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Abstract

Abstract

The loss of skeletal muscle tissue has many causes, including age-related muscle loss
(sarcopenia), inactivity (muscle atrophy) or disease (cachexia). It is an important topic of
current research, as satisfactory treatment of patients suffering from muscle loss is often
not possible. In general, the self-repair mechanisms of skeletal muscle tissue are so
impressive that injured and subsequently repaired muscle fibres are indistinguishable
from uninjured ones. However, when it comes to sarcopenia, cachexia, muscle atrophy
or muscular dystrophy, the treatment of lost muscle tissue is unsatisfactory. New appli-
cations and treatments need to be discovered to achieve a proper recovery of affected
patients. To date, various approaches in regenerative medicine have been developed,
and some promising options have been identified, although most still have drawbacks
that prevent their clinical application. The medical needs of patients suffering from mus-

cle loss remain unmet.

In this study, | chose PAX3 as the gene of interest because of its role as a master regu-
lator of early myogenesis. The PAX3 gene encodes a vital transcription factor in muscle
precursor cells. PAX3 is expressed at early stages of development in the dermomyo-
tome, where it is required for the proper development of the epaxial and hypaxial dermo-
myotome. PAX3 also controls the delamination of muscle progenitor cells from the
dermomyotome. This gene is essential for the migration of muscle precursor cells to
distant sites during myogenesis, such as the limbs, where muscle precursors differenti-
ate and give rise to mature muscle. The limbs and most hypaxial muscles in mammals
require the expression of PAX3 to develop. PAX3 also plays an important role in cell
proliferation, cell motility and cell survival. Pax3 mutant embryos were found to lack mus-
cles of migratory origin and the development of trunk musculature in these embryos was

also severely defective.

For this reason, | focused on the gene PAX3 and generated PAX3-overexpressing mes-
enchymal stem cell populations (SCP1 cell populations) using a Sleeping Beauty trans-
poson system: SCP174%3,, cells and SCP174%3,,, cells. | aimed to generate PAX3-over-
expressing SCP1 cell populations, characterise them in vitro and identify the muscle-
related molecular signatures of SCP174%%,., cells and SCP174%3,, cells. Accordingly, |
characterised these newly generated cell populations in vitro by analysing changes in
cell proliferation, clonogenic potential, random migration, cell morphology and fusion
properties compared to native SCP1 cells and/or C2C12 cells. | evaluated the muscle-
related molecular signatures of the PAX3-overexpressing cell populations using next

generation RNA-sequencing.
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| found that overexpression of PAX3 in SCP1 cells alone was not sufficient to fully trans-
form these cells into functional myoblasts. The proliferation of SCP1 cells was not af-
fected by PAX3-overexpression. The clonogenic potential of SCP1 cells was unaffected
by PAX3-overexpression, as was cell morphology and random cell migration. Fusion of
SCP1 cell populations could not be induced by PAX3. Furthermore, | could not detect
MYH1E expression or terminal myogenic differentiation in the newly created cell popu-
lations. However, overexpression of PAX3 shifted the transcriptome of SCP1 cells. Using
GO enrichment analysis, | was able to show that the overexpression of PAX3 activated
the “muscle organ development” pathway in SCP1 cells. This suggests that the overex-
pression of PAX3 induces slight changes in the transcriptome of SCP1 cells towards a

more myogenic lineage.

Taken together, my data indicate that overexpression of PAX3 allows for minor myogenic
changes in the transcriptome of SCP1 cell populations that were not translated into any
of the functions explored by the aforementioned assays. My work provides a basis for
characterising the potential changes in mesenchymal stem cells by overexpressing
PAX3. Furthermore, my data suggest that the constant overexpression of PAX3 may
prevent the cells from terminal myogenic differentiation and that downregulation of PAX3
must be included in any future studies to allow the initiation of myogenic cascades as
they naturally occur in vivo. A transient upregulation of PAX3 would more closely resem-
ble the physiological myogenic program and could therefore be an interesting alternative

to explore in the future.
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Es gibt verschiedene Grunde fur den Abbau von skelettaler Muskelmasse. Diese Grinde
fur Muskelabbau kénnen entweder durch Alter (Sarkopenie), Inaktivitat (Muskelatrophie)
oder Krankheit (Kachexie) bedingt sein. Obwohl der menschliche Kérper grundsatzlich
beeindruckende Ressourcen besitzt, um verletztes Muskelgewebe wieder aufzubauen,
sind der Medizin aktuell in der Therapie von Muskelabbau im Zuge von Sarkopenie,
Muskelatrophie oder Kachexie Grenzen gesetzt. Die ganzliche Wiederherstellung der
verlorenen skelettalen Muskelmasse ist oft nicht moglich. Daher sollte in der zuklnftigen
Forschung ein Hauptaugenmerk auf dieses Gebiet gelegt werden, um bessere Behand-
lungsmadglichkeiten fur betroffene Patienten/Patientinnen zu erméglichen. In der regene-
rativen Medizin gibt es bereits viele Ansatze fur die Therapie von Muskelabbau. Viele
dieser Ansatze sind jedoch nach wie vor mit Kehrseiten verbunden. Eine ganzlich zufrie-
denstellende Loésung fir die Behandlung von Muskelabbau wurde noch nicht gefunden.
Durch Forschung Uber muskulare Entwicklung und Regeneration und die damit einher-
gehende Identifikation wichtiger Gene und Faktoren, kdnnten die Therapiemdglichkeiten

fur betroffene Patienten/Patientinnen verbessert werden.

In meiner Arbeit habe ich PAX3 als zu untersuchendes Gen ausgewahlt, weil es fir die
frihe Muskelentwicklung essenziell ist. Das PAX3 Gen codiert einen Transkriptionsfak-
tor, dessen Transkription in Muskelvorlduferzellen wesentlich ist. Die Expression von
PAX3 wurde im friihen Stadium der Muskelentwicklung im Dermomyotom nachgewie-
sen, wo das Gen flr die korrekte Entwicklung des epaxialen und hypaxialen Dermomy-
otoms essenziell ist. PAX3 kontrolliert die Delamination von Muskelvorlauferzellen vom
Dermomyotom. AuRerdem ist PAX3 unverzichtbar fur die Migration von Muskelvorlau-
ferzellen zu Orten der Myogenese wie zum Beispiel den Extremitaten. Sdugetiere brau-
chen zur korrekten Entwicklung der Muskeln der Extremitaten sowie der meisten hypaxi-
alen Muskeln PAX3. AulRerdem spielt PAX3 eine wichtige Rolle in der Proliferation, der
Motilitdt und auch im Uberleben von Zellen. In Pax3 mutanten Embryonen wurden feh-
lende Muskeln migratorischen Ursprungs festgestellt, was auch mit schweren Defekten

in der Entwicklung der Rumpfmuskulatur einherging.

Aus diesem Grund habe ich mich in meiner Arbeit auf den Transkriptionsfaktor PAX3
fokussiert und mithilfe des Sleeping Beauty Transposon Systems aus mesenchymalen
Stammzellen (SCP1 Zellen) Zellpopulationen generiert, die das Gen PAX3 stabil Gber-
exprimieren: SCP17°4%3,,, Zellen und SCP1°4%3,, Zellen. Das Ziel der Studie war, PAX3-
Uberexprimierende SCP1 Zellpopulationen zu kreieren, diese in vitro zu charakterisieren
und Veranderungen dieser Zellen hinsichtlich einer potenziellen myogenen Differenzie-

rung aufzuzeigen. Ich habe die neu geschaffenen Zellpopulation in vitro analysiert, um
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Veranderungen beziglich ihrer Proliferation, ihres klonogenem Potentials, Migrationsve-
haltens, Morphologie und der Zellfusion zu erforschen. Ich habe die Ergebnisse jeweils
mit nativen SCP1 Zellen und/oder C2C12 Myoblasten verglichen. Aulerdem wurde eine
Next-Generation RNA-Sequenzierung durchgefiihrt, um Anderungen im Transkriptom

der PAX3-Uberexprimierenden SCP1 Zellpopulationen festzustellen.

Meine Daten zeigen, dass die alleinige Uberexpression von PAX3 in SCP1 Zellen nicht
ausreicht, um diese Zellen in funktionelle Myoblasten zu verwandeln. Ich konnte keine
Veranderungen in der Proliferation der neuen Zellpopulationen aufgrund von PAX3
Uberexpression feststellen. Das klonogene Potential dieser Zellen blieb ebenso unver-
andert wie auch die Morphologie oder das Migrationsverhalten. SCP1 Zellen, die PAX3
Uberexprimierten, fusionierten nicht und exprimierten auch kein MYH1E. Die neu ge-
schaffenen Zellen differenzierten in Summe nicht aus und entwickelten sich nicht zu My-
oblasten. Dennoch konnte durch die Uberexpression von PAX3 das Transkriptom der
SCP1 Zellen verandert werden. Von grolier Bedeutung fir meine Studie war hier das
Ergebnis, dass der Signalweg der ,Muskel Organ Entwicklung® in PAX3-lberexprimie-
renden SCP1 Zellen aktiviert wurde. Dies zeigte die GO Enrichment Analyse. Dieses
Ergebnis deutet darauf hin, dass durch Uberexpression von PAX3 leichte Veranderun-
gen des Transkriptoms von SCP1 Zellen in Richtung einer myogenen Linie ermdglicht

wurden.

Zusammengefasst zeigen meine Daten, dass die Uberexpression von PAX3 eine begin-
nende Induktion des myogenen Programms in SCP1 Zellen erméglicht. Meine Studie
bietet eine Basis, um Mdglichkeiten der Veranderung von mesenchymalen Stammzellen
durch PAX3 Expression aufzuzeigen. Aullerdem konnte ich zeigen, dass eine konstante
Uberexpression von PAX3 die Zellen an der terminalen, myogenen Differenzierung hin-
dern kénnte. Und, dass PAX3 in zuklnftigen Studien herunter reguliert werden muss,
um den Beginn von myogenen Kaskaden zu ermoglichen, wie es auch in vivo der Fall
ist. Hierfur ware eine transiente Transfektion von PAX3 eine Mdglichkeit, welche die phy-

siologischen Ablaufe der Myogenese besser nachahmen kénnte.
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Introduction

1. Introduction

1.1 Skeletal muscle loss

For this study, | define the loss of skeletal muscle as a decrease in muscle mass (1).
Skeletal muscle loss comes with an imbalance in the metabolism of protein, as more
protein is degraded than produced (1). There are various reasons why muscle loss oc-
curs: due to ageing, which is known as sarcopenia (2); due to disease, called cachexia;
or by inactivity, known as atrophy (2). Sarcopenia, cachexia and atrophy are all based
on a loss of muscle mass (2). Other reasons for the loss of skeletal muscle tissue are

trauma through injury or degenerative diseases such as muscular dystrophies (3, 4).

1.1.1 Sarcopenia

With age, the lean body mass is reduced, and fat mass is increased (2). The resulting
condition of sarcopenia was first described in 1993 by Evans and Campbell (2, 5) and in
1995 Evans defined it as an age-related loss of muscle mass (2, 6). In 2010, Muscaritoli
et al. modified the definition of sarcopenia (7). It was then defined as low muscle mass
(> two standard deviations under the mean muscle mass measured in young adults)
combined with low gait speed (meaning a walking speed under 0.8 m/s in a walking test
of four meters) (7). Humans reduce about 30% of muscle mass from age 20 to 80 (2, 8)
as the amount and size of muscle fibres decreases over a lifetime (2, 9). The aetiology
of sarcopenia has various causes such as a lack of physical activity, lower levels of an-
drogens, poor nutrition especially concerning vitamin D and protein intake or chronic
inflammation (2, 10-14). 50% of people over 80 years and 5-13% of 60 to 70-year-olds
suffer from sarcopenia, making it a global health concern (15, 16). Diagnosing sarcope-
nia is difficult as there are no specific or sensitive measures (16-18). Currently, imaging
methods such as magnetic resonance imaging (MRI) or computed tomography (CT), calf
circumference, handgrip strength, walking speed or bio-impedance analysis are used to
evaluate sarcopenia (16). The European Working Group on Sarcopenia in Older People

(EWGSOP) defined the diagnostic criteria for sarcopenia as follows:

e Low muscle mass is defined by a skeletal muscle mass index of < 6.37 kg/m? in
women and < 8.90 kg/m? in men
e Low muscle strength measured by handgrip strength of <20 kg in women or

< 30 kg in men
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¢ Low physical performance measured by gait speed < 0.8 m/s (16, 19)

Depending on the levels of muscle mass and functional impairment, sarcopenia can be
staged into three levels: pre-sarcopenia (low muscle mass, normal muscle strength and
normal performance), sarcopenia (low muscle mass, low muscle strength and normal or
low performance) and severe sarcopenia (low muscle mass, low muscle strength and

low performance) (16, 19).

Early diagnosis of sarcopenia is important in order to start interventions and improve
outcomes for those affected (16). A distinction can be made between the non-pharma-
cological and pharmacological treatment of sarcopenia (16). Regarding non-pharmaco-
logical treatment, establishing an exercise regimen is vital to counteract physical inactiv-
ity in patients (16). Both strength training and resistance training should be included (16).
Resistance training can increase the rate of protein synthesis and hormone concentra-
tions, which is beneficial for the neuromuscular system (16, 20). When it comes to the
pharmacological treatment of sarcopenia, no agents have been approved by the US
Food and Drug Administration (FDA) (16). Attempts using growth hormone increased
muscle mass and protein synthesis but did not improve muscle strength or function (16).
Anabolic steroids, especially testosterone, can increase muscle mass and strength (16,
21, 22). Nevertheless, clinical use is limited due to an elevated risk of cardiovascular

events, the risk of virilisation in women and prostate cancer in men (16, 21, 22).

New treatment pathways for sarcopenia are currently in development (16). Promising
options being investigated include selective androgen receptor modulators, vitamin D,
myostatin, eicosapentaenoic acid, angiotensin-converting enzyme inhibitors (16, 21, 22),
thalidomide, anabolic agents such as ghrelin, MT-102 (anabolic catabolic transforming
agent (ACTA) (23)), celecoxib, or omega-3 supplements or BYM338 (bimagrumab) (16,
24). Potsch et al. showed that MT-102 could reverse sarcopenia in old rats (23), and its
potential in human sarcopenia treatment is currently being considered (16). Herbal sup-
plements also present an interesting option to increase muscle mass in patients suffering
from sarcopenia (16). In 2016, Rondanelli et al. showed that some herbal compounds
positively affect skeletal muscle (16, 25). These include steroidal lactones and alkaloids
from Withania somnifera (Solanaceae), curcumin from Curcuma longa, shogaols and
gingerols from Zingiber officinale, proanthocyanidin of grape seeds or catechins from
Camellia sinensis (16, 25). Still, further studies are needed to prove the efficacy and
safety of herbal supplements in humans (16). In 2013, Harimoto et al. found that the
prognosis of the recurrence-free and overall survival of patients suffering from hepato-
cellular carcinoma, undergoing hepatectomy, with sarcopenia was significantly worse

than without sarcopenia (26). Sarcopenia raises the risk of mortality in critically ill patients
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(27). Future research should concentrate on improving diagnostic biomarkers for sarco-
penia and analysing biological pathways leading to sarcopenia (16). Currently, the best
practice to minimise sarcopenia lies in elevated awareness among healthcare providers

and patients, a multi-disciplinary treatment approach and early screening (16, 28).

1.1.2 Cachexia

Cachexia can be defined as unintentional weight loss during a chronic illness (29). By
definition, cachectic patients suffer from a chronic disease, have lost = 5% of their body
weight in the past twelve months or less, and face at least three of the following condi-
tions: decrease in muscle strength, low albumin, fatigue, anaemia, anorexia, inflamma-
tion, atypical biochemistry or a low Fat-Free Mass Index (29, 30). Cachexia is character-
ised by a rapid loss of skeletal muscle tissue (2). It can also come with a loss of adipose
tissue (2, 30). It is associated with inflammation, insulin resistance, anaemia, muscle

weakness, fatigue and increases in the breakdown rate of muscle proteins (2, 30).

