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ABSTRACT

Soft tissue sarcomas are rare malignancies that derive from connective
tissue. Rhabdomyosarcoma (RMS) is the most common soft-tissue sarcoma in
children, while undifferentiated pleomorphic sarcoma (UPS) is one of the most
common soft tissue sarcomas diagnosed in adults. To investigate the cell(s) of
origin of these sarcomas in the myogenic lineage, | used the tamoxifen-inducible
CreER™-loxP system in vitro and in vivo. Pax7-CreER' and MyoD-CreER™
mice were utilized to transform Pax7" and MyoD* myogenic progenitors by

expressing oncogenic K-ras®'?°

and deleting p53 in vivo. After injection of
systemic tamoxifen into Pax7-CreER™ and MyoD-CreER™ mice, primary
myogenic sarcomas including mouse rhabdomyosarcoma (mMRMS) and mouse
UPS (mUPS) developed within 2 to 6 months at various anatomical sites. Using
unsupervised gene expression analysis, mRMS from Pax7" myogenic
progenitors clustered separately from the mUPS generated from the Pax7*
myogenic progenitors, as well as the mUPS generated by MyoD* myogenic
progenitors. These results suggest that Pax7* and MyoD" myogenic progenitor
cells are tumor-initiating cells mUPS and that Pax7"MyoD" progenitors are tumor
initiating cells for mMRMS. These results demonstrate that mMRMS and mUPS lie

along a continuum. Furthermore, by comparing these tumors to their cell of

origin, we find that Hedgehog signaling is dysregulated by increased expression

iv



of activated Gli3 in the sarcomas. Knockdown of Gli3 in cell lines derived from
mouse and human sarcomas blocks tumor cell proliferation. | have established
two novel mouse models of sarcoma with rapid onset and high penetrance,

which may be useful for identifying novel therapies in sarcoma.
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CHAPTER 1: INTRODUCTION

1.1 Soft tissue sarcomas

The most common tumors in humans, such as breast and prostate cancer,
are derived from epithelial tissues, and are termed carcinomas. However,
tumors of mesenchymal origin, such as skeletal muscle, smooth muscle, fat, and
connective tissues are termed sarcomas, from the Greek sarx meaning “flesh.”
Every year in the US, approximately 15,000 people are diagnosed with soft
tissue sarcomas, representing less than 1% of the nearly 1.5 million newly
diagnosed cases [1]. Although these tumors are rare compared to the incidence
of carcinomas, they are relatively understudied and their etiology is poorly
understood.

In terms of molecular classification, soft tissue sarcomas can be broadly
divided into two groups: soft tissue sarcomas with a simple karyotype and soft
tissue sarcomas with a complex karyotype. Approximately one-fourth of soft
tissue sarcomas exhibit a simple karyotype, carrying subtype specific
translocations such as PAX3;FOX01 in alveolar rhabdomyosarcoma and
EWSR1;FLI (or alternatively EWS) in Ewing’s sarcoma [2]. This makes soft
tissue sarcomas similar to leukemias, as this group of mesodermal-derived

cancers is also characterized by a variety of translocations [3]. In contrast, the



remaining three-quarters of soft tissue sarcomas exhibit a complex karyotype,
indicating that they may have gain-of-function or loss-of-function mutations in a
vast array of proto-oncogenes and tumor suppressor genes. Indeed, 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 study also found that the classic

tumor suppressors TP53 and RB1 are commonly mutated in soft tissue sarcoma.

1.2 Rhabdomyosarcoma

One of the most prevalent types of soft tissue sarcoma in children is
rhabdomyosarcoma (RMS), a sarcoma thought to be of skeletal muscle origin [5].
Intriguingly, RMS can develop in anatomical locations where skeletal muscle
tissue is not normally present, such as the genitourinary tract [6]. These tumors
are characterized by the presence of small, round blue cells, rhabdomyoblasts,
and the presence of MyoD1 or myogenin staining by immunohistochemistry.
Furthermore, at the ultrastructural level, these tumors show disorganized
myofilaments [7]. Although localized disease treated by combinatorial therapy
including surgical resection, radiation therapy, and chemotherapy can lead to
cure, the five-year survival rate for children with metastatic RMS is less than 25%

[8].



RMS can be broadly subdivided into two subtypes: alveolar RMS (aRMS)
and embryonal RMS (eRMS). Comprising approximately one-third of all RMS
diagnosed annually, 80% of aRMS cases are characterized by a simple
karyotype, the translocations PAX3;FOX01 and PAX7;FOX01 [9]. Although the
overall prognosis for aRMS is poor compared to eRMS, the PAX7;FOX01
translocation is more favorable than the PAX3;FOXO01 translocation, possibly due
to the fact that PAX3 is involved in muscle progenitor cell migration during
development, whereas PAX7 is expressed in quiescent stem cells and to a lesser
degree in activated satellite cells and myoblasts [10]. Interestingly, it was
recently shown that the PAX7;,FOX01 aRMS had a similar tumor free survival
when compared to eRMS [9]. Approximately 20% of aRMS do not possess a
PAX3(7);FOXO1 fusion. Instead, these translocation negative aRMS contain a
complex karyotype that includes gain-of-function mutations in proto-oncogenes
and loss-of-function in tumor suppressors.

While aRMS is an aggressive RMS subtype that portends poor overall
survival, the majority of RMS cases are diagnosed as eRMS [11]. eRMS is not
associated with any particular translocation like aRMS, but is associated with the
mutation of proto-oncogenes and loss of tumor suppressors. Studies have
shown that eRMS can be driven by NRAS, KRAS, or HRAS point mutations and
RAF activation [12]. However, the role of tumor suppressors such as TP53 in

eRMS is more controversial, some studies suggest a relatively high rate of TP53
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attenuation, but more recent investigations with large sample sizes show a very
low rate of TP53 mutations and no amplification of the TP53 negative regulator
MDMZ2 [13]. Although the rate of TP53 mutations may be low, the study that
found the low rate of mutation/amplification suggests TP53 function was being
compromised via mechanisms independent of direct TP53 mutations and MDM?2
amplification. Another tumor suppressor that has been examined in sporadic
eRMS is RB1, but no RB1 mutations have been documented in eRMS [13].
However, much like TP53, it is unclear whether RB1 is being inhibited through
some unknown mechanism.

It has long been hypothesized that the cell of origin in RMS was a cell in
the myogenic lineage, such as a myogenic stem cell/progenitor but not excluding
the possibility of a differentiated myofiber [5]. Because RMS usually expresses
the myogenic regulatory factors (MRFs) MyoD1 and myogenin, two proteins with
expression restricted to myogenic progenitors and differentiating myotubes, it
was assumed these tumors were of myogenic origin. The first tantalizing clue to
the cell of origin came from a mouse model of RMS that overexpressed HGF and
loss of function of the tumor suppressor allele Ink4a/Arf, and developed
sarcomas with a median tumor free survival of 3.5 months [14]. When the mouse
muscle was sectioned at one month, it was noted that the satellite cell pool
appeared hyperplastic, suggesting satellite cells as a cell of origin in RMS.

Subsequently, many myogenic cell type specific Cre drivers have been
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developed, such as Myf5-Cre and Myf6-Cre, directly implicating both myogenic
progenitors and differentiated myofibers in the etiology of RMS [15, 16].
However, these Cre-drivers are expressed constitutively during development,
which means that cell types transiently expressing these myogenic transcription
factors cannot be excluded as possible cells of origin.

Recently, the development of inducible Cre from the fusion of Cre
recombinase with a mutated estrogen receptor (termed CreER) that can be
activated by the agonist 4-hydroxytamoxifen (4-OHT), has given investigators the
ability to temporally activate Cre in the adult by administering tamoxifen. Indeed,
recent work by Rubin and colleagues utilized a Pax7-CreER mouse to generate
sarcomas by activating Hedgehog signaling by deleting both copies of the Ptch1

allele coupled with loss of Trp53 [17].

1.3 Undifferentiated pleomorphic sarcoma

The most prevalent soft tissue sarcoma in older adults is undifferentiated
pleomorphic sarcoma (UPS), which may represent up to 25% of adult soft tissue
sarcomas diagnosed every year in the US [18]. This sarcoma was previously
termed malignant fibrous histiocytoma (MFH), because it was thought that the
cell of origin of these sarcomas was a histiocyte [19]. These tumors are
characterized as “undifferentiated” by their anaplastic features with no

discernable differentiation that resembles normal tissue and are “pleomorphic” in
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that there is marked variability in the size and shape of the tumor cells and
nuclei. UPS, like many tumors with undifferentiated features, usually has a poor
prognosis because of the aggressive nature of undifferentiated neoplasms in
general [20]. For many years, the diagnosis of MFH/UPS was a diagnosis of
exclusion, as the cells did not exhibit obvious differentiation and often lacked
immunogenic staining for a variety of proteins associated with various tissues.
However, it has been proposed that many MFH/UPS can actually be reclassified
as undifferentiated liposarcomas, myxofibrosarcomas, and leiomyosarcomas if
these sarcomas stain for certain tissue specific proteins [21]. Interestingly, there
is a subset of UPS that express myogenic markers and these sarcomas have
been shown to have a poor overall survival compared to UPS without myogenic
differentiation [22].

Whereas the cell of origin in RMS has been proposed to be a cell along
the myogenic lineage due to the expression of myogenic markers such as MyoD
and myogenin, the cell of origin for UPS has been difficult to ascertain by
morphological or immunohistochemical features due to its anaplastic
characteristics [23]. However, the fact that a subset of UPS express myogenic
markers associated with the skeletal muscle, it is possible that cells along the

myogenic lineage may give rise to myogenic UPS.



1.4 Skeletal Muscle Biology

Skeletal muscle is the largest organ in humans by mass and volume, yet
tumors from this abundant tissue are exceedingly rare. Specifically, skeletal
muscle refers to striated muscle tissue that is connected to the bone by tendons.
Skeletal muscle is controlled by the somatic nervous system, allowing voluntary
control over a wide range of motions via coordinated muscle contractions.
Skeletal muscle is a regenerative tissue and therefore beholden to stem cells that
are able to remain quiescent until activated in order to contribute to existing
muscle or to create de novo fibers [24].

Arguably, the muscle stem cell was the one of the first adult stem cells to
be viewed in its endogenous niche. Discovered in 1961 by Alexander Mauro, the
term “satellite cell” stems from the fact that these cells lie along the periphery of
the muscle fiber, nestled between the sarcolemma and basal lamina [25]. The
term “satellite cells” provides an anatomical description of the location of the cells
along the periphery of the mature skeletal muscle fiber. Under homeostatic
conditions, quiescent satellite cells remain sandwiched between the plasma
membrane of the skeletal muscle fiber and basal lamina and express the
quiescent satellite cell marker Pax7 [26].

However, following excessive weight bearing exercise or injury to the
muscle, these cells begin to express a series of transcription factors called

myogenic regulatory factors (MRFs). The initiating transcription factor in this
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“myogenic cascade” is Myf5, which is normally expressed as an untranslated
transcript in approximately 90% of Pax7+ satellite cells [27]. 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 [28]. As a subset of activated satellite cells begin to
differentiate into myoblasts, they begin to express MyoD, a hallmark transcription
factor specific to myoblasts [10]. These hyperproliferative myoblasts then
express myogenin and coalesce into multinucleated myotubes. Finally, when
mytotubes express the terminal MRF Myf6 (MRF4), they either fuse with existing
skeletal muscle fibers or differentiate into de novo fibers that are capable of
providing structural stability and mechanical power and dexterity via coordinated

contraction [29].

1.5 Cell of origin and Cancer stem cells

Although tumors are often characterized and subtyped by the organ or
tissue where the tumor arises, the actual cell type that incurred the initial
oncogenic mutations remains unknown in the vast majority of cancers. For
instance, tumors of epithelial origin are often positive for a variety of keratins,
allowing pathologists to infer the tissue of origin. It is thought that tumors will

often express proteins that echo cell specific proteins from the cell of origin.
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Examples include lung adenocarcinomas thought to arise from alveolar cells that
express K7 and K18. In contrast, squamous cell carcinomas from the bronchial
epithelia express K10 and K13, but lack expression of K7 and K18 [30].
However, it remains to be determined whether expression of tissue specific
markers in cancers correlates with cell of origin. In the last decade, the
development of sophisticated genetic tools in mice has allowed cancer biologists
to pinpoint the cell of origin of many cancers. Utilizing the Cre/LoxP system,
cancer biologists can restrict mutations to a particular cell type using a cell type
specific promoter.

It is worth noting that some mouse models of cancer demonstrate that the
heterogeneity of cancer can be explained by clonal evolution. Clonal evolution
posits that tumor heterogeneity results from competition between various
subclones within a given tumor, in that any subclone which accumulates
advantageous genetic and or epigenetic mutations will predominate [31].
Furthermore, this clonal competition is in constant flux and there is a tendency to
select a more abnormal and aggressive subclone over time. For instance, one
group showed that lymphoma cells in an Eu-Myc mouse model of B-cell
lymphoma could be transplanted with as few as 10 cells from primary bulk
lymphoma and still form a secondary lymphoma in an immunocompromised

recipient. Noting that the tumor-propagating cell was at least 10% of the bulk



lymphoma, it was proposed that clonal evolution could explain the heterogeneity
in this tumor system [32].

In contrast, other models systems indicate that tumor heterogeneity may
result from the presence of cancer stem cells. Cancer stem cells are tumor cells
that possess the ability to self-renew and differentiate, and are responsible for
tumor maintenance [33]. Although the existence of cancer stem cells in solid
tumors is not without controversy, any theory that predicts tumor dynamics must
be able to account for the unarguable heterogeneity within any given tumor [34].
The extent to which the clonal evolution model or the cancer stem cell model
explains the heterogeneity of sarcomas remains unclear.

