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Summary

II Summary.

Skeletal muscles exhibit a remarkable regeneration capacity that is mediated by resident
muscle stem cells (MuSCs). While normally quiescent they become activated upon injury,
proliferate and differentiate into myofibers to repair damaged skeletal muscle.
Rhabdomyosarcoma (RMS) tumors show features of skeletal muscle differentiation. Previous
studies revealed that RMS tumors form at high incidence in mdx mice that undergo chronic
muscle regeneration. However, unequivocal proofs on the cellular origin of these RMS tumors
are lacking. Consequently, the underlying molecular mechanism of how RMS tumors are

formed remain poorly understood.

In this study, | show that MuSC-specific deletion of the tumor suppressor p53 is
sufficient to induce formation of fluorescently lineage traced RMS tumors in conditions of
chronic muscle regeneration when MuSCs are activated. The genetic lineage tracing approach
demonstrated that MuSCs are the origin of RMS tumors in these mice. Importantly, the tracing
approach also enabled separation of cells from RMS tumors that are either derived from
transformed MuSC descendants or from stromal cells of non-MuSC origin. Whole-exome
sequencing performed on these purified tumor cell populations from different tumors revealed
discrete oncogenic copy number amplifications (CNA) associated with MuSC-derived RMS

tumor formation.

| performed a comprehensive analysis on the function of a poorly investigated gene
encoding for a putative transcriptional regulator called Duxbl, because this gene was recurrently
amplified in many of the exome-sequenced RMS tumors. Inactivation of Duxbl in tumor cells
harboring a Duxbl CNA resulted in cell death, indicating that Duxbl plays an important role in
both promotion and maintenance of Duxbl-associated RMS tumors. In contrast, overexpression

of Duxbl in MuSCs resulted in enhanced proliferation and inhibited myogenic differentiation.

I generated a mouse model enabling conditional overexpression of Duxbl and found that
induction of Duxbl in p53-deficient MuSCs is sufficient to induce RMS tumor formation in
vivo, proving that Duxbl can function as an oncogene. | discovered that overexpression of Duxbl
in conjunction with p53 inactivation induces expression of endogenous retrotransposons of the
ERVL subclass and that ERVL is specially re-activated in Duxbl-induced RMS tumors. This
study identifies Duxbl as a novel oncogene that is able to promote RMS tumor formation in
p53-deficient MuSCs, probably by activation of ERVL.
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Zusammenfassung

III Zusammenfassung.

Die Skelettmuskulatur verfugt tUber eine bemerkenswerte Regenerationsfahigkeit, die
durch residente Muskelstammzellen (MuSCs) vermittelt wird. Im normalen Ruhezustand
werden sie als Reaktion auf eine Verletzung aktiviert, proliferieren und differenzieren zu
Muskelfasern, um geschadigte Skelettmuskeln zu reparieren. Rhabdomyosarkom (RMS)-
Tumore enthalten Zellen, die Merkmale von Skelettmuskeldifferenzierung aufweisen.
Vorangehende Studien haben eine hohe Inzidenz von RMS-Tumorbildung in mdx-Mausen
gezeigt, die durch chronischen Muskelregeneration charakterisiert sind. Es fehlten jedoch
eindeutige Beweise fur den zelluldren Ursprung dieser RMS-Tumoren. Die molekularen
Mechanismen, welche der RMS-Tumorbildung zugrundeliegende sind nach wie vor nur

unzureichend verstanden.

In dieser Studie habe ich herausgefunden, dass bei der Aktivierung von MuSCs die
muskelspezifische Deletion des Tumor Suppressors p53 ausreicht, um eine RMS-
Tumorbildung unter chronischen Muskelregenerationsbedingungen zu induzieren. Durch
genetisches Lineage-Tracing konnte ich beweisen, dass MuSCs der Ursprung von RMS-
Tumoren in diesen Mausen waren. Zudem ermdglichte der Tracing Ansatz, Zellen aus RMS-
Tumoren zu isolieren, die von transformierten MuSC-Nachkommen abstammen, und solche
von Zellen mit nicht-MuSC-Ursprung zu unterscheiden. Die Sequenzierung der genomischen
DNA gereinigter Tumorzellpopulationen aus verschiedenen Tumoren ergab, dass verschiedene
diskrete Amplifikationen genomischer Bereiche mit der Bildung von RMS-Tumoren assoziiert

ist.

Ich analysierte umfassend die Funktion eines bisher wenig untersuchten Gens, das fiir
Duxbl kodiert und in RMS-Tumoren h&ufig amplifiziert ist. Man nimmt an, dass es sich bei
Duxbl um einen Transkriptionsregulator handelt. In Tumorzellen, die Duxbl CNA enthalten,
flhrte die Inaktivierung von Duxbl zum Zelltod, was darauf hindeutet, dass Duxbl eine wichtige
Rolle bei der Forderung und Aufrechterhaltung von Duxbl-assoziierten RMS-Tumoren spielt.
Umgekehrt erhéht die Uberexpression von Duxbl in MuSCs die Proliferation und hemmt die

myogene Differenzierung.

Ich habe ein Mausmodell generiert, in welchem Duxbl konditional Gberexpremiert
werden kann. Es zeigte sich, dass die Induktion der Duxbl Expression in p53-defizienten
MuSCs ausreichend war, um die Bildung von RMS-Tumoren in vivo zu induzieren. Dies

beweist, dass Duxbl als Onkogen wirken kann. Weiterhin fand ich heraus, dass die
6



Zusammenfassung

Uberexpression von Duxbl und die Inaktivierung von p53 die Expression der endogenen ERVL-
Subklasse von Retrotransposons induziert und dass ERVL spezifisch in Duxbl-induzierten
RMS-Tumoren aktiviert ist. Die vorliegende Studie beweist, dass Duxbl ein neuartiges
Onkogen ist, das die RMS-Tumorbildung in p53-defizienten MuSCs fordert, mdglicherweise
durch Induktion der Aktivierung von ERVL.

Schlusselwdrter: MuSCs, RMS, Tumor-Vermehrungszellen, Duxbl, ERVL



Introduction

1. Introduction.

1.1 Skeletal muscles.

1.1.1 Structures and functions of skeletal muscles.

Skeletal muscles are one of the most dynamic and plastic tissues of the human body that
contains approximately 600 individual muscles (Chal and Pourquié, 2017b), which together
make up roughly 45 % of the total body weight (Frontera and Ochala, 2015). An individual
skeletal muscle comprises hundreds or thousands of multinucleated muscle fibers bundled
together and wrapped in connective tissue coverings called epimysium. Bundles of muscle
fibers are organized into so called fascicles that are surrounded by perimysium (Capers, 1960;
Frontera and Ochala, 2015). This organization enables the nervous system to activate a subset
of muscle fibers thereby triggering specific body movements (Pham and Puckett, 2020). Each
muscle fiber is encased in a thin connective tissue layer of collagen and reticular fibers known
as endomysium, which supports force transmission during muscle contractions (Purslow, 2008).
The endomysium also contains extracellular fluid and nutrients to support the metabolic
demands of muscle fibers (Purslow, 2008). Collectively, the epimysium, perimysium, and
endomysium allows skeletal muscles to form a ropelike tendon or flat sheet-like aponeurosis,
attaching skeletal muscles with movable structures such as bones, cartilages ligaments, and

fibrous membranes.

,,,,,,,,,,

Figure 1. Schematic diagram of skeletal muscle tissue.

(A) Skeletal muscles are organized within extracellular matrix consisting of
epimysium (surrounding the muscle), perimysium (surrounding muscle fascicles),
and endomysium (surrounding muscle fibers). (B) Longitudinal cross-section of a
skeletal muscle. The perimysium is connected to the tendon, whereas endomysium
is contained within muscle fascicles (Gillies and Lieber, 2011).

8



Introduction

1.1.2 Skeletal muscle development.

The formation of skeletal muscles during embryonic development can be divided into
three main phases (Buckingham et al., 2003). In the first two phases, myoblasts are formed
within anatomically discrete locations of the developing organism, while in the third phase the
muscle grows through fusion of myoblasts. These processes are tightly controlled by timely

expression of muscle-specific proteins (Buckingham et al., 2003; Fiorotto, 2012).

The first embryonic myogenic phase occurs when the dermomyotome is formed from
the paraxial mesoderm (Aulehla and Pourquié, 2010). At this stage, future myoblasts
delaminate from the paraxial mesoderm that organize into aggregates of epithelial cells called
somites on either side of the neural tube and notochord. The progressive formation of somites
proceeds in a head-to-tail arrangement (termed the segmentation clock) (Fiorotto, 2012). At this
stage, a posterior to anterior gradient of the fibroblast growth factor (FGF) and activation of
Whnt/B-catenin signaling maintains presomitic mesodermal cells in the undifferentiated state
(Volckaert and De Langhe, 2015). Antagonism by retinoic acid (vitamin A) signaling leads to
differentiation of the somites (Lamarche et al., 2015). The dorsal surface of the somites then
forms the dermomyotome which contains muscle lineage progenitor cells (Buckingham et al.,
2003).
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Figure 2. Embryonic development of skeletal muscles

Introduction

(A) Spatial organization of mesoderm fate in the posterior region of an amniotes
embryo. Mesoderm forms by ingression of epiblast cells at the level of the primitive
streak (PS). Mesoderm subtypes (color-coded) are distinguished by their
mediolateral position, whereby the axial mesoderm corresponds to the notochord.
The lateral domains of the paraxial mesoderm (PM), intermediate mesoderm (1M)
and lateral plate mesoderm (LPM), and the corresponding marker genes are shown.
BMP, Wnt, FGF and retinoic acid (RA) signaling factors are distributed in gradients

as shown to the right.

(B) Diagram recapitulating the differentiation of paraxial mesoderm toward skeletal

muscles.

Adapted from (Chal and Pourquié, 2017a).

In the second phase, muscle lineage progenitor cells that express the myogenic

homeobox transcription factors Pax3 and Pax7 differentiate into skeletal myoblasts
(Buckingham and Relaix, 2007; Hutcheson et al., 2009; Tajbakhsh, 2009). The commitment of
muscle lineage progenitors to become muscle precursor cells or myoblasts is initiated by highly

regulated expression of myogenic regulatory factors (MRFs), transcription factors which

include basic helix—loop-helix (bHLH) transcription factors Myf5, MyoD, MyoG and Mrf4
(Hutcheson et al., 2009; Tajbakhsh, 2009). Wnts and Sonic hedgehog (Shh) promote expression

of MRFs while negative regulators like the bone morphogenetic proteins (BMPs) and the Notch
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signaling pathway inhibit MRFs expression and myogenic differentiation (Fiorotto, 2012). Such
spatial and temporal regulation of MRFs expression ensures that progenitor cells undergo

proliferation and/or differentiation at the right site and time.

The third phase of myogenesis comprises two waves. The first wave results in the
formation of primary fibers that act as supporting scaffolds for forming muscle shape and
orientation. During the second wave, proliferating fetal myoblasts fuse to form secondary
myotubes along the primary myotubes (Buckingham, 1992; Buckingham et al., 2003; Murphy
and Kardon, 2011). It is assumed that not all myogenic progenitors undergo differentiation. The
progenitors that retain Pax7 expression maintain the undifferentiated state and adopt a state of
dormancy, also termed quiescence, between differentiated muscle fibers. Quiescent Pax7-
expressing cells are considered as the developmental origin of muscle stem cells (Gros et al.,
2005; Kassar-Duchossoy et al., 2005; Relaix et al., 2005; Schienda et al., 2006).

1.1.3 Skeletal muscle regeneration.

After embryonic muscle development, skeletal muscles can form de novo through
muscle regeneration. Embryonic and regenerative myogenesis share many common features.
In fact, the core embryonic myogenic program is believed to be re-activated in muscle stem
cells during muscle regeneration (Tajbakhsh and Cossu, 1997). Like embryonic myogenesis,
skeletal muscle regeneration is a highly regulated process. It involves various cellular responses,
which can be divided into three distinguishable but overlapping phases: i) necrosis and
inflammation of the injured muscle; ii) activation, proliferation, and differentiation of resident
muscle stem cells (MuSCs) into muscle fibers and iii) remodeling and maturation of newly-

formed muscle fibers.

In the first phase, skeletal muscle regeneration begins with necrosis of muscle fibers,
which upon damage releases DAMPs (damage-associated molecular patterns) such as creatine
kinase and miR-133a to the interstitial space. Release of DAMPs into the damaged tissue
environment induces infiltration of different immune cells to the site of injury inducing
inflammation (Angelini et al.,, 1968; Chazaud et al., 2003; Laterza et al., 2009). The
complement system is the first defense line of innate immunity, which immediately activates
seconds after injury (Zipfel and Reuter, 2009). It senses the injury and promotes activation
and infiltration of mast cells, neutrophils, and macrophages to the lesion site (Frenette et al.,

2000). Activated mast cells release pro-inflammatory cytokines such as TNF-o or IL-1 to
11
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enhance recruitment of immune cells (Radley and Grounds, 2006). The infiltrating neutrophils
release enzymes and oxidative factors to remove fiber debris (Dumont et al., 2008). CD68 and
CD163 positive macrophages remove fiber debris by phagocytosis and contribute to the

termination of inflammation (Chazaud et al., 2009).

Degeneration/necrosis

o Neutrophils M1 Debris removal
Al
Muscle iniury Inflammation Proinflammatory cytokines production

Macrophages<_ = ) )
Motor neuron Satellite cells M2 Anti-inflammatory cytokines production
end plate P21 Satellite cell activation
o{ Satellite cell activation

Myonuclei Regeneration Stem cell recruitment

- Regenerating fibers

Injured fibers

Figure 3. Schematic model-outlining phases of skeletal muscle regeneration.

Skeletal muscle regeneration occurs in three interlaced and time-dependent phases
(text in blue). Necrosis of muscle fibers activates a transient muscle inflammation,
leading to the activation of resident MuSCs, which proliferate and differentiate to
replace damaged muscle myofibers.

Adapted from (Musard, 2014), with modifications.

Cell proliferation mediates the second phase of skeletal muscle regeneration. Blocking
cell proliferation through colchicine treatment or irradiation significantly inhibits skeletal
muscle regeneration (Pietsch, 1961; Quinlan et al., 1995). Activation and proliferation of
resident MuSCs is the key event of this phase. At this phase, MuSCs exit quiescence, re-enter
the cell cycle, undergo differentiation, and finally fuse to existing damaged myofibers or form
myofibers de novo (Goh and Millay, 2017). Newly-formed myofibers appear as early as four
days after injury and display a distinguished morphology, including small caliber size and
centrally located myonuclei. In addition, newly formed myofibers express unique myosin
isoforms that are normally only expressed during embryonic muscle development such as
embryonic myosin heavy chain (eMHC) (Etienne et al., 2020; Goh and Millay, 2017; Murphy
et al., 2011b; Yin et al., 2013). Besides MuSCs, proliferation of other cell types concurs with
skeletal muscle regeneration, such as the proliferation of fibro-adipogenic progenitors (FAPs),

a muscle interstitial mesenchymal cell population that is required for the generation of

12
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extracellular matrix, provides trophic support to the skeletal musculature (Biferali et al., 2019;
Chapman et al., 2017; Liu et al., 2017).

During the last phase, newly-formed myofibers increase in size and centrally located
myonuclei move to the periphery of the muscle fibers. This process initiates from the first week
after injury, peaks during the second week and lasts for several weeks until the skeletal muscles
have reached homeostasis and have fully recovered (Huard et al., 2002). Interestingly, the
growth and maturation of skeletal muscles during regeneration requires muscle innervation in
the last phase. Muscle innervation and nerve activity directly influence gene expression within
multinucleated regenerating myofibers and therefore indirectly influence proliferation and
differentiation of MuSCs (Mozdziak et al., 2001; Musaro, 2014).

1.2 Muscle stem cells.

1.2.1 Identification and characterization of MuSCs.

Skeletal muscle stem cells were first discovered half a century ago when Alexander
Mauro and colleagues observed a group of mononucleated cells at the periphery of adult skeletal
muscle myofibers through electron microscopy (Mauro, 1961). Based on their sublaminal
location on the myofibers plasma membrane, these cells were named “satellite” cells (Mauro,
1961). It is now well established that satellite cells fulfill the hallmarks of stem cells such that
they can either self-renew or undergo differentiation and are thus now more commonly referred
to as muscle stem cells (MuSCs) (Collins et al., 2005; Relaix et al., 2021).