Several conditions can entail cachexia such as malignant cancer, chronic obstructive
pulmonary disease (COPD), Alzheimer's disease, cystic fibrosis, chronic heart failure,
rheumatoid arthritis, infectious diseases, chronic kidney disease and several other
chronic diseases (29). The most prevalent subtypes of cachexia are COPD cachexia,
chronic kidney disease cachexia, cancer cachexia and cardiac cachexia (in chronic heart
failure) (29).

Many patients suffer from cachexia (29). 60%-80% of advanced cancer patients and 5%-
15% of patients suffering from chronic heart failure or chronic obstructive pulmonary dis-

ease develop cachexia (29).

Cachexia comes with an impaired quality of life, high-mortality, and poor-symptom status
(29). It is thought that the rate of cancer patients dying from cachexia presumably ex-
ceeds the 30% mark (29). Mortality rates range from 80% in cancer cachexia patients,
10%-15% in COPD cachexia patients to about 30% in patients suffering from chronic

kidney disease cachexia or cardiac cachexia (29).

Therapy of affected patients is restricted; there is no proven treatment for cachexia. Cur-
rent approaches focus on nutritional interventions, administering anabolic steroids, ap-
petite stimulants or anti-catabolic therapies (29, 31). These treatments are currently be-
ing investigated (29, 31). To date, the pathophysiology of cachexia is not well under-
stood, and future research should focus on cachexia as a serious medical problem,

which is often under-recognised and underestimated (29).
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1.1.3 Muscle atrophy

Muscle atrophy is properly defined as a loss of skeletal muscle tissue caused by reduced
physical activity (2). Confusingly, the term “muscle atrophy” is also used when discussing
sarcopenia or cachexia, since muscle atrophy occurs physiologically with age (age-re-
lated sarcopenia) (1) and muscle atrophy is a clinical feature of cachexia (1). Commonly,
these terms are used fluidly and synonymously; however, in this study, muscle atrophy
will be defined as a loss of skeletal muscle mass caused by inactivity (2). Causes for
disuse-induced skeletal muscle atrophy (32) can be a sedentary lifestyle, long-term im-
mobilisation or long periods of rest (1). Furthermore, enforced lockdowns such as during
the COVID-19 pandemic, disabilities or pain due to chronic diseases, diseases affecting
mental health such as depression, decreased ambulatory activity, infections compelling
bed rest or hospitalisations can promote skeletal muscle atrophy due to reduced physical
activity (32-36). Affected patients suffer from a reduced quality of life, a decrease in indi-
vidual independence and overall reduced mobility (32, 37, 38). This loss of skeletal mus-
cle mass in muscle atrophy increases the risk of various chronic diseases such as car-
diovascular diseases, depression or type 2 diabetes mellitus and is linked to a higher
mortality (2, 32, 39, 40). Therefore, it is important to understand and prevent muscle
atrophy (32).

Therapeutic approaches to counteract muscle atrophy include exercise training targeting
the atrophying muscles (1, 41-43), dietary interventions e.g. using appetite stimulants (1,
44), using compounds with anabolic activity such as steroidal androgens (1, 45) or
growth factors (1, 46), using anti-inflammatory drugs (1, 47-49) or using muscle-wasting
inhibitors like proteasome inhibitors (1, 50, 51). The most widely accepted, effective non-
pharmacological treatment of muscle atrophy is resistance training (32). Muscle loss that
occurs after disuse-events can often be restored via rehabilitation therapy or ambulation;
however, in the older population, multifaceted treatment approaches including increased

activity and protein intake, seem to be the most efficient (32, 52).

1.1.4 Other reasons for loss of muscle mass

As stated before, trauma caused by injury and degenerative diseases such as muscular
dystrophies are grave reasons for loss of muscle mass as well (3, 4). Various types of
traumas or injuries can result in loss of muscle mass and strength such as contraction-
induced injuries, myotoxic injuries, freeze injuries, volumetric muscle loss injuries or burn
injuries (53). Throughout a lifetime, injuries of skeletal muscle happen frequently and
differ in levels of impact to a person (54, 55). Skeletal muscle can rebuild itself to the

point where newly regenerated myofibers cannot be distinguished from uninjured ones

4



Introduction

(54). Recovering from injured muscles can depend upon immobilisation and, thereby,
muscle disuse, which leads to muscle loss and decreases in the functional capacity and
metabolic health of skeletal muscle (56). The rehabilitation period after injury depends
on the extent of muscle loss (56). Muscle loss due to disuse after injury can be prevented

by neuromuscular electrical stimulation (56).

Muscular dystrophies are characterised by genetic modifications that lead to progressive
loss of power and strength, resulting in degeneration of skeletal muscle (57). Patients
experience muscle weakness, spasms, atrophic muscle tissue or myalgias (58). Wide-
spread muscular dystrophies are, for instance, myotonic dystrophy, facioscapulohumeral
muscular dystrophy, Duchenne muscular dystrophy or Becker muscular dystrophy (59).
Duchenne muscular dystrophy also affects children and young patients (60). To date,
muscular dystrophies are incurable and can come with premature death due to cardiac
failure or respiratory dysfunction (58). Novel genome editing technologies are promising
in curing muscular dystrophies, enabling the insertion of genetic alterations into the cells

of mammals (61).

Taken together, there are many forms and causes for the loss of skeletal muscle, and a
satisfactory treatment leading to a complete cure is yet to be found. A deeper under-
standing of the underlying control mechanisms of the maintenance and loss of muscle
mass will help tackle clinical problems (62). Future research needs to focus on providing
more effective diagnostic and treatment pathways for patients. This will improve the prog-
nosis of diseases associated with a loss of muscle mass by identifying new therapeutic
targets and drugs (62). The activation of the Akt pathway through specific IGF1 memetics
(62), beta-adrenergic antagonists (62, 63), myostatin (62, 64) or the proteasome system
(62, 65-67) are promising therapeutic approaches (62). After all, healthy muscles are
vital for healthy ageing, and for the energy supply to essential organs in periods of stress

and preventing metabolic disorders (62).

1.2 Adult muscle regeneration and the role of satellite cells

During the development of skeletal muscles, multinucleated myofibers are built by the
fusion of mononucleated muscle progenitor cells (68). Some of these muscle progenitor
cells stay associated with adult myofibers as satellite cells (68). Satellite cells, located
under the basal lamina of the muscle fibres (69), are known to be a muscle-specific type
of stem cell (68).
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Mammalian skeletal muscles can regenerate after injury, a mechanism also known as
the formation of myofibers caused by necrosis (68). This regeneration process is medi-
ated by satellite cells (68). Neuronal activity is essential to support the growth of the
regenerated muscle (68). Three sequential stages of muscle regeneration, which can
also overlap, can be differentiated (68). First, there is an inflammatory response with
macrophages involved in phagocytosis, simultaneously with the promotion of muscle dif-
ferentiation, second, the activation and differentiation of satellite cells takes place and

finally, the growth and remodelling of muscle tissue occurs (68).

Throughout the whole lifetime, they reside in the muscle tissue (68). Their regenerative
capacity, however, declines with age and disease (68, 70). Satellite cells are located in
a stem cell niche, a specialised microenvironment containing stem cells, stromal cells,
neural inputs, vascular networks, soluble factors, cell adhesion molecules and compo-
nents of extracellular matrix (68, 71). This niche protects the inactive stem cell popula-
tions from decreasing in number and regulates their activation, which can be induced by
factors such as disease, injury or exercise (68, 71). Satellite cells are identified by certain
markers such as Pax7, M-cadherin, CD34 and, in some adult muscles, Pax3 (68). After
muscle tissue is injured, satellite cells activate and proliferate to form a pool of myoblasts
(68). These myoblasts differentiate and fuse, providing the myonuclei required to replace
or repair the damaged myofibers (68, 72). When activated, the satellite cells migrate out
of the stem cell niche and either undergo symmetric division, expanding their number
and, thereby, the stem cell pool or asymmetric division, giving rise to cohorts of commit-
ted satellite cells and, therefore, progenitor cells by creating one differentiating cell and
one self-renewing stem cell (68, 73, 74). Various signals can activate satellite cells (68).
For instance, the generation of sphingosine-1-phosphate in the inner side of the plasma
membrane of muscle cells (75), the production of nitric oxide (NO) due to an increase of
NO synthase activity (which occurs due to an activation of matrix metalloproteinases,
which in turn cause the release of hepatocyte growth factor (HGF) from the extra-cellular

matrix) (76) or HGF binding to its receptor c-met (which satellite cells express) (68, 77).

On the second day after injury, satellite stem cells undergo rapid proliferation (3, 68).
This is promoted by endothelial cells, which secrete antiapoptotic and mitogenic factors,

such as the vascular endothelial growth factor (VEGF) (3, 68).

Whnt and Notch signalling appears to control the switch from satellite cell proliferation to
differentiation (68). During proliferation, Notch signalling seems to predominate (68, 78),

whereas in the differentiation phase Wnt signalling prevails (68, 79).

The proliferation of satellite cells generates both new undifferentiated stem cells and

myogenic progenitor cells, which express the myogenic regulatory factors (MRFs) Myf5,
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MyoD, Myogenin and Mrf4 (68, 80). Most satellite cells simultaneously express Myf5 and
MyoD, followed by moygenin (68). MyoD plays an essential role in this process since
MyoD-null satellite cells showed no expression of Mrf4 and decrease in the levels of
Myogenin (68, 81). As a result, a deficit in the differentiation of those cells occurs (68,
82).

Satellite cells proliferate and differentiate into myofibers (80). They can differentiate into
various mesenchymal lineages due to the heterogeneity in their differentiation potential
(83). Satellite cells can differentiate into osteocytes, myocytes or adipocytes in vitro (83).

Still, the prevalent fate of satellite cells in healthy muscle in vivo is myogenesis (68, 80).

Many factors affect the growth of muscle tissue after injury, such as the type of injury,
whether blood vessels are damaged and whether the re-establishment of myotendinous
and neuromuscular connections is possible (68). The preservation of the basal lamina is

essential for the regeneration of muscle tissue (68).

The remodelling of muscle is frequently observed in muscle regeneration (84). Myotubes
might fuse outside the basal lamina, forming clusters of smaller fibres (68); or the myo-
tubes may only fuse at one extremity, and form forked fibres (68); new myotendinous
junctions may be formed due to scar tissue separating the two stumps (68). Furthermore,
myofibers may form outside the basal lamina and persist as small fibres in the interstitial
tissue (68).

As previously stated, nerve activity also plays an important role in the regeneration of
muscle tissue (68); however, the activation, proliferation, differentiation and fusion of sat-
ellite cells are not dependent on neural activity (68). These stages of muscle regenera-
tion can function without neural activity (68). Nonetheless, the newly formed myofibers
ultimately need neural activity to enable further growth and maturation (68). If not, the

newly formed myofibers remain atrophic (68).

Although satellite cells hold enormous regenerative capacities, including the ability to
restore damaged muscle fibres or completely rebuild fresh muscle tissue, fibrosis, the
formation of scar tissue reducing proper muscle function, still occurs in healing muscle
tissue (68, 85, 86). This goes hand in hand with aesthetic deficits and insufficient recov-
ery of the impaired area (68, 85, 86). Subsequently, identifying factors which can help
decrease the formation of scar tissue and improve the healing process of muscle tissue
overall is of great interest in current research (68, 85). By identifying essential bioactive
factors involved in muscle regeneration, the treatment of muscle injuries, dysfunction or

diseases could be improved (68, 85).
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To sum up, satellite cells are vital for the regeneration of muscle tissue. The proliferation
of satellite cells ensures the persistence of stem cell populations in adult muscle tissue,
important for the proliferation, differentiation and fusion of myogenic cells, to form myo-

fibers after injury and, ultimately, to maintain a normal muscle function (68, 80).

1.3 Approaches to regenerative medicine for treating muscle

loss

The following chapter features possibilities of future treatments for muscle regeneration
and combatting muscle loss. | will also review factors and cell lines which may be suitable

for further research.

Ghrelin and Insulin-like growth factor 1 (IGF1) analogues are appealing aspects for re-
search and future therapy of muscle loss (87). IGF1 is one of the best-characterised
regulators of muscle growth (68), promoting the growth of muscle tissue and muscle
regeneration (68), and regulating protein synthesis in skeletal muscle (68, 88). Barton-
Davis et al. showed that skeletal muscle loss caused by ageing could be prevented by
injecting a recombinant adeno-associated virus that induces the overexpression of IGF1
(89). These findings could be a starting point for human gene therapy, preserving muscle
function despite ageing, via a gene transfer of IGF1 into muscle tissue (89). However,
IGF1 is unsuitable as a therapeutic agent due to its fast clearance (87). A modified form
has therefore been developed: long arginine IGF1, which is more potent, has a longer

circulation time and binds to more tissue targets (87, 90).

Ghrelin is a hormone which raises the levels of growth hormone, IGF1 and overall body
mass (87, 91). Ghrelin can reduce muscle atrophy caused by denervation or fasting (87,
92). In 2015, Chen et al. showed that Ghrelin ameliorates muscle wasting by increasing
muscle strength and lean body mass (93). Human synthetic ghrelin can enhance the left
ventricular function, combat muscle loss in patients suffering from chronic heart failure
after intravenous dispensing for three weeks (94), boosting muscle mass for patients
with COPD (95, 96), and benefiting patients suffering from cardiopulmonary-associated

cachexia (97).

Another way of stimulating muscle tissue growth, independent of IGF1, is through acti-
vating the G protein-coupled B2-adrenoreceptor (87). This causes cAMP to accumulate,
activating the protein kinase A (87, 98) and stimulating the PI3K—AKT-mTOR signalling
(87, 99). B2-adrenoreceptor agonists, such as formoterol or clenbuterol, impede protein

degradation and lower muscle atrophy due to ageing (100), immobilisation (63), dener-
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vation (101) or cancer (87, 102). cAMP levels can also be increased by selective inhibi-
tors of phosphodiesterase 4 (87). This class of drugs is known for anti-inflammatory qual-
ities and the reduction of obstruction in airflow (87, 103), making them suitable for the
treatment of COPD (87, 104). cAMP has been reviewed many times regarding the repair
and regeneration of muscle tissue (105). Since many forms of cancer and musculoskel-
etal disorders display dysfunctions in the cAMP signalling cascade (105, 106), it is an
interesting target to create model systems for future research (105, 107). Recently, mus-
culoskeletal regenerative engineering has focused on cAMP (105). cAMP signalling is
necessary for the proper regeneration of adult skeletal muscle since it is associated with
the differentiation (105, 108) and migration (105, 109) of myoblasts as well as myoblast
fusion (86, 105, 108, 110, 111). For this reason, studies in animal models revolving
around muscular dystrophy, age-related muscle loss or muscular atrophy because of
disuse have shown that by maintaining the activation of the cAMP signalling cascade,
the hypertrophic reactions of myofibers can be accomplished (86, 105, 112, 113). Taken
together, cAMP is a promising candidate for the future treatment of muscle loss as it
modulates musculoskeletal regeneration (105). That said, the activation of CAMP cas-
cades activates other signalling cascades, which might be harmful and unwelcome dur-
ing specific treatments (105). Site-selective analogues of cAMP need to be identified in
the future to offer more therapeutic agents that can be used in musculoskeletal regener-

ative engineering (105).

Another method of treating muscle loss could lie in androgens such as steroids and se-
lective modulators of the androgen receptors (87). Testosterone increases the muscle
mass and protein synthesis by binding to nuclear receptors in the muscle tissue (87).
Testosterone induces the growth of muscle (87, 114) and raises the number of satellite
cells in muscle tissue (87, 115). Clinical use of this androgen is very limited due to severe
side effects, including masculinisation, cancer or prostate hypertrophy (87, 116). To over-
come these side effects, non-steroidal selective androgen receptor modulators could be

an alternative drug (87, 117).