In tumor types that support the cancer stem cell model, it is also possible
that the cell of origin only serves a role in initiation, and the cancer stem cell may
represent a different cell type altogether. For instance, Langenau and colleagues
noted that the tumor propagating cells in the embryonal rhabdomyosarcoma
zebrafish model resembled satellite cells at the molecular level and therefore
they postulated that the cell of origin was a satellite cell [35]. However, cancer
stem cells are predicted to functionally behave similarly to their normal stem cell
counterparts with respect to capacity for self-renewal and differentiation as these
processes are regulated by conserved developmental pathways such as Wnt,
Hedgehog, and Notch signaling [36-38]. In contrast to the conclusions of

Langenau and colleagues in zebrafish embryonal rhabdomyosarcoma, it has
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been proposed that a more committed myogenic cell, such as a differentiating
myotube, can act as a cell of origin for alveolar rhabdomyosarcoma in mice [39].
Utilizing mice that express Cre driven from the Myf6 (MRF4) promoter, Keller and
colleagues demonstrated that differentiating myogenic cells can give rise to
rhabdomyosarcoma, albeit rarely, as only 1 in 228 mice developed tumors [39].
Whether this tumor type is beholden to the cancer stem cell model remains to be
seen [40]. In any case, these differentiated myotubes must have acquired stem
cell-like properties, such as self-renewal, to initiate tumorigenesis. If these Myf6-
Cre driven tumors exhibit a cancer stem cell phenotype, it will become clear that
the cell of origin and cancer stem cell are distinct cells along the tumor

progression axis.

1.6 Cancer stem cells in a muscle stem cell derived tumors

The role of cancer stem cells in RMS and UPS remains undetermined
[41]. However, data from other stem cell-derived tumors suggests that many of
these tumors maintain a stem cell-like hierarchy, especially early in
tumorigenesis [42]. For instance, chronic myelogenous leukemia is driven by a
cancer stem cell that retains the immunophenoytpe of the hematopoietic stem
cell (the cell of origin in CML, no less) [36]. However, tumors derived from

committed progenitors or more differentiated cells may also follow the cancer

11



stem cell model. For instance, MLL-AF9 driven AML can be initiated in
committed myeloid progenitors (CMP) and this leukemia has a cancer stem cell
that retains the CMP immunophenotype [43]. Although defining the role of
cancer stem cells in RMS and UPS is a subject of ongoing research, recent work
in zebrafish has shown that various rare subpopulations of RMS cells are
responsible for sarcoma maintenance and metastasis [44]. Furthermore, studies
using side population (SP) cells suggest that only a subset of cells in human UPS

can propagate UPS in vivo [45].

1.7 Canonical Hedgehog Signaling

The Hedgehog signaling pathway has been rightly described as the most
enigmatic developmental pathway in metazoans, due in part to an incomplete
understanding of how the HH pathway constituent proteins interact [46].
Presently, it is clear that the HH signaling cascade is initiated when a Hedgehog
protein, such as Sonic Hedgehog (SHH), Desert Hedgehog (DHH), or India
Hedgehog (IHH) is translated and subsequently cleaved, forming both an amino-
terminal and carboxyl-terminal peptide [47]. The amino-terminal peptide is then
transported through the plasma membrane of the signaling cell via the multipass
transmembrane protein Dispatched and diffuses across the extracellular space in

a signaling gradient [48].
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Under homeostatic conditions, cells with the potential to respond to HH
signaling (including the signaling cell) express the cell surface receptor Patched1
(PTCH1), which constitutively inhibits the membrane protein Smoothened (SMO)
[49]. Concomitantly, the transcription factor GLI is phosphorylated, ubiquitinated,
and sequestered for proteasomal degradation [50]. When an HH protein binds
PTCH1, PTCH1 inhibition of SMO is prevented by an unknown mechanism and
SMO is able to accumulate at the base of the primary cilium (in mammals) [51].
SMO localization to the base of the primary cilium leads to the stabilization of
cytoplasmic GLI (GLI2 and GLI3), allowing GLI to translocate to the nucleus and
act as transcriptional activators of downstream HH proteins such as HHIP,
PTCH1, and GLI1 [52]. However, it is unclear how Hedgehog is activated in

tumor cells that lack cilia.

1.8 Hedgehog signaling in muscle development

HH signaling is a crucial regulator of early myogenesis in vertebrates [53].
HH ligand diffuses from cells within the notochord and ventral neural tube into the
developing somites where HH signaling is required to maintain MYF5 expression
in the dorsomedial lip of the dermomyotome [54]. During embryonic and fetal
myogenesis, HH is required for survival, proliferation, and maintenance of

myogenic regulatory factors (MRFs) in developing myoblasts and myotubes in
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both epaxial and hypaxial muscles, although it is dispensable for the initiation of
myogenesis in the hypaxial limb of the mouse [55]. Because HH signaling plays
an important role in survival and proliferation in the developing myotome, it is not

surprising that Hh is indispensable for adult skeletal muscle myogenesis.

1.9 Hedgehog signaling in adult myogenesis

Although post-natal skeletal muscle is largely quiescent, the muscle stem
cell, the satellite cell, has a regenerative capacity akin to highly proliferative stem
cell populations, such as the hematopoietic stem cell. Recent data suggests that
HH signaling plays a unique role in adult myogenesis, because loss of SHH
leads to a reduction in MYF5 and MYOD in regenerating myoblasts following
injury [56]. Although the role of the HH pathway in satellite cell biology is in its
infancy, it is becoming increasingly clear that HH not only plays a role in both
activation of satellite cells and the proliferation of myoblasts, but terminal

differentiation as well.

1.10 Hedgehog signaling in RMS

The role of Hedgehog (HH) signaling in a variety of tumors such as basal
cell carcinoma (BCC) and medulloblastoma is well established, but its role in soft

tissue sarcomas such as RMS is less clear. Because (1) eRMS is one of the
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three major tumor types that Ptch1+/- mutant mice develop [57] and (2), the other
two tumor types (BCC and medulloblastoma) have shown response to SMO
inhibition in vivo [58], it was assumed that targeting the Hh pathway would have
utility in eRMS. However, such an approach has proven complicated, as it was
found that although Ptch1+/- mouse tumors depend on Smo for RMS initiation,
the Smo inhibitor cyclopamine was unable to suppress RMS tumor growth in
vivo[59]. In addition, recent studies in human RMS have failed to demonstrate
mutations in either PTCH1 or SMO, suggesting that the initiating mutations found
in human RMS was not represented by the Ptch1+/- mouse model[60].
Furthermore, studies that inhibited SMO with cyclopamine in human cell lines
failed to inhibit eRMS growth in vitro and in vivo. However, HH signaling was still
implicated in these same RMS cell lines, because they responded to a novel GLI
antagonist GANT 61 (Gli Antagonist 61)[61].

In contrast to eRMS, the HH pathway is not known to play a significant
role in aRMS. In fact, recent studies on human tissue samples demonstrated
that aRMS tumors not only had reduced levels of GLI1 transcript, but that aRMS
samples that harbored the 12q13-15 amplicon containing the GLI1 gene did not

lead to increased GLI1 protein expression[60].

15



1.11 Hedgehog signaling in UPS

Although the role of Hedgehog signaling in RMS has been well studied in
both mouse and humans, only recently have any studies shed light on Hedgehog
activation in UPS. A recent study found that both Hedgehog and Notch are
important regulators of cancer cell self-renewal in UPS [45]. It was found that the
side population (SP) fraction of the human UPS samples was solely responsible
for tumor self-renewal because these SP cells were required for serial
transplantation in a xenograft model of UPS. Specifically, inhibition of the
Hedgehog pathway by triparanol or cyclopamine prevented serial transplantation
of UPS cells in the xenograft model, suggesting that the Hedgehog pathway is
essential for the self-renewal and propagation of a rare subset of tumor
propagating cells that is enriched in the SP cells.

Another recent study using genetically engineered mouse models found
that mutations in Pfch1 and Trp53 within the myogenic lineage gave rise to UPS,
suggesting that constitutive activation of the Hedgehog pathway can drive the
development of UPS in a mouse model [17]. It remains to be seen whether
PTCH1 mutations occur in human UPS or whether these tumors have activated

Hedgehog signaling.
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1.12 Targeting Hedgehog in RMS and UPS

Regardless of whether RMS or UPS activation of GLI and its subsequent
transcriptional targets is SMO-dependent or not, the HH pathway remains a
viable target in treating these tumors. One drug that targets GLI and has
promising therapeutic potential is arsenic trioxide (ATO), a compound that has
previously been used successfully in the clinic for relapsed or refractory acute
promyelocytic leukemia (APL). ATO was able to block Gli2 ciliary accumulation,
preventing activation of the HH pathway. In addition, medulloblastoma allograft
growth was inhibited with serum levels similar to therapeutic levels in humans
treated for APL [62]. In the future, it will be interesting to study ATO or related
drugs that target the downstream components of the HH pathway in RMS and

UPS.

1.13 Genetically engineered mouse models of soft tissue
sarcoma

To study human disease in detall, it is often necessary to culture human
cells in vitro to investigate cancer cell response to pharmacotherapeutics and
other experimental therapies. Although experiments with human cells in culture
are essential for detailed mechanistic studies that examine signaling pathways in

cancer, modeling tumor-specific response to therapeutics has been dismal, even
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in xenograft models [63]. Unfortunately, in vitro experiments fail to take into
consideration the role of stromal cells in tumor development and maintenance,
even though the stromal component of a tumor may represent the vast majority
of the cells. Recent studies have highlighted the role of stromal cells in tumor
development, maintenance, and resistance to conventional cancer therapies
such as chemotherapy and radiation treatment [64]. Thus, primary tumors in
genetically engineered mice can be used to complement in vitro and xenograft
experiments because tumor cells in primary models initiate and grow in a native
and immunocompetent environment in vivo. Even more importantly, rare
cancers such as soft tissue sarcomas need primary mouse models because
human tissue samples are rare and large scale human studies are difficult
because of a small pool of patient candidates at any given time.

The Kirsch laboratory has focused on studying the role of metastasis and
radiation response of UPS utilizing a temporally and spatially restricted mouse
model of UPS [65]. This mouse model utilizes a conditional mutant Kras allele of

G12D

the Kras point mutant variant and floxed p53 alleles that, in the presence of

Cre recombinase through hindlimb injections of Adeno-Cre, recombine the stop

cassette upstream of Kras®'?P

and remove both copies of p53. UPS develop
within two to three months with around 95% penetrance. Other models of soft
tissue sarcoma have been developed using genetically engineered mice

including synovial sarcoma and RMS [17, 66, 67].
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1.14 Overarching hypothesis

Although genetically engineered mouse models allow us to begin to tease
apart the cell of origin in a variety of tumor types, the question remains: what is
the clinical significance of such findings? Although a biologically interesting
question, cell of origin studies run the risk of becoming biological esoterica and
clinically irrelevant. Early on, | noted that many studies looking for viable
therapeutic targets compared tumors to their tissue of origin and not the cell of
origin. However, it is clear that in any given tissue, the vast majority of the cells
are post-mitotic and unlikely the source of the tumor. If the cell of origin for
myogenic sarcomas such as RMS and UPS are myogenic progenitors, than the
use of normal skeletal muscle as a control is fraught with experimental
challenges, due to the fact that the vast majority of cell nuclei in the skeletal
muscle come from post-mitotic muscle fibers. Many studies have shown that
myogenic progenitors such as the satellite cell make up less than 5% of the cell
nuclei in the skeletal muscle [28]. Therefore, | sought to identify the cell of origin
for RMS and UPS, and then compare these tumors to their respective cell(s) of
origin to identify distinct therapeutic targets. Each cell presents its own unique
genetic-epigenetic landscape through which identical genetic information gives
rise to a myriad of cell types throughout metazoans. Therefore, | hypothesized

that only by comparing a tumor from the “landscape” from which it developed,
19



could signaling pathways be subtracted out to identify signaling pathways that

are activated above the normal noise.
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CHAPTER 2: METHODS AND EXPERIMENTAL
PROCEDURES

2.1 Mice and sarcoma generation

Mice were on a mixed 129 S,/SvJae and C57/BI6 background. LSL-
Kras®'?P and R26-Cre-ER'™ mice [68, 69] were provided by T. Jacks
(Massachusetts Institute of Technology). Trp53™ mice [70] were obtained from
Anton Berns (The Netherlands Cancer Institute). The Pax7°F mice have been
previously described [71] and the MyoD®F mice were generated by the
laboratory of Gerard Grosveld (St. Jude Children’s Research Hospital). R26™™™¢
reporter mice were developed by Liqun Luo and obtained from the Jackson
Laboratory. Sarcomas were generated systemically using intraperitoneal
injections of tamoxifen (Sigma-Aldrich) dissolved in EtOH and corn oil (10pl
20mg/ml tamoxifen per gram body weight) and temporal-spatial restricted
sarcomas were generated using 4-hydroxytamoxifen (4-OHT) (Sigma-Aldrich)
dissolved in dimethyl sulfoxide via intramuscular (IM) injection (50ul at 5-
15mg/ml). Adeno-Cre infected mice were injected with 50ul Adeno-Cre in a
calcium phosphate precipitate in the hindlimb as described previously [65]. The
Adeno-Cre was purchased from the DSHB, University of lowa. All animal
experiments were performed according to protocols approved by the Duke

University Institutional Animal Care and Use Committee.