The first evidence that MuSCs exhibit stemness was provided in 1971 through tracing
experiments wherein nuclei of MuSCs were labeled with [®H] thymidine. These labelled nuclei
were detected in myonuclei of mature myofibers, suggesting that MuSCs contribute to the
formation of skeletal muscles (Moss and Leblond, 1971; Snow, 1977). In support of this notion,
researchers later found that transplanting single myofibers containing as few as seven MuSCs

could eventually generate hundreds of new MuSCs in the recipients (Collins et al., 2005).

Functional studies of MuSCs-specific genes have greatly extended the knowledge on
the biology of MuSCs (Mauro, 1961; Relaix, 2006). The identification of MuSC-specific
biomarkers has enabled to prospectively purify MuSCs. These biomarkers include myogenic
homeobox transcription factors Pax3/Pax7, MRFs, and other membrane (surface) proteins.
Several mouse models have been developed through genetic engineering wherein MuSCs

13
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express fluorescent markers under the control of MuSC-specific promoters. Examples include
a Pax3-GFP reporter mouse model as well as Pax7-ZsGreen and Pax7-nGFP reporter mouse
models (Bosnakovski et al., 2008b; Montarras et al., 2005; Sambasivan et al., 2011). Additional
and frequently used MuSC-specific markers include cell-surface attachment receptor a7-
intergin, cluster of differentiation protein CD34, transmembrane heparan sulfate proteoglycans
syndecan-3 and syndecan-4, chemokine receptor Cxcr4 and calcitonin receptor (Beauchamp et
al., 2000; Burkin and Kaufman, 1999; Cornelison et al., 2001; Fukada et al., 2007; Ratajczak
etal., 2003). A common method to purify MuSCs from skeletal muscle derived cell suspensions
is fluorescent activated cell sorting (FACS) using antibodies to positively select for a7-integrin
and CD34 expressing MuSCs while excluding hematopoietic and fibrogenic cell types with
antibodies against CD45, CD11b, CD31, and Ly6a (Pasut et al., 2012).

1.2.2 The regulators of skeletal muscle regeneration.

MuSCs play a crucial role in skeletal muscle regeneration in both physiological (e.g.,
extensive exercise) and pathological conditions (e.g., muscular dystrophy) (Parise et al., 2008;
Ribeiro et al., 2019). While they normally reside in a quiescent state, MuSCs become activated
at the lesion site in response to muscle injury, proliferate, differentiate and eventually form new
myofibers. MuSCs are absolutely required for regeneration since their genetic ablation
abolishes muscle regeneration (Murphy et al., 2011a; Sambasivan et al., 2011). Similar to
embryonic myogenesis, Pax and MRFs transcription factors display important roles in the
regulation of MuSCs behavior during regenerative myogenesis. The differential expression

patterns of these factors reflect the activities of MuSCs and their state of differentiation.

Pax7 is predominantly expressed in quiescent and undifferentiated MuSCs. Pax7 does
not only serve as a marker of undifferentiated MuSCs. Genetic inactivation of Pax7 in MuSCs
significantly reduces MuSC proliferation and therefore inhibits muscle regeneration (Kuang et
al., 2006; Seale et al., 2000). Conversely, forced overexpression of Pax7 in MuSCs enhances
proliferation rates (Glnther et al., 2013). Pax7 acts genetically upstream to the MRFs like MyoD
and Myf5 (Relaix et al., 2005; Seale et al., 2000). In chromatin immunoprecipitation (ChlP)
assays it has been shown that Pax7 directly binds a DNA region between -1.5 and -1.6 kb
upstream of the MyoD transcriptional start site (TSS) thereby regulating its expression (Hu et

al., 2008). Interestingly, genomic translocation resulting in fusions of Pax7 with the
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transcriptional activation domain of Foxola results in formation of alveolar rhabdomyosarcoma

that concurs with an upregulation of MyoD in tumor cells (Barr, 2001).

Myf5 and MyoD are immediately expressed upon activation of MuSCs and contain a
conserved basic DNA binding domain that binds to the consensus E-box sequences (CANNTG)
on muscle-specific gene promoters (Davis et al., 1990; Le Grand and Rudnicki, 2007). Myf5
and MyoD are mainly involved in muscle specification. Along this line, when overexpressed
they can convert fibroblasts into muscle cells (Choi et al., 1990; Davis et al., 1987). Myf5 mutant
mice exhibit a significant decrease of MuSC numbers and a significant delay in skeletal muscle
regeneration (Ustanina et al., 2007). Like Myf5, MyoD is also expressed as MuSCs become
activated. Notably, once Myf5 and MyoD are expressed, MuSCs are irreversibly committed to

myogenic differentiation (Crescenzi et al., 1990; Halevy et al., 1995).

Notably, inactivation of either Myf5 or MyoD alone does not result in absence of
myogenesis (Rudnicki et al., 1992). Loss of Myf5 abolishes the first wave of emerging muscle
cells during development but this loss is efficiently compensated by MyoD expressing cells
during embryonic myogenesis (Braun et al., 1992; Gensch et al., 2008). Primary myoblasts
isolated from MyoD mutant mice display myogenic differentiation defects (Sabourin et al.,
1999). Compound inactivation of Myf5 and MyoD mice results in a complete lack of skeletal
muscle formation suggesting functionally redundancy between these two MRFs, which is
supported by the fact that Myf5 and MyoD share overlapping DNA binding sites (Conerly et al.,
2016b). Consistent with this, Myf5 is highly expressed in MyoD mutant MuSCs (Rudnicki et al.,
1992). However, functional differences between MyoD and Myf5 exist since genetic knock-in
of Myf5 into the MyoD locus of MyoD mutant mice does not completely rescue delayed
differentiation phenotypes (Haldar et al., 2014; Kablar et al., 1997). Along this line, Myf5 does
not robustly recruit Polll to induce gene transcription once bound to cognate loci, whereas
MyoD does (Conerly et al., 2016a). Therefore, Myf5 and MyoD exhibit functional divergence

at identical binding sites including differential co-factor recruitment.

MyoG (Myogenin) governs the development of functional skeletal muscles, but it is
dispensable for the expression of all other muscle determination genes (Dilworth and Blais,
2011; Liu et al., 2012; Venuti et al., 1995). Therefore, MyoG acts genetically downstream to
Pax7, MyoD and Myf5. MyoG is expressed at the late stage of myogenic differentiation
subsequent to MyoD and Myf5 expression. Inactivation of MyoG abolishes terminal MuSC
differentiation. MyoG deficient mice exhibit severe skeletal muscle deficiencies (Hasty et al.,

1993; Nabeshima et al., 1993). Most MyoG mutant mice die at birth; surviving mice display
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severe growth deficiencies and are 30% smaller than control mice (Knapp et al., 2006).
However, when removing MyoG as early as 1 day after birth (P1) after most of the skeletal
muscle has formed, mice survive and do not develop or display overt muscle abnormalities
except for modest alterations in MyoD and Mrf4 expression levels (Knapp et al., 2006;
Meadows et al., 2008). No MRF members can compensate for the loss of MyoG (Rawils et al.,
1995).

Mrf4 is the MRF member that is expressed latest during myogenesis and is essential for
the maturation of myotubes. The expression of Mrf4 in late myogenesis mediates the
reorganization of myofilaments and migration of centrally located myonuclei to the periphery

of myofibers (Megeney and Rudnicki, 1995).
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Figure 4. Interplay between the myogenic regulatory factors (MRFs) during
skeletal muscle regeneration.

Pax7 is mainly expressed in quiescent MuSCs. Upon muscle injury, MuSCs become
activated and express Myf5 and MyoD and begin to proliferate. Later, MyoD-positive
cells exit from the cell cycle and initiate MyoG expression, which is important for
the differentiation of myoblasts and their fusion to form myofibers. Mrf4 acts in the
late regeneration phase and is required for the maturation of myofibers.

Adapted from(Meadows et al., 2008), with modifications.

1.3 Introduction to rhabdomyosarcoma.

1.3.1 The features and diagnosis of RMS tumors.
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Tumor incidence is closely associated with the turnover of the tissue resident stem cells.
Primary tumors develop more commonly in highly proliferative tissues such as in skin, intestine
or blood (Ferlay et al., 2018). In contrast, the incidence of tumor formation is lower in soft
tissues such as the skeletal muscle. Roughly 350 deaths related to soft tissue tumors are reported
every year in the USA alone (Ferlay et al., 2018). Rhabdomyosarcoma (RMS) is the most
common soft tissue tumor accounting for nearly half of all reported cases (Arndt and Crist,
1999). RMS tumors can present anywhere in the body but occurs most often in extremities,
genitourinary system, head, and neck region (Arndt and Crist, 1999). Despite the significant
advances that have been made to treat non-metastatic RMS tumor patients, the 5-year survival
rate of patients with metastatic RMS tumors is lower than 30 % and has not improved in the

past three decades (De Giovanni et al., 2009).

Besides anatomical location, RMS tumors diagnosis primarily relies on skeletal muscle
differentiation features. RMS tumors harbor rhabdomyoblast-like cells, which are analyzed via
immunohistochemistry staining and the expression of muscle lineage genes, including Desmin,
MyoD, MyoG, and muscle-specific actin (Dias et al., 1990; Parham et al., 1991). RMS tumors
are subdivided into two major subtypes, alveolar rhabdomyosarcoma (aRMS) and embryonal
rhabdomyosarcoma (eRMS), counting roughly 60 % and 16 % of overall RMS tumors,
respectively (Sultan et al., 2009). eRMS tumors most commonly consist of a heterogeneous
mixture of immature mesenchymal cells and more differentiated elongated cells expressing
myogenic differentiation markers. In contrast, aBRMS tumors are composed of small, poorly
differentiated and densely packed cells organized around spaces that are reminiscent of
pulmonary alveoli. While also expressed in some eRMS tumors, MyoG expression is usually
used as a specific marker for aRMS tumors to distinguish them from other RMS subtypes. In
clinical analysis, MyoG has 75 % specificity for aRMS tumors and only 25 % specificity for
eRMS tumors (Kumar et al., 2000). Other reports have also suggested a combination of gene
expression patterns for RMS tumor diagnosis such as a combination of EGFR/fibrillin-2 for
eRMS tumors and AP2beta/P-cadherin for aRMS tumors, respectively (Wachtel et al., 2006).
Overall, profound heterogeneity exists not only across RMS subtypes but also within one and

the same RMS subtype.
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Figure 5. RMS tumor localization and histology.
(A) Primary sites of RMS tumors.
(B) Hematoxylin & Eosin staining of aRMS (left panel) and eRMS (right panel).
Adapt from (Arndt and Crist, 1999; Skapek et al., 2019) with modification.

1.3.2 The causes of RMS tumors.

Although classification of RMS tumor subtypes based on expression markers and
histology serve prognostic and diagnosis value, it is too simplistic. Instead, recent studies have
suggested to distinguish RMS tumors into two other clusters based on molecular markers. These
distinctions are based on the finding that RMS tumors can be subdivide into two molecular
subtypes: PAX-fusion positive (PFP) and PAX-fusion negative (PFN) RMS tumors, which
show distinct genetic landscapes and methylation patterns (Davicioni et al., 2006; Seki et al.,
2015; Shern et al., 2014; Wachtel et al., 2004).

Approximately 80 % of all aRMS tumors are PFP (Sorensen et al., 2002). These tumors
comprise the genomic translocations t (2;13)(g35;g14) and t (1;13)(p36;q14), which lead to the
generation of chimeric Pax3-Foxol and Pax7-Foxol genes, respectively (Sorensen et al., 2002).
Occasional other rare translocations result in alternative Pax gene fusion products including
Pax3-Foxo4, Pax3-Ncoal, Pax3-Ncoa2, and Pax3-1no80D (Wachtel and Schéfer, 2015).

Fusion of the DNA binding domain of Pax genes to transcriptional transactivation domains of
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other genes leads to generation of oncogenic and chimeric transcription factors that are capable
of inducing aberrant expression of cognate genes. For example, two genes that are frequently
upregulated in PFP tumors are Cdk4 and Mycn, overexpression of which are alone sufficient to
induce tumorigenic transformation (Shern et al., 2015). These translocation events are almost

never observed in eRMS tumors (El Demellawy et al., 2017; Sorensen et al., 2002).

In contrast to PFP tumors, PFN tumors exhibit a much more complex genetic landscape
and exhibit varying mutations. Some eRMS tumors, exhibiting mutations of Ras genes, are
exclusive to PFN. Interestingly, overexpression of Ras in myoblasts appears to amongst the
fastest way to induce RMS tumor transformation (Langenau et al., 2007). Indeed, Ras
expression has been long recommended as a marker to stratify PFN patients based on the fact
that 75 % of the high-risk and 45 % of the intermediate-risk RMS tumor patients contain Ras-
related mutations (Chen et al., 2013). Notably however, inhibitors against the RAS/PI3K
pathway do not significantly affect growth of RMS tumor cells derived from PFN xenografts
indicating that the genetic etiology of such tumors might not only depend on Ras genes alone
(Chen et al., 2013). Besides, many other mutations associated with PFN but not primarily with
PFP have been identified including mutations in genes related to the p53 axis, including
mutations in p53 itself, amplifications of its negative regulators Mdm4/Mdmz2, loss of Cdkn2a,
or hyperactivating mutations Cdk4, Os9, Glil and/or FGFs and its receptor FGFRs (Chen et al.,
2013; Shern et al., 2014).

1.3.3 The cellular origin of RMS tumors.

Despite the rapid improvement of sensitive sequencing technologies enabling
identification of mutations and genomic alterations, the cellular origin in which these genetic
alternations actually occur giving rise to the tumor often remains unclear. Much attention has
been directed to adult stem cells owing to their inherent proliferation ability and multipotent
potential (Charytonowicz et al., 2009). As for other cancer types, identifying the cellular origin
of RMS tumors is challenging. Mesenchymal stem cells (MSCs) have long been considered as
a potential cellular origin of RMS tumors. Fusion proteins found in RMS tumors can induce
transcriptional and phenotypic changes that resemble sarcoma when overexpressed in MSCs
(Tirode et al., 2007). Moreover, inhibiting expression of oncogenic fusions in RMS tumor cells
can shift their gene expression pattern towards that of MSCs (Tirode et al., 2007). More recently,

it was shown that overexpression of the sonic hedgehog effector SmoM2 in endothelial
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progenitors results in myogenic transdifferentiation and RMS tumor formation in mice,
suggesting that RMS tumors can also originate from non-myogenic cells (Drummond et al.,
2018).

Since the presence of myogenic features is a hallmark of RMS tumors, various reports
have implicated MuSCs and/or their more differentiated descendants to be a predominant origin
of RMS tumors. In support of this notion, it has been shown that overexpression of the major
Hippo signaling effector Yapl in muscle cells can elicit RMS tumor formation in mice
(Tremblay et al., 2014). Moreover, conditional mouse models wherein various tumor
suppressors are deleted in the myogenic lineage under resting conditions eventually give rise to
RMS tumors with varying penetrance (Rubin et al., 2011). Most interestingly, an increased
incidence of spontaneous RMS tumor formation occurs in aged mdx mice, a mouse model of
Duchenne muscular dystrophy (Chamberlain et al., 2007b; Hosur et al., 2012a). Later it was
shown that p53 deletion in mdx mice not only significantly increases RMS tumor incidence but
also dramatically reduces the latency of RMS tumor formation (Camboni et al., 2012). Together,
these results strongly suggest that muscle regeneration might provide an environment that

promotes the initiation of RMS tumors from p53-deficient MuSCs.

1.4 Thesis aim and overview.

Previously, it was shown that RMS tumor formation occurs with high rate under
conditions of continuous regeneration in p53-deficient (Camboni et al., 2012). However,
definitive evidence on the cellular origin of RMS tumors was still lacking. Consequently, the
causative mechanisms that transform the yet undefined cancer cell of origin of RMS tumors

had remained elusive.