Satellite cells are promising for future treatment as they are muscle-specific stem cells,
assuring the regenerative capacity of skeletal muscle (3, 118). Transplanting satellite
cells could be therapeutically feasible (3, 119). For instance, engrafting muscles with
mice was enhanced after transplanting mouse muscle fibres with as few as one to seven
satellite cells enclosed in them (3, 69, 120). Moreover, Xu et al. isolated human satellite
cells from muscle biopsies and sorted them via fluorescence-activated cell sorting
(FACS) before transplanting those satellite cells into immune-compromised mice (121-
123); the mouse satellite cell niche was colonised, and mouse fibres formed, which ex-

pressed human markers (121-123). This is an essential step for recovering damaged
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muscle tissue (121-123). Still, several obstacles are involved in working with satellite
cells (3). Their regenerative capacity is reduced when cultured, compared to freshly iso-
lated cells (3, 123). Moreover, they survive and migrate poorly in culture (3, 124, 125).
After only three days of expansion ex vivo, satellite cells reduce their proliferative capac-
ity (3); however, results could be improved by transplanting more cells (126) or immuno-
suppression (3, 127). Delivering satellite cells through means other than direct transplan-
tation might avoid those challenges (3). For instance, Collins et al. showed that after
implanting single myofibers into muscle, as few as seven satellite cells can regenerate
more than 100 myofibers (3, 69). High levels of technical skill and expertise, however,
are needed to implement such interventions (3). Another obstacle to the clinical use of
satellite cells in therapy is that only a few satellite cells can be isolated from a biopsy
(123). This means that the yield of satellite cells is low, especially when they come from
already dystrophic muscle (123). Overall, satellite cells are difficult to isolate, expand or
engraft (128).

Induced pluripotent stem cells (iPSCs) could be beneficial in the future treatment of mus-
cle loss due to their capacity for self-renewal, ability to give rise to various cell types, and
suitability for genetic editing (3). Other advantages of iPSCs are that their origins are
easily accessible and can be established flexibly, regardless of the donor’s age (3, 129).
After in vivo transplantation, iPSCs can fuse with existing myofibers (3, 130). Mafioletti
et al. showed that iPSCs can build functional skeletal muscle on a three-dimensional
level in vitro (3, 131). Murine iPSCs differentiated efficiently into skeletal muscle in vitro
as shown by Mizuno et al.(3, 132). The disadvantages of iPSCs, however, lie in the high
costs of iPSC preparations from every patient and the extended time, more than three
months, that is necessary to generate iPSCs (3, 129). Although rare, tumour formation
following iPSC transplantation has been observed (3, 133). For clinical use, iPSCs re-

quire genetic correction to fix these errors (132).

Due to their regenerative capacity, hematopoietic stem cells (HSC) are an attractive av-
enue for muscle loss research (3). Gussoni et al. showed that, when injected intrave-
nously, HSCs can restore the expression of dystrophin in dystrophic mice (mdx), con-
tributing to myogenesis (3, 134). HSCs are an origin for both blood and muscle tissue as
they increasingly integrate into myofibers after injury (3, 135). Still, their potential for clin-
ical use is still controversial due to other findings (3). Goldman et al. showed that in
treating volumetric muscle loss injuries, HSCs do not significantly alter the transcription

of key myogenic factors or gains in muscle force (3, 136).
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Mesenchymal stem cells (MSCs) also hold promise (3). MSCs can self-renew, exhibit a
multi-lineage potential (3, 137) and can be accessed from various tissues, including ad-
ipose tissue or bone marrow (3). MSCs can differentiate into chondrocytes, adipocytes,
and osteoblasts (3, 138). However, MSCs are challenging to acquire in the amounts

necessary for successful transplantation (3, 139, 140).

Bone marrow-derived MSCs, when applied intramuscularly in rats, have proven to en-
hance muscle function in crush trauma models, as shown by Matziolis et al. (3, 141).
They also contribute functionally to the phenotype of muscle cells and can reprogramme
them (3, 142).

Muscle-derived MSCs have also been investigated to combat muscle wasting (3). They
secrete numerous beneficial growth factors and anti-inflammatory cytokines and contrib-
ute to the regeneration and repair of muscle tissue (3, 137). Challenges in the clinical
use of muscle-derived MSCs are the low engraftment efficiency and the limitations in
functional improvements despite histological improvements, which were accomplished
(128, 143, 144).

Fibro/adipogenic progenitor cells (FAPs) are another exciting area of research (3). In
muscle tissue, FAPs are involved in the fat cell formation (3, 145). After damage, these
otherwise quiescent cells proliferate and provide a source of signals, such as IL-6, ben-
eficial for differentiating myogenic precursor cells (3, 146), though they do not fuse with
existing myofibers (3, 146). Factors that modulate FAP activity need to be identified (3).
Modulating the activity of FAPs to promote myogenic differentiation without fatty or fi-

brotic tissue might offer numerous benefits in the future treatment of muscle loss (3).

Furthermore, several other stem cell populations in the skeletal muscle could be of inter-
est in the future treatment of muscle loss, such as the muscle side-population (SP) (3).
SP cells are capable of self-renewal (3). Tanaka et al. showed that, when injected directly
into the injured muscle, SP cells engrafted into the satellite cell niche successfully (3,
147). Doyle et al. found that ABGC2-expressing SP cells increased after injury, and mice
lacking these cells had fewer satellite cells and decreased myofibers sizes (3, 148). Mus-

cle SP cells’ myogenic potential is under investigation (3).

Overall, stem-cell-based approaches to muscle regeneration currently prove problematic
because of the difficulties in deliverability and cell expansion in vitro (3, 128). To imple-
ment stem-cell-based approaches to combat muscle loss in everyday clinical practice,
the technical and financial obstacles and the regulatory difficulties must be overcome (3,
128).
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The function and regeneration of skeletal muscle tissue is a complex process with nu-
merous parties included. Cellular therapies will benefit from future studies into the mech-
anisms that coordinate muscle repair and improve skeletal muscle regeneration (3). As
discussed in this chapter, several promising approaches already exist, but have substan-
tial drawbacks and obstacles in clinical use. In the future, the solutions for the treatment
of muscle loss might be found in tissue engineering, stem cell therapy or a combination
of bioengineered scaffolds with stem cells (3). New genome editing technologies are
promising in curing muscular dystrophies by inserting genetic alterations into the cells of
mammals (61). Moreover, identifying bioactive factors involved in the growth and repair
of skeletal muscle will help better understand the mechanisms, pathways, signalling cas-
cades of biological factors which enable muscle regeneration (3, 105). Thus, therapeutic
measures can be developed to improve the treatment of muscle loss, injuries or diseases
(3, 105).

Taken together, current treatment options regarding muscle loss remain unsatisfactory
due to the downsides of the abovementioned pathways (3). The medical care given to
patients suffering from muscle loss needs to be improved, and finding new therapies

could offer relief (3).

To improve options for future treatment, it is essential to also extend the knowledge of
muscle development in embryogenesis. As complex as it is, this process usually has a
successful outcome. Therefore, it provides an essential guide to be considered. PAX3
plays an important role in orchestrating early myogenesis (149). Analysing this gene and
its possibilities more precisely could stimulate future research since regenerative medi-
cine has not focused on PAX3 regarding muscle loss, hence my choice to focus on PAX3

in this study.

1.4 PAX3 and its role in myogenesis

The PAX3 protein belongs to the paired-homeobox family (150) and is a transcription
factor with a highly-conserved paired box motif (151). The protein expression of PAX3
lasts throughout skeletal-muscle development (151). In embryonic myogenesis, PAX3 is
described as a major regulator of the muscle progenitor cells (150, 151). Myogenic pro-
genitor cells of the whole embryo express Pax3 (152). Hutcheson et al. showed that the
loss or lack of Pax3 results in the failure of embryonic myogenesis (153). Pax3 expres-
sion is vital in forming limb muscles (153) and is necessary to ensure the proper for-
mation of the ventrolateral dermomyotome (154-156). Borycki et al. found that a lack of
Pax3 causes apoptosis of the cells in the dermomyotome (157). Furthermore,

PAX3/Pax3 plays a crucial role in the survival and migration of the limb muscle precursor
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cells (155, 156, 158). In the ventrolateral dermomyotome, PAX3/Pax3 regulates Met
gene expression (156, 159). MET/Met is necessary for the limb muscle precursors to de-
epithelialize from the dermomyotome and their following migration (156, 160). Thus,
PAX3 regulates the liberation of the migrating muscle precursor cells by activating MET

(156). Pax3 is expressed in these migrating muscle precursors (161-163).

In 1991, Epstein et al. discovered a naturally- occurring mutation in the Pax3 allele in
mice (164), which he named “splotch” (164). Homozygous splotch mutant mice die in the
embryonic stage (164, 165). Several developmental defects were identified in splotch
mutant mice, such as deficient closure of the neural tube, a lack of limb muscles due to
the impaired migration of muscle precursors and defects concerning the neural crest
(166-170).

PAX3 is first expressed at day 8,5 in the presomitic mesoderm (151). This is before the
somite begins to segment and form (151, 161, 171, 172). During somite formation, the
initial expression of PAX3/Pax3 all over the somite later restricts to the dermomyotome
(151, 173). The epaxial and hypaxial regions of the dermomyotome become the focus of
PAX3/Pax3 expression (151, 174, 175). As myogenesis starts in the somite, cells delam-
inate from the dermomyotome to build the myotome (174). Some of these cells migrate
from the hypaxial dermomyotome, enabling muscle to form at different locations, such
as the limbs (170, 174). These limb muscle precursor cells need Pax3 to delaminate and
migrate, as was shown in Pax3™ Splotch mutant mice, which lack limb muscles (170,
172, 176). The expression of PAX3 downregulates after muscle precursor cells detach
from the dermomyotome (151). At this point, Myf5 and Myod1 are activated (151, 174).
Some cells expressing PAX3/Pax3 separate themselves from the dermomyotome and
move to distant sites of myogenesis like the limbs, hypoglossal chord or diaphragm (151,
171,172, 176-178).

Early myotome formation also depends on the expression of PAX3 (150). Myogenic pro-
genitor cells expressing PAX3, delaminate from the lips of the dermomyotome and mi-
grate in between the sclerotome and the dermomyotome, where they differentiate (150).
The absence of PAX3 results in flawed myotome formation and is linked to errors in the

localisation of structural proteins (150).

Limb muscles depend on the migration of skeletal muscle precursor cells to develop
(156), and this step of myogenesis revolves around PAX3 activity (156). Loss-of-function
mutations of Pax3 in splotch mice showed that PAX3 is essential for myoblasts to migrate
to the limbs (151, 179). PAX3/Pax3 is a crucial element in the signalling cascade medi-
ating the delamination process in muscle progenitor cells and their subsequent migration

to distant locations of myogenesis such as the limbs or paired appendages, where they
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form muscle tissue (151, 180). Pax3 leads the migration process of muscle precursor
cells in mice and birds (154, 155). In summary, PAX3/Pax3 plays an important role for
the muscle progenitor cells as they delaminate from the dermomyotome and subse-
quently migrate to far-off locations of myogenesis such as limbs to form muscle tissue
(151, 180).

PAX3 is not only essential for the migration of muscle precursor cells, but it is also in-
volved in regulating cell proliferation (151). The interaction of PAX3 with PAX3/7BP (an
adaptor that links PAX3 and PAX7 with the H3K4 methyltransferase complex) induces
muscle precursor proliferation (151, 181). Wang et al. showed that, in melanocytes,
isoforms of PAX3 (PAX3c, PAX3e and PAX3g) control gene sets linked to cell differen-
tiation and proliferation (182). Many target genes of PAX3, such as FGFR4, HES1, MET,
MITF or RET, positively regulate the cell proliferation (151). Wang et al. found that PAX3
and its isoforms are essential for controlling the genes involved in cell proliferation and
differentiation (151, 182).

Myogenesis is a complex process involving numerous factors, such as regulatory RNAs,
transcriptional regulators or chromatin remodelling factors (183). This intricate genetic
network, including Pax3 (183), controls myogenesis (183). Together with Pax7, Six1 and
Six4, Pax3 is a master regulator of early muscle lineage specification in vivo (183, 184).
These factors orchestrate different stages of myogenesis and induce the expression of
other factors. For instance, MyoD acts downstream of Pax7 and Pax3 and Myf5 ex-
presses simultaneously with Pax transcription factors (183, 185-187). Studies demon-
strate that Pax3 acts upstream of myogenic regulatory factor genes (MRFs) (158, 188-
190) such as Myf5, Myf6, and Myod1 (191). Interestingly, the gene expression of Pax3
downregulates before Myogenin is activated and myoblasts begin to differentiate into
skeletal muscle fibres (192). Myogenin functions as a myoblast differentiation factor
(193). In summary, Pax3 and Pax7 are essential for specifying early muscle lineage
(183). Myf5 and MyoD are necessary to commit cells to the myogenic program (183).
Therefore, PAX3 operates at very early stages of myogenesis and is downregulated later

in the process.

In regenerative medicine, Birlea et al. reported that PAX3 had been analysed regarding
the repigmentation in vitiligo via mobilisation of melanocyte stem cells due to its role in
regulating melanocyte maturation (194). Pax3/PAX3 was also used in studies where
mouse fibroblasts were reprogrammed into melanocytes (195, 196). However, PAX3 is
yet to be a predominant factor in research regarding the muscle-related aspects of re-

generative medicine. For this reason, | decided to focus on PAX3 in my thesis. Specifi-
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cally, | want to demonstrate the potential myogenic changes in immortalised human mes-
enchymal stem cells (SCP1 cells) overexpressing PAX3. As explained in this chapter,
PAX3 holds an important role as the initiator of the myogenic program in early myogen-
esis. That is why | chose PAX3 as the gene of interest in this study, after all, most mus-

cles derive from PAX3*/PAX7" progenitor cells which emerge from the somites (197).
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2. Aim of the study

As mentioned in the introduction, there are many reasons for the loss of skeletal muscle
tissue, and treatment options for affected patients are often unsatisfactory. Although re-
generative medicine has approached the problem in various ways, using different factors
and cell lines to overcome the obstacles in treating muscle loss, most of these methods

have substantial drawbacks.

For instance, the activation of cAMP during specific treatments for musculoskeletal re-
generation (105) can start other, potentially unintended or dangerous signalling cas-
cades, which might be unwanted or even dangerous during certain treatments (105).
Treatment with androgens can increase muscle mass (87), but is complicated by serious
side effects such as cancer formation, masculinisation or prostate hypertrophy (87, 116).
Although satellite cells may offer promising treatment options to combat muscle loss,
satellite cells in culture have shown a reduced capacity for regeneration (3, 123) and
poor cell survival rates, when compared to freshly isolated cells (3, 124, 125). Technical
skill and experience are necessary to engraft satellite cells (3), as they are difficult to
isolate and multiply (128). Treatment of muscle loss using induced pluripotent stem cells
(iPSCs) is also problematic as iPSCs are expensive and time-consuming to prepare,
taking at least three months to generate (3, 129). Moreover, tumour formation can also
occur after iPSCs are transplanted (3, 133). Mesenchymal stem cells (MSCs) are difficult
to acquire in numbers adequate for a successful transplantation (3, 139, 140). Fibro/ad-
ipogenic progenitor cells (FAPs) do not fuse with myofibers (3, 146), and additional fac-
tors modulating FAP activity must be identified to enable proper clinical use (3). The
myogenic potential of muscle side-population cells might offer new treatments, and thus,
their potential is currently investigated (3). In general, stem-cell-based approaches are
challenging in everyday clinical practice because of the difficulties in deliverability and
cell expansion in vitro, as well as technical and financial obstacles and regulatory diffi-
culties (see 1.3) (3, 128).