21



2.2 Satellite cell isolation by flow cytometry, in vitro
transformation, and allograft formation

Satellite cells were isolated as described previously [72]. Briefly, hindlimb
muscles (extensor digitorum longus, gastrocnemius, quadriceps, hamstrings,
soleus, and tibialis anterior) were digested in 0.2% Collagenase Type Il
(Gibco/Invitrogen) in DMEM at 37° for 1.5 hours. Intact myofibers were then
separated by vigorous pipetting, followed by centrifugation/gravitational
separation. The myofiber pellet was further digested with 0.0125% Collagenase
Type Il and 0.05% Dispase (Gibco/Invitrogen) in Ham’s F10 (Gibco/Invitrogen) to
liberate myofiber-associated cells for 30 minutes at 37°. Cells of interest were
sorted using a Becton-Dickenson FACSVantage SE flow cytometer with the
FACSDiva option and FACSDiva software utilizing the appropriate
immunophenotype. Antibodies used for immunophenotype were used at a
primary concentration of 1:200 (in 0.2 mls staining buffer). These antibodies
include Ter-119 (eBioscience, directly conjugated PE or PE-Cy5), CD45
(eBioscience, directly conjugated PE or PE-Cy5), CD11b (eBioscience, directly
conjugated PE or PE-Cy5), Sca-1 (eBioscience, directly conjugated APC), CD29
(BD Biosciences Pharmingen, unconjugated and used with anti-Armenian
Hamster FITC or PE), and CXCR4 biotin (BD Biosciences Pharmingen, used
with Streptavidin at 1:200). Live/dead cell markers used included Calcein Blue,

AM (Invitrogen, 1:1000) and Propidium lodide (Sigma-Aldrich, 1:1000).
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Satellite cells were sorted into 96-well plates and cultured in proliferation
media with 20% horse serum (Gemini Bio-Products) and 1% Glutamax
(Invitrogen) in Ham’s F10 (Invitrogen) supplemented with bFGF (50ng/ml) daily.
250 nM 4-OHT (Sigma-Aldrich) in EtOH was added after seven days in culture,
at which time these satellite cells expressed MyoD and had become myoblasts.
Once transformed, 6,500 to 300,000 myoblasts were injected into the
gastrocnemius using a 2 cc insulin syringe (Becton-Dickenson) at a volume of
50ul. For allograft experiments, myoablation was performed prior to
transplantation by injection of the mouse hindlimb with 25ul 0.3 mg/ml cardiotoxin
(naja mossambica mossambica, Sigma-Aldrich). For in vitro differentiation
experiments, satellite cells were cultured in proliferation media for 7-10 days and
then transferred into differentiation media (2% horse serum and 1% Glutamax in

Ham’s F10).

2.3 siRNA knockdown experiments and in vivo Hedgehog
studies

For siRNA experiments, tumor cell lines derived from the sarcoma mouse
model were plated in DMEM (10% FBS and Antibiotic-Antimycotic) overnight.
Media was removed and replaced with OPTI-MEM and siRNA was added (Gli1,
Gli2, Gli3, scramble control, Ambion) using HiPerFect Transfect Reagent

(Qiagen). Cell lines were incubated with siRNA overnight and media was
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replaced with DMEM (10% FBS and anti-anti) the next day. The following day
(~40 hours after initial transfection), cells were removed to isolate protein and to
replate for proliferation assays.

For in vivo drug studies, cyclopamine (LC laboratories) and GANT 61
(Tocris) were dissolved in EtOH and mixed with corn oil for subcutaneous
injections. Mice were injected every other day after tumors reached ~500mm?®
and sacrificed using IACUC approved protocols when tumors reached 2000mm?.
All statistical analysis of in vitro and in vivo studies was done using GraphPad

(Prism).

2.4 Immunofluorescence, Immunohistochemistry, Inmunoblot,
and Transmission Electron Microscopy

Tumor specimens were fixed in 10% formalin/70%EtOH and paraffin
embedded. 4um sections were stained with hematoxylin and eosin or with
antibodies. Antibodies used for immunohistochemistry were used at a
concentration of 1:100 with secondary antibody at 1:200. Antibodies used for
immunohistochemistry include Pax7 (C. Fan), MyoD1 (Dako), Myogenin (Dako),
Desmin (Dako), Myosin (MF 20, DSHB), Sarcomeric Actin (Dako), Gli1 (Pierce),
Gli2 (Pierce, also used for immunoblot at recommended concentration), and Gli3
(Abcam, also used for immunoblot at recommended concentration).
Immunohistochemistry was performed using the Vectastain Elite ABC Kit (Mouse
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lgG) and 3,3’-Diaminobenzidine tetrahydrochloride (Sigma-Aldrich). For
immunofluorescence experiments, cells were affixed to microscopy slides using a
Shandon Cytospin 4 Cytocentrifuge or grown on culture slides (BD Bioscience)
and stained for the indicated protein. Immunofluorescence and
immunohistochemistry images were captured on a Leica DM5500B microscope
using Leica Application Suite software. For transmission electron microscopy,
tumor samples were fixed in 4% glutaraldehyde and stain/counterstained with
uranyl acetate/lead citrate. Images were captured on a Philips EM410 electron

microscope.

2.5 PCR and RT-PCR

DNA was isolated using the Qiagen DNeasy Blood and Tissue Kit and
PCR experiments employed a Bio-Rad DNA Engine Peltier Thermal Cycler.
RNA was isolated using the Qiagen RNeasy Mini Kit and RT-PCR experiments
employed a Bio-Rad iCycler. Primer sequences include Pax3 (Forward 5 CAT
GCC TGA ATG TAA CAG CC-3', Reverse 5 GAT CCA CAA TGC TGG ACA
AG-3’), Pax7 (Forward 5 ACG AGG AAG GAG ACA AGA AAG-3', Reverse 5’
TCT GAT TCC ACA TCT GAG CC-3’), MyoD1 (Forward 5 AGG GAA GGG AAG
AGC AGA AG-3’, Reverse 5 TGT GAG CCG CAT GAA AAA AC-3’), Myf5
(Forward 5 GGG CAG AAT ACG TGC TTT TC-3’, Reverse 5 AGC AAA AAG

AAC AGG CAG AG-3’), Myf6 (Forward 5 ACC CCT ACA GCT ACA AAC CC-3/,
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Reverse 5 CCC TGG AAT GAT CCG AAA CAC-3’), LSL-Kras®'?® (Forward 5’
GGG TAG GTG TTG GGA TAG CTG-3’, Reverse 5 TCC GAA TTC AGT GAC
TAC AGA TGT ACA GAG-3’), Trp53 (Forward 5 CAC AAA AAC AGG TTA AAC
CCA G-3', Reverse 5 AGC ACA TAG GAG GCA GAG AC-3', 5 GAA GAC AGA

AAA GGG GAG GG-3)).

2.6 Microarray Processing and Analysis

Gene expression of RMS and normal muscle was determined using
Affymetrix 430A 2.0 arrays (Affymetrix). RNA was isolated using the RNeasy
Fibrous Tissue Mini Kit (Qiagen). The .cel files containing murine UPS and RMS
(GSE16779) were analyzed with RMS tumors and normal muscle using RMA
[73-75]. The human dataset [76] was downloaded from GEO (GSE2553), and
converted into .gct files for use in GSEA. Genesets and array data were used in
GSEA as described previously [77]. 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. Genes were ranked using the absolute
value of the signal-to-noise metric. In instances with multiple probes per gene,
the median of all probes for each sample was calculated for that gene. All
analyses were performed in this manner. Principle component analysis was
performed using Genepattern on a murine dataset containing RMS and UPS. All

microarray data has been deposited in GEO (GSE22798).
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The satellite cell data set was also downloaded from GEO (GSE9294).
Probes were mapped to genes by calculating the median of all probes. The
satellite cell expression measurements were normalized to the P7KP expression
measurements using quantile normalization. Pathways gene sets were
downloaded from collection C2-CP of the Molecular Signatures Database
(MSigDB-The Broad Institute) version 3.1. The gene set of genes upregulated in
P7KP RMS was generated using a Student’s t-test. All genes overexpressed in
the P7TKP RMS samples compared to the MDKP samples with a two-tailed p-
value of <0.0001 were used. The gene set of genes upregulated in mUPS was
also generated using a Student’s t-test. All genes overexpressed in the mUPS
samples compared to the mRMS samples with a two-tailed p-value of <0.001
were 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. For the analysis comparing P7KP tumors to satellite cells, genes
were ranked using the absolute value of the signal-to-noise metric. All

microarray data has been deposited in GEO (GSE22798).
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CHAPTER 3: TRANSFORMATION OF ISOLATED
MYOGENIC PROGENITORS

3.1 Introduction

Stem cell populations have classically been isolated based on
immunophenotype, such as ckit'Lin"Sca-1" hematopoietic progenitors, a bona
fide stem cell population [36]. Although many adult stem cell populations lack a
defined immunophenotype, this is not the case for myogenic progenitors [72]. It
has been postulated that RMS derives from the myogenic lineage because of the
presence of myogenic staining in the form of MyoD1 and myogenin in human
RMS. In order to determine the sarcoma subtypes that would develop from the
transformation of cells within the myogenic lineage, | sought to isolate myogenic
progenitors by an immunophenotype method developed by Wagers and
colleagues and transform these cells in vitro [72]. This in vitro system not only
allows the rapid transformation of various myogenic subpopulations, but also the
transformation of other mesenchymal cell types such as fibrogenic or adipogenic

populations.
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3.2 Transforming skeletal muscle tissue gives rise to both UPS
and RMS

Previously, genetically engineered mice with conditional mutations in
oncogenic K-ras and loss of the Trp53 alleles (LSL-Kras®'?*; Trp537™) were
utilized to generate a spatially- and temporally- restricted mouse model of soft
tissue sarcoma [65]. In this model, an adenovirus-expressing Cre recombinase
(Adeno-Cre) is injected into the muscle of LSL-Kras®'??"*; Trp53™ mice, and
sarcomas develop at the site of injection. Previous gene set enrichment analysis
(GSEA) indicated that the Adeno-Cre derived sarcomas are most similar to
human Undifferentiated Pleomorphic Sarcomas (UPS) [78]. To investigate
whether transforming all the mesenchymal cell types would generate UPS, |
obtained the R26-Cre-ER' allele which expresses a tamoxifen-activatable Cre
from the ubiquitous Rosa26 promoter [68]. | then crossed the R26-Cre-ER'™
allele into our tumor model and generated R26-Cre-ER"%;LSL-

Kras®'??*: Trp537F mice. Once activated by tamoxifen, CreER™ recombines the
Lox-Stop-Lox (LSL) cassette to express the constitutively activated Kras®'?°
oncoprotein from the endogenous Kras promoter [69] and in parallel recombines

floxed exons 2 through 10 in the Trp53 gene, effectively deleting both copies of

this tumor suppressor [79].
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When the muscle in the posterior compartment of the lower limb of the
R26-CreER";LSL-Kras®'??"*; Trp53™"™ mice (n=4) was injected with 4-
hydroxytamoxifen (4-OHT) (Figure 1A), tumors developed at the site of injection
approximately four weeks later (median=29 days). After staining sections of the

tumor with hematoxylin and eosin, a musculoskeletal pathologist observed more

than one type of specimen. Parts of the sample were indistinguishable from
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Figure 1: R26-Cre-ER"*;LSL-Kras®'*®* Trp53"'F mice injected with 4-OHT
into the skeletal muscle develop sarcomas with features of both
undifferentiated pleomorphic sarcoma (UPS) and rhabdomyosarcoma
(RMS)
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(A) R26-Cre-ER™;LSL-Kras®'?®* Trp53" mice injected with 4-OHT by
intramuscular injection develop sarcomas at the site of injection. (B) Hematoxylln
and eosin (H&E) staining of tumors from R26-Cre-ER"*;LSL-Kras®'*P"* Trp53™F!
mice demonstrates regions of UPS (40X, top black inset) and RMS (40X,
arrowheads indicate rhabdomyoblasts, bottom red inset) within the same mass.
(C) Immunohistochemistry for Pax7 demonstrates expression in the RMS-like
regions. Immunohistochemistry for MyoD demonstrates expression in the RMS-
like regions (n=1). Experiments done by author and slides examined by the
pathologist Leslie Dodd.
UPS, while other parts of the 4-OHT-induced tumor contained a predominance of
rhabdomyoblasts (Figure 1B), a characteristic feature of RMS. When the 4-OHT-
induced sarcomas were analyzed by immunohistochemistry for Pax7 and MyoD,
staining for these myogenic transcription factors was observed only in the RMS-
like regions (Figure 1C & 1D).

The presence of UPS and RMS-like sarcoma from the same tumor in R26-
CreER™;LSL-Kras®'?™"*; Trp53™™ mice suggested that 4-OHT transformed
different populations of tumor-initiating cells in vivo. Because the RMS-like

tumors expressed Pax7 and MyoD, we hypothesized that these tumors are

derived from Pax7" and MyoD" myogenic progenitors.