Based on the fact that MuSCs are the major source of muscle regeneration, the first aim
was to test whether MuSCs are a cellular origin of RMS tumors by inducing p53 definition
specifically in MuSCs under regenerative and non-regenerative conditions. The second aim was
to investigate the molecular mechanisms underlying RMS tumor formation. Based on the idea
that oncogenic transformation occurs through acquisition of tumorigenic mutations (Ashkenazi
et al., 2008), an additional aim was to identify these tumorigenic mutations by genomic

sequencing of tumor propagating cells.
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The last aim was to test whether such mutations in MuSCs play causative roles in RMS
tumor formation by analyzing hallmarks of cancer including cell proliferation and

differentiation through a series of in vitro and in vivo gain- and loss-of-function experiments.
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2. Materials and methods.

2.1 Materials.

2.1.1 Antibodies.

Table 1. List of primary antibodies.

Antibody Source and types Company Dilution

GAPDH rabbit,polyclonal Cell Signaling Techn. (Cat.2118) | WB (1:5000)
B-actin mouse,monoclonal | Sigma (Cat.A-5441) WB (1:5000)
Myogenin rabbit,polyclonal Sigma (Cat.HPA03809) WB, IHC (1:1000)
Desmin rabbit,polyclonal Sigma (Cat.D8281) WB, IHC (1:1000)

Pan-canherin

mouse,monoclonal | BD (Cat.610182)

WB, IF (1:1000)

V5-tag

rabbit,polyclonal Abcam (Cat.ab9116)

WB, IF (1:1000)

MyoD1

rabbit,polyclonal Abcam (Cat.ab64159)

WB, IHC (1:1000)

Table 2. List of secondary antibodies.

Antibody Source and types Company Dilution
Anti-rabbit IgG | goat, HRP-conjugated Pierce (Cat.1858415) WB (1:5000)
Anti-mouse 1gG | goat, HRP-conjugated Pierce (Cat.1858413) WB (1:5000)
Anti-rabbit IgG | goat, Alex594-conjugated | Invitrogen (Cat.A11012) | IF (1:1000)
Anti-mouse 1gG | goat, Alex488-conjugated | Invitrogen (Cat.A11070) | IF (1:5000)
2.1.2 Primers.
All primers were synthesized and ordered from Sigma-Aldrich
Table 3. List of primers for quantitative real-time PCR (QRT-PCR).
Gene name | Primers sequences (57-3”) Annealing
temp.in °C
Duxbl Forward:5’-GCATCTCTGAGTCTCAAATTATGACTTG-3’ 60
Reverse:5’-GCGTTCTGCTCCTTCTAGCTTCT-3’
Yapl Forward:5’-ACCCTCGTTTTGCCATGAAC-3’ 60
Reverse:5’-TGTGCTGGGATTGATATTCCGTA-3’
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B-actin Forward:5’-TAGGCACCAGGGTGTGATGG-3’ 60
Reverse:5’-CATGGCTGGGGTGTTGAAGG-3’

GAPDH Forward:5’-TCCATGACAACTTTGGCATTG-3’ 60
Reverse:5’-CAGTCTTCTGGGTGGCAGTGA-3’

Zscan4 Forward:5’-AAATGCCTTATGTCTGTTCCCTATG-3’ 58
Reverse:5’-TGTGGTAATTCCTCAGGTGACGAT-3’

Zfp3520 Forward:5’-AGAGGACAAGACCCAGTGCAG-3’ 60
Reverse:5’-GAGGTCCTCATCTGACCCAAG-3’

Zbed3 Forward:5’-AGAGGACAAGACCCAGTGCAG-3’ 59
Reverse:5’-GAGGTCCTCATCTGACCCAAG-3’

Eifla Forward:5’-AACAGGCGCAGAGGTAAA AA-3’ 62
Reverse:5’-GAGGTCCTCATCTGACCCAAG-3’

RikORF Forward:5’-CCCAACTCAACCATCTCCAGC-3’ 60
Reverse:5’-TCCAAGGGACTCTTCAGGCATC-3°

LINE1- Forward:5’-CTCGGCAGAAACCCTACAAG-3’ 60

ORF1 Reverse:5’-CCATGTTTAGCGCTTCCTTC-3’

ERVL Forward:5’-ATCTCCTGGCACCTGGTATG-3’ 60
Reverse:5’-AGAAGAAGGCATTTGCCAGA-3’

LINE1- Forward:5’-GGAGGGACATTTCATTCTCATC-3’ 60

ORF2 Reverse:5’-GCTGCTCTTGTATTTGGAGCATAGA-3’

MusD Forward:5’-GGAGGGACATTTCATTCTCATC-3’ 60
Reverse:5’-GCTGCTCTTGTATTTGGAGCATAGA-3’

GLN Forward:5’-CGTAAGGACCCTAGTGGCTG-3’ 60
Reverse:5’-GCACTCACTCTTCTTCACTCTG-3’

IAP-gag Forward:5’-AATCTCAGAACCGCTCCATGA-3’ 60
Reverse:5’-TTTCTTAAAATGCCCAGGCTTT-3’

IAP-pol Forward:5’-CTTGCCCTTAAAGGTCTAAAAGCA-3’ 60
Reverse:5’-GCGGTATAAGGTACAATTAAAAGATATGG-3°

IAP-5UTR | Forward:5’-CGGGTCGCGGTAATAAAGGT-3’ 60
Reverse:5’-ACTCTCGTTCCCCAGCTGAA-3’

MERVK10 | Forward:5’-CAAATAGCCCTACCATATGTCAG-3’ 58

C Reverse:5’-GTATACTTTCTTCTTCAGGTCCAC-3°

ERVK10CL

Forward:5’-GTGTGAGACACGCCTCTCCT-3’

60
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TR Reverse:5’-GGGAGAGCTTGA TTGCAGAG-3’

ERVK10CG | Forward:5’-GTGTGAGACACGCCTCTCCT-3’ 60

AG Reverse:5’-GGGAGAGCTTGA TTGCAGAG-3’

ERVK10CP | Forward:5’-GCCACCAGAGACA TGGTTTT-3’ 60

oL Reverse:5’-CGGGCTTCTTTTCTTGTGAG-3’

ERVKI10CE | Forward:5’-TATCGCCTCAGGGTTAATGC-3’ 60

NV Reverse:5’-TGGATGCCACACAACTCATT-3”

Table 4. List of primers for genotyping.

Gene name | Primers sequences (5°-3”) Annealing

temp.in °C

Pax7C"™ERT2 | Forward:5’-ACTAGGCTCCACTCTGTCCTTC-3’ 58
Reverse:5’-GCAGATGTAGGGACATTCCAGTG-3’

ZsGreen Forward:5’-CTGCATGTACCACGAGTCCA-3’ 57
Reverse:5’-GTCAGCTGCCACTTCTGGTT-3’

Rosa26 RosaFA:5’-AAAGTCGCTCTGAGTTGTTAT-3’ 57

CAGG RosaRF:5’-GGAGCGGGAGAAATGGATATG-3’
SpliAC:5’-CATCAAGGAAACCCTGGACTACTG-3’

Mdx Forward:5’-GCGCGAAACTCATCAAATATGCGTG 60
TTAGTGT-3’
Reverse:5’-GATACGCTGCTTTAATGCCTTTAGTC
ACTCAGATAGTTGAAGCCATTTTG-3’

tdTomato Forward:5’-CTGTTCCTGTACGGCATGG-3’ 58
Reverse:5’-GGCATTAAAGCAGCGTATCC-3’

p53"1°%/p534 | Forward:5’-CACAAAAACAGGTTAAACCCAG-3’ 55
Reverse-p531°:5’-AGCACATAGGAGGCAGAGAC-3’
Reverse-p532:5’-GAAGACAGAAAAGGGGAGGG-3’

Table 5. List of sequences for sShRNA.

ShRNA name Primers sequences (5°-3) Resource

Yapl shRNA#1 5’-GCAGACAGATTCCTTTGTTAA-3’ Sigma Aldrich

Yapl shRNA #2 5’-CCACCAAGCTAGATAAAGAAA-3’ Sigma Aldrich
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Yapl shRNA #3 5’-CGGTTGAAACAACAGGAATTA-3’ Sigma Aldrich
Yapl shRNA #4 5’-GCGGTTGAAACAACAGGAATT-3’ Sigma Aldrich
Yapl shRNA #5 5’-CTGGTCAAAGATACTTCTTAA-3’ Sigma Aldrich
Duxbl shRNA #1 | 5>-GCAGGATAAACCTAGAGTTAA-3’ Sigma Aldrich
Duxbl shRNA #2 | 5>-GCTGAATGGATGCCTGACAAA-3’ Sigma Aldrich
Duxbl sShRNA #3 | 5’-GCTTCAGTTATACTGCCTCTT-3’ Sigma Aldrich
Duxbl shRNA #4 | 5’-CCGCGCTTAGAAGATTGTACT-3’ Sigma Aldrich
Scrambled shRNA | 5°- Sigma Aldrich
CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGG
CGACTTAACCTTAGG-3’

2.1.3 Vectors.

Table 6. List of vectors.

Vector name Description and resource
pLKO.1 Purchased from Sigma Aldrich
pGEM-T-easy Purchased from Promega, Mannheim

pLVX-Dux-V5-T2A-mcherry | Duxbl ORF fused with C-terminal V5 tag was cloned into
the commercial pLVX-T2A-mcherry vector for ectopic
overexpression. Design by Dr. Johnny Kim and synthesized
by vectorbuilder

pLVX-Duxbl-V5-T2A-mcherry | Dux ORF fused with C-terminal V5 tag was cloned into the
commercial pLVX-T2A-mcherry vector for ectopic
overexpression. Design by Dr. Johnny Kim and synthesized

by vectorbuilder

pLVX-Dux4-V5-T2A-mcherry | Dux4 ORF fused with C-terminal V5 tag was cloned into the
commercial pLVX-T2A-mcherry vector for ectopic
overexpression. Design by Dr. Johnny Kim and synthesized

by vectorbuilder

pLVX-DuxA-V5-T2A-mcherry | DuxA ORF fused with C-terminal V5 tag was cloned into the
commercial pLVX-T2A-mcherry vector for ectopic

overexpression. Design by Dr. Johnny Kim and synthesized

by vectorbuilder
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pLVX-DuxB-V5-T2A-mcherry | DuxB ORF fused with C-terminal V5 tag was cloned into the

commercial pLVX-T2A-mcherry vector for ectopic
overexpression. Design by Dr. Johnny Kim and synthesized

by vectorbuilder

pBigT Duxbl

Duxbl ORF fused with C-terminal V5 tag was cloned into
pBigT vector for Rosa26 targeting vector subclone. Kindly
provide by Dr. André Schneider

pRosa26 Duxbl

Duxbl ORF fused with C-terminal V5 tag was cloned into
pRosa26 vector for Rosa26 targeting. Kindly provide by Dr.
André Schneider

2.1.4 Bacterial strains.

Table 7. List of bacterial strains.

Bacterial strains

Description

DH5a F-@80lacZAM15A(lacZY A-argF) U169 deoR recAl endAl hsdR17(rK-,

mK*) phoA supE44A-thi-1 gyrA96 relAl

Stbl3 F—mcrB mrr hsdS20 (rB~, mB™) recA13 supE44 aral4 galK2 lacY1 proA2

rpsL20 (StrR) xyl5 A—leu mtll

2.1.5 Cell lines.

Table 8. List of cell lines.

Name Description

HEK 293 ATCC ® CRL- | Human Embryonic Kidney Cells 293

1573™

HEK 293T ATCC ® HEK?293 cells constitutively express the simian virus 40 (SV40)

CRL-11268™

large T antigen

C2C12 ATCC® CRL-
1772™

Immortalized mouse skeletal myoblast cell line originally derived
from MuSCs from the thigh muscle of a two month old female

C3Hmouse donor 70h after a crush injury

Platinum-E(Plat-E)
Cell Biolabs, Inc.RV-101

HEK?293 cells constitutively express the Moloney Murine
Leukemia Virus (M-MLV) viral gag, pol and env proteins
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2.1.6 Medium for cell culture.

All media and reagent for cell culture were purchased from life technologies except as

noted otherwise.

Table 9. List of medium for cell culture.

Name

Description

DMEM culture medium

Dulbecco’s modified Eagle’s medium (DMEM, high glucose,
glutamineMax) supplemented with 10 % heat-inactivated fetal

cow serum (FCS, Gibco), 100 U/mL of penicillin-streptomycin

Differentiation medium

Dulbecco’s modified Eagle’s medium (DMEM, high glucose,
glutamineMax) supplemented with 2 % heat-inactivated horse
serum (FCS, Gibco), 100 U/mL of penicillin-streptomycin

Muscle stem cell culture

medium

Dulbecco’s modified Eagle’s medium (DMEM, high glucose,
glutamineMax) supplemented with 10 % fetal cow serum (FCS,

Gibco), 5 ng/ml bFGF, 100 U/mL of penicillin-streptomycin

Serum free ES (SFES)

medium

Mixture of neurobasal and DMEM/F12 medium supplemented
with 1 % N2 supplement and 0.5 % B27 supplement, 100 U/mL of
penicillin-streptomycin

2i medium

SFES medium supplemented with 3uM CHIR99021 and 1uM
PD03259010, 1000 U/mL LIF, 1 % heat-inactivated fetal cow
serum (FCS, Gibco)

murine embryonic
fibroblast (MEF) medium

Dulbecco’s modified Eagle’s medium (DMEM, high glucose,
glutamineMax) supplemented with 20 % heat-inactivated horse
serum (FCS, Gibco), 100 U/mL of penicillin-streptomycin, 1000
U/mL LIF, 0.1 mM B-mercaptoethanol, 1 mL MEM Non-Essential
Amino Acids Solution

MEF-VC medium

MEF medium supplemented with vitamin C

2.1.7 Mice strains.

Table 10. List of mice strains.
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Name Description

C57BL/6J Harlan-Winkelmann, Paderborn

Pax7CRE/ERT The MuSCs specific Cre-recombinase mediates the excision of floxed
inserted regions in MuSCs upon TAM treatment. Kind gift from Dr.
Chenming Fan

CMVCre Tg The Cre gene in this mice strain is derived by a human cytomegalovirus
minimal promoter and express in all tissues. Kind gift from Spitznagel
Birgit, MPI Bad Nauheim

Pax7ICN The MuSCs specific Cre-recombinase mediates the excision of floxed-

inserted regions in MuSCs during early postnatal development. Kind

gift from Dr. Charles Keller

Pax7::ZsGreen

The ZsGreen reporter is inserted after endogenous Pax7 promoter to
lineage-traced MuSCs. Kind gift from Dr. Michael Kyba

R08a26thomato

The tdTomato reporter is inserted into Rosa26 locus and under control
of loxP-stop-loxP cassette and meditate by Cre-recombinase. Purchased
from Jackson Laboratory Stock No: 007914

p53flox/flox

The exon2 of p53 gene is flanked by two loxP sites. Presenting of Cre-
recombinase leads to deletion of exon2 and induced loss of function.
Purchased from Jackson Laboratory Stock No: 008462

Mdx

This mice strain contains a point mutation in dystrophin gene that leads
to amino acid coding changes from glutamine to STOP codon. The loss
of dystrophin gene generates a constantly regeneration environment in

skeletal muscle. Purchased from Jackson Laboratory Stock No: 001801

Rosa26°"®(Duxbl)

The murine Duxbl ORF is inserted into Rosa26 locus and under control
of loxP-stop-loxP cassette and meditate by Cre-recombinase. Generated

in this thesis.

2.1.8 Special materials and chemicals.

Table 11. List of materials and chemicals.