PAX3 has not been used as a regenerative approach to muscle loss treatment yet. This
transcription factor plays a crucial role in early myogenesis and could be a promising
candidate for future research. |, therefore, chose PAX3 as the gene of interest in my

study. My objectives are:
1. To generate PAX3-overexpressing cell populations

| believe that PAX3 is a suitable candidate to investigate. It has potential to induce a
myogenic program in SCP1 cells, as PAX3 performs important functions in muscle de-

velopment (149).
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2. To characterise PAX3-overexpressing cell populations in vitro

After creating SCP1 cell populations which overexpress PAX3, | intend to analyse their
characteristics in vitro. | will investigate their proliferation, clonogenic potential, morphol-
ogy, random migration and fusion capacity of the newly created PAX3-overexpressing
SCP1 cell lines.

3. To ldentify the muscle-related molecular signatures of PAX3-overexpressing cell

populations

| aim to do this by characterising the transcriptomic changes via next-gen RNA-sequenc-
ing analysis. It was already shown that the expression of Pax3 can start the myogenic
program in embryonic stem cells of mice (191, 198) and in the P19 embryonal carcinoma
cell line (191, 199). | expect to see shifts in the transcriptomes of PAX3-overexpressing

SCP1 cells towards muscle tissue.
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3. Materials & Methods

3.1 Chemicals

Table 1: Chemicals.

Chemical

Supplier

1,4-Dithiothreitol (DTT)

10 x Trypsin - EDTA-Solution (0,5%/ 0,2%) w/o Ca, w/o
Mg

Acetic acid

Ammoniac solution (30%)

Ampicillin

Aquadest

Beta (B)-Mercaptoethanol
Bovine serum albumin (BSA)
Crystal violet (C.l. 42555)
DAPI

Dimethyl sulfoxide (DMSO)

Dulbecco's Modified Eagle Medium (DMEM) (4,5g/l D-Glu-

cose, Pyruvate)

Dulbecco’s Phosphate Buffered Saline (D-PBS)
EDTA

Ethanol

Fluoroshield™

Foetal bovine serum (FBS)
Formaldehyde

Heat-inactivated horse serum (HS)
Laemmli buffer

LB (lysogeny broth) medium
Methanol

Mouse anti-B-actin-HRP #sc-47778

NaCl

Nucleofector solution
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Sigma-Aldrich, USA
Sigma Aldrich, USA

Merck, Germany
Sigma-Aldrich, USA
Thermo Fisher Scientific,
USA

Thermo Fisher Scientific,
USA

Sigma-Aldrich, USA
Ruth, Germany
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma Aldrich, USA
Thermo Fisher Scientific,
USA

Sigma-Aldrich, USA
Sigma-Aldrich, USA
Merck, Germany
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Merck, Germany

Life Technologies, USA
Merck, Germany

Merck, Germany

Merck, Germany

Santa Cruz Biotechnology,
USA

Merck, Germany

Lonza, Switzerland
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Opti-MEM Thermo Fisher Scientific,
USA

Paraformaldehyde Sigma-Aldrich, USA

Penicillin-Streptomycin-Solution PAA, Austria

Pierce ECL Western Blotting Substrate Thermo Fisher Scientific,
USA

Primary antibody against the myosin heavy chain 1E Developmental Studies Hy-

(MYH1E, clone MF20)
Primary antibody Pax3 AB_528426

bridoma Bank, USA
Developmental Studies Hy-
bridoma Bank, USA

Puromycin Thermo Fisher Scientific,
USA

rCutSmart buffer NEB, USA

Secondary antibody anti-mouse-HRP 7076S Cell Signaling Technology,
USA

Secondary antibody Donkey Anti-Mouse (Alexa Flour 647) Abcam, UK

Skimmed milk powder
Tris

Triton X-100

Trizol Reagent

Tween 20
Type | Collagen

3.2 Kits

Table 2: Kits.

Kits

Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Thermo Fisher Scientific,
USA

Sigma-Aldrich, USA
Sigma Aldrich, USA

Supplier

Amaxa™ Cell Line Nucleofactor™ Kit V
Prime Time Gene Expression Master Mix
(IDT 1055772)

Promega PureYield™ Plasmid Miniprep
System (#A1223)

RNeasy Micro Kit

SENSE mRNA-Seq Library Prep Kit V2
SYBR green
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Lonza, Switzerland

LubioScience GmbH, Switzerland
Promega, Switzerland
Qiagen, Germany

Lexogen, Austria

Roche, Switzerland
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Transcriptor First Strand cDNA Synthesis
Kit

3.3 Devices

Table 3: Devices.

Device

Roche, Switzerland

Supplier

4D-Nucleofector™ Core Unit

Centrifuge 5415 D

FACS AriaFusion™ machine
Fluorescence microscope Axio Observer
Z1

HiSeq1500 device

Incubator (cell culture)

Incubator XL 100/135

LightCycler 96 Instrument

Neubauer counting chamber

pH meter

Spectrophotometer

Steam sterilizer

Thermocycler

Time lapse microscope Axiovert S100
Trans-Blot SD semi-dry Transfer Cell
Transmitted light microscope Leica M165
FC

Water bath

Western Blot developer

3.4 Software

Table 4: Software.

Lonza, Switzerland
Eppendorf, Germany
BD Biosciences, USA

Zeiss, Germany

llumina, USA

Thermo Fisher Scientific, USA
Pecon, Germany

Roche, Switzerland

Brand, Germany

WTW, Germany

Thermo Fisher Scientific, USA
H+P Labortechnik, Germany
VWR, USA

Zeiss, Germany

Bio-Rad Laboratories Inc., USA

Leica, Germany

GFL, Germany

Vilber Lourmat, France

Software Use of Software
Adobe lllustrator CS6 (Version For editing images
16.0)
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Adobe Photoshop CS6 (Version
13.0)

AxioVision, Version 4.8.1, Zeiss,
Germany

DESeqg2 (version 1.28.1)

FlowJo 10.1-Software (FlowJo LLC,
Oregon, USA).

Graphpad Prism 5, Version 5.02,
Graphpad Software Inc., USA
Imaged (Version 2.0, NIH, USA)

Microsoft Excel Version
14.0.7190.5000 (32bit),
Microsoft Corporation, USA
Microsoft Office Professional Plus
2010;

Microsoft Word Version
14.0.7190.5000 (32bit),
Microsoft Corporation, USA,;

R software (Version 4.0.3)
STAR (version 2.7.2b)

ZEN lite 2012 (blue edition), Ver-

sion 1.1.2.0, Zeiss, Germany

3.5 Plasmids

Table 5: Plasmids.

Plasmid

For editing images

For time lapse microscopy

For analysing differential gene expression

For processing FACS samples

For evaluations, statistics

For editing and evaluating images (cell mor-

phology, cell migration, cell fusion etc.)

For analysing data

For general use

For writing

For statistical computing and graphs

For aligning reads to the human genome

For taking and editing pictures

Supplier

MGC Human PAX3 Sequence-Verified cDNA, #40024658
SB transposon plasmid pSBbi-GP vector #60511

SB transposon plasmid pSBbi-RP vector; #60513
Transposase plasmid pCMV(CAT)T7-SB100, #34879

Horizon Discovery, UK
Addgene, USA
Addgene, USA
Addgene, USA
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3.6 Enzymes

Table 6: Enzymes.

Enzyme Supplier

Antarctic Phosphatase Antarctic #M0289 NEB, USA

BamHI NEB, USA

EcoRI-HF NEB, USA

T4 DNA ligase Sigma-Aldrich, USA
3.7 Media

Media for cultivating SCP1 and C2C12 cells
10% FBS
1% penicillin/streptomycin

In DMEM high glucose

Media for freezing cells
10% DMSO
10% FBS

80% DMEM high glucose

Media for differentiation of cells
2% horse serum
1% penicillin/streptomycin

In DMEM high glucose

3.8 Cell culture materials

Table 7: Cell culture materials.

Cell culture material Supplier

24-well plates Greiner Bio One, Germany

25 cm?,175 cm?,225 cm? flasks Nunc, Germany

6-well plates Nunc, Germany

Eppendorf reaction vessel Thermo Fisher Scientific, USA
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3.9 Fluorescence-activated cell sorting

To obtain homogeneous cell populations which express GFP in different intensities, flu-

orescence-activated cell sorting (FACS) (FACSAriaFusion™, BD Biosciences, USA) was

1 GFP 1 GFP

executed as SCP cells were sorted into SCP high cells (which were used as a
control group in future assays) and SCP1¢,, cells. SCP174* cells were sorted accord-
ing to different GFP intensities into SCP174%3,5, and SCP174%3%,,, cells. At this stage, |

assumed that expression levels of GFP and PAX3 correlated.

To perform flow cytometry and cell sorting, the cells were resuspended using Trypsin,
diluted in FACS buffer (100 ml PBS, 400 ul EDTA, 1 g BSA) and diluted to a concentra-
tion of 1-5 * 10%/ml. The cells were filtered through a 30 um filter (Sysmex, Japan) to

break up cell clusters.

Using the cell sorter FACSAriaFusion™ (BD Biosciences, USA), the cells were sorted
into populations exhibiting varying GFP intensities according to cell debris and cell clus-
ter exclusion (side scatter (SSC) vs forward scatter (FSC)). Samples were analysed with
FlowJo 10.1-Software (FlowJo LLC, Oregon, USA).

3.10 Cell populations

3.10.1 SCP1 cells

SCP1 (Single cell picked clone 1) is an immortalised human mesenchymal stem cell line
based on human bone marrow-derived mesenchymal stem cells which stably expresses
the gene hTERT (human Telomerase Reverse Transcriptase) upon retroviral transduc-

tion (200). Thereby, the ageing process is prevented (200).

The SCP1 cell line (200) was used as a basis for creating SCP1 cell populations used in

my experiments: SCP1", SCP174%,, and SCP1"%%41 cells.

3.10.2 SCP1¢FP cell population

The coding sequence for the green fluorescent protein (GFP) was stably inserted into

native SCP1 cells to create SCP1° cells.

For this, 0.4 ul of SB plasmid (pSBbi-GP, #60511, Addgene, USA), 0.9 ug transposase
(PCMV(CAT)T7-SB100, #34879, Addgene, USA) (201) and 20 pl of nucleofector solution
(Amaxa™ Cell Line Nucleofactor™ Kit V, Lonza, Switzerland) were mixed with 500,000
SCP1 cells and electroporated in the 4D-Nucleofector’™ Core Unit (program FF 104,

Lonza, Switzerland) for 2 sec. Then, the cells were seeded onto 6-well plates. After 3
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days, they were selected with 1 pg/ml Puromycin. After 10 days, the cells were sorted
into SCP1 5, and SCP1¢,,,, cells by FACS. SCP1¢ ", cells served as a control

group (called SCP1°" cells) with which to compare the PAX3-overexpressing cells.

3.10.3 Generation of PAX3-positive SCP1 cell populations

For cloning the plasmid containing the coding sequence of PAX3 and green fluorescent
protein (GFP) as a reporter gene, a restriction digest of PAX3 purchased as cDNA (MGC
Human PAX3 Sequence-Verified cDNA, #40024658, Horizon Discovery, UK) and the
pSBbi-GP vector (#60511, Addgene, USA; see Figure 3.1) including a multiple cloning

site (MCS) using EcoRI was performed as follows.

Table 8: Reaction mixture for restriction digest.

Insert (PAX3 cDNA) or Vector (pSBbi-GP) 3 ug

10x rCutSmart buffer 5 ul

10x BSA 5 ul
EcoRI-HF 1 ul (20U)
ddH20 ad 50 pl

For vector dephosphorylation, 1 ul of Antarctic Phosphatase (#M0289, NEB, USA) was
added to the digestion mix. The reaction was incubated at 37°C for 1h. A small volume

of the reaction mix was analysed on an agarose gel to confirm vector linearisation.

As the next step, the ligation mix containing the components below was incubated at

room temperature overnight.

Table 9: Reaction mixture for ligation.

Insert (PAX3 cDNA) 300 ng
Vector (pSBbi-GP) 100 ng
10x T4 DNA ligase buffer 2l

T4 DNA ligase 1 ul (5V)
dH20 ad 20 pl

After the reaction, the ligase was inactivated for 10 min at 65°C.
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For transformation into competent E. coli (DH5a, #C2987, NEB, USA), bacteria were
thawed on ice for 20 min. 3 ul of ligation mix were added to 30 pl of bacteria and incu-
bated on ice for 20 min. Following heat shock at 42°C for 45 sec and incubation on ice
for 2 min, the bacteria were left to recover in LB medium for 45 min at 37°C while shak-
ing. Bacteria were plated on LB agar plates containing Ampicillin and incubated at 37°C

overnight.

The next day, single colonies were picked and inoculated in LB medium and Ampicillin
overnight at 250 rpm at 37°C. The next day, plasmid isolation was performed using the
Promega PureYield™ Plasmid Miniprep System (#A1223, Promega, Switzerland) ac-
cording to the manufacturer’s instructions. Correct PAX3 integration into the plasmid (see

Figure 3.2) was confirmed by a qualitative restriction digest using EcoRIl and BamHlI.

For the generation of PAX3-positive cells, the Sleeping Beauty Transposon system was
employed following nucleofection. For this, 250,000 SCP1 cells were incubated with
0.4 yl of pSBbi-GP-PAX3 plasmid (see Figure 3.2) and 0.9 pl transposase plasmid
(PCMV(CAT)T7-SB100, #34879, Addgene, USA) and electroporated in the 4D-Nu-
cleofector™ Core Unit (program FF 104, Lonza, Switzerland) for 2 sec using the
Amaxa™ Cell Line Nucleofactor™ Kit V (Lonza, Switzerland). Cells recovered in DMEM

complete for 3 days, after which selection with 1 ug/ml Puromycin was started.

After two weeks of cultivation, two populations exhibiting different GFP intensities be-
came apparent. They were sorted on a FACS AriaFusion™ machine (BD Biosciences,
USA) into SCP17°4%3,4, cells and SCP172%%,,, cells (see 3.9), assuming that the different

GFP intensities correlate with the expression levels of PAX3.
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Kozak sequence

pSBbi-GP
6736 bp

Figure 3.1: Sleeping Beauty vector pSBbi-GFP.

Original SB vector which was integrated into native SCP1 cells to create green fluorescent SCP1 cells
(SCP16FP), the control group. Further, the gene of interest PAX3 was cloned into this plasmid to create
SCP1PAX3,0, and SCP1PA%3,, cells.

Ori = origin of replication

AmpR = Ampicillin resistance (for use in bacteria)

PuroR = Puromycin resistance (for use in eucaryotic cells)

MCS = multiple cloning site; contains restriction sites to enable insertion of DNA in this region
Kozak sequence = translation initiation enhancer

EGFP = enhanced green fluorescent protein
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pSBbi-GP_MCS#2_PAX3D

8461 bp

Figure 3.2: Sleeping Beauty vector containing GFP and PAXS.

This newly ligated vector combines the initial SB plasmid pSBbi-GFP with the inserted gene of interest PAX3.
This vector was used to create SCP1P4%3,, and SCP1PAX5,, cells.

Ori = origin of replication

AmpR = Ampicillin resistance (for use in bacteria)

PuroR = Puromycin resistance (for use in eucaryotic cells)

MCS = multiple cloning site; contains restriction sites to enable insertion of DNA in this region
Kozak sequence = translation initiation enhancer

EGFP = enhanced green fluorescent protein
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3.10.4 C2C12 cells

The coding sequence for RFP (red fluorescent protein) was stably inserted into C2C12
(CRL-1772™ ATCC, USA) cells to generate RFP-positive myogenic cells. Using the 4D-
Nucleofector™ Core Unit for nucleofection, 500,000 native C2C12 cells were mixed with
0,4 ul SB transposon plasmid (pSBbi-RP; #60513, Addgene, USA), 0,9 ug transposase
(PCMV(CAT)T7-SB100, #34879, Addgene, USA) and 20 ul of nucleofector solution
(Amaxa™ Cell Line Nucleofactor™ Kit V, Lonza, Switzerland) (202). The cells were
seeded in 6-well plates and selection was performed with 2 ug/ml puromycin for 10 days
(202). These cells were FACS sorted and the red fluorescent C2C1257,,4, cells (called
C2C12) were used as a myogenic cell population for comparison with SCP1 cells in my

study.