3.3 Transformed Activated Satellite Cells and Myoblasts form
RMS allografts

To test this hypothesis, | performed allograft experiments with cells
from R26-Cre-ER'?;LSL-Kras®'?®"*: Trp537"" mice. | isolated satellite cells by

FACS from the hindlimb of three to six-week-old R26-Cre-ERT2;LSL-
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Kras®'??*: Trp537F mice using the satellite cell immunophenotype CD45 Ter119"
Sca1”Mac1” CXCR4'CD29", previously described and validated by Wagers and
colleagues (Figure 2A). As expected, the sorted cells expressed mRNA for the
myogenic transcription factors Pax7, Pax3, Myf5 and MyoD at levels 50 to 500-
fold more than the non-myogenic control population (CD45Ter119°Sca1” Mac1”
CXCR4°CD29") (Figure 2B). Consistent with others [72, 80, 81], the vast majority
of freshly isolated satellite cells exhibited strong Pax7 staining by
immunofluorescence compared to control cells (Figure 2C). Pax7" satellite cells
have previously been reported to self-renew and undergo myogenic
differentiation in vitro and in vivo [72, 82-84]. In agreement with these studies,
when we cultured satellite cells in proliferation medium (20% horse serum and
1% Glutamax in Ham’s F10), they generated myogenic colonies. When these
myogenic colonies were cultured in differentiation medium (2% horse serum and
1% Glutamax in Ham'’s F10) for 10 days, they formed multinucleated myosin
heavy chain (MHC)-positive myofibers (Figure 2D). These data are consistent
with previously published results, in which a subset of Pax7" satellite cells were
isolated by immunophenotype, grown in culture, and capable of self-renewal and

differentiation in vitro and in vivo [72, 83-85].
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Figure 2: Validation and transformation of myogenic progenitors in vitro

(A) Representative FACS plot of the isolation of Pax7* myogenic progenitors
(MPs) by the immunophenotype CD45 Ter119°Sca1” Mac1" CXCR4'CD29". (B)
Sorted MPs express high levels of myogenic transcripts in comparison to non-
myogenic control cells (n=1). (C) Pax7 immunofluorescence demonstrates Pax7
expression in the nucleus of sorted MPs, but not control cells (n=1). Inset shows
magnification of a single cell. (D) Sorted MPs cultured in differentiation media
express MHC (n=1). (E) Myogenic progenitors from R26-Cre-ER";LSL-
Kras®'??* Trp53™ mice treated with 4-OHT are more proliferative and capable
of forming colonies compared to untreated myoblasts, indicating transformation
in vitro (n=3). (F) PCR demonstrates the recombination of the mutant Kras allele
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as well as deletion of both Trp53 alleles (n=1). Genomic DNA was isolated from
myogenic progenitors with or without 4-OHT treatment for 14 days. (G) Single
transformed myoblasts were sorted into 96 well plates with proliferation medium
and formed tumorspheres. Fourteen days later, about 75% of the wells
contained tumorspheres (n=1). (H) Single cells from primary tumorspheres were
capable of generating new tumorspheres over three passages (n=1). (l)
Transformed myogenic progenitors maintain a satellite cell like
immunophenotype. Author isolated myogenic progenitors by immunophenotype
and transformed and characterized them in vitro, while Zhizhong Li performed
RT-PCR and immunofluorescence.

After treatment with 4-OHT in vitro, the myogenic progenitors from R26-
Cre-ER™;LSL-Kras®'?™*; Trp53™ mice formed highly proliferative colonies
within four passages (Figure 2E). PCR of genomic DNA from the colonies
demonstrated recombination of both the LSL-Kras®'?® and Trp53™ alleles. As
expected, myogenic progenitors without 4-OHT treatment failed to form colonies

G12D and

after four passages and did not show recombination of the LSL-Kras
Trp537 alleles (Figures 2F). To further confirm transformation of myogenic
progenitors from R26-Cre-ER"%;LSL-Kras®'?®"*: Trp53™ mice, | tested whether
these cells could grow in an anchorage-independent manner. Single 4-OHT
treated myoblasts were placed into each well of 96-well plates and cultured in
proliferation medium for two weeks. More than 60% of these cells formed
spheroid structures while growing in suspension and showed the ability to self-
renew after three passages in vitro (Figure 2G & 2H). Together, these data

demonstrate that expression of oncogenic K-ras from its endogenous promoter

with concomitant loss of p53 transforms myogenic progenitors in vitro.
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To examine whether the tumor cells retained the Pax7" satellite cell
immunophenotype, | took cells that had been transformed in vitro and analyzed
them by flow cytometry. Interestingly, a large proportion of tumor cells fell into
the satellite cell immunophentype, suggesting that some of the tumor cells do in
fact retain the Pax7" satellite cell immunophenotype (Figure 2I).

Having demonstrated that the myogenic progenitors were transformed in
vitro, | next investigated whether these cells were tumorigenic in vivo.
Transformed myogenic progenitors at early (P4) passage were transplanted by
intramuscular injection into nude mice pretreated with cardiotoxin (Figure 3A).
Cardiotoxin was used to induce muscle damage and clearance of the
endogenous niche to enhance engraftment of the transformed cells. Mice
exhibited tumors within four to six weeks after injection with as few as 6,500
cells. To classify the type of tumor generated from transformed myogenic
progenitors, sections of the allografts were stained with hematoxylin and eosin.
These sections contained rhabdomyoblasts, similar to human RMS (Figure 3B).
In order to classify the allografts further, we performed immunohistochemistry on
the allograft tumors, which demonstrated strong staining for Pax7, MyoD,
myogenin, desmin, MHC, and sarcomeric actin (Figures 3C-3H). Furthermore, |

observed disorganized myofilaments by TEM, a hallmark of human RMS (Figure
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31). Taken together, these data indicate that myogenic progenitors can be

transformed into RMS.
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Figure 3: In vitro/allograft model of myogenic sarcoma

(A) Myogenic progenitors were isolated and cultured, transformed in vitro, and

were injected into the hindlimb muscle of nude mice after pretreatment with

cardiotoxin for 24 hours. Characterization of allograft-derived tumors by H&E

staining (arrows denote rhabdomyoblasts) (B), and immunohistochemistry for
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Pax7 (C), MyoD (D), myogenin (E), desmin (F), actin (sarcomeric) (G), myosin
heavy chain (H). () Electron microscopy of allograft-derived tumors. Arrow
indicates z-band and associated myofilaments. Results are representative of
allografts derived from myogenic progenitors transformed in 3 independent
experiments (n=3). Injections and electron microscopy by author,
immunohistochemistry by author and Zhizhong Li.

One alternative explanation to my data was that any mesenchymal cell
transformed with mutant Kras and loss of p53 would give rise to RMS.
Therefore, to address this concern, | also isolated non-myogenic CD45 Ter119
Sca1*Mac1” cells from R26-Cre-ER™%;LSL-Kras®'?®"*: Trp53™ mice (Figure 4A &
Figure 4B). After transformation with 4-OHT in vitro, these cells were
transplanted into nude mice and developed into allografts within two months. By
light microscopy, these tumors appeared to be high grade undifferentiated
pleomorphic sarcomas (UPS) that lacked rhabdomyoblasts (Figure 4C). In
contrast to the myogenic progenitor-derived allografts, tumors derived from this
control cell population did not express myogenic markers, such as MyoD (Figure
4D & Figure 4E). To further confirm the non-myogenic characteristics of these
sarcomas, transcript levels of the myogenic markers Pax7, Pax3, Myf5, MyoD,
and Myf6 (MRF4) were compared between the in vitro transformed myogenic
progenitors and the in vitro transformed Sca1” cells, demonstrating that only the

myogenic progenitors gave rise to tumors expressing high levels of myogenic

lineage specific transcripts (Figure 4F). Taken together, these results show that
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UPS can be initiated in a non-myogenic cell population and indicate that the

tumor-initiating cells for RMS are derived from myogenic progenitors.

A o
in vitro -
4-OHT Treatment
”\ Scai’ Isolation gTransplan!ation .

Nude Mouse

R26-Cre-ER"; -
LSL-Kras " ; Trp53"™"

Scat

0

CD45 Ter119 Mac1

in vo CO45.CE31- population
i vitea tanslormed mpogenic proganiions
# i vitro transtormed Scale

Figure 4: A non-myogenic cell population transformed with mutant Kras
and loss of p53 does not induce RMS, but rather a high-grade
undifferentiated sarcoma.

(A) Muscle fiber-associated Sca1” cells were isolated and treated with 4-OHT in
vitro. Transformed cells were then transplanted into nude mice and formed UPS-
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like allografts. (B) Representative FACS plot of isolated Sca1” cells. (C)
Hematoxylin and eosin staining of UPS-like tumors. (D) Immunohistochemistry
for MyoD in UPS-like tumors. (E) MyoD staining in RMS as a positive control. (F)
Myogenic transcript levels in transformed myogenic progenitors (red), adipogenic
Sca1” cells (green), and freshly sorted (CD45CD31°) primary sarcomas (blue),
generated by intramuscular injections of 4-OHT in Pax7°%"*;LSL-

Kras®'?®*; Trp53™F mice as described in Chapter 4. Cells isolation and
immunohistochemistry by author and Minsi Zhang, while RT-PCR
characterization performed by Minsi Zhang.

3.4 Discussion

Here | show that mice that ubiquitously express CreER in mesenchymal
cell types gives rise to RMS and non-myogenic UPS within the same tumor
mass. The RMS tumors were positive for the myogenic markers Pax7 and
MyoD, suggesting that these sarcomas were derived from myogenic progenitors
that express both Pax7 and MyoD. Fortunately, these myogenic progenitors can
be successfully isolated based on immunophenotype, cultured for prolonged
periods, and transformed using the inducible CreER/Loxp system. The
development of myogenic sarcomas that are RMS-like suggests that these
myogenic progenitors are a cell of origin for RMS. This finding provides a
rationale to transform these myogenic progenitors in vivo using a satellite cell
specific CreER. | also observed that these transformed myogenic progenitors
maintain the myogenic progenitor immunophenotype. Whether the satellite cell
immunophenotype population is enriched for tumor-propagating cells remains
unknown; however, other mesenchymal cancers such as chronic myelogenous
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leukemia (CML) have a cancer stem cell population that retains the
immunophenotype of hematopoietic stem cells (HSCs) [36]. Finally, | show that
not all mesenchymal cells transformed with mutant Kras and loss of p53 give rise
to RMS, as a fibrogenic/adipogenic Sca1”® population gives rise to non-myogenic
UPS. This supports the notion that transforming any mesenchymal cell type with
mutant Kras and loss of p53 does not necessarily generate RMS allografts,

suggesting that this is myogenic progenitor cell specific.
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CHAPTER 4: TRANSFORMATION OF PAX7* MYOGENIC
PROGENITORS /N VIVO

4.1 Introduction

Although Pax7-Cre mice could be used to investigate whether Pax7*
myogenic progenitors are a cell of origin for RMS, this constitutive Cre driver is
expressed in both myogenic and neurogenic cells during development and the
expression of oncogenes in these cells can cause developmental abnormalities
and lethality [66]. Therefore, we utilized a recently generated Pax7-Cre-ER™
knock-in mouse (hereafter termed Pax7°F*), where CreER'? is expressed from
the endogenous Pax7 promoter, thereby restricting CreER™ expression to Pax7*
cells [71]. By administering 4-hydroxytamoxifen (4-OHT) to these mice after
birth, Cre activity within the myogenic lineage is restricted to Pax7" myogenic
progenitors. The Pax7°¥* mice were crossed to LSL-Kras®'?®"*; Trp53™ mice
because activating RAS mutations and p53 mutations/deletions are frequently
observed in human non-alveolar RMS [86, 87] and pleomorphic RMS in mice [86,

88.
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4.2 Temporally and spatially restricted model of sarcoma by
transformation of Pax7" myogenic cells by intramuscular
injection of 4-OHT

To transform Pax7" myogenic progenitors in vivo, we administered 4-OHT
to Pax7°%":L SL-Kras®'?®"*: Trp53™' (hereafter referred to as P7KP mice) mice
by intramuscular injection (Figure 5A). All mice (n=18) developed soft tissue
sarcomas at the site of injection with a median time of 26 days (Figure 5A;
Appendix A). Hematoxylin and eosin stained sections of tumors from
Pax7°%":1 SL-Kras®'??"*; Trp53™' mice resembled human RMS (Figure 5B).
Immunohistochemistry was performed on tumor samples with markers used to
diagnose human RMS including Pax7, MyoD, myogenin, desmin, MHC and
sarcomeric actin. Similar to human RMS [89], the immunohistochemistry of the
mouse sarcomas demonstrated that all of these tumors expressed myogenic
markers (Figures 5C-5H). In addition, we examined these autochthonous tumors
at the ultrastructural level by transmission electron microscopy (TEM) and
identified disorganized myofilaments and the sarcomere-related z-bands (Figure
51), another feature of human RMS [90]. It is worth noting that a subset of these
tumors contained undifferentiated areas (data not shown), which may reflect
dedifferentiation of RMS or multi-focal tumor initiation where Pax7" cells give rise

to UPS in addition to RMS.
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Figure 5: Spatially and temporally restricted model of sarcoma by
transforming Pax7* myogenic progenitors

(A) Pax7°¥"*;LSL-Kras®'?®": Trp53™ mice received intramuscular injection
with 4-OHT to express oncogenic K-ras and delete p53 in Pax7* myogenic
progenitors. Median tumor free survival was 26 days and tumor
penetrance was 100% (n=18). Characterization of Pax7°¥*-derived
tumors by H&E staining (arrows denotes rhabdomyoblasts) (B).
Immunohistochemistry for Pax7 (C), MyoD (D), myogenin (E), desmin (F),
actin (sarcomeric) (G), myosin heavy chain (H). (l) Electron microscopy of
Pax7“F"*-derived tumors. Arrow indicates z-band and associated
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myofilaments. Injections and electron microscopy performed by author
and immunohistochemistry performed by author and Zhizhong Li.