Name Resource
BSA, Fraction V Merck (Cat.112018)
Bromophenol blue Merck (Cat.1081220005)
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Cell culture dishes

Nunc and Greiner

Dispase

BD

Collagenase typell

Worthington Biochemicals

DAPI

Invitrogen (Cat.D1306)

Ethidium bromide

AppliChem (Cat.A1152,0100)

Falcon®Cell strainer (100puM, 70uM,40puM)

BD Biosciences

MES running buffer

Invitrogen (Cat.NP0002)

Mowiol Merck (Cat.475904)
NuPAGE®Novex®PAGE gel Invitrogen
Paraformaldenhyde, PFA Merck (Cat.1040051000)
Polybrene Sigma (Cat.107689)

Protein standard marker

Invitrogen (LC5800)

Porteinase inhibitor cocktail tablets

Roche (Cat.04693116001)

PVDF membrane

Sigma (Cat. 3010040001)

Puromycine

Sigma (Cat.P8833)

Red Alert® buffer

Novagen (Cat.710783)

Super signal west® femto

Thermo fisher scientific (Cat.34095)

SYBR Green fluorescein qPCR mix(2x)

Thermo fisher scientific (Cat.k0241)

TRIzol® Reagent

Invitrogen (Cat.15596026)

M.O.M.® (Mouse on Mouse) Blocking Reagent

Vector Laboratories (Cat.MKB-2213)

Signal Enhancer HIKARI for Western Blotting
and ELISA

Nacalai tesque (Cat. 02267-41)

2.1.9 Standard buffers and solutions.

Table 12. List of buffers and solutions.

Name Description

Immunoprecipitation buffer

20 mM Tris-Hcl, pH7.4, 200 mM NaCl, 2 mM EDTA, 2
mM EGTA, 1 % Trition X-100 (v/v)

10x PBS (pH7.2)
KH2PO4

137 mM NaCl, 2.7 mM KCI, 10 mM Naz:HPOg4, 2 mM

20x SSC (pH7.0)

3 M NacCl, 0.3 M Na-Citrate,

Tail lysis buffer

10 mM Tris, pH8.0, 100 mM NaCl, 10 mM EDTA, pH
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8.0, 0.5 % SDS, 200ug/mL proteinase K

Washing buffer for Southern blot

40 mM NazHPO, pH 6.76, 1 % SDS(W/v)

10xTBS

500 mM Tris-HCI, 1.5 M NaCl adjusted pH to 7.4

IXTBST 1XTBS, 0.1 % Tween-20
IXTAE buffer 40 mM Tris-HCI pH8.3, 1ImM EDTA, 20 mM Acetic acid
TE buffer 10 mM Tris-HCI pH8.0, ImM EDTA

Transfer buffer for Western blot

25 mM Tris base, 192 mM Glycine, 20 % Methanol

Sodium citrate buffer

10 mM Sodium citrate, 0.05 % Tween 20, pH 6.0

2.1.10 Enzymes.

Table 13. List of Enzymes.

Name

Resource

DNase |

Roche (Cat.04716728001)

Pfu DNA polymerase

Promega (Cat.M774A)

Proteinase K

Roth (Cat.7528.1)

T4 DNA ligase

Promega (Cat.M1801)

Nhel restriction enzymes

New england biolabs (Cat.R0131S)

Notl restriction enzymes

New england biolabs (Cat.R0189S)

Pacl restriction enzymes

New england biolabs (Cat.R0547S)

Ascl restriction enzymes

New england biolabs (Cat.R0558S)

AflII restriction enzymes

New england biolabs (Cat.R0541S)

EcoRV restriction enzymes

New england biolabs (Cat.R0195S)

2.1.11 Kits.

Table 14. List of Kits.

Name

Resource

Nucleobond AX500 Maxi Kit

Macherey-Nagel (Cat. 740414.10)

QIAEX Il Gel Extraction Kit

Qiagen (Cat. 20021)

SuperScript™ 11 Reverse Transcriptase Kit | Invitrogen (Cat.18064-014)

Click-iT™ EdU Cell Proliferation Kit Thermo fisher scientific (Cat.C10337)

30




Materials and methods

Stem cells from skeletal muscle Kit

MACS miltenyi biotec (Cat.130-104-268)

BCA protein quantification Kit

Abcam (Cat.ab102536)

2.1.12 Equipment.

Table 15. List of equipment.

Name Type Resource

Fluorescence microscopes | Axiophot2 Z1 fluorescence microscope | Carl Zeiss Jena

PCR machine Master cycler gradient PCR Eppendorf

gRT-PCR machines StepOnePlus™ Real-Time PCR system | Applied Biosystems
Spectrophotometer NanoDrop 2000/2000c Thermo fisher scientific
Ultrasonic Homogenizer | Bioruptor Sonopuls HD 2070/2200 Diagenode Bandelin
VersaDoc Image System | VersaDoc™ 3000 BioRad

2.1.13 Software.

Table 16. List of software.

Name

Resource

Axio Vision® 4.8

Carl Zeiss Imaging Solutioins, Jena

DNASTAR Lasergene®

DNASTAR Inc. USA

ImageJ

National Institutes of Health. USA

Photoshop 8.0

Adobe Systems Incorporated. USA

StepOnePlus Software v2.2.2

Applied Biosystems

2.2 Methods.

Standard molecular biology procedures were performed according to the following

reference books except noted otherwise:

Current Protocols in Molecular Biology

F.M Ausubel, R. Brent, R.E. Kingston, D.D. Moore, J.G. Seidman, J.A. Smith, K.

Struhl; Wuley Interscience, 1989
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Molecular Cloning: A Laboratory Manual, 2" Edition

J.Sambrock, E.F.Frisch, T.Maniatis; Cold Spring Harbor Laboratory Press,1989

2.2.1 Sterilization of materials and solutions.

Normal glassware was sterilized with dry heat at 180 °C. Sensitive glassware, plastic
ware, solutions and medium were autoclaved at 121 °C, 2.2 bars pressure for 30 mins. Non-
autoclavable solutions or medium were sterilized by filter with 0.2 um or 0.45 pum cellulose

acetate filter.

2.2.2 Cloning and constructs.

The expression vectors are listed in Table 6. The shRNA vectors are selected from
Sigma Mission® shRNA library and the targeting sequences are listed in Table 5. For other
cloning, desired DNA fragments were amplified by PCR using specific primers followed by

typical restriction enzyme-based cloning methods.

2.2.3 Cell culture.

All cells were cultured in cell incubator at 37 °C and 5 % CO2 with required media listed
in Table 9. For differentiation, cells were cultured in differentiation medium when 60 %
confluence was reached. For cell freezing, trypsinized cell pellets were resuspended in freezing
medium and aliquoted into cryovials. Cells were then stored in -80 °C or in liquid nitrogen for
short-term and long-term storage, respectively. For cell thawing, aliquoted cells were quickly
thawed in 37 °C water baths and washed thrice with 1x PBS before plating into culture dishes.

Cells were then maintained in required medium.

2.2.4 Isolation of MuSCs.

MusSCs isolation was performed as described (Kim and Braun, 2014). Briefly, skeletal

muscles collected from limb and trunk were minced into pieces and then digested with 100 CU

32



Materials and methods

Dispase and 0.2 % type Il collagenase for 30 mins upon continuous shaking. The mixture was
consecutively filtered through 100 um, 70 pum, and 40 pm cell strainers and applied to a
discontinuous gradient Percoll consisting of 70 % v/v Percoll overlayed with 30 % v/v Percoll.
Cells were collected at the 70/30 interphase and subjected to further steps. GFP fluorescence
was used if MuSCs were labeled with Pax7::ZsGreen. Otherwise an antibody cocktail provided
in a MuSCs selection kit (Miltenyi) was used. Purified MuSCs cells were cultured on Matrigel-

coated microClear plates.

2.2.5 Cell transfection.

Cell transfection of desired vectors was performed according to the calcium phosphate
transfection method (Kwon and Firestein, 2013). Desired number of cells was seeded in dishes
or plates approximately 24 hours before transfection. Vector DNA dissolved in ddH20 was
precipitated by drop-wise addition of 2.5 M CaCl>. The mixture was then applied into same
volume of 2x HBS buffer and incubated at room temperature for 10 mins. The calcium
phosphate-DNA complex was then drop-wise added to targeted cells. Medium was replaced the

next day and the cells were harvested or cultured for the next experiment.

2.2.6 Preparation and infection of retrovirus or lentivirus.

Retroviruses or lentiviruses were differently used depending on the purposes. Retrovirus
were used to for acute overexpression of ORFs in MuSCs, whereas lentiviruses were mainly
used to induce shRNA-dependent genes silencing in MuSCs or for generation of stable cell
lines. For virus packaging, retroviral expression vector or lentiviral expression vector were
transfected into either Plat-E cells or HEK293T cells, respectively. Additional, the helper vector
psPAX2 and envelope vector pMD2.G were added to the transfection mix when packaging
lentiviral. Medium was replaced 12-16 hours after transfection. After an additional 24 hours of
incubation, the culture medium was collected and filtered through a 0.45 um protein low
binding filter, the fileted supernatant was used as virus solution. For virus infection, virus
solution was added to the targeted cells in the medium containing 4 pg/mL polybrene for 24
hours. Medium was replaced the next day and the cells were harvested or cultured for the

following experiments. To generate stable cell lines, lentivirus infected cells were selected in
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medium containing 2.5 mg/mL puromycin for at least one week. The medium was replaced

every two days to remove debris of dead cells.

2.2.7 Genomic DNA isolation.

A small tail biopsy was cut and digested in 500 uL TENS buffer (100 mM EDTA, pH
8.0; 100 mM NacCl, 50 mM Tris-hydrochloric acid, pH 8.0 and 1 % SDS) with 200 ug/mL
proteinase K at 56 °C overnight. The following day, samples were centrifuged at 12000 g for 5
mins and the supernatant was transferred into a new tube. Then 500 uL isopropanol was added
to precipitate the DNA. Spin down the DNA at 12000 g for 5 mins and the pellet was washed
with 1 mL 75 % ethanol. Spin the pellet down again at 12,000 g for 5 mins and dry for 5 mins
before adding 300 uL autoclaved water. The tube was incubated at 56 °C for 1 hour or longer

to elute and re-suspend the DNA.

2.2.8 Polymerase chain reaction based genotyping.

Polymerase chain reaction (PCR) was performed to determine mice genotypes. For each
setup, 10 uL 2x Taq Master Mix (Vazyme biotech co,Ltd.), 1 uL 10 mM forward primer, 1 uL
10 mM reverse primer, 5 uL molecular level water and 3 uL. genomic DNA were mixed. PCR
reaction were performed in a Thermocycler PCR machine at a cycle program corresponding to
the PCR conditions. Primer sets used for different genotypes and annealing temperature were
list in table 4.

2.2.9 RNA samples preparation and cDNA synthesis.

Total RNA was isolated from cells or tissues by using Trizol reagent (life technologies)
according to the manufacturer’s protocol. For tissue samples, samples were placed in a 2 mL
eppendorf tube with a sterile grinding ball (5 mm, Retsch, 22.455.0003). 1 mL Trizol reagent
was added and the tube was placed in a tissue homogenizer (Retsch, MM301) for 10 mins at
30/s frequency for homogenization. For cultured cells, cells were washed twice with 1x PBS
and then 1 mL Trizol reagent was added to the culture dish. Cells were harvested and collected
to a 1.5 mL eppendorf tube by using cell scraper (Sarstedt, 83.1830). 200 uL chloroform was
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added to the tube and samples were incubated for 5 mins at room temperature. Following,
samples were centrifuged at 4 °C for 10 mins at 12,000 g. The white pellet appeared at bottom
of the tube and was washed twice with 1 mL 75 % ethanol. After centrifugation, ethanol was
removed and the tubes were put inside the hood until dry. The pellet was re-suspended with 30-
50 uL DEPC water (0.1 % v/v DEPC in water). The dissolved samples were considered as
isolated total RNA samples, the concentration was measured with a spectrophotometer
(NanoDrop ND-2000c Spectrophotometer).

For cDNA synthesis, >500 ng of purified RNA was reversely transcribed with
PrimeScript RT Reagent Kit (Takara bio, RR037B) according to the manufacturer’s protocol.
Random primers and Oligo DT primers were modified in a usage of in the 1:1 mixture, and the
incubation time was adjusted to 30 mins to gain better reverse transcription products. After the

reaction, samples were considered as cDNA for further use or stored in -20 °C.

2.2.10 Quantitative real time polymerase chain reaction (QRT-PCR).

gPCR was used to quantitatively determine the mRNA expression. During the
amplification, fluorescent dyes can incorporate into double stranded DNA and were read as
signal. For a typical qPCR setup, it contained 10 pL 2x SYBR Green® mixture, 1 uL of forward
and reserved primers (2.5 pmol), and 5 pL of diluted cDNA (1:100 diluted) in a total volume
of 25 uL.. The PCR conditions were chosen according to the manufactory’s protocol and the
calculated annealing temperatures of primers. The PCR runs were performed on StepOnePlus
real time PCR machine. The relative amount of the target genes and endogenous housekeeping
gene was determined in same plates to avoid deviation. The relative expression level of each

genes was calculated with the 22T method as described.

2.2.11 Protein samples preparation.

For tissue samples, samples were briefly freezed with liquid nitrogen and crushed using
a mortar and pestle into white powder, and then transferred into a 1.5 mL eppendorf tube
containing 300 uL protein lysis buffer (0.1 M Tris/Hcl pH 8.0, 0.01 M EDTA, 10 % SDS)
supplemented with 1x protease inhibitor (ThermoFisher, A32965). Samples were incubated on

ice for 10 mins, following with a sonication at 20 kHz for 1 min. After, samples were
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centrifuged at 12,000 rpm for 10 mins. For cultured cells, the dish was washed twice with 1x
PBS and cell lysate was prepared in same way as described for tissues sample. For both, the
supernatant containing the protein lysate was transferred to a fresh tube and concentration was
measured using Bio-Rad assay (BioRad, Reagent A-500-0113, and Reagent B-500-0114) in a
96 wells plate according to the manufacturer’s instruction. In brief, samples for a standard
regression curve were prepared by using tittered standard concentration of bovine serum
albumin (BSA) shown below. Protein concentration was determined by measured and
calculated based on the standard curve. For measurement, 200 pL reagent B and 25 uL reagent
A were mixed with prepared BSA solution or samples. Mixed samples were incubated for 5
mins at room temperature before subjecting for the measurement. The lysates were considered

as isolated protein samples used for Western Blot or stored at -80 °C.

Table 17. BSA standard solution preparation.

BSA (uL) | 1 2 5 10 15 20 0 5
H20 (uL) | 19 18 15 10 5 0 20 15

2.2.12 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis for western blot were self-
made according to recipes shown below. In brief, prepared resolving gel was filled in around
80 % of the NOVEX cassettes (1 mm, Invitrogen, NC2010) and about 1 mL pure ethanol was
added on top. The filled cassettes were incubated for 30 mins until the mixtures became set.
Following, the ethanol was pulled out, the cassettes were filled with the stacking gel and
inserted with comb. For western blot assay, the electrophoresis was performed in a running
chamber (NOVEXE electrophoresis Mini-Cell, Invitrogen, EI001) using the MES (2.5 mM
MES, 2.5 mM Tris, 0.05 % SDS, 50 mM EDTA) buffer for 2 to 3 hours at 120 volts until the
samples were separated accordingly. Protein location was detected with the Protein-Marker V1
(Peglab, 27-2311).

Table 18. Composition of gel electrophoresis 10 % Bis-Tris polyacrylamide gel.

Resolving gel 10 %
Rotiphorese® Gel 30 (37.5:1) (Roth, 3029.1) 2.3 mL
3.5 x Bis-Tris pH 6.5 -6.8 2mL
Milli-Q H20 2.7 mL
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10 % Ammoniumperoxodisulfat (APS -Merck, 1.01201) | 25 uL
TEMED (Roth, 2367.1) 7uL
Stacking gel 5%
Rotiphorese® Gel 30 (37.5:1) (Roth, 3029.1) 0.29 mL
3.5 x Bis-Tris pH 6.5 -6.8 0.5mL
Milli-Q H.0 0.5 mL
10 % Ammoniumperoxodisulfat (APS -Merck, 1.01201) | 0.96 mL
TEMED (Roth, 2367.1) 8 uL
TEMED (Roth, 2367.1) 3uL

2.2.13 Protein immunoblotting.

Total protein lysate was mixed with 2x protein loading buffer and denatured by boiling
at 95 °C for 5min before loading on prepared Bis-Tris gels. In brief, wet transfer was used to
transfer the proteins from the gel onto a nitrocellulose (AmershamTM ProtranTM 0.45 pm NC
-GE Healthcare, 10600002). The protein transfer was achieved with transfer buffer (12.5 mM
Bicine, 12.5 mM Bis-Tris, 0.8 mM EDTA, 20 % Methanol). The transfer chamber (NOVEX X
Cell Il Blot Module -Invitrogen, EI9051) was filled with sponges that had been soaked in
transfer buffer. Next, whatman filter paper was placed followed by the gel and then the

membrane. Another whatman filter paper and soaked sponges were then added.