3.11 Cell culture

3.11.1 Thawing cells

After the cells were removed from the nitrogen tank, they were put on dry ice. They were
thawed in the water bath at 37°C. During this process the lid was opened at times to
prevent overpressure. After they thawed completely, 1 ml of cell suspension was mixed
with 4 ml DMEM and centrifuged for 5 min at 500 g to eliminate DMSO. The supernatant
was discarded, and fresh media was added onto the cells. SCP1 and C2C12 cells were
put into T175 flasks filled with 25 ml DMEM and cultivated at 37°C with 5% CO; in the
incubator (Thermo Fisher Scientific, USA).

3.11.2 Cultivation of cells

Both SCP1 and C2C12 cells were cultivated in DMEM with 10% FBS and 1% penicil-
lin/streptomycin. The media was changed twice a week. When cells were too confluent,

they were passaged.

3.11.3 Passaging of cells

The cells were passaged when cell density was too high. For this purpose, the media
was removed, and the cells were washed with D-PBS. 1x Trypsin, which was added on
the cells for 5 min at 37°C, detached the cells from the bottom of the flask. The reaction
was stopped by pipetting double the amount of DMEM onto the cells. The Trypsin, media

and cells mixture was centrifuged for 5 min at 5 g. The supernatant was sucked, and the
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cell pellet was dissolved in culture media. Lastly, the cells were put in flasks to be culti-

vated or frozen.

3.11.4 Counting cells

A Neubauer counting chamber was used to count the cells. Four quadrants were
counted, and the total cell number was calculated with this formula:

total cell number of all four quadrants 9

10*
4

cell number per ml =

3.11.5 Freezing cells

Cells were counted and passaged. The abovementioned formula (see 3.11.4) was used
to calculate the necessary amount of cell suspension to get 1 million cells in 1 ml per

cryo vial. The vials were stored on dry ice before putting them into the nitrogen tank.

3.12 Validation of PAX3-overexpression in SCP1 cells

3.12.1 RNA isolation and cDNA synthesis

RNA was isolated using the RNeasy Micro Kit (Qiagen, Germany). For cDNA synthesis,
300 ng RNA was used in the Transcriptor First Strand cDNA Synthesis kit (Roche, Swit-
zerland). The PCR program described in the manufacturer's instructions was run on a
peqSTAR 2x thermocycler (VWR, USA).

3.12.2 Quantitative real-time PCR

cDNA was diluted in ddH2O (1:5). Forward and reverse primers (primer 1: AGCTT-
GCTTCCTCCATCTTG,; primer 2: GAGAGAACTCATTACCCTGACAT) were mixed and
diluted in ddH-O to a final concentration of 10 uM. For each reaction, 4.8 pl of SYBR
green (Roche, Switzerland) was mixed with 0.2 pl of the primer mix and 5 pl of diluted
cDNA.

The quantitative real-time PCR (RT-PCR) was performed using Prime Time Gene Ex-
pression Master Mix (IDT #1055772) in a LightCycler 96 Instrument (45 cycles, 2-step
amplification, per step 95°C for 180 sec) (Roche, Switzerland).
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3.12.3 Western Blot

Proteins were harvested by trypsinization and kept on ice until Laemmli buffer was
added. Lysates were incubated at 95°C for 5 min to denature proteins. Protein concen-
trations were measured using the Pierce BCA assay kit (Thermo Fisher Scientific, USA)
according to manufacturer’s instructions. Proteins were separated based on their molec-
ular weight by Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
20 pg protein in 2x Laemmli buffer + 10 mM DTT were run on 10% SDS gels immersed
in SDS running buffer at 50 mA for 1 h.

Subsequently, proteins were transferred from gels to nitrocellulose membranes, sand-
wiched between Whatman papers, using the Trans-Blot SD semi-dry Transfer Cell (Bio-
Rad Laboratories Inc., USA) for 1 h at 60 mA per gel. The membranes were blocked in
5% milk TBS + 0.05% Tween (TBST) for 1 h at room temperature.

Primary antibodies were added overnight at 4°C in 5% BSA TBST at the following dilu-

tions.

Table 10: Primary antibodies and dilutions for Western Blot.

Antibody Product information Dilution
Mouse anti-B-actin-HRP #sc-47778, Santa Cruz, USA | 1:1000
Chicken anti-GFP #ab13790, Abcam, UK 1:1000
Mouse anti-Pax3 # AB_528426, DSHB, USA | 1:100

The next day, the membranes for PAX3 and GFP detection were incubated with respec-
tive secondary antibodies in 5% BSA TBST for 90 min. This step was flanked by exten-
sive washing steps with PBST (3x10 min, each).

Table 11: Secondary antibodies and dilutions for Western Blot.

Target Product information Dilution
anti-chicken-HRP #A16054, Invitrogen, USA 1:2500
Anti-mouse-HRP #7076S, Cell Signaling, USA | 1:2500
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The signal was visualised by applying Pierce ECL Western blotting Substrate (Thermo
Fisher Scientific, USA) onto the membranes and imaged on a Western Blot developer

(Vilber Lourmat, France). Imaged was used to quantify band intensities.

3.12.4 Next-Generation RNA-Sequencing and Bioinformatic Analysis

Total RNA from 12 SCP1 samples (4 SCP1° cells, 4 SCP1°4%%,, cells and 4
SCP1P2%3,., cells) were isolated by Trizol Reagent. RNA-seq libraries were generated
using the SENSE mRNA-Seq Library Prep Kit V2 (Lexogen, Austria) according to the
manufacturer's protocol. Sequencing was performed on a HiSeq1500 device (lllumina,
USA) with a read length of 50 bp and a sequencing depth of approximately 18 million

reads per sample.

FASTQ files were demultiplexed by the barcodes used for the generation of each library.
Reads were aligned to the human genome (release GRCh38.101) using STAR (version
2.7.2b). Low gene counts were filtered out by minimum 10 reads per gene, and 20,533
genes remained for further analysis. Normalisation was performed through variance sta-
bilising transformation (vst) for Principal Component Analysis (PCA). Differential gene
expression was analysed by DESeq2 (version 1.28.1) in R software (version 4.0.3) with
an adjusted p-value (p-adj) cut off of < 0.05 and a Log2FoldChange of £1 cut off for each
cell population: SCP1¢F*, SCP1P4%3,,,, and SCP17%3,4, cells. Only protein-expressing

genes were included in further analysation.

3.13 Setup of experiments

3.13.1 Cell Proliferation Assay

To evaluate and compare growth rates of SCP1 cell populations, cumulative population
doublings (cumPD) and population doubling time (PDT) were determined. Therefore,

cells were quantified over a period of 28 days.

50,000 cells of each population (SCP1¢", SCP1P%3,, or SCP1°4%3,,,) were seeded into
three T25 cell culture flasks per cell population. Over the course of 4 weeks, cells were
trypsinated and counted twice a week (on days 4, 7, 11, 14, 18, 21, 25 and 28 after
seeding). After counting, 50,000 cells of each kind were seeded back into T25 flasks

again. PD was calculated using the following formula:
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N,, = cell number at trypsination

N, = number of initially seeded cells (=50 000)

Population doubling time (PDT) is defined as the time a cell population needs to double

itself. To determine PDT, the following formula was used:

_ time priod (day)
B PD

PDT

CumPD is made up of the sum of the single PDT values. It demonstrates how often the

population of each reviewed cell type doubled in 28 days in vitro.
cumPD = XPD(1,d)

d=day4,7, 11, 14, 18, 21, 25 and 28 after seeding

3.13.2 Colony Forming Unit Assay (CFU)

To analyse the clonogenic potential of SCP1 cell populations, 700 cells (SCP1¢",
SCP1PA%3,, or SCP1P4%%,) in 7 ml DMEM were seeded into 10 cm? Petri dishes. Media
(DMEM) was changed once after 7 days. CFU assay was reproduced 4 times in tripli-

cates.

After cultivating cells for 14 days, they were fixated and stained with 0.5% crystal violet
in methanol and the visible, intensely stained colonies with a range from clusters of 25
cells upwards were counted using a transmitted light microscope Leica M165 FC (10x

magnification). CFU efficiency was calculated using the following formula:
P NTl
CFU efficiency = A x 100
0

N,,= number of counted colonies

Ny= number of plated cells

Crystal Violet Staining was used to analyse the Colony Forming Unit Assay. The cells
were stained with 3 ml of 0.5% crystal violet in methanol in 10 cm dishes after being
washed with PBS twice. Afterwards, they were incubated at room temperature for 10 min
under mild shaking. Crystal violet was removed, and the plates were rinsed with PBS.

The dishes were left to dry at room temperature.
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3.13.3 Fusion Assay

Two combinations of cell populations were used in direct co-cultures to evaluate cell
fusion. Each cell population (SCP1¢*, SCP174%3,,, SCP1°4%3,, or C2C12 cells) iso-
lated or a mixture of C2C12 cells combined with each SCP1 cell population (SCP1°,
SCP 174X, or SCP1°4%3,,.,, cells) was analysed. Therefore, a 24-well plate was filled with
100,000 cells in 1 mI DMEM per well. Different ratios were chosen (C2C12 cells are first,
second ratio is the other cell line: SCP16, SCP1°4%3,,, or SCP174%3,4) 2:1, 1:1 and 1:2.
5 h after seeding, media was changed to DMEM with 2% HS and 1% penicillin/strepto-
mycin to support the differentiation and fusion process of the cells. After days 3, 5 and
7, the cells were fixated in 4% PFA for 15 min and stained according to antibody stain-
ing/immunocytochemistry protocols (see 3.13.4). Images were taken with a 10x objective
at Fluorescence microscope Axio Observer Z1 (Zeiss, Germany) (10x magnification).
The relative fused myofiber area was quantified using ImagedJ (NIH, USA). Fusion assay

was reproduced 4 times independently.

C2C12
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Figure 3.3: Experimental setup for cell fusion assay.

A 24-well plate is represented here. Cells were mixed in different ratios (1:0/ 0:1, 1:1, 1:2, 2:1; C2C12 is
always referred to as the first number of the ratios) to analyse relative fused myofiber area.

3.13.4 Antibody Staining/ Immunocytochemistry

To evaluate the relative fused myofiber area in the cell fusion assay, cells in the 24-well
plate were fixated and stained. First, they were washed with PBS and fixated in 4% par-
aformaldehyde for 15 min. Then, they were washed with PBS once more before adding
blocking solution (PBS+0.1% Triton+10% HS) for 1 h at room temperature. Next, the
solution was discarded and the primary antibody against the myosin heavy chain 1E
(MYH1E, clone MF20, acquired from the Developmental Studies Hybridoma Bank de-
veloped under the auspices of the NICHD and maintained by The University of lowa,
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Department of Biological Sciences, lowa City, IA, USA 52242; MF 20 was deposited to
the DSHB by Fischman, D.A. (DSHB Hybridoma Product MF 20)) was used. The anti-
body was diluted in blocking solution at 1:100 and added to the cells overnight at 4°C.
The following day, cells were washed with PBS+0,1%Triton 3 times for 5 min each before
the secondary antibody Donkey Anti-Mouse (Alexa Flour 647, abcam, UK) diluted in
blocking solution 1:1000 was added. The samples were protected from light and gently
shaken for at least 1 h at room temperature. Once more, they were washed with PBS
twice and then stained with 200 pl DAPI (4’,6-diamidino-2-phenylindole) per well for
30 sec. Afterwards, they were washed with PBS and a Covership (Sigma Aldrich, USA)

was put onto each well after putting one drop of Fluoroshield (Sigma Aldrich, USA) on it.

3.13.5 Evaluation of Cell Morphology

For evaluating morphological changes in the cell populations, this study focuses on the
cell area and aspect ratio (AR; cells’ ratio of width to height). The cells with an area of
< 1.5x10* um? or aspect ratio of < 7 were included in further analysis, leaving a total of
734 SCP1° cells, 756 SCP17%%,, cells, 749 SCP174%3, cells and 451 C2C12 cells to

evaluate.

SCP1 cell populations

19 h after trypsinisation, phase contrast images were taken of each SCP1 cell population
(SCP1PA%3, cells, SCP17P4%3,,, cells or SCP1° cells) to analyse cell morphology. 3
pictures were taken per flask and a minimum of 100 cells per passage were analysed
using Image J concerning cell area and aspect ratio (AR). 7 passages and a minimum

of 700 SCP1 cells were analysed using ImagedJ (NIH, USA) for each cell population.

C2C12 cells

C2C12 cells were imaged 19 h after seeding on a 24-well plate. These plates were the
preparation for the fusion assays. 3 pictures were taken per well in 3 different wells.
C2C12 cells were evaluated like SCP1 cells concerning cell area and aspect ratio using
Imaged (NIH, USA).

3.13.6 Random Migration of Cells

A 6-well plate was coated with 1 ml of rat tail type | collagen (type | collagen; Sigma
Aldrich; USA) (10 pg/ml) diluted in Opti-MEM media. It was put into the fridge at 4°C
overnight. The next day, type | collagen was aspirated and 10,000 cells (SCP1°4%3,,
cells, SCP1P%,, cells or SCP1° cells) in 2 ml DMEM were added to each well. As a

control group, 10,000 cells in 2 ml DMEM were seeded on uncoated 6-well plates. Time
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lapse microscopy was started the day after seeding to examine the random migration of
SCP1 cell populations for 72 h. 3 pictures were taken per well in 20 min intervals using
a 10x objective (time lapse microscope Axiovert S100; Zeiss, Germany) at room temper-
ature. On average, 40-50 cells were tracked per experiment. The migration of the cells
was evaluated using ImagedJ (NIH, USA). The random migration assay was reproduced
4 times independently. Relevant aspects were the cells’ mean velocity and maximum

velocity both surfaces (type | collagen-coated and non-coated).

3.14 Statistical analysis

The data was assessed for statistical significance in R (version 4.0.3). Results were
standardly displayed in box-and-whisker plots. Boxes represent the interquartile range,
and the median is marked by a line inside the box. The variability of the data outside the
interquartile range is displayed by the whiskers. Cell culture experiments were conducted
at least 3 times each in triplicates. Significance was determined via a p-value of 0.05 or
lower. The Gaussian distribution was checked using the Shapiro-Wilk Normality test. The
Wilcoxon test was used for variables or measurements that were not normally distrib-
uted. In figures, n and w were added for further description meaning n = number of inde-
pendent experiments and w = number of cell culture dishes used per experiment (well

plates, cell culture dishes, cell culture flasks).
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4. Results

4.1 Characterisation of SCP1 cell populations

4.1.1 Sorting of SCP1 cells according to GFP intensities via FACS

The SCP1 cell populations were sorted into groups of high and low GFP intensities via
fluorescence-activated cell sorting (FACS). SCP1¢ 4, cells were used as the control

1 GFP

group in future assays under the name of SCP cells.

SCP 174X cells containing GFP and PAX3 on the same plasmid were also sorted for high
and low GFP fluorescence intensity by FACS. These cells were divided into SCP174%3,,,
cells (with lower GFP expression levels) and SCP 174X, cells (with higher GFP expres-
sion levels). At this point, | assumed that GFP intensity levels correlated with GFP ex-

pression levels and with expression levels of PAX3.
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Figure 4.1: FACS of SCP1P4X3 cells by GFP fluorescence intensities.

A) SCP1PAX3 cells: Depiction of the total population of PAX3-overexpressing SCP1 cells (P1) before sorting.
The P1 population excluded cell debris and cell clusters and was identified by SSC-A (y-axis) describing the
granularity of cells and FSC-A (x-axis), describing the cell size.