We next performed gene expression analysis on the primary tumors
generated after intramuscular (IM) injection of 4-OHT into P7KP mice and the
allografts generated by transplanting transformed myogenic progenitor cells. To
determine whether these tumors recapitulated the gene expression profile of
human sarcoma, we constructed a myogenic sarcoma-specific gene list by
comparing the gene expression of the allograft tumors (as previously described
in Chapter 3) and the primary sarcomas generated in P7KP mice after IM 4-OHT
injection to a previously described mouse model of UPS that lacked any
myogenic staining. Because these UPS tumors were initiated by injection of
Adeno-Cre into the skeletal muscle of LSL-Kras®'?®"*; Trp537"F mice, all of the
tumors were initiated by expression of oncogenic K-ras and deletion of p53.
Therefore, any differences observed between the tumors would not be due to the
initiating mutations. Using a Student’s t-test, we generated an associated p-
value for each gene, and we adjusted these p-values for multiple comparisons
using a Bonferroni correction. We compiled a gene set of 77 genes that are
upregulated in the myogenic sarcomas when compared to the Adeno-Cre
derived non-myogenic UPS by selecting those with a Bonferroni adjusted p-value

of less than 0.05, and this geneset was used in the subsequent analyses.
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Gene set enrichment analysis (GSEA) is an established method of
measuring the simultaneous differential expression of multiple genes in a
geneset between two classes (i.e. tumor type A and B) [91]. Here we used
GSEA to determine whether this myogenic sarcoma geneset could be used to
distinguish between human RMS and other human soft tissue sarcomas. Using
a previously annotated gene expression data set [92], we eliminated any
category that had less than 5 samples because of the unreliability of results that
use small sample sizes, giving us a data set with 13 different subtypes of
sarcoma. We performed GSEA for each type of sarcoma by comparing each
individual sarcoma subtype to all other sarcomas in the data set. Remarkably,
the myogenic sarcoma gene set only achieved significant enrichment in the
analysis when compared to human RMS, but not to other sarcoma subtypes (p-
value <0.05) (Figure 6A). The GSEA for the human RMS data set had a positive
enrichment score, indicating that the majority of the genes in the mouse
myogenic sarcoma gene set were overexpressed in human RMS (Figure 6B).
Together, these gene expression data support the myogenic sarcomas derived
from P7KP mice after 4-OHT IM injection and from allografts generated from
isolated satellite cells transformed after one week in culture as bona fide mouse
models of RMS.

We also observed that these primary sarcomas upregulate IGF2 mRNA,

consistent with the observation that IGF2 is highly upregulated in human RMS
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(Figure 7) [93]. Collectively, these data demonstrate that IM injection of 4-OHT

transforms Pax7* myogenic progenitors in vivo by expressing oncogenic K-

ras®'?® and deleting p53 to generate primary sarcomas similar to human RMS.
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Figure 6: IM injected P7KP sarcomas enrich in human RMS

Gene Set Enrichment Analysis (GSEA) of P7KP derived mouse tumors. (B) The
P7KP derived signature is highly enriched in human RMS (p<0.05, Normalized
Enrichment Score (NES)=1.71) compared to various other soft tissue sarcomas.
RNA isolated by author, GSEA performed by Brian Bennett and Jeffrey Mito.
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Figure 7: IM P7KP sarcomas overexpress IGF2 by PCR

mRNA was isolated from mouse lung cancer cells, normal muscle, RMS
allograft-derived and Pax7°%*-derived tumor cells. cDNA was generated and
IGF2 expression was examined by PCR. In comparison to lung cancer cells or
normal muscle, IGF2 mRNA levels were elevated in both allograft-derived and
Pax7°F"*-derived tumor cells. Sarcomas derived by author, PCR performed by
Zhizhong Li.

To investigate whether both oncogenic K-ras and loss of p53 are required
for transforming myogenic progenitors in vivo, we generated Pax7°¥*;LSL-
Kras®'?®*; Trp53™* and Pax7°%"*; Trp53™"™ mice. These mice were treated with
4-OHT by intramuscular injection, as described above. All of the Pax7°%*;LSL-
Kras®'??*: Trp53™"* mice (n=11) and five of thirteen of the Pax7“¥*; Trp53™"™ mice
developed sarcomas with a longer latency compared to Pax7°%*;LSL-
Kras®'??*: Trp537 mice (Appendix A). We observed rhabdomyoblasts in many
of these tumors and all expressed the myogenic markers MyoD and myogenin
(Figure 8). Thus, | conclude that mutant Kras is dispensable for

sarcomagenesis. However, it remained unclear if the wild-type copy of Trp53

was present in the sarcomas that developed from IM injection.
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Figure 8: Initiating sarcomas with loss of Trp53

Hematoxylin and eosin stained sections and immunohistochemistry for MyoD
and myogenin for representative sarcomas from Pax7°%"*:LSL-
Kras®'?®*: Trp537"* (left, n=11) and Pax7°%*;Trp53™" (right, n=5) mice. Tumors
exhibit rhabdomyoblasts. The presence of rhabdomyoblasts and myogenic
staining suggests that these tumors are RMS. Experiments performed by author.
Because loss of heterozygosity (LOH) is common for tumor suppressors
during sarcomagenesis [94], | determined whether LOH for the wild-type Trp53
allele occurred in sarcomas from Pax7°%*;LSL-Kras®'?®"*; Trp53™"* mice. |
isolated tumor cells from both Pax7°*;LSL-Kras®'?*"*: Trp53™ and

Pax7°%*;L SL-Kras®'?™"*: Trp53™* mice and cultured them for three days to

minimize stromal contamination. | then performed PCR on genomic DNA from
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both genotypes to detect the wild-type Trp53 allele. | did not detect the wild-type
Trp53 allele in Pax7°%*;LSL-Kras®'?®"*: Trp53™"* tumor cells, indicating that LOH
for p53 had occurred in these tumor cells (Figure 9A). However, it is possible
that the primary tumors retained the wild-type copy of p53 and that LOH occurred

during crisis in culture. Therefore, | crossed R265-Y"

reporter mice to the
Pax7°%*;LSL-Kras®'?®": Trp53™* mice to generate Pax7°*;LSL-

Kras®'?P*: Trp537"*;R26-5-"F mice. These mice are unique, in that only tumor
cells, and not associated stroma, will express YFP. This allowed me to freshly
isolate YFP™ tumor cells from primary sarcomas and investigate whether LOH
had occurred without the confounding effects of culturing. In good agreement
with the previous LOH data in cell lines, | was unable to detect the wild-type
Trp53 allele in the YFP™ cells, but could detect the wild-type allele in the tumor
associated stroma (Figure 9B). Taken together, these data indicate that IM

injection of 4-OHT to activate oncogenic K-ras and to delete p53 can initiate

RMS-like tumors by transforming Pax7" myogenic progenitors in vivo.
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Figure 9: Loss of heterozygosity of Trp53 in sarcomas generated by IM 4-
OHT with one wild-type allele of Trp53

(A) Genomic DNA was isolated from tumor cells derived from Pax7°%*;LSL-
Kras®'?P*: Trp537"* and Pax7°F*;LSL-Kras®'?®*; Trp537""™ mice. PCR was
performed to detect the floxed or wiId-tZPe Trp53 alleles. The loss of the wild-
type Trp53 allele in Pax7°%";L SL-Kras®'?"*; Trp53™"* mouse derived tumors
suggests that deleting both copies of p53 is required for tumor development.
DNA isolated from mouse tails following IM 4-OHT treatment served as normal
tissue controls (n=1). (B) P7KP mice crossed to R265-Y"* will label sarcoma
cells YFP" in vivo. Whereas the YFP™ tumor fraction contains the wild-type Trp53
allele, the YFP™ tumor fraction lacks this allele, confirming LOH in vivo. Unsorted
tumor and tumor mouse tail used as controls (n=2). Panel A was performed by
Zhizhong Li, and Panel B was performed by author.
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4.3 Transformed Pax7" myogenic progenitors give rise to a
spectrum of myogenic sarcomas in vivo after systemic
tamoxifen delivery

Although | was able to induce myogenic sarcomas in the P7KP IM model,
injecting 4-OHT by IM injection has drawbacks. For example, injecting DMSO
vehicle alone leads to injury at the site of injection, promoting satellite cell
activation and differentiation into myoblasts. The presence of myoblasts in these
experiments could be confounding, because myoblasts express Pax7, albeit at
lower levels than satellite cells. Therefore, | sought to induce sarcomas in the
P7KP model in an injury free manner by intraperitoneal (IP) injection of the mice
with systemic tamoxifen, in order to specifically transform Pax7" satellite cells.

In order to determine the type and spectrum of tumors that derive from
Pax7* cells, Pax7°F* mice [71] were crossed into the LSL-Kras®'?®"*; Trp537™
model in order to generate Pax7°%*; LSL-Kras®'*®"*; Trp537"™ mice. | injected
greater than six week-old P7KP mice with systemic tamoxifen via (IP) injections.
The mice developed tumors with 100% penetrance within one to two months at
multiple anatomical locations including clinically relevant sites such as the orbit
(Figure 10A). Tumors (n=69) displayed a histological spectrum of sarcomas

ranging from UPS to RMS and included sarcomas that mimicked

51



in vivo
IP TMX Treatment

—

== P7KP IP Tmx (n=18)

Pax7°F";
LSL-Kras®'®"; Tip53™"

PRMS

L

taneous 9%

Figure 10: Transforming Pax7* myogenic progenitors in vivo

P7KP mice were injected with tamoxifen (IP) and generated tumors at clinically
significant anatomic locations. Average tumor free survival was 42 days (n=18
mice). (B) eRMS display obvious round, blue cell histology with
rhabdomyoblasts (arrowhead) by H&E, and is positive for the myogenic marker
MyoD (C). pRMS display characteristic large rhabdomyoblast with spindle cell
histology by H&E, and is positive for the myogenic marker MyoD (E). (F) Non-
myogenic UPS displays characteristic spindle cell histology with giant cells by
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H&E, but lacks MyoD expression (G). (H) In contrast, myogenic UPS displays
spindle cell histology but is positive for MyoD (l). (J) Anatomic distribution of
sarcomas generated in P7KP mice injected with IP tamoxifen. (K) Histological
distribution of sarcoma subtypes in P7KP mice injected with IP tamoxifen. (L)
Myogenic distribution in the P7KP derived UPS sarcoma subset. (M) Sarcomas
derived from the P7KP IP model demonstrate invasion into the local muscle and
metastasis to the lung (N). Injections and characterization performed by author,
immunohistochemistry performed by author and Leonor Ano and David van
Mater.

embryonal RMS (eRMS), pleomorphic RMS (pRMS), myogenic UPS, and non-
myogenic UPS (Figure 10B-I). In terms of anatomic distribution, tumors were
evenly distributed between the head and neck (H&N), extremity, and body wall,
with a minority of tumors present subcutaneously (Figure 10J). By histological
measures, just over half of the tumors were UPS with the remainder RMS, which
were predominantly eRMS-like, but also some tumors with pRMS-like or
occasionally aRMS-like features (Figure 10K). Although 100% of the eRMS and
89% pRMS were myogenic by staining for either MyoD or myogenin, only 74% of
the UPS were myogenic (Figure 10L). Finally, these P7KP derived sarcomas

behaved like human sarcomas in that they were both invasive at the primary site

and metastatic to the lung (Figure 10M & N).
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4.4 In vitro derived, allograft, and primary mouse myogenic
sarcomas exhibit tumor heterogeneity

Next, | wanted to determine if the sarcomas derived from Pax7* myogenic

progenitors had a rare subset of tumor propagating cells (TPCs, also known as
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Figure 11: Myogenic sarcoma heterogeneity in vitro and in vivo

Transformed myogenic progenitors, allograft derived tumor cells, and P7KP
derived tumor cells form colonies in vitro and a significant proportion of the cells

lack Pax7 expression, suggesting tumor cell heterogeneity (B). (C) These tumor
cells can be differentiated in vitro because they express myosin heavy chain
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(MHC) in differentiation medium. (D) Sarcoma cells were isolated from IP P7KP
mouse tumors and sorted on the immunophenotype CD45Ter119°CD11b"CD31"
to exclude both hematopoietic and endothelial cells. These cells were then
transplanted into immunocompromised nude mice using limiting dilutions by
steps of 10 and 2 (n=50). The estimated tumor propagating frequency was 1 in
49.6 to 1 in 64.5 tumor cells (chisq=0.136, p=0.712). Panels A-C were
performed by Zhizhong Li, while characterization, isolation, and transplantation of
tumor cells into immunocompromised mice was performed by author.

cancer stem cells). Interestingly, only a fraction of the tumor cells from the in
vitro, allograft, and P7KP IM model expressed the myogenic stem cell marker
Pax7 and were capable of differentiation by the expression of MHC in vitro,
suggesting that the tumor cells are heterogeneous (Figure 11A-C). Therefore, |
decided to isolate fresh tumor cells from the P7KP IP tumors and sort them by
excluding the hematopoietic/stromal immunophenotype CD45"Mac1"'CD31".
These tumor cells were then orthotopically transplanted into the hindlimbs of
nude mice at multiple dilutions (10000, 1000, 100, 10, and 5) in order to
determine the TPC frequency by limiting dilution. Intriguingly, using extreme
limiting dilution analysis (ELDA) [95], | determined that the TPC frequency in the
P7KP IP sarcoma model was between 1/49.6 and 1/64.5 cells (n=2, chisq=0.136,
DF=1, p-value=0.712) (Figure 11D). This would put the TPC frequency at
between 1.5 and 2%, a range which is difficult to explain by clonal evolution

alone [34].

55



4.5 Discussion

Several key observations were made by transforming Pax7*
myogenic progenitors in vivo using the P7KP IM and IP models. First, |
established a spatially and temporally restricted model of sarcoma with rapid
onset (median tumor-free survival=26 days) and 100% penetrance by
transforming Pax7* myogenic progenitors and these sarcomas enriched in
human RMS by GSEA. Next, by injecting P7KP mice that retain one wild-type
copy of Trp53, | demonstrated that these sarcomas require LOH. Next, | showed
that IP injected P7KP mice give rise to myogenic UPS, non-myogenic UPS,
eRMS, pRMS, and aRMS. These sarcomas arose with delayed kinetics (median
tumor-free survival=42 days), suggesting that IM injection promoted sarcoma
development perhaps via injury. These sarcomas present at a variety of clinically
important anatomic locations such as the orbit and these tumors are both
invasive and metastatic to the lung. Also, | demonstrated that non-myogenic
UPS can originate from the myogenic lineage, indicating that lack of myogenic
marker expression in UPS does not exclude skeletal muscle progenitors as cells
of origin. Furthermore, although many UPSs were myogenic, all sarcomas that
were negative for both MyoD and myogenin were UPS, suggesting that lacking
myogenic transcription factor expression is correlated with an anaplastic
histology. That said, the majority of P7KP derived sarcomas are myogenic.