This chamber was filled with transfer buffer and run at 30 volts for 1.5 hour. To visualize
the loading and a proper transfer, the blots were later stained with Red Alert (RedAlert™
Western Blot Stain —Millipore, 71078-50ML) staining solution on a shaker for 10 mins. The
red Alert staining was then removed by washing in 1x TBST. To stain the membrane for the
specific antibody, the unstained membrane was firstly blocked with 3 % skim milk dissolved
in 1x TBST for 1 hour at room temperate. After blocking, the membrane was incubated with
primary antibodies as listed in table 1 dissolved in 3 % skimmed milk in 1x TBST overnight at
4°C on a horizontal shaker. After the incubation, the membrane was washed thrice for 5 mins
by 1x TBST on a horizontal shaker. Next, the membrane was incubated with a horse-radish-
peroxidase (HRP-) coupled secondary antibody dissolved in 3 % skimmed milk at room
temperate for 1 hour on a horizontal shaker. In the end, the membrane was washed in TBST 5
times, each 5 mins. For signal detection, the membrane was incubated with Super Signal West

Femto Maximum Sensitivity Substrate (Thermo Scientific; 34096), according to the
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manufacturer’s instructions and exposed in the Chemiluminescence Analyzer (ChemiDoc™
MP Imaging System -BioRad, 731BR01764) to detect the protein signal. Quantification of band

intensities was carried out using the Image J software.

2.2.14 Southern blot.

After digestion by restriction enzymes EcoRV, the genomic DNAs were separated in 1 %
agarose gel containing ethidium bromide in 1x TAE buffer at 10 V/cm for 5 hours. Then gel
was photographed under UV light and the DNA was transferred to a Hybond-N membrane
(Amersham) in alkaline buffer (0.4 M NaOH) by capillary blot for overnight. The transferred
DNA was then cross-linked to the membrane by using UV crosslinker with an energy of 1.5
Jlem?. Then the membrane was first washed in 2x SSC buffer twice and dried on filter paper.
For hybridization, the membrane was incubated in Church & Gilbert buffer containing 200
ug/mL denatured herring sperm DNA at 65 °C for 2 hours. The internal or 3’ probes were 32P-
labelled and incubated with membrane at 65 °C overnight in a rotary shaker. On the next day,
the membrane was washed thrice 15 min at 65 °C with fresh washing buffer and applied to X-

ray film for exposure.

2.2.15 Frozen samples and cryosections preparation.

Tissues were harvested from mice and kept in a humidified chamber before subjecting
for frozen process. 2-methylbutane was poured into an open glass beaker to a depth of
approximately 10 cm. The beaker was then put into an insulated container filled with liquid
nitrogen. The beaker was ready for sample frozen when the white pellet started forming at
bottom. Tissues were then dipped in the beaker for approximately 10 s and put on dry ice for
10 mins for drying. Samples were embedded with OCT at -20 °C for 10 mins. Cryosections
were obtained by using a microtome (Leica, RM2125RT) and collected on glass slides
(Superfrost Ultra Plus-ThermoFisher, J3800AMNZ). Section slides were immediately used in

following staining or stored at -80 °C.

2.2.16 Hematoxylin and Eosin (H&E) staining.
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Section slides were dried at room temperature for 10 mins before washing twice in
ddH-0 and then were incubated in Hematoxylin buffer (Haemalaum, acidic Mayer -WALDECK,
2E-038) for 3 mins. Slides were put into box filled with the running tap water for at least 10
mins to allow stain developed. Then they were dipped up and down in pure ethanol for 5 times,
ddH20 for thrice and incubated for 2 mins in fresh Eosin buffer (Eosine Solution-WALDECK,
2C-140). After that, slides were dehydrated through 80 %, 95 % and 100 % ethanol for 30 s
each and incubated with Xylene for 10 mins. Then slides were mounted with mowiol solution
(Sigma, 81381), covered with cover slips, and photographed with a histology microscope
(Keyence, BZ-9000).

2.2.17 Immunofluorescence staining.

Cells or tissues sections fixed in 4 % PFA for 10 mins at room temperature in plates or
slides, washed thrice with 1x PBS, permeabilized with 0.1 % TritonX-100 in 1x TBST for 10
mins and blocked with 3 % BSA in 1x TBST or M.O.M.®for 1 hour at room temperature. The
primary antibody was dissolved in 1 % BSA in 1x TBST or HIKARI A (for mouse spices
antibodies) reagent and applied to cells overnight at 4 °C. On next day, cells were first washed
thrice for 10 mins with 1x TBST and then incubated with a fluorophore-conjugated secondary
antibody or DAPI dissolved in 1 % BSA in 1x TBST or HIKARI B (for mouse spices antibodies)
for 1 hour at room temperature in dark. After that, cells were washed thrice with 1x TBST. All
the antibodies incubation performed in a humidified chamber. Slides were mounted with
mowiol before covering with cover slips. Pictures were acquired with fluorescent light (ZEISS,
Axio Vert.Al) microscopy or confocal microscope (Leica SP8 LIGHTNING).

2.2.18 Immunohistochemistry staining.

Cells or tissues sections were prepared and blocked as described before and applied to
boiling sodium citrate buffer for 10 mins. Samples were then incubated with an unconjugated
affinity purified F (ab) fragment for 1 hour at room temperature to blocked endogenous 1gG.
After washing thrice with 1x TBST for 5 mins, appropriately dissolved primary antibody was
applied to samples in a humidified chamber for overnight incubation at 4 °C. The sample was
incubated with dissolved biotinylated secondary antibody for 30 mins at room temperature
followed with dissolved Sav-HRP conjugated antibody for 1 hour at room temperature in dark.
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Freshly prepared DAB substrate solution was applied to sample to reveal the color of antibody
staining. The development process was limited in 2 mins for desired color intensity. In the final

step, samples were subjected to Hematoxylin for cell nuclei staining.

2.2.19 Mice housing and care.

All animal experiments and transgenic manipulations were performed in accordance
with the applicable technological guidelines and animal welfare regulations with the approval
according to the regulations issued by the Committee for Animal Rights Protection of the State
of Hessen. Mice were kept under a usual 12 hours light/dark cycle at 25 °C in cages of the

laboratory facility of MPI Bad Nauheim.

2.2.20 Killing of the laboratory mice.

All mice were killed by CO and followed by cervical dislocation according to
laboratory mice euthanasia protocol with the approval according to the regulations issued by

the Committee for Animal Rights Protection of the State of Hessen.

2.2.21 Tamoxifen (TAM) administration.

TAM was prepared as 20 mg/mL stock solution in corn oil and injected to mice at 100
mg/kg body weight. Mice received TAM administration at the age of 8 weeks for 10
consecutive days. Samples were harvested and analyzed according to laboratory mice protocol
with the approval according to the regulations issued by the Committee for Animal Rights

Protection of the State of Hessen.

2.2.22 Statistical analysis.

Statistical analysis was performed by unpaired, two-tailed Student’s t-test, or by paired,
one-tailed Student’s t-test when a normal distribution was assumed, or by one-way ANOVA

followed by Bonferroni’s multiple comparison test. For all bar graphs, data are represented as
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mean = S.E.M, P values < 0.05 were considered significant. n represents the number of

independent experiments. All calculations were performed using GraphPad Prism8.0software.
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3. Results.

3.1 Inactivation of p53 in regenerating MuSCs is sufficient to induce RMS

tumor formation in mice.

Previously it was shown that germline inactivation of the tumor suppressor p53 in
mdx mice, which undergo continuous muscle de- and regeneration, significantly increases
the rate of RMS tumor formation (Camboni et al., 2012). Similar to human patients, these
tumors were classified as RMS tumors based on the expression of myogenic markers
including Desmin, MyoD and MyoG. (Camboni et al., 2012; Fernandez et al., 2010b; Hosur
et al., 2012b). These observations raised the question whether RMS tumors might originate
from cells of the muscle lineage, and specifically from muscle resident MuSCs under

conditions of active muscle regeneration.

To test this idea, mice were generated that enable MuSC-specific deletion of p53 in
both non-regenerating (wild-type) or regenerating (mdx) mice by administration of
tamoxifen (TAM), hereafter referred to as Pax7C"ERT2; p53flox/flox: mdx** and Pax7C¢/ERT2;
p53fioxXflox: max-- respectively. Strikingly, all Pax7¢™®/ERT2; p53floX/flox max-mice developed
tumors in or close to trunk and limb muscles around 20 weeks after TAM administration
(Figure 6A and B). The mdx mice, in which only one p53 allele was inactivated in MuSCs
(Pax7C"/ERT2: n53MoX*: mdx), developed tumors in average 10 weeks later than Pax7C"/ERT2;
p53fioxXflox: - mdx-- mice (Figure 6A). Importantly, control mice (Pax7C¢™®ERT2; p53floxflox.
mdx*"* and Pax7¢"®/ERT2; p53**: mdx ") never developed tumors up to an age of 52 weeks
(Figure 6A). Notably, Pax7C™/ERT2; p53floxflox- mdx7- mice sometimes developed several
tumors in different muscles (Figure 6B). Immunohistochemical analysis of surgically
excised tumors revealed hypercellularity and presence of rhabdomyoblasts of spindled
morphology (Figure 6C). All tumors were positive for Desmin, MyoG and MyoD, myogenic
markers that classify tumors as RMS in humans (Figure 6C) (Altmannsberger et al., 1985;
Cessna et al., 2001; Sebire and Malone, 2003). Together, these data show that MuSCs-
specific inactivation of p53 in regenerating mdx mice is sufficient to induce formation of

RMS tumors in vivo.

Because tumors never formed in non-regenerative, steady state conditions in
Pax7CTe/ERT2: p53floxflox: max** mice, it was speculated that continuous regeneration and

hence enhanced proliferation cycles, would facilitate acquisition of spontaneous tumorigenic
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mutations in the absence of p53. In support of this idea, cultured MuSCs purified from TAM-
treated Pax7C®/ERT2, p53flodflox: mdx" mice displayed significantly enhanced EdU-
incorporation rates and increased levels of yH>Ax and 53bp1 compared to non-treated control
mice (Figure 6D-F).

100
100

— Pax7CreErm2 p53nox/ﬂox mdx+
80 — Pax7<eeR12 p53+/ mdx
—t PaX7Cle/ERT1 pssﬂcxh mdxr/r
= Ppax7Cre/ERT2 p53ﬂnxlﬂox mdx*

TAM

204

Tumor-free survival(%)

(=]

80 80 80

60+ 60

40 40+

20+ 20

EdU positive cells (%)
8
1
yH,AXx positive cells (%)
53bp1 positive cells (%)

1
TAM-  TAM+ TAM- TAM+ TAM- TAM+

Figure 6. Loss of p53 in regenerating MuSCs induces RMS tumor formation.
(A) Kaplan-Meier tumor-free survival curves are shown for indicated genotypes.

(B) Representative images of RMS tumors (left panel) and an isolated tumor (right
panel).

(C) Representative immunohistochemical staining of cross-sectioned tumor with
H&E or indicated antibodies

(D-F) Quantification of percentage of (D) EdU, (E) yH.Ax and (F) 53bp1-positive
MuSCs isolated from TAM-treated Pax7"®ERT2; p53floxflox: max- mice and
cultured under growth conditions. Error bars indicate SD of the mean (t-test: *p<0.05;
**p<0.01; ***p<0.001).

Figure adapted from (Preussner et al., 2018) with modification.
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3.2 Lineage tracing identifies MuSCs as a cellular origin of RMS tumors.

To confirm that MuSCs were the cellular origin of RMS tumors in Pax7C¢/ERT2;
p53fo¥flox: mdx’- mice, a Rosa26::Isl Tomato allele was introduced, enabling permanent
fluorescent lineage tracing of MuSCs after TAM treatment. Furthermore, a Pax7::ZsGreen
allele was introduced, a transgene from which the ZsGreen gene is driven by the Pax7
promoter and thereby marks undifferentiated MuSCs with green fluorescence (Pax7°"®ERT2;
p53floxflox: mdx- Pax72¢™": Rosa26™°M) (Figure 7A). After TAM treatment, cells
originating from Pax7::ZsGreen expressing MuSCs are permanently labeled by red

fluorescence through activation of the Rosa26::Isl Tomato allele (Figure 7A).

FACS-based purification of MuSCs isolated from Pax7C"®ERT2; p53floxflox: mgx--
Pax74¢"en: Rosa26™°Ma mice via the Pax7::ZsGreen reporter revealed that essentially all
MusSCs displayed intense Tomato fluorescence due to activation of the Rosa26::Isl Tomato
allele after TAM treatment, indicating the genetic strategy to be highly effective for
fluorescent lineage tracing of MuSCs (Figure 7B). Consistently, strong Tomato fluorescence
of the skeletal muscles, but not the liver, revealed prominent and specific contribution of
MuSCs toward de novo myofiber formation in chronically regenerating mdx muscles (Figure
7C). Interestingly, Tomato fluorescence was also detected in the brain consistent with the
expression of Pax7 in the central nervous system (Bandin et al., 2013; Gruss and Walther,
1992; Wehr and Gruss, 1996) (Figure 7C).

Remarkably, all tumors in TAM-treated Pax7C"®/ERT2; p53flox/flox: may-/- pax7Zscreen:
Rosa26™°m mice were labelled by activation of Rosa26::Isl Tomato allele (Figure 7C)
clearly demonstrating that MuSCs are the cellular origin of RMS tumors in these animals. It
should be noted, however, that the experiment did not answer the question whether only
undifferentiated Pax7 expressing MuSCs or their more differentiated progeny (e.g. Pax7-
negative, Myf5-positive MuSC descendants) contributed to RMS tumor formation, since all

cells of the myogenic lineage are lineage-traced upon TAM administration.
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Figure 7. Lineage tracing reveals MuSCs as a cellular origin of RMS tumors.

(A) Genetic components of the mouse model. MuSCs expressing ZsGreen are
lineage-traced in vivo via recombination of a Rosa26::1sl Tomato allele upon TAM
administration.

(B) Representative immunofluorescence images of isolated MuSCs from Pax7C/ERT2;
p53M1o¥flox: mdx - pax72sereen: Rosa26™ma mice.

(C) Representative immunofluorescence images of isolated tissues from Pax7C/ERT?;
p53floxflox: mdx-/: pax7Zscreen: Rosa26™ma mice,

Figure adapted from (Preussner et al., 2018) with modification.

3.3 RMS tumors comprise different cell populations.

Next, single cell isolates obtained from surgically excised RMS tumors were
subjected to FACS analysis revealing that RMS tumors were composed of both lineage-
traced and non-lineage-traced cells, accounting for 57.2 % and 42.8 % of cells within RMS
tumors, respectively (Figure 8A). PCR-based genotyping confirmed that recombination of
the p53 locus was highly efficient and specific to lineage-traced tumor cells (TPCs TomP®)
that were strictly p53 deficient, whereas non-lineage-traced tumor cells (TPCs Tom"9) only
contained intact non-recombined, p53 DNA (data not shown). Essentially, FACS-separated
TPCs were either strictly lineage-traced containing recombined p53 alleles, or non-lineage-
traced containing intact p53 alleles that did or did not express Myf5, MyoD, or MyoG,
respectively (Figure 8B). These data further confirm efficient labeling of p53-deficient
MuSCs. In contrast to TPCs TomP* , TPCs Tom" were highly enriched for Cdknla mRNA
transcripts (also known as p21), a primary target of p53 (Laptenko and Prives, 2006) (Figure
8B), emphasizing that loss of p53 occurs specifically in MuSC-derived cells which express
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myogenic markers. In summary, these results show that RMS tumors comprise different cell

types that are and are not derived from Pax7-expressing MuSCs.
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Figure 8. Composition of RMS tumors.

(A) Representative immunofluorescence images of cross-sectioned tumor (left panel)

and FACS plot of bulk tumor.