B) SCP1PAX3 cells: Gate P3 depicts non-GFP expressing SCP1 cells. Gate low GFP shows low GFP intensity
SCP1 cells namely SCP17AX3,,, (assumed correlation of low GFP intensity and low PAX3 expression). Gate
high GFP depicts high GFP intensity SCP1 cells: SCP174%3,, (assumed correlation of high GFP intensity
and high PAX3 expression).
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4.1.2 SCP1PA%4, cells show a significant higher PAX3 expression, when

compared to native SCP1 cells

Quantitative real-time PCR (RT-PCR) was performed to validate the overexpression of
PAX3 on RNA levels. There was no significant difference in the levels of PAX3 expres-
sion between SCP174%,,, and SCP174%%,, cells (p =0.180). The same applies to
SCP1¢F” and SCP1°4%3,,,, cells (p = 0.180). However, on RNA levels via RT-PCR, a sig-
nificant difference in the PAX3 levels of SCP174,, cells compared to SCP1¢" cells

(p = 0.007) was confirmed.
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Figure 4.2: SCP1P4X3;,4, cells show a significant higher PAX3 expression, when compared to native SCP1.

Positive fold change shows that PAX3 was overexpressed in both cell populations, when compared to native
SCP16FP cells. A significant difference was found in the levels of PAX3 expression comparing SCP1°A%3,,.,
and SCP1¢P cells on RNA levels (p = 0.007).

Significance levels*: p < 0.05, ns: not significant. Statistical method: Wilcoxon test; n =3
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4.1.3 PAX3 is expressed in SCP1PAX3 cell populations, but GFP and PAX3
levels are unaltered between SCP1PAX3,;,, and SCP1PAX3,,,, cells

GFP protein expression was assessed in different SCP1 cell populations (SCP174%3,,,

cells and SCP17%%,, cells) through Western blotting (Figure 4.3). SCP1°™ cells con-

taining pSBbi-GP plasmid were used as a control group for GFP presence.

All three cell populations depicted bands of the same intensity around 40 kDa for the
“housekeeping” protein beta-actin. This confirms that a similar amount of total protein

was loaded per sample.

Surprisingly, the GFP blot depicts two bands, one slightly above 25 kDa and one slightly
below 25 kDa. Since the expected molecular weight of eGFP is 26.9 kDa, | cannot con-
clusively determine which band belongs to eGFP. The lower band in question is de-
creased in intensity in SCP17%3,, cells compared to SCP1 and SCP1”%%,,, cells,
whereas the upper band is equally intense in all conditions. Further methods would need
to be employed to distinguish between nonspecific bands and those specific to GFP.
Nevertheless, the lower band aligns with the expected decreased GFP-expression levels
in the SCP174%3,, population compared to the SCP174%,,,, population, as per the FACS

sorting criteria. | will talk about this in more detail in the discussion (see 5.7).

beta-actin GFP
SCP1"AX3h,gh SCP1”%  SCP1¢F SCP1""X3hfgh SCP1P%  SCP1¢F
180 180 | 180 180
130 130 | 130 130
100 100 | 100 100
70 70 70 70
55 55 55 55
40— a0 | 40 40
35 35 35 35
25 25 25  — -'“'.t 25

Figure 4.3: Detection of GFP and beta-actin in SCP1 cell populations.

A) Beta-actin was used as a housekeeping protein and its band was expected to be around 42 kDa. All
SCP1 cell populations expressed this protein equally because of the homogenous bands with similar inten-
sities in the area of 40 kDa.

B) Unexpectedly, the GFP blot depicts two bands. The first band is just above 25 kDa and the second is a
little below 25 kDa. GFP bands are expected at 27 kDa. | cannot inconclusively correlate the bands to GFP.
Presumably, it is the upper band that correlates with eGFP. The intensity of the lower band decreased in
SCP1PA%3,,, cells compared to SCP167P and SCP174%3,, cells. The upper band, however, shows equal
intensity in all conditions.
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Further, PAX3 protein expression in SCP174%%,, and SCP17%,, cells was assessed
by Western Blot (Figure 4.4). SCP1°" cells were used as control and a signal intensity
decrease in PAX3 at 56 kDa in SCP174%3%,,, cells was found. This correlates with the
signal decrease in the housekeeping protein beta-actin. Imaged was used to quantify
band intensities and similar PAX3-to-beta-actin ratios for SCP174%3,,, and SCP174%%,,,

cells were found (Table 12).

beta-actin PAX3
B
SCP1™a  SCP17G  SCP167 SCP1#G  SCP17%  SCP1¢7
180 180 | 180 180
130 130 | 130 130
100 100 | 100 100
70 70 70 70
55 55 55§ 55
40 WY WS ey 40 40 40
35 35 35 35
25 25 25 25

Figure 4.4: Detection of PAX3 expression in SCP1 cell populations.

A) Loading control with beta-actin (molecular weight of 42 kDa): All SCP1 cell populations exhibited different
intensities which correlated with PAX3 intensities (B).

B) Western Blot with PAX3 antibodies: SCP16F” cells were used as a negative control. The drop in signal
intensity in SCP1PAX5,,, cells in PAX3 at 56 kDa matches the signal decrease in the housekeeping protein
beta-actin. Quantification of band intensities using ImagedJ revealed similar PAX3-to-beta-actin ratios for
SCP1PA%3,0, and SCP1PA%3,,,, cells.

Table 12: Signal intensity ratio PAX3-to-beta-actin as determined by ImageJ.

Signal intensity  ratios
(PAX3-to-beta-actin) in R.U.

SCP174%3,,, | 0.781983

SCP1"%,4n | 0.753076

This means that PAX3 protein levels per cell number did not differ within different SCP1
populations. Instead, partial protein degradation might have occurred, especially in the
SCP1P4%3,,, and the SCP1° samples.
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The intensities of the GFP bands, however, were not measured due to uncertainty as to
which band is specific for GFP. In addition, GFP levels serve as an indirect indicator of
PAX3 protein levels, which is the primary protein of interest.

In conclusion, despite differing GFP fluorescence intensities as detected by FACS and
1PAX3

eventually by Western blot, PAX3 protein levels did not differ in SCP

SCP17A4%3,,,, cells.

high VErsus

4.1.4 PAX3-overexpression leads to significant transcriptional changes in

SCP1 cells in a dose independent manner

Next-gen RNA-sequencing was performed to detect changes in the transcriptome of the
newly generated SCP1 cell populations. Out of 20.533 filtered genes (> ten reads per
gene), 711 genes were differentially expressed between SCP1¢"and SCP 17434, cells
and 484 genes between SCP1and SCP17%%,,, cells.

PAX3-overexpressing SCP1 cell populations are distinct from native SCP1 cells

according to Principal component analysis

Principal component analysis (PCA) of the transcriptome of SCP1 cell populations was
performed to analyse exploratory data from next-gen RNA-sequencing and to reduce the

data set’s dimensions.

The scree plot in Figure 4.5 (A) shows that PC1 and PC2 are collectively responsible for
about 51% of explained variances. Therefore, PC1 and PC2 were used exclusively for

the discussion of further results.

Moreover, when visualising the results of PC1 and PC2, a clear distinction between
SCP1PA%3,.n and SCP174%3,,,, cells was found, when compared to SCP1° cells as the
plot (Figure 4.5 (B)) depicts clusters of samples based on their resemblance. There were
more similarities between PAX3-expressing SCP1 cell populations in comparison to
SCP1¢F cells.
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Figure 4.5: Principal component analysis (PCA) plots.

A) The percentages of explained variances were matched to each of the ten dimensions of the PCA. PC1
on the left-hand side with approximately 27% and PC2 with approximately 24% of explained variances com-
prised around 51%. PC1 and PC2 were used exclusively for the following analysis.

B) PC1 and PC2 results were visualised concerning the genes of the three different SCP1 cell populations:
SCP16FP, SCP1PA%3,,, cells and SCP174%3,¢, cells. The PCA plots show clusters based on the similarity of
cell populations. A clear separation of the PAX3-expressing samples, which show more similarities and even
overlap, and the non-PAX3-expressing samples can be observed.

Overexpression of PAX3 activates pathway of muscle organ development in SCP1

cells
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Figure 4.6: Gene Ontology (GO) enrichment analysis of activated and suppressed biological processes in
SCP1PAX3,41 cells compared to SCP16F cells.

Suppressed and activated pathways in SCP1P4%3,4, cells compared to SCP1¢7* cells are shown. Muscle
organ development was an activated pathway which indicates the requirement of PAX3-overexpression for
detecting a slightly positive effect in the tendency of alterations of the transcriptome towards muscle devel-
opment.
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X-axis shows gene ratio; y-axis shows affected pathways. The number of counts is indicated by the size of
the dots.

| performed a gene ontology (GO) enrichment analysis to allow functional interpretation
of data regarding the function of PAX3 in SCP1 cells. In these results, | only focus on the
biological processes affected significantly by the overexpression of PAX3 in SCP174%%,4,

cells compared to the control group (SCP1° cells).

As determined by RT-PCR (see 4.1.2), there was no significant difference in PAX3 ex-
pression between SCP174%3,,, and SCP1”%%,,, cells (p = 0.180) or between SCP1¢
and SCP17%3,, cells (p = 0.180). However, a notable difference in PAX3 levels was
found between SCP1°4%%,,, cells and SCP1¢" cells (p =0.007). Therefore, only
SCP1P2%3,.n cells are considered for analysing activated and suppressed biological pro-

cesses (GO enrichment analysis) compared to SCP1¢ cells.

In the graph (Figure 4.6), | illustrated the twenty most influenced pathways, showing the
effect of PAX3-overexpression on SCP1 cells. Some of these biological processes were

suppressed and others were activated due to PAX3-overexpression. | found that muscle

1 PAX3 1 GFP

organ development is an activated pathway in SCP nigh cells compared to SCP

cells.

Muscle organ development is defined as a process that aims to develop muscle over
time, starting with early muscle formation up to mature structure (203-205). My study
detected that the genes involved in this process were PAX3, COL11A1, KEL, STRA6
and RGS2. All of these five genes are also involved in the biological process of muscle
structure development (206). Additionally, COL11A1, KEL, STRA6 and RGS2 are part

of muscle tissue development (206).

To me, finding that muscle organ development is an activated pathway in SCP1°4%3,,
cells is essential for my study. This result emphasises the role of PAX3 concerning slight
tendencies of human mesenchymal stem cells on their way to start the transformation
into functional myoblasts. As | saw in all performed assays, more than PAX3 on its own
is required to achieve a proper myogenic transformation. Still, it is important to note this
slightly positive effect in the tendency of the transcriptome towards a myogenic lineage

due to this activated pathway of muscle organ development.

Via GO enrichment analysis, | also found that PAX3 was involved in more pathways than
only muscle organ development. It was also associated with the sensory perception of

sound, mechanical stimulus, and system process.

To sum up, this GO enrichment analysis supported the tendency of a role of PAX3 con-

cerning myogenic development in SCP1 cells by activating the pathway of muscle organ
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development. PAX3, by itself, was not able to induce myogenic differentiation in SCP1
cells. Still, | want to stress that PAX3-overexpression enabled slight changes in the tran-

scriptome of SCP1 cell populations towards a more myogenic lineage.

4.2 Overexpression of PAX3 does not affect the proliferation
of SCP1 cells

The proliferation of muscle precursor cells is essential for myogenic differentiation to
allow skeletal muscle formation (207). Cell proliferation is also important in muscle re-
generation (207). Pax3 holds an essential role in the proliferation of muscle precursor
cells because of Pax3/7BP (151, 181). This is a protein that binds Pax3 and Pax7 and is
linked to histone 3 lysine 4 (H3K4) methyltransferase (HMT) activity which is vital for the
regulation of proliferation in muscle precursor cells (151, 181). Knockdown of Pax3/7BP
deactivates H3K4 HMT, thereby hindering muscle precursor cell proliferation in vitro and
in vivo (181). Ling et al. found that in goats Pax3 accelerates the proliferation of skeletal
muscle satellite cells (208). Therefore, Pax3 is essential for the proliferation of muscle
(precursor) cells. For this reason, | analysed cumulative population doublings (cumPD)

and population doubling time (PDT) of SCP1 cell populations.

4.2.1 Low overexpression of PAX3 in SCP1 cells leads to a slightly higher

cell proliferation

This cumPD assay demonstrates how often the population of each reviewed cell type

doubled in the time of four weeks in vitro.

Over a period of 28 days, it was found that the cell proliferation was fastest in SCP1°4%3,,
cells (with a mean cumPD value of 3.28 + 0.22 after 4 days, 9.72 + 1.57 after 14 days
and 18.04 + 1.74 after 28 days), followed by SCP1°4%3,, cells (with a mean cumPD
value of 2.67 + 0.93 after four days, 9.08 + 1.42 after 14 days and 15.35 + 1.60 after 28
days). The slowest cell proliferation was observed in SCP1¢ cells (with a mean cumPD
value of 2.55 £ 0.21 after four days, 7.97 + 1.01 after 14 days and 13.74 + 1.40 after 28
days). With RT-PCR, next-gen RNA-sequencing and Western blotting results it was
found that SCP174%%,,, cells and SCP174%3,4, cells did not differ in levels of PAX3 ex-
pression. Thus, via the cumPD assay, it was shown that PAX3-expressing cell popula-

1 GFP

tions proliferated slightly faster than the control group of SCP cells.

After 28 days SCP17%3,,, cells showed a slight increase in proliferation compared to
SCP1°" cells (mean cumPD after 28 days: SCP1°4%%,,, cells: 18.04 + 1.74; SCP1¢"
cells: 13.74 + 1.40). Compared to SCP1° cells, SCP1°4*%%,,, cells also had a faster
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population doubling time (mean cumPD after 28 days: SCP173,4, cells: 15.35 + 1.60;
SCP16% cells: 13.74 + 1.40),

Compared to the control group, a slight increase in cell proliferation of PAX3-overex-
pressing SCP1 cell populations was detected. To corroborate these findings, population

doubling times (PDT) were also analysed.

SCP1°FF —o- sCp1PAX%er - gcp P
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Figure 4.7: Impact of PAX3-overexpression on SCP1 cells regarding cumulative population doublings.

After 28 days, SCP174X3,, cells had a faster cumPD than SCP174%3,,, cells. At this point, they also were
faster than SCP1¢P cells. (Mean cum PD at day 28: SCP17°4%3,,, cells: 18.04 + 1.74; SCP1PA%3,, cells:
15.35 + 1.60; SCP1%7P cells: 13.74 + 1.40)

Dots represent mean value, and vertical lines attached to dots represent standard deviation. n = 8; w =3

When analysing the population doubling time (PDT) it was found that SCP174%3%,,, cells
might exhibit a slight tendency towards increased proliferation, when compared to
SCP1¢F* cells. All SCP1 cell populations (SCP1°4%%,,, cells, SCP1™%3, cells or
SCP1°" cells) were counted for 28 weeks to investigate their growth rate. The following
findings regarding the PDT were noted. According to cumPD results, a slight difference
in cell proliferation regarding PAX3 and non-PAX3-expressing cell populations was ex-
pected. It was found that the mean PDT of SCP1° cells was 2.84 days + 1.85. The
mean PDT of SCP1%%,,, cells was 1.56 days + 0.41 and the mean PDT of SCP17%%,4
cells was 2.09 days * 0.91. There were no significant differences between all analysed
SCP1 cell populations regarding the growth rate measured by PDT; however, the p-value
between SCP1° cells and SCP174%%,,, cells was close to significance (p = 0.058).
Therefore, a slight tendency towards an increased proliferation of SCP17%%,, cells com-
pared to SCP1°™ cells (other p-values: SCP1°%" cells to SCP1°4%3,4, cells: p = 0.495;
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SCP1P%3,4, cells to SCP174%3,,, cells: p = 0.083) could be suspected. However, this as-
sumption still needs to be validated in future studies. Overall, it was found that low levels
of PAX3 expression in SCP1 cells might lead to a possible tendency of increased cell

proliferation in comparison to SCP1° cells.

ns

ns

ns

PDT [days]
i

N
s

SCP1°F* SCP1PAon SCP1PAXmn
Figure 4.8: Population doubling time (PDT) of SCP1 cells populations.