Finally, Pax7" myogenic progenitors can also give rise to both eRMS and pRMS,
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suggesting that identical mutations in the same cell type can give rise to
sarcomas with distinct histological features. Finally, | describe the heterogeneity
of these P7KP derived sarcomas and confirm that these tumors are dependent
on a rare population of tumor-propagating cells for tumor maintenance in vivo. |
recognize that the sarcomas in the P7KP mice that develop after IP injection give
rise to a spectrum of sarcomas ranging from RMS to UPS, while RMS was the
predominant tumor type in allografts from transformed myogenic progenitors and
sarcomas that developed in P7KP mice after 4-OHT IM injection. One possible
explanation for these results is that Pax7” satellite cells are a heterogeneous
population and that different cells with this population may give rise to different
subtypes of sarcoma under different environmental pressures (i.e. in vitro stress,
muscle injury and regeneration). Therefore, it will be important to study
sarcomagenesis in more restricted myogenic populations using additional CreER

alleles.
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CHAPTER 5: TRANSFORMATION OF MYOD" MYOGENIC
PROGENITORS /N VIVO

5.1 Introduction

Transforming Pax7" myogenic progenitors gave rise to a spectrum of
myogenic sarcomas in vivo. However, this system has limitations, namely that
both satellite cells and committed progenitors express Pax7. Because of this, it
is difficult to determine whether satellite cells or committed progenitors are the
cell of origin for any given sarcoma within the spectrum of sarcomas that
developed in the P7KP mice after systemic tamoxifen delivery. Therefore, it
became clear that an inducible Cre that was more restricted within the myogenic
lineage was needed. MyoD is a myogenic transcription factor that is expressed
in committed myogenic progenitors; therefore, the MyoD promoter is an attractive
site for a knockin mouse that expressed CreER. Here, | sought to utilize the

DCE/+

Myo mouse allele in order to determine the spectrum of sarcomas that

develop from committed myogenic progenitors in vivo.

5.2 Generation and Characterization of MyoD®* mice
Given the spectrum of sarcomas that arose in the P7KP mice, we next
studied sarcoma development in mice in which CreER™ was driven by a different

myogenic promoter. Because MyoD expression is frequently used to confirm a
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diagnosis of RMS in the clinic [96], | obtained MyoD“®* mice in which CreER™
was knocked into the MyoD locus and expressed from the endogenous MyoD
promoter (Figure 12A). | characterized MyoD®¥* and Pax7°* mice to test
whether Cre expression in MyoDCE/+ is restricted to differentiating myogenic cells
by crossing these strains to the reporter mouse R26™™¢™T™C [97]. The
R26™™C reporter expresses membrane targeted Tomato in cells. After
expression of Cre, the Tomato is deleted and membrane targeted GFP is
expressed within the cell and its descendants. At 6 weeks of age, | injected
Pax7°*;R26™ ™" and MyoDCF*:R26™"™"* mice with intraperitoneal (IP)
tamoxifen to determine if there was a difference in membrane GFP (and thus
Cre) expression in cells in the skeletal muscle by flow cytometry. | observed that
the Pax7°¥*:R26™™"* muscle contained significantly more GFP” cells than the
MyoD®F"*:R26™ ™" muscle (Figure 12B).

To compare the expression of CreER' during satellite cell differentiation
in vitro, we isolated satellite cells from Pax7°*:R26™™%"* and

MyODCE/+;R26meG/meG

mice as previously described [72] and plated them into
media with 4-OH tamoxifen (4-OHT). | replaced the media with fresh 4-OHT
every day for 4 days and on day 5, we analyzed the cells for GFP expression by
flow cytometry. Compared to the in vivo experiment where

MyoD“F*;R26™T™C/MTMG mice were treated with IP tamoxifen (Figure 3B),

treating differentiating satellite cells with 4-OHT in vitro significantly increased the
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Figure 12: Characterization and validation of the Myo

D°* mouse

(A) Schematic of the genetically engineered MyoD“¥* mice. Briefly, the vector is
a “knock-in” to the endogenous MyoD locus, with CreER being driven off the 5’
UTR of MyoD. In addition, IRES drives both TVA and MyoD to generate a MyoD
hypomorph. (B) Pax7°¥*;R26™™™%"* (n=2) and MyoD“®*:R26™"™%"* (n=2) mice
injected with tamoxifen for five consecutive days and sacrificed ten days later.
Pax7°*;R26™ ™" mice contain a GFP* satellite cell population while
MyoD“F*;R26™™%* mice have no defined GFP* population. (C) B1-
integrin"CXCR4" satellite cells were isolated from Pax7°*;R26™ ™" and
MyoDCF*:R26™T™EMTMG mice (n=1) and treated with 4-OHT in vitro to promote
differentiation. Both Pax7°%*;R26™™%"* and MyoD“F*;R26™T™¢™T™C derived
myogenic progenitor cells have defined GFP* populations when cultured with 4-
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OHT. (D)Pax7°¥*;R26™ ™" and MyoDCH*;R26™™S™TME mice (n=2) were
injured with intramuscular cardiotoxin and then treated with seven daily tamoxifen
IP injections. Sections of muscle were generated from the tibialis anterior muscle
and GFP" regenerating fibers were identified in samples from both genotypes.
Mice generated by Gerard Grosveld, while injections and cell sorting were
performed by author and Leonor Ano. Immunofluorescence performed by
Leonor Ano.

number of GFP" cells (Figure 12C), suggesting that CreER™is expressed in

D°®* mice.

differentiating myogenic progenitors in Myo
To study the expression of CreER™in MyoD®¥* mice in differentiating
myogenic progenitors in vivo, we injured the tibialis anterior muscles (TAs) of
Pax7°¥*;R26™ ™% and MyoD®F*:R26™™™°"* mice to cause satellite cell
differentiation into MyoD-expressing cells [81]. The TAs were injured with a
single intramuscular (IM) injection of cardiotoxin and then starting the next day
the mice were treated with 7 daily doses of IP tamoxifen (Figure 12D). The mice
were euthanized on day 8 and the skeletal muscle was collected for sectioning.
We observed that the MyoDC¥*;R26™™¢™TME mice had GFP* myoblasts at the

D°®™* mice express CreER™in the

site of injury (Figure 12D), confirming that Myo
muscle lineage. By comparing with the results in the Pax7°%*;R26™™™* mice,
these results indicate that CreER™ in MyoD“¥* mice is restricted to MyoD*

myogenic progenitors.
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5.3 Temporally and spatially restricted model of sarcoma by
transformation of MyoD™ myogenic cells

As mentioned in Chapter 4, | had established a temporally and spatially
restricted model of sarcoma by transforming Pax7" myogenic progenitors in vivo
by injecting the hindlimb with 4-OHT. Therefore, | sought to make a temporally
and spatially restricted model of sarcoma in the MyoD®¥*;L.SL-

Kras®'??*; Trp537"" mice (hereafter termed MDKP). MDKP mice were injected in
the hindlimb with 4-OHT and developed sarcomas with 100% penetrance with a
median tumor free survival of 38 days (n=25) (Figure 13A; Appendix A). Initial
characterization indicates sarcomas with UPS-like features by H&E (Figure 13B).
Some of these tumors lacked myogenic staining for Pax7, MyoD, and myogenin

(Figure 13C-E).

5.4 Transformed MyoD" myogenic progenitors give rise to UPS

Although satellite cells and myoblasts express Pax7, MyoD is specifically
expressed in transit amplifying cells during muscle regeneration. To determine
the type and spectrum of tumors that derive from MyoD" cells, | injected the
MDKP mice with IP tamoxifen. Like their P7KP counterparts, MDKP mice
greater than 6 weeks-old that were treated with IP tamoxifen developed tumors
at a variety of clinically relevant anatomic sites. Interestingly, the tumors in

MDKP mice developed with increased latency at a median time of approximately
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Figure 13: Spatially and temporally restricted model of sarcoma by
transforming MyoD* myogenic progenitors
(A) MyoDC¥": 1 SL-Kras®'?"*; Trp537"™ mice received intramuscular injection with
4-OHT to express oncogenic K-ras and delete p53 in MyoD™ myogenic
progenitors (n=25). Median tumor free survival was 38 days and tumor
penetrance was 100%. Characterization of MDKP tumors by H&E (B).

Immunohistochemistry for Pax7 (C), MyoD (D), myogenin (E). Injections and
characterization of mice were performed by author.

150 days compared to the sarcomas in P7KP mice, which developed at a median
time of approximately 1.5 months (Figure 10A vs. Figure 14A). This increased
latency may have been due to the small number of cells expressing MyoD in the
MDPK mice as the mice were injected at an age where there should have been
few cycling MyoD” cells.

Intriguingly, sarcomas that developed in the MDKP mice were UPS
(n=12), and | did not observe any RMS-like sarcomas such as eRMS or pRMS, in

contrast to the P7KP IP model. However, similar to the P7KP IP model, the UPS
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subset of sarcomas could be divided into myogenic UPS (Figure 14B &C) and
non-myogenic UPS (Figure 14D & E). The anatomic distribution of the tumors
derived from the MDKP mice was similar to the tumors in the PK7P mice and
included the extremities, body wall, and the head and neck region (Figure 14F).
While the histological distribution of sarcomas in the MDKP model was restricted
to UPS (Figure 14G), the sarcomas that stained with either MyoD or myogenin
within the UPS was 50%. These data suggest that MyoD™ committed myogenic

progenitors are a cell of origin for both myogenic and non-myogenic UPS.

5.5 P7KP derived UPS and MDKP derived sarcomas cluster
separately from Pax7" derived RMS at the gene expression level
and mimic human UPS by GSEA

To investigate if the histological spectrum of tumors from P7KP and MDKP
mice reflects underlying molecular differences, we isolated mRNA from sarcomas

from MDKP mice and all three histological variants (UPS, pRMS, and eRMS)
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Figure 14: Transforming MyoD" myogenic progenitors in vivo

(A) MDKP mice were injected with tamoxifen (IP) and generated tumors at
clinically significant anatomic locations. Median tumor-free survival was 150
days (n=12 mice). (B) MDKP derived myogenic UPS had classic UPS histology
by H&E and were positive for the myogenic marker MyoD (C). In contrast, non-
myogenic UPS maintained the classic spindle cell and pleomorphic histology (D),
but lacked immunoreactivity to MyoD (E) and myogenin (data not shown).
(F)Anatomic distribution of sarcomas generated in MDKP mice injected with IP
tamoxifen. (G) Histological distribution of MDKP derived UPS. (H) Distribution of
myogenic staining in MDKP derived UPS. Injections and characterization
performed by author, while immunohistochemistry was performed by the author,
Leonor Ano, and David van Mater.

from the P7KP mice. We compared the gene expression profiles by principal
component analysis (PCA), which is an unbiased approach that builds a linear
model to best separate tumor samples according to differences in their
transcriptional profile. We plotted all of the samples on a one-dimensional plot

along the first principal component (Figure 15A). Samples that are relatively
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close on the plot have a variation in gene expression that is less different than
samples that are far apart from one another.

When plotted against the first principal component, the P7KP derived
eRMS-like tumors cluster separately from MDKP derived tumors and P7KP
derived UPS-like tumors (Figure 15A). Intriguingly, MDKP derived tumors, which
appeared to be UPS by histology, clustered with P7KP derived UPS-like tumors.
In addition, P7KP derived pRMS-like tumors did not cluster with any group by
PCA, but were distributed evenly throughout the clusters. This suggests that this
collection of tumors may not be a distinct subtype at the molecular level.

To further analyze the gene expression data, we performed a second
unsupervised approach using hierarchical clustering. In contrast to PCA,
hierarchical clustering groups various samples based on magnitude of similarity,
rather than difference. In good agreement with the PCA results, hierarchical
clustering demonstrated that MDKP derived tumors tend to cluster with P7KP
derived UPS-like (UPS-like clade) and that P7KP derived eRMS-like tumors and
pRMS-like tumors tended to cluster into a separate group (RMS-like clade)
(Figure 15B). These data further suggest that there are underlying molecular
differences between different histological subtypes of tumors that reflect the cell

of origin.
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Figure 15: Principal component analysis and hierarchical clustering
segregate sarcomas based on histology, while GSEA validates the mouse
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Tumor Type NES p-value FDR NES p-value FDR
Rhabdomyosarcoma (RMS) 1.88 0.002 0.024 -1.32 0.141 0.564
1t Fibrous Histiocytoma (UPS) -0.75 0.794 0.827 1.85 <0.001 | <0.012

Ewing’s Sarcoma -0.86 0.647 0.776 0.71 0.855 0.855
Liposarcoma 1.16 0.261 0.626 -0.76 0.806 0.855
Leiomyosarcoma 1.54 0.053 0.212 -1.09 0.342 0.777
Fibrosarcoma 0.72 0.827 0.827 1.01 0.453 0.777
Osteosarcoma 1.04 0.391 0.67 0.83 0.692 0.855

Synovial Cell Sarcoma -1.56 0.029 0.174 -1.53 0.045 0.27
Gastrointestinal Stromal Tumor -0.97 0.497 0.746 -0.93 0.549 0.824
Malignant Hemangiopericytoma 0.89 0.601 0.776 0.73 0.82 0.855
Dermato Tumor Type E 1.03 0.384 0.67 -1.02 0.444 0.777
Malignant Peripheral Nerve Sheath Tumor 1.33 0.126 0.378 -1.02 0.446 0.777

RMS and mouse UPS as models of human RMS and UPS

(A) Principal component analysis clusters P7KP derived eRMS separately from
P7KP derived UPS and MDKP derived tumors along the first principal component
(PC1). The second principal component (PC2) separates the UPS P7KP
sarcomas from the MDKP sarcomas. (B) Unsupervised hierarchical clustering
separates the sarcomas into a RMS-like clade that includes most P7KP derived
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eRMS and pRMS and a UPS-like clade that includes most P7KP derived UPS
and MDKP derived tumors. These results recapitulate the results of PCA,
suggesting that P7KP derived UPS and MDKP derived tumors are similar at the
molecular level and distinct from P7KP derived eRMS and pRMS. (C) GSEA
demonstrates that P7KP derived RMS (eRMS and pRMS) enrich in human RMS
while P7KP derived UPS and MDKP sarcomas enrich in human UPS. RNA and
microarray was performed by author, while data analysis was performed by Brian
Bennett.