(B) Transcriptional expression analysis of p21 and myogenic markers in
corresponding populations. Error bars indicate SD of the mean (t-test: *p<0.05;

**n<0.01; ***p<0.001).

(C) Kaplan-Meier curves of tumor free survival of mice injected with TPC TomP
or TPC Tom™9 (left panel); Macroscopic image of Tomato fluorescence in secondary

tumors (right panel).

Figure adapted from (Preussner et al., 2018) with modification.

Next, it was tested whether both of these two cell populations contributes to RMS

tumor formation. To achieve this aim, FACS-separated TPC TomP® or TPC Tom" were

injected into immunocompromised recipient mice (Figure 8C). Notably, only mice injected
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with TPC TomP* developed tumors at site of injection and remarkably within only two
weeks (Figure 8C). These data show that only lineage-traced tumors cells (TPC TomP®)
derived from Pax7-expressing MuSCs behave as tumor-propagating cells. It is noteworthy
that the immunocompromised mice were not subjected to regenerative pressures and
contained intact p53 alleles. Therefore, regeneration or p53-deficiency of the tumor
microenvironment does not appear to be necessary for propagation of established RMS

tumor cells in vivo.

3.4 Genomic analyses of purified TPCs reveal different types of mutations.

DNA copy-number variations (CNVs) are common in human RMS patients (Paulson
et al., 2011).To identify CNVs that might be responsible for tumorigenic transformation of
MuSCs, comparative whole-exome sequencing was performed on paired tumor-normal
samples (TPCs versus liver) of TAM-treated Pax7"/ERT2: p53floxflox- max-- mice (Figure 9A).
Genomic DNA isolated from individual whole tumors was compared to genomic DNA
isolated from the liver of the same mice. Surprisingly, this approach failed to consistently
detect CNVs in tumor DNA (Figure 9A left panel). Since tumors were composed of TPC
TomP® and TPC Tom"9 (Figure 8A), it was hypothesized that the abundance of TPC Tom"*
within tumors might interfere with the analysis. Therefore, the analyses were repeated using
genomic DNA purified from TPC TomP® cells only. Strikingly, this strategy led to the
identification of distinct CNVs in nearly all analyzed samples (96 %, 21 out of 22) (Figure
9A and B). Positional mapping of the sequenced reads led to the identification of
genomically amplified genes which have previously been shown to support RMS tumor
formation, including Jun (Durbin et al., 2009) (4.5 %, 1 out of 22), Met (Fleischmann et al.,
2003; Taulli et al., 2006) (23 %, 5 out of 22), Yapl (Tremblay et al., 2014) (36 %, 8 out of
22) and Cdk4/0s9 and Glil (Liu et al., 2014) (4.5 %, 1 out of 22). In addition, other CNV
were identified that had not been associated with RMS tumors so far, including Rras2 (Flex
etal., 2014) (4.5 %, 1 out of 22) and Kdm4c (Soini et al., 2015) (17 %, 3 out of 22) (Figure
9C). A direct linkage between the identified genes was not found (except to the recombined
p53 gene), suggesting that for each individual tumor, a single discrete amplification was
sufficient for transformation of MuSC. Interestingly, it appeared that CNV mutations did not

occur at random sites since they often occurred at few genomic loci (Figure 9C).

47



Results

gPCR analysis revealed that the copy number amplifications correlated with
expression of the amplified genes therein (Figure 9D). For example, in TPC TomP®
harboring CNV of the Yapl gene or Duxbl gene, designated TPCs"#! and TPCsP“®!
respectively, Yapl expression was restricted to TPCsY#* but was not expressed in TPCsP*®!
(Figure 9D). Likewise, Duxbl expression was significantly higher in TPCsP*®'in comparison
to TPCsY#! (Figure 9D).

To test whether these expressed genes play functional roles in tumor cell propagation,
short hairpin RNA (shRNA)-mediated knockdown was applied to individual cultured TPCs
that were isolated from the primary tumors in which the CNV were found. Strikingly,
shRNA-mediated knockdown of Duxbl in TPCs harboring a Duxbl CNV (TPCsP“®") but not
in TPCs harboring a Yapl CNV (TPCs"??), and vice versa, resulting in cell death (Figure
9E). These data indicate that Duxbl expression is specifically required for the maintenance
of TPCsP™® and that Yap1 expression is specifically required for maintenance of TPCsY?!
in vitro. While the underlying mechanisms remain unclear, the data show that the genetic
strategy combined with sequencing of purified TPCs allows identification of specific
oncogenes that play important roles in RMS tumor propagation and/or maintenance. In
addition, these data strongly suggest that disease-causing mutations need to be identified in

each individual tumor to achieve specific therapeutic targeting.
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Figure 9. Identification of CNVs in purified TPCs.

(A) Scatterplots depicting log-scaled RPKM values of genomic DNA in bulk tumor
(left panel) or TPCs (right panel) versus liver control. Note that same genes are
highlighted in green for the mitochondria-encoded genes and red for distinct
amplified genes. Magenta circle represents p53.

(B) Amplified genes highlighted in red in A displayed in physical genomic order.

(C) Cumulative CIRCOS plot of amplified genes from all 21 analyzed tumors. Note
that genomic regions are displayed in physical order.

(D) gRT-PCR analysis of Yap1 and Duxbl in TPCs"#* or TPCsP*®! versus wild-type
MuSCs (MuSCs"T) as control. Expression levels are normalized to m36b4 mRNA.
Error bars indicate SD of the mean (t-test: *p<0.05; **p<0.01; ***p<0.001).

(E) Representative immunofluorescence images of TPCsY#*and TPCsP»*! four days
after transduced with different ShRNA against either Yapl or Duxbl.

Figure adapted from (Preussner et al., 2018) with modification. Bioinformatical
analysis presented in (Figure 9 A-C) was performed by Dr. Jens Preussner.
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3.5 Dux transcription factors define a molecular subtype of cancer.

Of the different amplified genes within the CNVs of all analyzed tumors, Duxbl was
of particular interest, because CNVs of this gene were highly recurrent and Duxbl has never
been associated with oncogenesis so far. In fact, Duxbl was only recently identified to belong
to the Dux homeobox-containing transcription factors (Dux TFs) (Leidenroth and Hewitt,
2010b). In humans, three major Dux TFs were identified, known as Dux4, DuxA and DuxB
(Leidenroth and Hewitt, 2010b). In mice, two major Dux TFs exist, designated Dux and
Duxbl (Leidenroth and Hewitt, 2010a). All Dux TFs contain two identical homeobox
domains responsible for DNA binding (Eidahl et al., 2016). The founding family member of
the family, Dux4, is the best studied Dux TF because of its pathological role in human
diseases, including facioscapular muscular dystrophy (FSHD) and cancer (Himeda and Jones,
2019; Jones et al., 2015). Under normal conditions, the Dux4 gene locus (D4Z4) is heavily
methylated and silenced (Das and Chadwick, 2016). Recently it was shown that genomic
translocations of the Dux4 gene result in expression of chimeric DUX4-1GH or DUX4-CIC
fusion products, which are causative for inducing B-cell acute lymphoblastic leukemia (B-
ALL) or sarcomas, respectively (Kawamura-Saito et al., 2006; Lilljebjorn and Fioretos, 2017;
Yasuda et al., 2016a, b; Zhang et al., 2016) (Figure 10A). These observations suggest that

Dux TFs might be involved in other types of cancer including RMS tumors.

To investigate this, RNA sequencing data from The Cancer Genome Atlas-Pan-
Cancer database (TCGA-PANCAN) of over 10,000 tumors were rescreened for the
expression of Dux TFs. Strikingly, 349 patients (3.49 %) were identified that displayed
distinct Dux4, DuxA and DuxB expression either in alone or combination (Figure 10B). The
cancer types of these patients were highly variable, comprising of 32 different types of
somatic cancer, including RMS tumors, according to ICD-10 (International Classification
of Diseases of Oncology) (Figure 10B). Interestingly, many tumors expressed genes that are
highly associated with zygotic genome activation (ZGA), a developmental program driven
by Dux TFs in preimplantation embryos (De laco et al., 2017) (Figure 10B). These results
suggest that a ZGA-like program driven by Dux TFs might induce tumorigenesis in these
patients. More importantly, these analyses support the idea that Duxbl, as a family member

of Dux TFs, plays an important role in RMS tumor formation.
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Figure 10. Dux TFs define a molecular subtype of cancer.

(A) Schematic representation of various forms of Dux4. In oncogenic DUX4-IGH or
DUX-CIC chimeric proteins C-terminal or N-terminal portions of Dux4 are replaced
by either IGH- or CIC-encoded amino-acid sequences.

(B) Unsupervised cluster analysis of tumors from the full TCGA-PANCAN dataset
revealing four subgroups driven by mRNA expression of Dux TFs and/or Dux4-
dependent zygotic gene activation. Percentages indicate prevalence of color-coded
tumor type across 349 Dux TFs and/or ZGA-positive tumors.

Figure adapted from (Preussner et al., 2018) with modification. Bioniformatical
analysis presented in (Figure 10 B) was performed by Dr. Jens Preussner

3.6 Duxbl overexpression alters the myogenic program of MuSCs in vitro.

Next, a gain-of-function approach was used to investigate the impact of Duxbl
overexpression on MuSCs. Wide-type MuSCs were isolated and infected with retroviruses
harboring a Duxbl expression cassette or vehicle, hereafter referred to as MuSCsP*®' or
MuSCs""®  respectively. In comparison to MuSCs¥e"ce  MuSCsP»®  displayed

significantly enhanced proliferation rates as determined by live cell imaging (Figurell A).
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Consistent with this, MuSCsP“®' displayed significantly increased EdU positive cells (53 %)
in comparison to MuSCs""'"® (30 %) (Figure 11 B). Enhanced proliferation rates upon Duxbl
overexpression were also detected in HEK293T and NIH3T3 cells (data not shown). These

data show that Duxbl promotes cell proliferation of both myogenic and non-myogenic cells

To test whether Duxbl affects myogenic differentiation, MuSCsP“®' or MuSCsVehicle
were expanded to confluency and subsequently exposed to low mitogen conditions for
induction of myogenic differentiation (Figure 11C). Cell fusion and differentiation indices
were determined by counting numbers of myonuclei in MF20 immunostained differentiated
myotubes (Figure 11C). MuSCs"®"°® exhibited robust formation of multinucleated MF20
positive myotubes, whereas differentiation of MuSCsP*®' was severely impaired (Figure
11C). Consistent with this observation, expression levels of MyoD and MyoG were
significantly decreased in MuSCsP“®' (Figure 11D). In addition, Duxbl overexpression
increased expression of the cell cycle promoting gene Ccndl but reduced expression of the
cell cycle inhibitor p21 (Figure 11D) (Wu et al., 2014). Interestingly, MuSCsP*®' displayed
increased Ccnbl expression levels while Ccnal expression levels were slightly increased,
suggesting that the presence of Duxbl in MuSCs inhibits S to G2/M phase transition (Figure
11E). Taken together, these results indicate that Duxbl overexpression enhances cell
proliferation at the expense of myogenic differentiation, providing a potential mechanism of

Duxbl-dependent tumorigenesis.
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Figure 11. Duxbl overexpression enhances MuSCs proliferation and inhibits differentiation.

(A) Cell proliferation analyzed by live cell imaging over one-week culture. Error
bars indicate SD of the mean.

(B) Quantitative analysis of EAU incorporation of MuSCs in growth conditions.

(C) Representative immunofluorescence images of differentiated MuSCs infected
with vehicle or Duxbl- overexpressing retroviruses. MF20 and DAPI are represented
in red and blue, respectively (left panel); MF20 positive fibers and DAPI positive
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nuclei are counted and quantified into differentiation index and fusion index for each
cell preparation (right panel).

(D-E) Transcriptional expression analysis of myogenic markers (D) and cell cycle
genes (E) in corresponding cells. Error bars indicate SD of the mean (t-test: *p<0.05;
**p<0.01; ***p<0.001).

3.7 Generation of Rosa26 transgenic mice for conditional Duxbl

overexpression.

Next, a mouse model allowing conditional overexpression of Duxbl was generated
to investigate the functional roles of Duxbl in vivo. To achieve this goal, a \V5-epitope tagged
Duxbl coding sequence was cloned into a generic shuttle vector (pBigT) containing a
neomycin resistance cassette flanked by two loxP sites through Nhel and Notl restriction
sites (Figure 12A). From this intermediate shuttle vector, the Duxbl expression cassette was
excised and cloned into a Rosa26 destination vector (pRosa26) through Pacl and Ascl
restriction sites (Figure 12A). The resulting floxed-neoPA-Duxbl cassette is flanked with
sequences permitting homologous recombination into the genomic Rosa26 locus once
transfected into targeted cells. The targeting vector also contains a diphtheria toxin A (DTA)

cassette to prevent random transgene integration (Figure 12A).

Next, the constructed destination vector was linearized by AfllI1 enzyme restriction,
and electroporated it into SV129/C57BL6 E14 mouse embryonic stem cells (ES). In total,
48 candidate ES colonies were obtained after G418 selection (Figure 12B). Southern blot
assay revealed that 12 out of 48 (25 %) clones displayed the expected insertion of the floxed-
neoPA-Duxbl cassette into the Rosa26 locus (Figure 12B). PCR-based genotyping was used
to validate the insertion and revealed that 4 out of 12 (33 %) candidates were homozygous
for the DuxblV® insertion (Figure 12C). Importantly, infection of candidate DuxblV® ES
clones with an adenovirus harbouring Cre recombinase resulted in high expression levels of
Duxbl protein indicating functional activity of the engineered allele (Figure 12D). Injection
of DuxblIY® ES cells into blastocysts resulted in chimeric founder mice, offspring of which
were backcrossed for stable germline transmission of the conditional DuxblV®

overexpression allele.
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Figure 12. Transgenic Rosa26 knock in mouse model for conditional Duxbl expression.
(A) Schematic construction diagram of the conditional Duxbl mouse model.

(B) Southern blot of selected 48 ES colonies electroporated with constructed vector.
Internal probe indicates the wild-type Rosa26 allele, the EcCORV probe indicates the
insertion allele.

(C) PCR-based genotyping of representative ES colonies. The lower 197bp band
indicates the wild-type Rosa26 allele, the upper 273bp indicates the DuxblV®
insertion allele.

(D) Western blot of representative ES colonies infected with Ad-Cre to evaluate
exogenous Duxbl expression. GAPDH (lower panel) expression levels were used as
loading controls.

3.8 Characterization of Duxbl overexpression mice.

To understand the impact of Duxbl overexpression in vivo, Duxbl* mice were bred
with either CMVCre*" mice and Pax7"ERT2 mice resulting ubiquitously expression and
MuSCs-specific expression of Duxbl upon TAM administration, respectively. Interestingly,
when breeding Duxbl*- mice with CMVCre* mice, no offspring (65 offspring obtained from
5 independent crosses) harboring both the Cre-recombinase and the Duxbl allele was

obtained, indicating that overexpression of Duxbl during development resulted in embryonic

55



Results

lethality (Figure 13A). Since Dux TFs are normally only transiently expressed during very
early stages of preimplantation development (Sugie et al., 2020), it is conceivable to
speculate that preventing downregulation of Duxbl through sustained overexpression during

preimplantation development might be responsible for embryonic lethality.

To investigate how Duxbl overexpression affects MuSC function, Duxbl** mice
were bred with Pax7"ERT2 mice enabling overexpression of Duxbl specifically in MuSCs
upon TAM administration. TAM-treated Pax7°®ERT2 Duxbl** mice (TAM+) remained
viable and displayed no obvious phenotype under physiological conditions compared with
non-treated control mice (TAM-). No significant changes of body weight and TA muscle
weight were apparent (Figure 13B). Interestingly, however, the percentage of muscle fibers
with centrally located nuclei was significantly increased in TAM-treated Pax7C"¢/ERT2
Duxbl*"* mice compared with control mice indicating that overexpression of Duxbl induces
precautious activation of MuSCs, which subsequently contribute to myofiber formation
(Figure 13C). Consistently, Pax7 and MyoD double positive MuSCs were found in single

myofibers of TAM-treated Pax7°"ERT2 Duxbl** mice but not in control mice (Figure 13D).
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Figure 13. Characterization of Duxbl overexpression mice.