Population doubling time is depicted in days summarised over a total period of 28 days. Mean PDT values
were 2.84 days + 1.85 for SCP16F” cells, 1.56 days + 0.41 for SCP1PA%3,,, cells and 2.09 days + 0.91 for
SCP1P2%3,, cells. No significant differences in PDT between SCP1°4%3,¢, cells, SCP1P4%5,,, cells or
SCP16FP cells were found. When comparing SCP174X3,, cells to SCP167” cells (p = 0.058), a minimal ten-
dency of increased proliferation could be assumed and should be verified in future studies.

Box plots represent the median, quartiles, and range. Significance levels*: p < 0.05, ns: not significant. Sta-
tistical method: Wilcoxon test; n =8; w=3
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4.2.2 Overexpression of PAX3 does not affect the clonogenic potential of
SCP1 cells

After performing the CFU assay, the relative CFU efficiency of all SCP1 cell populations
was determined to see whether PAX3 expression would change the clonogenic potential
of cells. In this assay, the clonogenic ability and in vitro changes in the colony formation

of SCP1 cell populations was evaluated.

SCP1°" cells had a mean relative CFU efficiency of 12.91 + 9.25%. For SCP1°4%%,4,
cells, the mean relative CFU efficiency was 13.63 + 5.85%; for SCP174%3,, cells it was
18.69 £ 11.31%. There were no significant differences in relative CFU efficiency between
all SCP1 cell populations. Therefore, it can be concluded that the overexpression of

PAX3 did not change the clonogenic ability of SCP1 cell populations.
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Figure 4.9: Relative CFU Efficiency of SCP1 cell populations.

Mean relative CFU efficiency was 12.91 + 9.25% for SCP16F” cells, 13.63 = 5.85% for SCP172%3,, cells
and 18.69 + 11.31% for SCP1P4X53,,, cells. No significant differences in CFU efficiency were found between
all SCP1 cell populations.

Box plots represent the median, quartiles, and range. Significance levels*: p < 0.05, ns: not significant. Sta-
tistical method: Wilcoxon test; n=4; w=3

4.3 Morphology of SCP1 cells is not affected by PAX3-

overexpression

Since | wanted to describe the effect of PAX3-overexpression on SCP1 cells and detect
possible modifications of the cells towards a more myogenic lineage, morphological

changes in shape and size were important to evaluate.
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The fusion of myoblasts forms myotubes (209). During this complex process, various
cellular events take place. After migration to the desired position, cells adhere and then
elongate, followed by cell-cell recognition (209). Finally, myoblasts align, and their mem-
branes fuse (209). In this cascade, the elongation of cells is vital (209). The myoblasts
alter their shape to enable further fusion and thereby muscle formation (209). With the
following assay, | offer insight into these morphological changes. On one hand, | com-
pared PAX3-overexpressing cell populations (SCP174%3,4, cells and SCP174%3,,, cells)
to native SCP1°" cells. On the other hand, | compared them to C2C12 cells, a mouse
myoblast cell line. In this assay, | examined the morphological aspects of cell area and

the aspect ratio to compare the configuration of all cell populations.

Cell area and aspect ratio were used to analyse morphological changes in PAX3-over-
expressing SCP1 cell populations. They were compared to SCP1¢ cells (control group)
and C2C12 myoblasts.

The confidence interval (Cl) (see Figure 4.10) was defined with 95% of C2C12 data. Itis
depicted as a dashed red line in the graph (3.96 at the x-axis, which depicts AR;
2.82x10° um?on the y-axis for cell area). With the CI, every column is divided into four
quadrants, with the first quadrant in the lower left corner. Here, data of cells with little
area and little AR accumulates — small and round cells. The quadrants have been num-
bered clockwise, ending with the fourth quadrant at the bottom right. Data from small,
spindle-shaped cells are collected here. Table 13 provides an overview of the data col-

lected.

6e+03

5e+03

&
+
o
w

Area [pmz]
w
]
+
o
w

2e+03

1e+03

0e+00

012 3 456 7 0123 45867 0123 45670123 456 7
Aspect Ratio

Figure 4.10: Comparison of area and aspect ratio of analysed cell populations.
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The confidence interval (red dashed lines: 3.96 on the x-axis; 2,82x103um? on the y-axis) was determined
with 95% of data from C2C12 cells. This results in four quadrants within each depicted cell population
counted from one (lower left compartment) clockwise to four (lower right compartment). n=7; w=3

Most C2C12 cells (72.28% in the first quadrant) were small and round. All SCP1 cell populations had the
majority of data in the first quadrant (51.63% of SCP1¢P cells, 45.63% of SCP1PAX3,,, cells, and 50.60% of
SCP1PA%5,, cells) which means they were small and round as well.

Table 13: Cell morphology based on area and aspect ratio as shown in Figure 4.10.

SCP1¢F cells | SCP174%3,, SCP1PA%3,0n C2C12 cells
cells cells

1%t quadrant: | 51.63% 45.63% 50.60% 72.28%
small, round
cells
2" quadrant: | 33.12% 30.42% 26.84% 6.65%
big, round cells
39 quadrant: | 6.54% 5.16% 6.54% 2.22%
big, spindle-
shaped cells
4" quadrant: | 8.72% 18.78% 16.02% 18.85%
small, spindle-
shaped cells

Overall, as shown in Figure 4.10, | found that most of the cells were small and round as
most of the data accumulated in the first quadrant (51.63% of SCP1°" cells, 45.63% of
SCP174%3,,, cells, 50.60% of SCP174%3,, cells and 72.28% of C2C12 cells). All SCP1
cell populations had the second largest number of cells in the second quadrant, indicat-
ing that they were big and round (33.12% of SCP1°" cells, 30.42% of SCP174%3,,, cells,
26.84% of SCP17P4%3,4, cells). C2C12 cells had their second largest population in the
fourth quadrant (18.85%). These cells were small and spindle-shaped. With this assay |
can show that the majority of C2C12 cells were small (round or spindle-shaped), and the

majority of SCP1 cell populations were round (big or small).
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Figure 4.11: Cell area of C2C12 myoblasts and SCP1 cell populations.

The mean cell area of C2C12 cells was 1.71x10°% um? + 1.43x108%. The mean area of SCP1°" cells was
2.90x10% pm? £ 1.58x103, of SCP17A%3,, cells it was 2.76x10% pm? + 1.52x10° and of SCP1PAX3,, cells it
was 2.67x10° um? £ 1.58x10%. There were no significant differences regarding cell area between all analysed
cell populations.

Box plots represent the median, quartiles, and range. Significance levels*: p < 0.05, ns: not significant. Sta-
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Cell area of C2C12 cells and SCP1 cell populations (Figure 4.11) was not significantly
different. The mean cell area of C2C12 cells was 1.71x10% ym? + 1.43x10°%. The mean
cell area of SCP1° cells was 2.90x10% um? + 1.58x10%, of SCP1°4%%,,, cells it was

2.76x10% um? = 1.52x10° and of SCP1°4%%,,, cells the mean area was 2.67x10° um? +

1.58x10°.
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Figure 4.12: Aspect Ratio of C2C12 cells and SCP1 cell populations.

The mean aspect ratio (AR) of C2C12 myoblasts was 2.97 + 1.82; of SCP1¢? cells it was 2.63 + 1.49. The
mean AR of SCP1°4%3,, cells was 3.13 = 1.79; of SCP1PA%3,¢, cells it was 3.03 + 1.73. There were no
significant differences when comparing the AR of all analysed cell populations.

Box plots represent the median, quartiles, and range. Significance levels*: p < 0.05, ns: not significant. Sta-
tistical method: Wilcoxon test; n=7; w=3

The aspect ratio (AR) describes the ratio of each cell’'s width to its length. There were no
significant differences when comparing C2C12 cells, SCP1¢" cells, SCP1%3,, cells
and SCP1°4%%,,, cells (Figure 4.12). The mean aspect ratio of C2C12 cells was 2.97 +
1.82. The mean AR of SCP1¢* cells was 2.63 + 1.49; of SCP174%3,, cells it was 3.13 +
1.79 and of SCP1°4%%,,, cells the mean AR was 3.03 + 1.73.
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4.4 The velocity of randomly migrating SCP1 cells is not

altered by overexpression of PAX3

Pax3 plays an important role for muscle progenitor cells as they delaminate from the
dermomyotome and subsequently migrate to far-off locations of myogenesis, such as
the limbs, to form muscle tissue (151, 180). A study by Epstein et al. showed that Pax3
regulates c-met expression, which is necessary for proper migration of myogenic precur-
sors to the limb (159). Epstein et al. also confirmed the need for Pax3 for the migration
of myogenic progenitor cells from the ventrolateral lip of the dermomyotome to the limb
bud in Pax3 mutant mice, where the development of limb muscles was severely impaired
(159, 190). Therefore, | analysed the random migration of PAX3-overexpressing SCP1

cells and compared it to SCP1¢* cells.

The extracellular matrix protein type | collagen was chosen as a base coating in cell
culture dishes to compare to the uncoated polystyrene. Type | collagen was chosen be-
cause it is specific to muscle tissue in the dermomyotome, as myogenic progenitor cells
express collagen type 1 a2 in the dermomyotome (210). Although it is muscle specific,
laminin was not used as a coating because laminin forms at later stages of myofiber
formation (newly formed myotubes) (163) and the focus of my assay lies on earlier

stages of myogenesis.
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Figure 4.13: Mean velocity of migrating SCP1 cell populations on polystyrene and type | collagen.

| found no significant differences in the mean velocity between all SCP1 cell populations on polystyrene and
type | collagen. The mean velocities on polystyrene were 0.19 um/min + 0.07 for SCP1¢F cells, 0.21 ym/min
+ 0.08 for SCP1PA%3,,,, cells and 0.21 pm/min + 0.09 for SCP1P4X3,4,, cells. On type | collagen, SCP1¢7* cells
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had a mean velocity of 0.25 pm/min + 0.09; SCP174X3,, cells of 0.26 ym/min + 0.11 and SCP1PA%3,4, cells
had a mean velocity of 0.30 um/min + 0.11 on the type | collagen-coated surface.

Box plots represent the median, quartiles, and range. Significance levels*: p < 0.05, ns: not significant. Sta-
tistical method: Wilcoxon test; n=4; w =1

The mean velocity of SCP1%" cells on the collagen-coated surface was 0.25 um/min *
0.09, 0.26 ym/min £ 0.11 for SCP1°4%3,,,, cells and 0.30 um/min £ 0.11 for SCP17°4%3,4,

cells.

On polystyrene, SCP1°4%3,,,, cells and SCP174%3,4, cells both had a mean velocity of
0.21 ym/min (SCP174%%,, 0.21 ym/min = 0.08; SCP17%,g, 0.21 ym/min = 0.09).
SCP1¢" cells had a mean velocity of 0.19 um/min + 0.07. | detected no significant dif-
ferences between the mean velocity of all migrating SCP1 cell populations.

Regarding overall mean velocity, | found that, on average, SCP1¢" cells were 24.00%

1PAX3, ., cells were also 19.23%

faster on collagen compared to polystyrene, and SCP
faster on collagen as well. Also, SCP174%3,, cells were 30.00% faster on collagen com-

pared to the non-coated polystyrene surface.

Plastic Collagen |

3.5 — —ns
:g- 3.0 | ns | I ns '
g 2.5- 'LI ,LI
2
O 2.0
o
]
E 1.5
=]
E 104
3
=

0.5

0.0

& o @ o
&) D AW [ &) e
N o & > & o
(@) N N O N N
2 o ¢t ? ¢t ¢
) 2 ) 2

Figure 4.14: Maximum velocity in random migration of SCP1 cell populations.

There were no significant differences when comparing the maximum velocity of randomly migrating SCP16F°
cells, SCP1°A%3,, cells and SCP174%3,,¢, cells on polystyrene or type | collagen. On polystyrene, the maxi-
mum velocities were 1.01 ym/min + 0.54 for SCP16F cells, 0.93 um/min + 0.62 for SCP1P4X3,, cells and
0.90 pm/min * 0.32 for SCP174%3,4, cells. On type | collagen, the maximum velocities were 0.97 um/min +
0.37 for SCP16” cells, 0.99 pm/min + 0.49 for SCP174%3,, cells and 1.18 ym/min + 0.49 for SCP1°A%3,4,
cells.

Box plots represent the median, quartiles, and range. Significance levels*: p < 0.05, ns: not significant. Sta-
tistical method: Wilcoxon test; n=4; w =1
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The mean maximum velocity of SCP1¢ cells on the type | collagen-coated surface was
0.97 ym/min = 0.37, 0.99 ym/min + 0.49 for SCP17%3,, cells and 1.18 ym/min + 0.49 for
SCP1P4%3,4, cells. On polystyrene, the mean maximum velocity was 1.01 ym/min + 0.54
for SCP16" cells, 1.02 ym/min + 0.62 for SCP174%3,, cells and 0.90 ym/min + 0.32 for
SCP1P4%3,4, cells. | found no significant differences in the maximum velocities of all an-

alysed cell populations.

Regarding the average maximum velocity, SCP174%%,¢, cells were 23.73% faster on type
| collagen than on polystyrene. SCP174%3,,, cells were 2.94% faster on polystyrene; the

same applies to SCP1°" cells which were 3.96% faster on polystyrene.

It can be concluded that there were no significant differences between the different SCP1
cell populations on either substrate. This indicates that PAX3 does not affect the random

migration velocity of cells.
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4.5 Overexpression of PAX3 in SCP1 cells does not induce

cell fusion in vitro

| investigated direct cell fusion in this assay. It is one of the most important aspects |
examined since the fusion of myoblasts is crucial for muscle development and regener-
ation. Through the fusion of myoblasts, multi-nucleated myotubes are formed (209). They
are the basis of muscle tissue. | analysed the cell populations to see whether they would
fuse or not. C2C12 myoblasts were added in this assay because fusion of these cells is
certain which makes them a suitable control group. The relative fused myofiber area was
analysed after three, five or seven days. SCP1 cell populations were mixed in different
ratios (1:1, 1:2, 2:1) with C2C12 cells to see whether there would be an effect on fusion
behaviour and therefore differentiation of cells. All cell populations were also cultured
alone as a control (1:0/ 0:1) and to investigate the fusion of SCP1 cell populations by

themselves.

It was found that C2C12 cells (not mixed; 1:0) increased their relative fused myofiber
area by 187.43% from day three to day five and by 200.43% from day five to day seven.
From day three to day seven, a 375.67% increase in the fused myofiber area of C2C12
cells was noted. After seven days, the relative fused myofiber area of C2C12 cells was
significantly different from SCP1¢" cells (p < 0.001), SCP1%3,, cells (p < 0.001) or
SCP172%3,.n cells (p < 0.001), which did not fuse.

On day five, C2C12 cells mixed with SCP1¢" cells in a 1:2 ratio had a significantly dif-
ferent relative fused myofiber area compared to C2C12 cells mixed with SCP174,,, cells
in a 1:2 ratio (p = 0.001). There were no other significant differences detected in cell
mixtures of C2C12 cells and SCP1 cell populations. Note that the experimental condition
C2C12 & SCP174%,, (1:2, day 5) contained a significant outlier (GraphPad Outlier Cal-

culator: significant outlier, p =2 0.05).

| found that the SCP1 cell populations did not fuse by themselves. These cells did not
differentiate and therefore cell fusion did not occur. | saw that SCP1 cell populations did
not express myosin heavy chain, which is a structural component of muscle, as immuno-
histochemistry showed (MYH1E, clone MF20). MYH1E (Developmental Studies Hybrid-
oma Bank, USA) is a primary antibody against the myosin heavy chain 1E. The myosin
heavy chain is known as the motor protein for thick muscle filaments and is needed to
define specific muscle properties (211). | found that overexpression of PAX3 was insuf-

ficient to induce cell fusion in SCP1 cell populations.
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Figure 4.15: Relative fused myofiber area of C2C12 cells and SCP1 cell populations.

The relative fused myofiber area of the cells was analysed after three, five and seven days. SCP1 cell pop-
ulations (SCP1¢F7, SCP1PA%3,,,, or SCP17A%3,¢, cells) were mixed with C2C12 cells in different ratios: 1:1,
1:2 or 2:1. The first number of the ratio always refers to the amount of C2C12 cells used in the mixture.