Finally, in order to determine whether the P7KP UPS and MDKP UPS
sarcomas mimic human sarcoma at the molecular level, | performed GSEA
utilizing a geneset comprised of the genes most significantly upregulated in the
P7KP RMS (eRMS and pRMS) compared to the UPS derived from the MDKP
mice (Appendix B). This geneset was applied to a human dataset comprised of
multiple soft tissue sarcoma subtypes. In good agreement with the histological
data and myogenic staining, the P7KP derived RMS enriched in human RMS,
validating the P7KP derived RMS as modeling human RMS (Figure 15C,
p=0.002, NES=1.88, FDR=0.024). To examine the soft tissue sarcoma the P7KP
derived UPS and MDKP sarcomas mimic at the molecular level, a geneset
comprised of the genes most significantly upregulated in the P7KP UPS and
MDKP compared to the P7TKP RMS. This geneset was then applied to the human
dataset. Unlike the P7KP RMS sarcomas, the P7KP UPS and MDKP sarcomas
enriched in human UPS, validating these sarcomas as models of UPS (Figure

15C, p<0.001, NES=1.85, FDR<0.012).
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5.6 Discussion

In contrast to the P7KP mice, MDKP developed a more homogenous
group of sarcomas that appeared to be UPS by both histology and GSEA. Like
their P7KP counterparts, they were capable of giving rise to both myogenic and
non-myogenic UPS, confirming that cells within the myogenic lineage can give
rise to sarcomas that lack myogenic markers. PCA and hierarchical clustering
demonstrate that P7KP UPS and MDKP UPS cluster and are distinct from the
P7KP derived eRMS and pRMS sarcomas. The P7KP UPS and MDKP UPS
enrich in human UPS, while P7KP derived eRMS and pRMS enrich in human
RMS, indicating that these mouse RMS (mRMS) and mouse UPS (mUPS)
sarcomas mimic their human counterparts at the molecular level. Finally, the
observation that MyoD" myogenic progenitors give rise to UPS indicates that

Pax7*MyoD" cells are a cell of origin for RMS.
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CHAPTER 6: GENOMIC COMPARISON OF SARCOMAS
DERIVED FROM SATELLITE CELLS WITH THEIR CELL
OF ORIGIN IDENTIFIES GLI-3 AS A POTENTIAL
THERAPEUTIC TARGET

6.1 Introduction

Although the cell of origin remains unknown for many types of cancer, the
advent of genetically engineered mouse models has allowed oncogenic
mutations to be restricted to specific cells within tissues at specific stages of
development using cell type specific promoters that drive inducible Cre-
recombinase. However, the clinical significance of the cell of origin remains to be
justified. When looking for dysregulated signaling pathways in tumors, cancer
biologists often use the tissue of origin as a relative control. However, in the
case of the skeletal muscle, the vast majority of the nuclei are in post-mitotic
mature muscle fibers, which are unlikely to be the cell of origin. Previously, |
have shown that Pax7" myogenic progenitors are a cell of origin for UPS and
RMS. | hypothesized that by comparing the sarcomas generated in the P7KP
mice to their respective cell of origin (freshly isolated Pax7" muscle progenitor
cells) would allow me to identify therapeutic targets, in contrast to previous

studies that used tissue specific controls.
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6.2 Identifying and targeting Gli3 as a mediator of sarcoma
maintenance in vitro

Studies often compare tumors to their tissue of origin, but rarely or ever
compare tumors to the cell of origin to identify dysregulated signaling pathways
that may represent potential therapeutic targets. Therefore, we used gene set
enrichment analysis (GSEA) to look for annotated signaling genesets whose
expression profiles were significantly different between the sarcomas that
developed after IM injection of P7KP mice (Figure 5) or after transplantation of
transformed myogenic progenitors in vitro (Figure 3) compared to satellite cells
[98]. | assembled a collection of 730 curated canonical pathways from the
Molecular Signatures Database (Broad Institute, MA). When ranked for
enrichment in the sarcomas compared to normal satellite cells, GSEA identified
the Notch and Hedgehog pathway genesets as two of the highest ranked
pathways (ranked #5 and #9 out of 730, respectively), suggesting that these two
signaling pathways may be important therapeutic targets in these sarcomas.
Although Notch provides an interesting target, there are very few Notch inhibitors
for use in vivo. In contrast, the Hedgehog pathway can be targeted by a plethora
of Smoothened (Smo) inhibitors that are both potent and bioavailable. Many of
these inhibitors are already available in the clinic, such as the FDA approved
Smo inhibitor vismodegib (GDC-0449) [99]. Therefore, we sought to study the Hh

pathway in the P7KP tumor model.
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Within the Hedgehog geneset, the Hedgehog activators Gli1 and Gli2 had
no discernable difference in transcript level when compared to normal satellite
cells. However, Gli3 was upregulated in almost every tumor sample compared to
normal satellite cells and thus | investigated whether these tumors were
dependent on Gli3 (Figure 16A). In order to confirm the gene expression data
that suggested activated Hedgehog signaling in the myogenic sarcoma model, |
sought to determine whether these tumors had nuclear Gli1 by
immunohistochemistry, as nuclear Gli1 is a surrogate for activated Hedgehog
signaling in vivo. Myogenic sarcomas that developed after IM injection of 4-OHT
in P7KP mice expressed high levels of nuclear Gli1, indicating that these
sarcomas activated the Hedgehog pathway (Figure 16B-D). Therefore, we
isolated total protein from three separate low passage cell lines derived from
sarcomas that developed in P7KP mice after IP tamoxifen and determined Gli2
and Gli3 levels by western blot. As expected, all three cell lines expressed the
activated (full-length) form of Gli3 (Figure 16E).

To determine if Gli2 or Gli3 was required for tumor cell proliferation in
vitro, | used siRNA to knockdown Gli3 or Gli2 siRNA as a control. Once | had
successfully validated knockdown of Gli3 and Gli2 by siRNA, | transfected two
separate cell lines with Gli2 or Gli3 siRNA and found that knocking down Gli3,
but not Gli2, inhibits myogenic sarcoma growth in vitro (Figure 17A & 17B).

However, it remained to be determined whether knockdown of Gli3 was relevant
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Figure 16: Myogenic sarcomas have activated Hedgehog signaling

(A)Gli3 is upregulated in sarcomas that developed in P7KP mice injected with IM
4-OHT (P7KP IM) and allograft sarcomas derived from satellite cells transformed
in vitro with oncogenic Kras and p53 deletion compared to normal satellite cells,
while there is no difference between Gli1 and Gli2 transcript levels in sarcomas
versus satellite cells. (B)Sarcomas derived from IM injection of 4-OHT into P7KP
mice have RMS-like features and stain positive for MyoD (n=1) (C). These
sarcomas also have nuclear Gli1, suggesting activated Hedgehog signaling (n=1)
(D). (E) Three murine sarcoma cell lines from the P7KP |IP model (14, 15, and
63) express both Gli2 and the activated full-length form of Gli3. GSEA performed
by Brian Bennett, immunoblot performed by Mohit Sachdeva and author.
Immunohistochemistry performed by author.

in human sarcomas. Therefore, two separate human sarcoma cell lines were
used to investigate the role of Gli3 in human sarcoma cell growth in vitro. Cell
line 109 is a low passage UPS cell line and RD is a well characterized RMS cell
line that has activated Ras mutations. Both cell lines were treated with Gli3

siRNA. In both cell lines, there was a reduction in tumor cell proliferation with
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transfection of Gli3 siRNAs, which correlated with knockdown of Gli3 protein
(Figure 17C & 17D). Taken together, these data support the notion that
comparing sarcomas to their cell of origin is able to identify unexpected

therapeutic targets in mouse and human sarcomas in vitro.

6.3 Targeting Hedgehog signaling in myogenic sarcomas in vivo

Although | had found that Gli3 mediated tumor cell growth in vitro, it
remained unclear whether Hedgehog signaling played a role in sarcoma growth
in vivo. In order to determine if primary sarcomas in mice are dependent on
Hedgehog signaling for tumor growth and/or survival, low passage cell lines from
the IM P7KP myogenic sarcoma model were treated with both the classic
Smoothened inhibitor cyclopamine and the Gli1/2 inhibitor Gli Antagonist 61
(GANT 61) [100]. Both cyclopamine and GANT 61 were able to prevent colony
formation in vitro in a P7KP derived cell line (p<0.05) (Figure 18A). Based on
these in vitro findings, | next sought to determine whether myogenic sarcomas in
the primary mouse model responded to Smoothened-Hedgehog inhibition in vivo.
P7KP mice were injected with intramuscular 4-OHT as described above, and
mice were treated when tumors reached ~500mm?®. It should be noted that
500mm? is relatively large in mouse tumor studies and that most drug treatments

in vivo are performed on tumors at 250mm?®. Mice were given subcutaneous
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Figure 17: Myogenic sarcoma cell lines are dependent on Gli3 in vitro

(A) Brightfield images demonstrating Gli3 knockdown by siRNA reduces cell
growth versus Gli2 and scramble control in mouse sarcoma cell line 15 (eRMS).
Western blot (inset within growth curve) shows Gli3 siRNA (Gli3 KD) reduces full
length Gli3, but not Gli2 siRNA (Gli2 KD) or scramble control (Scr). Cell growth is
impeded by Gli3 knockdown by siRNA, while Gli2 siRNA and scramble control
has no effect. (B) Brightfield images demonstrating Gli3 knockdown by siRNA
reduces cell growth versus Gli2 and scramble control in cell line 63 (pPRMS).
Western blot (inset within growth curve) shows Gli3 siRNA (Gli3 KD) reduces full
length Gli3, but not Gli2 siRNA (Gli2 KD) or scramble control (Scr). Cell growth is
impeded by Gli3 knockdown by siRNA, while Gli2 siRNA and scramble control
have no effect. (C) A low passage human UPS cell line (109) was treated with
Gli3 siRNAs and demonstrated reduced tumor growth with siRNAs 2, 3, and 123
(combined), the siRNAs that showed Gli3 protein knockdown in vitro. (D) A
human RMS cell line (RD) with a known Ras mutation was treated with Gli3
siRNAs and demonstrated reduced tumor growth with siRNAs 2 and 123
(combined), which correlated with Gli3 protein knockdown in vitro. siRNA
knockdown and immunoblots performed by author and Mohit Sachdeva.

injections of either 20mg/kg GANT 61 or 20mg/kg cyclopamine in EtOH:corn oil

vehicle every other day and tumors were measured after each injection. As
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anticipated, tumors either decreased in size or had stabilized disease after
administration of either cyclopamine or GANT 61 (Figure 18B & 18C). To
confirm that the drugs were responsible for tumor growth arrest, mice were taken
off treatment after one week and all tumors resumed growth, suggesting that

tumor growth inhibition was Hedgehog-dependent.
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Figure 18: Myogenic sarcomas respond to Hedgehog blockade in vivo

(A)Sarcoma cell lines derived from IM P7KP mice respond to both Smo
(cyclopamine) and Gli (GANT 61) inhibitors in vitro (n=1). (B) Primary sarcomas
generated by IM 4-OHT into P7KP mice respond to GANT 61 compared to
vehicle control in vivo (n=1). (C) Primary sarcomas generated by IM 4-OHT into
P7KP mice respond to cyclopamine treatment compared to vehicle control in vivo
(n=1). Mice were treated with vehicle or GANT 61 (20mg/kg) or cyclopamine
(20mg/kg) for every other day for seven days. Tumor size was measured with
calipers. The same vehicle control is used in both (B) and (C) because the
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experiments were done at the same time with the same control. In vitro
experiments performed by author, while the in vivo experiments were performed
by author and Leonor Ano.

6.4 Discussion

By comparing the myogenic sarcomas generated in the temporally and
spatially restricted model of sarcoma (IM P7KP) to their cell of origin, |
demonstrated that it is possible to pull out an unexpected signaling target such
as Gli3, a constituent protein of the Hedgehog pathway that has both activator
and repressor functions. | showed that Gli3 knockdown, but not Gli2 knockdown,
reduced sarcoma growth in vitro. Finally, | found that two human cell lines, one
of which has an activated Ras mutation (RD), respond to Gli3 inhibition
knockdown in vitro as well.

To examine whether Hedgehog signaling is necessary for tumor
maintenance in vivo, | first confirmed that the murine sarcomas had nuclear Gli1,
a surrogate for Hedgehog activation. Next, | treated mouse myogenic sarcoma
cell lines with the Hedgehog inhibitors that are commonly used in vivo, to confirm
inhibition of sarcoma cell growth in vitro. Finally, utilizing the spatially and
temporally restricted model of myogenic sarcoma, | treated the primary sarcomas
with either a Smoothened or Gli inhibitor and found that both were able to
prevent sarcoma growth in vivo, validating my earlier in vitro experiments.
Together, these results suggest that identifying the cell of origin can be useful for
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uncovering unexpected signaling targets, which can then be inhibited in vitro.
Ultimately, the primary mouse model of sarcoma can be used to test novel drugs

for efficacy in vivo.
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CHAPTER 7: DISCUSSION

| used the CreER-loxP system in complementary in vivo and in vitro
experiments to express oncogenic Kras and delete p53 to show that both Pax7*
and MyoD" myogenic cells are tumor-initiating cells for both myogenic and non-
myogenic soft tissue sarcomas. Sarcomas generated by Pax7" myogenic cells
displayed histological diversity, ranging from anaplastic UPS to differentiated
eRMS, whereas MyoD" cells gave rise to a more restricted UPS phenotype.
Furthermore, a geneset generated by comparing UPS derived from P7KP and
MDKP mice to RMS derived from P7KP mice was able to distinguish both human
UPS and RMS from other soft tissue sarcomas. This enrichment supports the
idea that these sarcomas not only appear histologically similar to human RMS an

UPS, but phenocopy these tumors at the molecular level as well.