(A) Distribution of genotypes obtained from offspring through matings with
Duxbl+/- and CMVCre+/- mice. Offsprings were obtained and quantified from five
independent crosses.

(B) Body weight (left panel) and TA muscle weight (right panel) of control mice
(TAM-) or TAM-treated Pax7<"®ER™2: Duxbl** mice at 12 weeks old.
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(C) Representative histological H&E staining images (left panel) of cross-sectioned
TA muscle from control mice (TAM-) or TAM-treated Pax7<"ER™2: Duxbl** mice.
Black arrows indicate myofibers with central nuclei. Percentage of TA muscle
myofibers with central nuclei (right panel). Error bars indicate SD of the mean (t-
test: n.s.: not significant; *p<0.05; **p<0.01; ***p<0.001).

(D) Representative immunofluorescence images of cross-sectioned TA muscle from
control mice (TAM-) or TAM-treated Pax7¢"®ER2; Duxbl** mice. Pax7, MyoD and
DAPI are represented in green, red and blue, respectively

3.9 Duxbl overexpression in adult MuSCs impairs muscles regeneration.

The observation that Duxbl overexpression inhibits myogenic differentiation of MuSCs
(Figure 11), together with the findings that RMS tumors are often associated with expression of
Duxbl from CNVs acquired during muscle regeneration (Figure 9), prompted to investigate how
Duxbl overexpression affects MuSCs functions specifically during muscle regeneration. To induce
muscle regeneration, cardiotoxin (CTX) was injected into tibialis anterior (TA) muscles of
Pax7C"ERT2: Duxbl** mice treated with and without TAM administration, respectively (Figure 14).
In comparison to control mice, CTX mediated muscle injury of TAM+ mice led to a significant
decrease in TA muscle sizes and pronounced fibrosis (Figure 14B). The increase of fibrosis in
TAM+ mice was evaluated by histological H&E staining in cross-sectioned TA muscles (Figure
14C). In contrast to those of TAM+ mice, the injured TA muscles of TAM- mice showing minimal
fibrosis were completely replaced by newly generated myofibers containing centrally located
nuclei 14 days after injury (Figure 14C). In addition, significantly increased amounts of eMHC
positive myofibers were visible in TAM+ mice compared to TAM- mice (Figure 14D). Consistent
with the in vitro analyses, these data show that overexpression of Duxbl in MuSCs inhibits MuSC

differentiation in vivo consequently impairing muscle regeneration.
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Figure 14. Regeneration of skeletal muscles after CTX injury in Duxbl-
expressing mice.

(A) Schematic outline of CTX-induced injury in TAM-treated Pax7¢"ER™2; Duxbl**
mice.

(B-D) Representative macroscopic images (B), histological H&E staining images
(C), and immunofluorescence images (D left panel) of CTX-injured TA muscles
from control or TAM-treated mice. Embryonic myosin heavy chain (eMHC), Lamin
and DAPI are represented in red, green and blue, respectively (D left panel). The
percentage of eMHC positive fibers in each group at 7 days (7DPI) or 14 days (14DPI)
post injury. Error bars indicate SD of the mean (t-test: *p<0.05; **p<0.01;
***p<0.001).

3.10 Duxbl overexpression promotes RMS tumor formation in vivo.

Maintaining MuSCs in an activated but undifferentiated state by overexpression of
Duxbl might promote tumorigenesis. To test this hypothesis, Pax7"ERT2: Duxbl*"* mice
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were crossed to chronically regenerating mdx mice (Pax7"®ERT2; Duxbl**; mdx™). In
addition, Pax7¢"®ERT2; Duxbl**; p53M1MoX mice were generated, since loss of p53 in
regenerative MuSCs was sufficient for acquisition of Duxbl CNVs and subsequent RMS
tumor formation (Figure 6A).
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Figure 15. Introduction of Duxbl in p53-deficient MuSCs induces RMS tumor
formation.

(A) Kaplan-Meier tumor-free survival curves are shown for indicated genotypes.
(B) Representative images of generated tumors on sites.

(C) Representative Immunohistochemistry staining of cross-sectioned tumor with
H&E or indicated antibodies

(D) Quantitative analysis of Duxbl expression in liver, skeletal muscle and generated
tumors of TAM-treated Pax7°"®ERT2; Duxbl*'*; p53fio¥flox mice. Error bars indicate SD
of the mean (t-test: *p<0.05; **p<0.01; ***p<0.001).

Pax7C"ERT2: Duxbl**; p53*"* mice appeared completely normal and never developed
tumors up to the age of 60 weeks (Figure 15A). In contrast, 70 % of all TAM-treated
Pax7C"ERT2: Duxbl**; p53M1oflox mice developed tumors within 50 weeks after TAM
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administration (Figure 15A and B). Importantly, TAM-treated Pax7<"®ERT?; p53floxflox mjce
never developed tumors up to one year of age, indicating that increased expression of Duxbl
is sufficient to induce RMS, when p53 is absent (Figure 15A). gRT-PCR analysis confirmed
that TAM-treated Pax7<"/ERT2; Duxbl**; p53fo¥flox mice exhibit high Duxbl transcript levels
in both skeletal muscles and in tumors. Interestingly, tumor formation upon Duxbl
overexpression only occurred in the absence of both p53 alleles (Figure 15A). All tumors
were classified as eRMS tumors harboring cells of spindle-like morphology and prominent
expression of myogenic markers including Desmin, MyoG and MyoD (Figure 15C). These
data show that overexpression of Duxbl in p53-deficient MuSCs is sufficient to elicit RMS
tumor formation. Moreover, these data suggest that activation of MuSCs is required for RMS
formation upon loss of p53 since MuSCs are activated in TAM-treated Pax7"ERT2; Duxbl**
mice (Figure 13C-D)

3.11 ERVLs are activated in Duxbl-expressing cells.

Dux TFs are only expressed during pre-implantation development (Sugie et al., 2020).
At this early developmental stage, Dux TFs act as critical regulators of zygotic genome
activation (ZGA) when endogenous transcription from the developing zygote first begins
(Sugie et al., 2020). Specifically, it has been shown that overexpression of the founding
member of the Dux TF family, Dux4 (or its murine homolog Dux), is sufficient to activate a
core set of ZGA-associated genes (De laco et al., 2017). Interestingly, it was also shown that
ZGA is associated with expression of endogenous retroviruses (ERVs), a subclass of
transposable retrotransposons of unknown function (Fu et al., 2019). In recent years, ERVs
have attracted much attention, since they are reactivated in many human diseases including
cancer and facioscapular humeral dystrophy (FSHD), a severe muscular dystrophy
(Kassiotis, 2014; Young et al., 2013). Along this line, it was recently shown that Dux is
transiently expressed during skeletal muscle regeneration (Knopp et al., 2016). Most
interestingly, overexpression of Dux4/Dux is sufficient to activate ERVL, one subtype of the
ERV superfamily, in myoblasts and ES (Hendrickson et al., 2017; Young et al., 2013). Based
on these findings, it was next tested whether Duxbl-induced RMS tumor formation during

muscle regeneration might be associated with ERVL activation.

To investigate this, it was first tested via gRT-PCR whether Dux, Duxbl and ERVL
are expressed in regenerating muscle upon CTX-induced damage. Consistent with a previous
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report, transient Dux expression was detectable in regenerating muscles beginning one day
after injury (Knopp et al., 2016). Dux expression levels peaked at 30 hours after injury during
the early regeneration phase, and subsequently rapidly decreased back to almost
undetectable levels 14 days after injury when regeneration was completed (Figure 16A).
Most interestingly, Duxbl expression levels increased upon muscle damage shortly after Dux
expression (Figure 16A). Furthermore, increasing levels of ERVL expression were detected
36 hours after injury and 12 hours after initiation of Dux TFs expression, reaching a 2.4-fold
peak over baseline levels 3 days after injury (Figure 16A). ERVL expression levels steadily
dropped thereafter to pre-injury levels when regeneration was completed (Figure 16A).
These data indicate that the Dux TFs-ERVL axis is transiently activated during muscle
regeneration. Next, expression levels of Dux, Duxbl and ERVL were compared between TA
muscles of physiologically resting wild-type mice and mdx mice undergoing continuous
muscle regeneration. Interestingly, Dux, Duxbl, and ERVL expression levels were
significantly increased in muscles of mdx mice compared to controls, confirming that the
Dux TFs-ERVL axis was activated under conditions of chronic muscle muscles regeneration
(Figure 16B). Importantly, these data show that chronic activation of the Dux TFs-ERVL
axis alone is not sufficient to induce tumorigenesis since mdx mice did not form tumors at

least up to the age of 60 weeks.

Next, ERVL expression levels were investigated in tumor cells obtained from TAM-
treated Pax7C"®/ERT2 ; p53floxflox- mdx-"- mice, which harbor increased genomic copy numbers
of either Duxbl or Yap1 (TPCsP® or TPCsY??). Remarkably, a significant increase of ERVL
expression was found in TPCsP™®' compared to wild-type MuSCs (MuSCs"WT), whereas
ERVL expression levels were not changed in TPCsY%?! (Figure 16C). Considering that the
tumors were additionally p53-deficient, these data suggest that reactivation of ERVL through
Duxbl expression might depend on inactivation of p53. In support of this notion, we also
found enhanced expression levels of ERVL in tumors isolated from TAM-treated
Pax7C"®ERT2: Duxbl*’*; p53M1o¥flox mice but not in the liver and lung wherein p53 alleles were

still intact and Duxbl was not expressed (Figure 16D).
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Figure 16. ERVL expression is enhanced in Duxbl-expressing tissues.

(A-B) Quantitative analysis of Dux, Duxbl and ERVL expression in CTX damaged
T.A. muscles of WT mice (A) or in T.A. muscles of regenerating mdx mice.

(C-D) Quantitative analysis of ERVL expression in WT MuSCs, TPCsY#®! and
TPCsP»®! (C) or in different tissues of TAM-treated Pax7<"/ERT2; Duxb|**; p53flox/flox
mice (D). Error bars indicate SD of the mean (t-test: *p<0.05; **p<0.01;
**%n<0.001).

3.12 Dux TFs overexpression activates ERVL-LTR reporter constructs.

To further investigate the regulation of ERVL activation by Dux TFs, and Duxbl, a
fluorescence based ERVL reporter assay was performed by using a vector in which an ERVL-
LTR was linked to the coding sequences of the red fluorescent tdTomato gene. It has
previously been shown that LTRs can function as transcriptional promoters of corresponding
ERVs and neighboring genes (Beénit et al., 1999; Dunn et al., 2006; Lee et al., 2019). Using
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this setup it was then tested whether overexpression of Duxbl activates the ERVL-
LTR::tdTomato reporter system in HEK293T cells (Figure 17A).
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Figure 17. Dux TFs mediate activation of ERVL-LTR reporter.
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(A) Diagram of ERVL-LTR reporter and transcription factors (TFs) constructs.

(B) Representative images showed the effect of different TFs on the activation of
ERVL-LTR reporter. Note that the tdtomato positive cells reflected the activation of
reporter and cells were imaged two days after transduction.

Consistent with previous reports, Dux or Dux4 overexpression was sufficient to
induce ERVL expression reflected by a prominent tdTomato signal 48 hours after
transfection (Figure 17B) (Dunn et al., 2006). Notably, tdTomato signal was highest 24 hours
after Dux and Dux4 transfection but cell numbers and fluorescence signal decreased
thereafter as a consequence of pronounced Dux/Dux4-induced cell death (Knopp et al., 2016).

Strikingly, overexpression of Duxbl resulted in a massive tdTomato signal clearly
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demonstrating that Duxbl overexpression is sufficient to activate ERVL expression in
HEK293T cells (Figure 17B). Similar to Duxbl overexpression, human DuxA and DuxB did
not elicit cell death (Figure 17B), suggesting that human DuxA might function similarly to
murine Duxbl (Figure 17B). To test whether ERVL activation depends solely on Dux TFs,
the ERVL-LTR::tdTomato reporter was transfected with three other different transcription
factors, Pax7, MyoD and Oct4, all of which play critical roles in establishment of cell identity
and development and harbor pioneering activity (Pan et al., 2002; Tapscott, 2005; Zammit
et al., 2006). Furthermore, Kdm4d or Zscan4, two direct targets of Dux/Dux4 during ZGA
(Sugie et al., 2020), were also evaluated in the ERVL reporter assay. None of these genes
activated the ERVL-LTR::tdTomato reporter, in contrast to Dux4/Dux and Duxbl/DuxA
(Figure 17B).

3.13 Inactivation of p53 is required for Duxbl-mediated ERVL activation.

p53 function is inhibited in HEK239T cells due to the presence of the SV40 T antigen
(Bajpai and Terskikh, 2007). Considering that ERVL expression was only detected in p53-
deficient MuSCs and tumor cells in vivo (Figure 15), the ERVL-LTR::tdTomato reporter
assay was repeated in HEK293 cells that do not harbor the SV40 T antigen, leaving p53
functional (Lin et al., 2014). Interestingly, overexpression of Duxbl failed to activate the
ERVL-LTR::tdTomato reporter in HEK293 cells with normal p53 activity (Figure 18A). To
determine whether this effect was an entity of HEK293 cells, a C2C12 myoblast cell line
was generated stably expressing a ShRNA targeting p53 mRNA to knockdown endogenous
p53 expression (Figure 18B). As control, a C2C12 myoblast cell line was also generated
carrying a non-targeting ShRNA (Figure 18B). These myoblast lines were designated C25"°53
and C25" Western blot analysis using protein extracts harvested from these cells showed
that UV-treatment led to p53 activation in C25"“"! myoblasts, whereas p53 expression was
not detected in C2°"53 myoblasts, demonstrating efficient p53 knockdown (Figure 18B).
Importantly, activation of the ERVL-LTR::tdTomato reporter was only detected in C25"°%3 put
not in C25"“ cells (Figure 18C). Increased expression of endogenous ERVL in C25%2 was
confirmed by qRT-PCR (Figure 18D). Taken together, these data show that Duxbl activates
ERVL in somatic cells in the absence of p53, or conversely, that inactivation of p53 is
mandatory for Duxbl-mediated ERVL activation. More importantly, these findings, together
with the observation that ERVL expression was only detected in RMS tumors when the Duxbl
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(A) Representative images showed the ERVL-LTR reporter assay with Duxbl
introduction in either HEK293T or HEK293 cells.

(B) Western blot analysis showed shRNA mediated knock down of p53 in myoblast
cells. Note that the total cell lysates were prepared 24 hours after UV treatment (20
mJ/cm2 UVB).

(C) Representative images showing the ERVL-LTR reporter assay with Duxbl
introduction in myoblast cells infected with lentivirus encoding shCtrl or shp53. (A
and C) Note that the tdtomato positive cells reflected activation of the reporter and
cells were imaged two days after transduction.

(D) Quantitative analysis of ERVL expression in Duxbl or Ctrl-expressing myoblast
cells infected with lentivirus coding for different ShRNAs. Error bars indicate SD of
the mean (t-test: *p<0.05; **p<0.01; ***p<0.001).
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Discussion

4. Discussion.

Despite significant progress in the understanding of cancer development and better
option for treatment, cancer still remains one of the most common causes of deaths worldwide
(Collaborators, 2016). Among the major open questions are the cellular origins of different
cancer types and the causative mechanisms of cancer formation. Only after pinpointing the
cellular origins of cancer it will possible to identify the genuine mechanisms that transform

healthy cells to tumor forming cells.

MuSCs have been proposed a long time ago to be the cellular origin of RMS tumors
(Camboni et al., 2012; Chamberlain et al., 2007b; Duchenne, 1867; Fernandez et al., 2010a).
Surprisingly however, unequivocal proof has been lacking. In this study, combined in vivo
mutagenesis and lineage tracing constituted the basis for genetic mouse model of RMS tumor
formation that helped to answer some of the open questions. Whole exome sequencing of
MuSCs-derived RMS tumors in these mice allowed identification of known and novel
oncogenic copy number amplifications of genes that are responsible for tumorigenic
transformation of MuSCs. Based on the comprehensive analysus of one of the identified
oncogene, Duxbl, | propose that activation of the retrotransposon ERVL in p53-deficient MuSCs

might be an underlying cause of RMS tumor development.

