) Acute tissue injury promotes sarcoma 

formation via the HGF/c-MET signaling pathway. Pharmacology and Cancer Biology 
Retreat, Wilmington, NC 

 
• Leonor Añó, WeiQiao Huang, Lixia Luo, Nerissa Williams, Yan Ma, David Kirsch, Poster 

Presentation (February 2014).  Dissecting the Role of Notch in Sarcoma Maintenance Using 
Novel Dual Recombinase Technology. Keystone Symposia on Molecular and Cellular 
Biology, Developmental Pathways and Cancer: Wnt, Notch and Hedgehog, Banff, Canada 

 
• Leonor Añó, Jordan Blum, David Van Mater, David Kirsch (December 2012). Role of 

Injury for Tumor Initiation in a Mouse Model of Soft Tissue Sarcoma. Women in Science 
Symposium, Durham, NC   

 
• Leonor Añó, Jordan Blum, David Van Mater, David Kirsch (September 2012). Role of 

Injury for Tumor Initiation in a Mouse Model of Soft Tissue Sarcoma. Duke PCB annual 
retreat, Wilmington, NC   

 
• #Devavani Chatterjea, Leonor Añó, Grace Linder, Udo, Obodo, David Matthes (May 2010). 

The Expression of Semaphorins 4A, 4D and 7A in Early Hematopoietic T Progenitors in the 
Bone Marrow of C57BL/6 Mice. American Association of Immunologists Annual 
Conference, Baltimore, MA  

 
• #Devavani Chatterjea, Leonor Añó, Grace Linder, Udo, Obodo, David Matthes (May 2010). 

The Expression of Semaphorins 4A, 4D and 7A in Early Hematopoietic T Progenitors in the 
Bone Marrow of C57BL/6 Mice. Biological Science and Psychology Undergraduate 
Symposium, St. Louis, MI 

 
• Leonor Añó, Dayalan Srinivasan, David Stern (November 2008). The epigenetic basis for 

the switch between sexual and asexual reproduction in the pea aphid, Acyrthosiphon pisum 
Annual Biomedical Research Conference for Minority Students, Orlando, FL  

 
PUBLISHED POSTER ABSTRACTS 
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• David Van Mater, Leonor Añó, Jordan M. Blum, David G. Kirsch. A role for injury in 

sarcomagenesis.  Pediatric Cancer at the Crossroads:  Translating Discovery into Improved 
Outcomes, San Diego, CA, 2013. Cancer Research 74 (20 Supplement), A64-A64 

 
 
RELATED COURSEWORK 
Duke University, Durham, NC  
 

• Cell and Molecular Biology 
• Intro to Systemic Histology 
• Cell Signaling 

 
 
 
 

• Cancer as a Disease 
• Molecular Mechanisms of Oncogenesis 
• Experiment Design and Statistics 

 

SKILLS  
 
Laboratory techniques:  Frozen sectioning, IHC, IF, Western blot, PCR, quantitative PCR, 
MACS separation, RNA Mini-Prep, SDS-PAGE and agarose gel electrophoresis, DNA 
purification, mouse and aphid dissection, sterile technique, cell culture.  
 
Software: GraphPad, Illustrator, Photoshop, Adobe Acrobat, Web-based bioinformatics tools 
(NCBI, BLAST, BLAT, ExPasy, Biology Workbench), FloJo, Microsoft Office. 
 
Languages: Proficient in Spanish and English, working proficiency of Portuguese. 

 
 
 