7.1 Pax7" cells as cell of origin for RMS

| used two independent approaches to initiate soft tissue sarcoma in
Pax7" myogenic progenitor cells to address potential limitations of each
approach for cell of origin studies. For example, despite the precision with which
cells can be isolated using cell surface markers by FACS, it is difficult to isolate a
pure population of cells. Therefore, it is challenging to exclude the possibility that

a rare contaminating cell preferentially expands after transformation. In addition,
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the process of isolating and culturing cells may alter their potential for tumor
initiation, and any given cell may be in a different state of differentiation when
transformed in vitro. Conversely, while conditional gene targeting is a powerful
tool to activate or delete genes in vivo, unanticipated expression patterns of Cre
recombinase during embryogenesis or in the adult mouse can also present
challenges for defining tumor-initiating cells [101]. Therefore, our observation
that myogenic sarcomas resembling human RMS can be initiated in Pax7" cells
transformed in vitro or in vivo provides compelling evidence that Pax7” myogenic
progenitor cells are cells of origin for RMS. | anticipate that the cell(s) of origin
for other cancers can be similarly defined by utilizing CreER™ mice to transform

well-defined cell types in vitro and in vivo.

7.2 MyoD" cells as cells of origin for UPS

By comparing the sarcomas that developed in the P7KP and MDKP mice
to each other, we were able to determine that Pax7* and MyoD" progenitor cells
gave rise to distinct and overlapping myogenic soft tissue sarcomas in vivo.
Although P7KP mice generate RMS and UPS after IP tamoxifen, IP tamoxifen of
MDKP mice preferentially generates UPS. Consistent with this result, microarray
analysis suggests that UPS tumors from MDKP mice preferentially cluster with
P7KP derived UPS, while P7KP derived eRMS and pRMS clustered in a

separate class altogether. These data hint that UPS derived from P7KP and
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MDKP mice are more similar than RMS (eRMS and pRMS) generated in the
P7KP mice; in addition, only the Pax7" expressing cells give rise to a spectrum of
RMS, suggesting that Pax7*MyoD" cells are a cell of origin for UPS in vivo. Also
these data suggest transformation of a transit amplifying cell and not its stem
cell, gives rise to a more undifferentiated sarcoma. This is not without precedent,
because differentiated myelogenous leukemias can derive from the
hematopoietic stem cell, while more undifferentiated tumors can be generated
from the progenitor populations [43].

There are several salient features of the IP P7KP myogenic sarcoma
model worth noting. First, the model is initiated by mutations in genes that are
relevant to human RMS. Although recently called into question [13], p53 is
mutated in approximately 50% of human RMS [86, 102-104], and is deleted in
this model. Mutant RAS, primarily KRAS and NRAS, is observed in
approximately 20-35% of human non-alveolar RMS [105, 106]. In this mouse
model, oncogenic Kras is expressed from its endogenous promoter at
physiological levels [69]. Second, tamoxifen activates the conditional mutations

G120 and Trp53 in an inducible fashion via Cre-ER'™ in post-natal Pax7°F"

in Kras
and MyoD“®* mice. Therefore, the initiating mutations are restricted to either
Pax7" [71] or MyoD" cells, so that the consequences of transforming these cells

can be studied in vivo.
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Our findings confirm the unanticipated link between RMS and UPS
identified by Rubin and colleagues [17]. They reported that eRMS can be
initiated in maturing myoblasts (as defined by Myf6-expression), while UPS and
RMS develop from satellite cells in the context of p53 and Ptch1 mutations in
vivo. | also find that Pax7" satellite cells give rise to RMS and UPS. However,
using a novel MyoD-CreER line, | find that MyoD™ cells preferentially give rise to
UPS. Although | found that more differentiated MyoD™ cells are more likely to
give rise to UPS than Pax7" cells in vivo, it is possible that my results diverge
from Rubin and colleagues because | used mutant Kras instead of loss of Ptch1
to drive sarcomagenesis. In good agreement with both my in vitro and in vivo
data, Hettmer and co-workers report that RMS-like sarcomas can be initiated in
FACS-sorted activated satellite cells (referred to as skeletal muscle precursors)
by infecting Ink4a/Arf” satellite cells with mutant Kras retrovirally [67]. Similarly,
they also find that undifferentiated pleomorphic sarcomas (UPS) develop after
transformation of non-myogenic cell populations, a finding that we have
substantiated by transforming the adipogenic Sca1™ mononuclear cells from the
skeletal muscle into UPS. However, a major limitation of their study was the fact
that mutant Kras was not driven off the endogenous promoter, so that mutant
Kras levels were supraphysiological and therefore somewhat artificial.

These results do not exclude more differentiated cells, such as myotubes

and myofibers, as potential cells of origin for UPS and RMS. For example, it is

82



possible that initiating mutations can occur in a Pax7* and MyoD" myogenic
progenitor, but that the cell is not transformed until it differentiates into a
myogenin® myotube or Myf6" myofiber. Future directions include developing
inducible Cre models that are driven from the endogenous myogenin and Myf6

promoters and crossing these mice into our established KP tumor model.

7.3 Spatially restricted mouse models of UPS and RMS

Although IP P7KP and MDKP models are essential for studying cell of
origin, their variability in terms of anatomic distribution make them poor models
for preclinical studies. | have established two spatially- and temporally-restricted
mouse models of UPS and RMS initiated in Pax7" and MyoD* myogenic cells by
IM 4-OHT injection. The sarcomas initiated in the Pax7" cells are characterized
by multiple histological phenotypes including UPS and RMS. RMS was
determined by the presence of rhabdomyoblasts, immunohistochemical staining
for myogenic markers, and disorganized myofilaments by electron microscopy.
Therefore, we classified these sarcomas as mouse RMS. Consistent with this
classification, a molecular signature identified by gene expression profiling of
mouse RMS was enriched specifically in human RMS and not other human
sarcomas. In patients, RMS that lacks the Pax3-FOXO1 or Pax7-FOXO1 fusions
are considered non-alveolar RMS, which can be further classified according to

histopathology as eRMS, pleomorphic RMS, and other variants [107].
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While it is unlikely that a mouse model will phenocopy all of the complexity
observed in a single human sarcoma subtype, the histology of the P7KP
sarcomas derived from IM 4-OHT injection most closely resembles non-alveolar
RMS. Finally, sarcomagenesis at the site of 4-OHT administration is completely
penetrant and rapid as primary sarcomas can develop within 26 days (in the IM
P7KP model). Additionally, | was able to generate a spatially and temporally
restricted model of sarcoma using IM 4-OHT in MDKP mice, although this model
remains to be fully characterized. Future directions include characterizing the
histological spectrum of sarcomas from MDKP mice injected with 4-OHT and
performing GSEA to determine which human sarcomas these tumors mimic at
the gene expression level. Therefore, | anticipate that these models will be
particularly useful to study the early events of Pax7* and MyoD™ progenitor cell

transformation and UPS and RMS development in vivo.

7.4 The role of Hedgehog signaling in myogenic sarcoma

To examine whether comparing a tumor to its respective cell of origin
would allow me to identify signaling pathways that are upregulated disrupted in
the tumor and may therefore be a target for therapeutic intervention, | compared
the gene expression from IM P7KP and allograft-derived sarcomas to Pax7*
satellite cells to identify Hedgehog pathway by GSEA. Interestingly, within the

Hedgehog geneset (previously annotated and provided by the Broad Institute,
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Boston, MA), | noted that Gli3 was highly upregulated when compared to
transcript levels in normal satellite cells. Two interesting observations were
made from examining the geneset: (1) neither Gli1 nor Gli2, which represent the
critical activators of the Hedgehog pathway, were differentially expressed
between the sarcomas and normal satellite cells, and (2) Gli3 was upregulated in
the sarcomas versus the normal satellite cells, but is traditionally studied for its
repressor activity within the canonical Hedgehog pathway [108].

However, the observation that Gli3 transcript was upregulated in tumor
when compared to normal satellite cells needed to be validated by knocking
down Gli3, as well as Gli2 in myogenic sarcoma cell lines in vitro. | found that
only GIli3, but not Gli2, was able to inhibit mouse tumor cell growth in vitro.
Additionally, Gli3 was also required for tumor cell growth in vitro in two human
cell lines, one of which has a known activated Ras mutation. It is striking that
tumors driven by mutant Ras and loss of p53, two potent mutations that are
capable of transforming a variety of cell types into high grade tumors, is
dependent on what is considered a negative regulator of the Hedgehog pathway.

This observation begs the question: is knocking down Gli3 transcript
deleterious to the tumor cell because the activated full-length form of Gli3 is
being downregulated, or conversely, because the truncated repressor form of
Gli3 is being inhibited? One would imagine that if the former were true,

Hedgehog activation is essential for tumor cell proliferation; however, if the latter
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is true, Hedgehog suppression is important for tumor cell growth. Because Gli3
is post-translationally modified into activator and repressor forms [109],
knockdown of Gli3 will impact both isoforms of Gli3. Therefore, it is difficult to
ascertain whether the growth restriction phenotype is from knocking down the
activator, repressor, or both. Future directions should include experiments that
rescue the phenotype, either by introducing a mutated activator form that is
unable to be cleaved into the repressor form, or the repressor form itself.

To determine the role of Hedgehog signaling in vivo, | utilized the classic
Smoothened inhibitor cyclopamine and the recently developed Gli inhibitor GANT
61. Using the spatially and temporally restricted model of myogenic sarcoma (IM
P7KP mice), | induced tumors in the hindlimb and treated the mice with both
cyclopamine and GANT 61 in vivo. Although my previous work with Gli3
suggested that GANT 61 should inhibit tumor growth, | was surprised to find that
cyclopamine was equally effective in restricted tumor growth in a cytostatic
fashion. One possibility is that Gli3 activity is stabilized by mutant Kras or loss of
both alleles of p53. However, another possibility is that canonical Hedgehog
signaling mediated through constitutive Smoothened activation inhibits cleavage
of the full length (activated) form of Gli3. If this is the case, it will be interesting to
determine how mutant Kras or loss of p53 attenuates activated Smoothened

activation in vitro and in vivo.
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7.5 Conclusion

In summary, | determined that Pax7" myogenic progenitors are a cell of
origin for both UPS and RMS. | also find that MyoD™ progenitors are
preferentially a cell of origin for UPS. Furthermore, by comparing these
myogenic derived sarcomas with normal Pax7" satellite cells, | identified the
Hedgehog pathway as a critical mediator of myogenic sarcoma growth and
maintenance. | have also established two novel genetically engineered mouse
models of UPS and RMS, which are spatially and temporally restricted. These
models may be useful for testing novel therapies for RMS and UPS in the pre-

clinical setting.
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Appendix A: Descriptive statistics regarding the spatially and

temporally restricted P7KP and MDKP mouse models

Genotype Tumor Incidence |Range (Days)|Median Days
P7KP 18/18 24-53 26.5
Pax7°%* | SL-Kras®""" Trp53™'* 11/11 46-48 52
Pax7°=* Trp53FF! 5/13 67-252 173
Pax7--*.L SL-Kras®'*"" 0/10 n/a n/a

Genotype |Tumor Incidence | Range (Days)

Median Days

MDKP 25/25

21-56
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Appendix B: Genesets
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P7KP RMS vs MDKP P7KP UPS & MDKP vs P7KP RMS|
PALLD | CACNA2D1] RARG RAB32
[2810432L12R1K]  HRC | ALDH3A2 NGFRAP1
ATP1A2 FN3K SLC22A23 CENPV
ATP2AL DX MFSD3 CTPS2
EYA2 MUSTNT GSTOL RUFYL
CCND3 cacp2 AOAH SLC35B3
ANKRD2 [ PRR13 CCDC93
DNAJAY MTTP ARTN GLA
MYH4 ACSL1 MPP1 ORMDL2
KIF18 HSPB3 EMP3 cBX4
PRKARIA | TMEMBC G6PD2 RTN3
TASIRL | GPRCSC ABCA3 | 5133401NOSRIK
RBM38 CABC1 SLCA8AL NQO2
MYoD1 MYH3 DENNDSA MFSD1
CSRP3 HIPK3 PRKCDBP. FIG4
myor SYPL2 DCXR KANK3
ST3GALS _| ITGB18P2 PFa STABL
TCAP AKT2 RNASEH2C ALGS
CAV3 SRPR GM11847 G6PDX
ACTN3 | MTAP7D1 MFSDS VANGLL
NRAP PKIA PLEKHA1 E2F5
MYH8 RABA0B PRKRA 1AHL
MEF2C HSPB7 CPSF4 ZFPS1
PANX1 POLIM3 CRIPT RND2
POPDC2__| LMOD2 ZFANDZB PLS3
ARPP21 A28P1 APPL2 GM3756
TMOD4 LDB3 MAPK3 DKK2
JAG2 cCDCssc ARSA 5re)
CKMT2 TXLNE 5430435G22RIK| _ HPGDS
SH3BPS | CACNGG [ tpeais | QAL
ALPK3 JAM2
cAsal ZFPS68
PARM1 | APOBEC2
FYCO1 ANK1
CAPN3 1TGB6
FABP3 ATM
ARTL cAsQ2
FITML CDKN1A
TMEM38A | TNNCI |
DUSP13 DUSP3
SIN TPPP3
PYGM ACTN2
DLGAP4 ™
SLC2A4 | EHBPILL
NOTCH3 | EEF1A2
FEMIA
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