4.1 MuSCs as a cellular origin of RMS tumors.

It is generally accepted that the emergence of cancer cells is a consequence of
accumulating mutations in a previously healthy cell. Such mutations are more likely to occur
in dividing cells (White and Lowry, 2015). However, once a tumor is established, it is difficult
to determine the cellular origin for various reasons. First, tumors are heterogeneous containing
many different cell types, such as vascular cells or fibroblasts that mainly supply trophic and
metabolic support to the growth of cancer cells. In fact, it has been proposed that for some
cancer types, cancer cells only comprise 0.1 % cells of the whole tumor (Sharpe et al., 2013).
This creates problems when analyzing tumors in bulk, particularly when genomic DNA is
analyzed for oncogene identification. Indeed, in this study it was found that the abundance of
tumor supporting cells within tumors (which are not tumorigenic themselves) interferes with
such analyses. Second, tumor development is a transformative process. By the time a tumor has
been established, the cancer cells therein may have lost most/all molecular and cellular features

of the parental cell types from which they originally derived. In fact, many amplified or
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expressed genes in terminal tumor cell appear to be secondary consequences of tumor

establishment but not the causes (Visvader, 2011).

Adult stem cells (ASCs) have long been considered as a prominent cellular origin of
cancer because of their stem cell properties. Many ASC types are long-lived and can reside in
an organ throughout the lifespan (Koyuncu et al., 2015). Therefore, they can persist long enough
to accumulate carcinogenic mutations (Chen et al., 2017; Mani et al., 2020). In addition, ASCs
are often multipotent, providing another explanation why different cell types can be found
within one tumor and/or the plastic nature of cancer cells (Bhartiya et al., 2013). Lastly, ASCs
can self-renew and thus they harbor a proliferative potential, an obvious essential feature of

tumor cell expansion.

Thus, it is conceivable to assume that MuSCs are especially vulnerable to tumorigenic
transformation, because they own features that are common to cancer cells and do not need to
acquire them de novo. Under normal physiological resting conditions, dormant MuSCs are
long-lived but they can proliferate to self-renew or undergo differentiation, which reflects their
inherent plastic nature. In this study, it was shown that loss of p53 in regenerating MuSCs elicits
RMS tumor formation with 100 % penetrance. Importantly, mdx mice containing intact p53
never developed RMS tumors up to one year of age. In addition, MuSC-specific loss of p53
alone did not result in RMS tumor formation. Therefore, the non-proliferative state of dormancy
seems to protect MuSCs from tumorigenic transformation when p53 activity is lost. This is
consistent with the observations that RMS tumors usually occurs in early childhood during
which the skeletal muscles are still undergoing hyperplastic growth and myoblasts are still
expanding (Ognjanovic et al., 2009). Along this line, the low turnover rate of adult skeletal
muscles provides a reasonable explanation for the low frequency of RMS tumor formation in
adults (Gerber et al., 2013; Tremblay et al., 2014).

Notably, this study is not the first to address the cellular origin of RMS tumors. It has
been shown that other cell types can transform to RMS tumor forming cells including
mesenchymal stem cells and endothelial progenitor cells under certain conditions (Drummond
et al., 2018; Drummond and Hatley, 2018; Sun et al., 2015). In this study, MuSCs were
investigated as a potential source of RMS tumors under conditions of regeneration, based on
two previous reports. Chamberlain and colleagues showed that patients suffering from
Duchenne muscular dystrophy (DMD) (the dystrophic disease which is mimicked in mdx mice)
own an increased predisposition towards spontaneous RMS tumor development, even though

the incidence rate is relatively low (Chamberlain et al., 2007a). Furthermore, Camboni and
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colleagues showed that p53 knockout mice are permissive for RMS tumor development under
conditions of chronic muscle regeneration (Camboni et al., 2012). However, the cellular origin

in these mice had remained unidentified.

This question was answered in this study by combining conditional inactivation of p53
in MuSCs alone and by genetic lineage tracing. Essentially, all TAM-treated Pax7C"®ERT2;
p53floXflox: mdx’- mice developed RMS tumors and all of them were fluorescently lineage-
traced, unequivocally demonstrating that MuSCs are the cellular origin of RMS tumors in these
mice. Importantly, all generated RMS tumors consisted of both non lineage-traced traced cells
as well as of MuSC-derived lineage-traced cells. Only transplantation of the MuSC-derived
tumors cells, but not the non-lineage-traced cells generated tumors upon transplantation,
showing that only transformed MuSCs were bona fide tumorigenic cells in RMS tumors. This
IS important since it suggest that the true tumor cells and those of the tumor supporting stroma

probably need to be targeted differently when considering therapeutic interventions.

4.2 The complex mechanisms of RMS tumor formation.

The causes of cancerogenic transformation are manifold, depending not only on the
cancer types but also on the cell types from which they are derived, reflecting variations of
responses towards treatment of cancer patients. Likewise, Walther and colleagues identified
different genetic alterations from 19 RMS tumor patients, including genomic amplifications of
Mycn, Cdk4, and Mirl7hg, deletions of Nfl1, Cdkn2a, and Cdkn2b, and loss of homozygosity of
Ascc3 or Odz3 genes (Walther et al., 2016). Most interestingly, it has also been described that
two separate RMS tumors that develop in one patient can harbor distinct genetics signatures
(Nishimura et al., 2013), suggesting that different genetic alterations can lead to the tumor

formation of the same cancer type.

In view of the different copy number amplifications that were identified in this study,
there is no a master oncogene controlling the transformation of MuSCs, meaning that a (single)
common gene was not identified across samples with the exception of p53 itself. The known
functions of the amplified genes also vary between samples ranging from functions in Hippo-
signaling, MET signaling, JNK signaling, NF-kappaB signaling to Ras signaling. Interestingly,
RMS tumor cells carrying different amplifications displayed significantly different

characteristics and behaviors. For example, RMS tumor cells in which either the Yapl or Met
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gene was amplified appeared more aggressive and fast growing, while RMS tumors carrying
genomic Ras amplifications appeared more heterogeneous by morphological H&E analysis and

cells purified from these tumors did not grow well in culture (data not shown).

It did not escape my attention that some amplified genes act differently to what has been
previously described. For example, Nguyen and colleagues showed that Yapl is required for
Ras-induced cellular transformation and tumor formation in vivo (Nguyen et al., 2014). Yapl
expression is also frequently detected in Ras-induced tumors because RAS can prevent YAP1
protein ubiquitination (Nguyen et al., 2014). Furthermore, it has been shown that silencing of
Yapl in Ras-induced RMS tumor cells can lead to cell senescence followed by cell death
(Linardic et al., 2005; Slemmons et al., 2015). These studies suggest an important interaction
between Yapl and Ras. In this study however, Ras amplifications were not detected in any of
the RMS tumors containing Yapl-amplificaions and vice versa. A possible explanation is that
RMS tumor cells might develop further pro-cancerogenic features and mutations if they are
maintained long enough in culture. Such a mechanism may enable tumor cells to develop escape
routes and bypass selective pressures during therapy. In support of this idea, seminal studies
from Vogelstein and colleagues have revealed that cancer genomes evolve over time enabling

tumor maintenance or survival (Vogelstein et al., 1988).

Essentially, this study shows that the mechanisms of RMS tumor formation and
maintenance are diverse and thus remain incompletely understood. Further investigations are
necessary to understand the heterogeneous underpinnings of RMS tumor pathology at both
molecular and cellular levels, the outcomes of which might benefit the development of

personalized cancer treatment strategies.

4.3 The roles of Duxbl in RMS tumor formation.

A significant result of this study was the identification of a recurrent genomic
amplification on chromosome 14gA3 (5 out of 22, 23 %) in RMS tumors. This subset of RMS
tumors was of particular interest because this genomic locus contained a very poorly described
and triplicated gene array consisting of the genes Plac9, Tmem254, Cphx and Duxbl. None of
these had been previously described as an oncogene. In fact, this genomic region was not
annotated at the time of discovery. | focused the study on Duxbl because sequence homology

suggested that it belongs to the family of Dux TFs of which Dux4 is the founding member.
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While under healthy conditions Dux4 is present as highly methylated and multicopy silenced
gene array (known as D4Z4 repeats), it is robustly expressed in disease conditions such as the
muscular dystrophy FSHD and in different cancer contexts (Geng et al., 2012). For cancer, it
was shown that expression of Dux4 fusion products occurring through genomic translocations
can induce tumor formation (Chew et al., 2019). For example, in B-cell acute lymphoblastic
leukemia (B-ALL), the transactivation domain of Dux4 is replaced with a fragment of the Igh
gene. This results in expression of a novel out-of-frame DUX4-IGH fusion oncoprotein. This
oncoprotein can induce expression of an alternative ERG isoform (ERGalt) in B-cells, inducing
leukemic transformation (Lilljebjorn and Fioretos, 2017; Yasuda et al., 2016a, b; Zhang et al.,
2016). Similarly, genomic translocation of Dux4 can result in the generation of a chimeric

DUX4-CIC fusion protein that can induce sarcoma formation (Kawamura-Saito et al., 2006).

It seems likely that all Dux TFs (DuxA, DuxB, Dux4 in humans and Dux and Duxbl in
mice) may exhibit oncogenic potential since all Dux TFs share highly similar DNA binding
domains (Leidenroth and Hewitt, 2010). This is evident for Dux4 and Dux that both can induce
the expression of a core set of genes and ERVs in developing zygotes (Eidahl et al., 2016a;
Hendrickson et al., 2017). Moreover, both Dux4 and Dux can induce rapid cell death when

overexpressed in somatic cells, indicating orthologous function for at least these two Dux TFs.

However, it is worth noting that Duxbl does not seem to harbor a transactivation domain
like Dux4 or Dux, suggesting that Duxbl possibly does not function as a typical transcriptional
activator but rather as a repressor. This putative antagonistic function of Duxbl to Dux/Dux4 is
supported by the observation that Duxbl overexpression does not elicit cell death but instead
promotes myoblast cell proliferation and inhibits myogenic differentiation, which will favor
tumorigenic transformation (Wu et al., 2014). Since the DNA binding domains between Dux
TFs are highly similar, it is tempting to speculate that Duxbl might function as a competitive
inhibitor to Dux/Dux4 of DNA binding.

Most interestingly, it was found during the course of this thesis that Dux4/Dux, DuxA,
DuxB, and Duxbl are all expressed in early zygotes during zygotic genome activation (Sugie et
al., 2020). Several independent tumors contained genomic amplification of Kdm4d or Mbd3lI2,
which are activated by Dux4/Dux during ZGA. Interestingly, Kdm4d and Mbd3I2 encode for
epigenetic modifiers regulating H3K9 demethylation and 5mC oxidation during ZGA,
respectively (Liu et al., 2018; Marcho et al., 2015; Tan and Shi, 2012; Xu et al., 2021).
Essentially, this study indicates that Dux TFs and ZGA-associated genes are involved in tumor

formation and that reactivation of early zygotic genes induces a gain tin plasticity through
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epigenetic mechanisms for initiation of tumor development. Importantly, these findings are
more than of academic interest, since around 10% of RMS patients are positive for Dux TFs

and/or ZGA related genes.

4.4 The activation of ERVL in Duxbl-driven RMS tumor formation.

An unexpected finding was the genetic interaction of Duxbl and p53 in regulating the
expression of transposable elements (TEs). Making up about half of mammalian genomes, TES
are remnants of ancestral virus genomes and were widely considered as non-functional “junk
DNA”. Only in recent years TES have moved into focus of intense research efforts, since they
are expressed in several diseases including cancer and notably also during preimplantation
development (Lander et al., 2001; Waterston et al., 2002). Interestingly, many ZGA-associated
genes are controlled by neighboring TEs, the LTRs of which can serve as transcriptional
promoters (Fu et al., 2019; Macfarlan et al., 2012). Based on their sequences, TEs are classified
into long terminal repeat (LTR) retrotransposons (also known as endogenous retroviruses
(ERVSs), non-LTR retrotransposons represented by long interspersed elements (LINES) and short
interspersed elements (SINEs) (Mager and Stoye, 2015). TEs that own transposase activity can
be mobilized resulting in insertional mutagenesis or chromosomal alteration (Maksakova et al.,
2006). In humans, it is estimated that roughly 0.1 % of all spontaneous mutations arise from
TEs-dependent insertions, which can result in activation of oncogenes or inactivation of tumor
suppressors (Maksakova et al., 2006). Consistent with the observations that ERVs can serve as
alternative promoters, it has been shown that ERVs can also induce oncogenesis through
aberrant activation of neighboring genes. One example is a variant of human T-cell leukemia
(HTLV-1) in which Hbz and Tax are aberrantly expressed by neighboring ERVs (Laverdure et
al., 2016). In this study, it was shown that Duxbl expression enhances transcription of ERVL,
which was similar to what had been reported for Dux4 and Dux. It remains to be shown in future

studies whether different Dux TFs play different roles in activation of different TEs.

Since in contrast to Dux4/Dux, Duxbl does not seem to harbor a transcriptional
activation domain, it is tempting to speculate that direct binding of Duxbl to cognate TE-coding
DNA sequences requires cooperation with other transcriptional factors to activate expression.
Direct examination of Duxbl binding on ERVL by ATAC-seq and ChlP-seq experiments will
be helpful in this regard.
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The requirement of p53 inactivation for Duxbl-dependent induction of ERVL expression
is fascinating. This observation, together with the finding that RMS tumors only form upon loss
of p53, gives rise to the notion that p53 expression defines a defense line against Duxbl-induced
ERVL activation in RMS tumor formation. Notably, it has been reported that nearly half of all
human cancers express TEs (Rodic¢ et al., 2014). Importantly, the same report showed that TEs
were more commonly reactivated in p53-deficient human cancers suggesting that p53
counteracts the expression of TEs (Rodi¢ et al., 2014). Interestingly, it appeared that one intact
p53 allele is sufficient to suppress Duxbl-mediated RMS tumor development, which might also

be related to p53-mediated regulation of ERVL.

Given the pleiotropic molecular processes in which p53 is involved, it is likely that
inactivation of p53 may provide a favorable environment allowing activation of TEs. For
example, ,p53 deficient cells contain less DNA methylation marks at a genome scale, increasing
global accessibility of TEs distributed across the genome (Crichton et al., 2014; Younger and
Rinn, 2017). Notably, it has been reported that p53 is required for Dux4-mediated apoptosis
both in vitro and in vivo although this hypothesis remains debated (Barro et al., 2010;
Bosnakovski et al., 2017a; Bosnakovski et al., 2017b; Bosnakovski et al., 2008a; Wallace et al.,
2011). It remains to be shown how exactly p53 participates in the regulation of TEs and whether

or not expression of specific TEs can induce tumorigenesis.

4.5 Perspective.

This study clearly demonstrates that regenerating MuSCs are cells of origin for RMS
tumors. Duxbl exhibits tumorigenic potential and induces RMS tumor formation in p53-
deficient MuSCs. From this study | propose that activation of a Duxbl-p53-ERVL axis is a

causative mechanism that is sufficient to promote RMS tumor formation

It is still necessary to obtain a better understanding of role of ERVL in RMS tumor
formation. In this regard, Duxbl/p53 mice carrying ERVL reporters will reveal whether ERVL
becomes activated before, during, or after tumor formation. More importantly, it is not clear
whether ERVL activation alone is sufficient to induce RMS tumor formation. It will be
interesting to test the behavior of MuSCs when endogenous TEs are overexpressed or
alternatively, when they are inactivated. However, this will be challenging, since there is a high
sequence conservation across hundreds to thousands of highly repetitive TEs that are distributed
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across the genome (Crichton et al., 2014). Therefore, it will be difficult to identify specific TES
that may or may not have oncogenic potential. Clearly, molecular profiling of p53-deficient
MuSCs overexpressing Duxbl will provide insight into the regulatory network driven by the
Duxbl-p53-ERVL axis. Furthermore, it will be interesting to identify potential protein
interactors of Duxbl in proteomic analyses. These future investigations will help to obtain a
deeper mechanistic understanding as to how Duxbl transforms p53-deficient MuSCs to tumor
forming cells. Such studies will aid in the development of diagnostic strategies and therapeutic
treatments of Duxbl associated cancers.
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