C2C12 cells (not mixed; ratio 1:0) increased their relative fused myofiber area by 187.43% from day three
to day five and by 200.43% from day five to day seven. From day three to day seven, they raised the relative
fused myofiber area by 376.67%. After seven days, relative fused myofiber area of C2C12 cells was signifi-
cantly different from relative fused myofiber area of SCP1¢F cells (p < 0.001), SCP17AX3,,,, cells (p < 0.001)
and from SCP1°A%3,¢, cells (p < 0.001).

SCP1 cell populations did not fuse by themselves. | observed that the overexpression of PAX3 did not enable
cell fusion of SCP1 cells.

Box plots represent the median, quartiles, and range. Significance levels*: p < 0.05. Statistical methods: t-
test, Bonferroni correction; n =4; w =2
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Figure 4.16: Fusion of different cell combinations on day 7.
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Representative fluorescence microscopy images for GFP (SCP1 cell populations) and RFP (C2C12 cells)
are shown. The black-and-white images are the same images as the coloured red and green ones but allow
to better visualise myotubes after immunocytochemistry using MYH1E (Developmental Studies Hybridoma
Bank, USA), a primary antibody against the myosin heavy chain 1E.

A) C2C12 cells (1:0) alone have fused to myofibers on day seven.

B-J) C2C12 cells mixed with SCP1¢* cells, SCP1PAX5,, cells or SCP17°4%3,4, cells in different ratios (1:1,
1:2, 2:1) on day seven. As expected, C2C12 myoblasts fused which can be seen in the black-and-white
images. In these pictures, fused myofiber areas match with RFP marked C2C12 cells in the coloured images.
SCP1 cell populations did not fuse.

Scale bars: 100 pm

57



Discussion

5. Discussion

5.1 Overexpressing PAX3 slightly shifted SCP1 cells towards
a myogenic program

The main finding of my study is that the mere overexpression of PAX3 in SCP1 cells was
insufficient to initiate a myogenic program, though | was able to detect slight changes in

myogenic cell fate.

Ina 2011 study, Darabi et al. showed that Pax3 controls the myogenic induction of iPSCs
(212). In embryoid body-derived cells, Pax3 induced myogenesis (191). Sato et al. be-
lieved that upregulating vital myogenic transcription factors like MyoD, Pax7 and Pax3
was an important requirement for inducing myogenesis in non-skeletal muscle cells
(213).

Owing to these studies, | first expected PAX3 to induce myogenic differentiation in SCP1
cells; however, | did not find that the SCP1cells overexpressing PAX3 transformed into
functional myoblasts. | detected minor changes in the characteristic of the cells, towards
a more myogenic lineage, specifically in the transcriptome of SCP1 cell populations.
Most importantly, activating the pathway of muscle organ development indicates that the
tendencies towards myogenic differentiation existed in the SCP1 cell populations ex-
pressing PAX3 (see 5.2). Nonetheless, most cellular properties of the newly created

SCP1 cell populations did not change compared to PAX3-negative SCP1 cells.

| will discuss my findings in more detail the following subsections.

5.2 Activating the pathway of “muscle organ development”

through PAX3-overexpression

A key finding of next-gen RNA-sequencing was that overexpressing PAX3 in
SCP1P2%3%,.n cells activated the pathway of muscle organ development compared to
SCP1¢P cells. The GO pathway of muscle organ development is understood as a pro-
cess resulting in cells turning into muscle over time — starting with initial muscle formation
until mature muscle structure is formed (203-205). This is particularly exciting because
one of the aims of my study was to identify muscle-related molecular signatures of PAX3-
overexpressing SCP1 cell populations. Using GO enrichment analysis, | showed that the
overexpression of PAX3 could contribute to a potential transformation of SCP1 cells into

a myogenic lineage. In contrast to the in vivo situation, however, the expression of PAX3

58



Discussion

in the newly created SCP1 cell populations did not decrease due to the constitutive over-
expression system. This means cells were constantly overexpressing PAX3 in vitro and
thereby staying in an - “early”- native state instead of differentiating, which does not hap-
pen in vivo. In vivo, Pax3 is downregulated at the early stages of myogenesis when Pax7,
MyF5 and MyoD are upregulated (183). It remains unclear, in my study, whether the
PAX3-overexpressing SCP1 cell populations underwent the physiological cascade of dif-
ferent factors orchestrating and inducing the myogenic program. This limitation of my

study is essential, and | will discuss it in more detail (see 5.9).

Next-gen RNA-sequencing confirmed that PAX3-expressing SCP1 cell populations dif-
fered from SCP1°™ cells as revealed by PCA.

5.3 The possible tendency towards increased cell proliferation

in PAX3-overexpressing cells

When analysing the cell proliferation of PAX3-overexpressing SCP1 cells and comparing
them to SCP1¢" cells, | expected to discover changes in cell proliferation since other in
vitro studies found that overexpressing PAX3 controls cell proliferation and differentiation
in skeletal muscle lineage development (151). Boudjadi et al. found that Pax3 triggers
the proliferation of muscle precursor cells because of its interaction with Pax3/7BP (an
adaptor that links Pax3 and Pax7 with the H3K4 methyltransferase complex) (151, 181).
Ling et al. showed that Pax3 accelerates the proliferation of skeletal muscle satellite cells
in goats (208).

| expected to find alterations in the proliferation of PAX3-overexpressing SCP1 cell pop-
ulations but could not confirm them by cumPD and PDT assays.

Nevertheless, when | analysed PDT, there seemed to be a slight tendency towards in-

creased cell proliferation, as seen in SCP174%3

ow Cells compared to the control group.
With a p-value of p = 0.058, it was close to significance and therefore a slight tendency
towards increased cell proliferation might exist. Since | found no difference in the levels
of PAX3 expression between SCP174%3,,;,and SCP174%%,,, cells (see 5.7), this tendency
towards increased cell proliferation is probably independent of PAX3 and needs further

studies to be investigated.

The proliferation assays should be repeated. If the trend towards increased cell prolifer-
ation is consistent, it would be interesting to investigate its molecular basis in future stud-
ies. My study found no significant differences in the growth rate, measured by PDT,

among all the SCP1 cell populations analysed. | suspect a possible tendency towards
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increased cell proliferation. This cannot be confirmed through my study alone but could

be investigated in future studies.

5.4 No morphological changes in SCP1 cell populations due

to PAX3-overexpression

Analysing the cell morphology of the PAX3-overexpressing SCP1 cells, C2C12 cells and
the control group of SCP1°¢” cells, | found no significant differences in the cell area and

aspect ratio.

In my study, 72.28% of C2C12 cells were small and round. Most cells of SCP1 cell pop-
ulations were also small and round (51.63% of SCP1°™ cells, 45.63% of SCP174%3,,,
cells, 50.60% of SCP1°4%3,,,, cells). SCP1 cell populations also contained many big and
round cells (33.12% of SCP1¢ cells, 30.42% of SCP1°4%3,, cells, 26.84% of

SCP 174, cells).

McMahon et al. showed that C2C12 cells have a mean diameter of 12 um (range 5-
25 ym) and a mean length of 290 uym (range 130-520 um) (214). Taking these measure-
ments (diameter of 12 uym, length of 290 ym (214)) and approximating C2C12 cells to an
elliptical shape, a mean cell area of 2.73x10° um? is left. In my study, the C2C12 cells
had a mean cell area of 1.71x10° uym? £ 1.43x10°. When | calculated the supposed elliptic
cell area with the smallest values measured in the study by McMahon et al. (diameter of
5 um and mean length of 130 um (214)), | estimated a cell area of 5.11x10% ym?. The
area of the C2C12 cells | used in this study is within this range. | infer, therefore, that the
experimental conditions in my study were appropriate and the C2C12 cells were ade-
quately cultivated.

In a 2009 study, Haasters et al. characterised SCP1 cells with a cell diameter of < 157 pm

16FP cells

and cell area of < 6.62x10° um? (215). In my study, the mean cell area of SCP
was 2.90x10% ym?+ 1.58x10%; in SCP174%3,, cells, the mean cell area was 2.76x10° ym?
+1.52x10%, and in SCP174%3,,, cells, it was 2.67x10% ym? + 1.58x10°. All the SCP1 cell
populations | analysed had an area approximately three times smaller than Haasters et
al. found in their study (215). This could be because | used different machines in my
research, poor cell fitness, different culturing conditions, or the genetic modifications in-
troduced in my project. Ten years of selection pressure or the many passages of the
SCP1 cells | used could also explain this. When considering the results of both above-
mentioned studies (214, 215), it is fair to say that SCP1 cells usually have a larger diam-

eter than C2C12 cells. In my study, however, there was no difference in the cell area and
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aspect ratio of the C2C12 and SCP1 cells. Overall, all the C2C12 and SCP1 cells | ob-

served were primarily small and round (see 4.3).

According to Yaffe et al., C2C12 cells usually differentiate after changing from high se-
rum to low serum conditions (from 10% FBS to 2-5% horse serum) (216, 217). Multinu-
cleated myotubes are formed following the fusion of single cells (216, 218). The newly
formed myotubes elongate in the ongoing differentiation and fusion process and express

myosin, a-actin and numerous other proteins (216, 218).

| changed the medium in which | cultivated C2C12 myoblasts to DMEM with 2% HS and
1% penicillin/streptomycin five hours after seeding cells. Pictures of the cells were taken
nineteen hours after seeding; the cells were already in low serum conditions for fourteen
hours. Had | chosen a later time, the C2C12 cells would have had more time to differen-
tiate and hence alter their cell morphology (see 4.3) to form a more muscle related con-
figuration such as becoming larger and more elongated for instance. For more studies in
this field, | think it would be an interesting aspect to keep in mind and maybe take pictures
of C2C12 cells at a later stage or at more than one point to detect more differences/more
muscle cell-like morphological properties. Still, when analysing C2C12 cells care needs
to be taken as they fuse rapidly, complicating the characterisation of single cells. This
should also be considered. Time lapse microscopy could be used in this area to provide

further insights.

Overall, my study’s morphological obversions showed no differences in cell area or as-
pect ratio. Also, | did not observe the significant elongation of cells typical of muscle

formation.

5.5 Migration of cells was not affected by PAX3

As stated before, muscle precursor cells require Pax3 to migrate from the dermomyo-
tome to the limb buds (163, 180). /In vivo, Pax3 controls de-epithelialisation of muscle
precursor cells and their following migration by activating c-met (which encodes a trans-
membrane tyrosine kinase receptor that is expressed by cells of the dermomyotome
(160, 163). The c-met receptor is vital for migrating myogenic progenitors into the limb
bud (160). A study by Epstein et al. showed that Pax3 regulates c-met expression (159,
178).

For these reasons, | analysed the migration of PAX3-overexpressing SCP1 cells in my
study. | found that the random migration of SCP1 cells was not affected by PAX3-over-
expression, neither in terms of the maximum nor the mean velocity. | found no significant

differences in SCP1 cells compared to the control group.
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The ongoing overexpression of PAX3 in the recently created cell populations may have
played a role in the changes seen in cell migration by constitutively activating, and
thereby altering, the cascade of important factors. It would be interesting, in future stud-
ies, to upregulate PAX3 temporarily (see 5.9) so that gene expression resembles the

dynamics of in vivo cascades.

Studies show that placement on surfaces coated with type | collagen stimulates cell mi-
gration (219-221). In my study, there was no difference in the mean velocity or the max-
imum velocity of cell migration in SCP1 cell populations on a type | collagen-coated sur-
face when compared to the control group of SCP1°” cells. Since Western Blot analysis
and RT-PCR results showed no differences in PAX3 expression between SCP174%,,
cells and SCP174%,,, cells (see 5.7), | did not expect differences in random migration

between those two cell populations.

5.6 PAX3-overexpressing SCP1 cells neither differentiated nor
fused

1 PAX3 .
high

| established direct co-cultures of C2C12 cells and SCP1 cell populations (SCP
cells, SCP172%%,,, cells or SCP1% cells) in the fusion assay. | visualised the formation
of myotubes by immunocytochemistry with MYH1E (Developmental Studies Hybridoma
Bank, USA), a primary antibody against the myosin heavy chain 1E. As expected, the
mouse myoblast cell line C2C12 fused and expressed MYH1E by itself (1:0) and when

mixed with all SCP1 cell populations in different ratios.

Despite this, the SCP1 cell populations neither differentiated, fused nor expressed
MYH1E. It is possible, that the constant overexpression of PAX3 hindered the process

of differentiation and prevented the SCP1 cell populations from fusing (see 5.9).

Investigating differentiation in indirect co-cultures (222) of SCP1 cell populations and
C2C12 cells could be interesting for future experiments, as communication mediated by
soluble factors could be clearly separated from direct communication mechanisms. In
such a setting, the cells could communicate biochemically via their secretome, and their
effects on each other could be evaluated. In this way, one could investigate whether

C2C12 cells differentiate differently in an indirect co-culture due to the presence of PAX3.
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5.7 SCP1P2%.,,nand SCP1PA%3,,, cells have the same PAX3
expression levels

1 PAX3
high

| found no significant difference in PAX3 expression levels when comparing SCP
cells and SCP17%3,,, cells in RT-PCR and Western Blot results. Using next-gen RNA-
sequencing, | confirmed that these cell populations were similar. The PCA results con-
firmed that both SCP1 populations differed from SCP1°™ cells.

Atthe FACS stage (see 4.1.1), | assumed that the levels of GFP intensity would correlate
with the levels of PAX3 expression; however, | found no correlation between those two
factors, as PAX3 levels did not significantly differ in SCP1 cell populations. Varying levels
of GFP intensity could be linked to other factors, such as variations in plasmid integration
events or integration sites per cell. It could also be explained by the cells’ general health

status, post-transcriptional regulation or the initial transfection efficiency.

Generally, since SCP1”%%,,, cells and SCP17°4%3,,, cells had the same levels of PAX3
expression (as shown by PCR and Western blot), the assays conducted can be inter-
preted as PAX3-expressing SCP1 cell populations compared to non-PAX3-expressig
SCP1¢FF cells or C2C12 myoblasts. Retrospectively, this provides a reasonable control
for determining PAX3-dependent effects from background biological effects. If the levels
of PAX3 expression had been different between the two SCP1 cell populations, meaning
that SCP172%3,4, cells really expressed higher levels of PAX3 than SCP174%3,, cells, it
would have been interesting to see a correlation between those levels and the potential
induction of a myogenic program. Cell lines with differing PAX3 levels would have al-

lowed a “titration” down to physiological conditions.

A correlation between the GFP protein and GFP intensities could not be confirmed in my
study. Two bands were depicted when analysing GFP expression on protein levels via
Western Blot (see 4.1.3). Typically, only a single band is expected for GFP (223, 224).
This could be due to unspecific binding of the chicken anti-GFP antibody or inferior pro-
tein sample quality, for example due to degradation. The Western Blot should be re-
peated with a new GFP antibody specific to eGFP (present in the original plasmid) and

with freshly harvested protein samples.

5.8 Recap of experimental results

In this section, | would like to briefly summarise my findings:

Although Pax3 is involved in the proliferation of cells (181, 225), in my study, overex-

pressing PAX3 did not affect cell proliferation. There might be a tendency of increased
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cell proliferation in SCP1°4%3,, cells; however, whether this depends on PAX3 is unclear

and could be an avenue of future research (see 5.3).

| did not alter the cell area and aspect ratio of SCP1 cells by overexpressing PAX3.
Compared to C2C12 myoblasts, there were no significant differences in the cell morphol-
ogy of all SCP1 cell populations, as most of the SCP1 and C2C12 cells | analysed were

small and round, and | did not detect any changes in their morphology (see 5.4).

Although Pax3’s functions are essential in early myogenesis and the migration of myo-
genic progenitor cells (180), | found that the mean and maximum velocity of migrating

PAX3-expressing cells did not differ from the control group (see 5.5).

Cell fusion is an essential characteristic of myoblasts. In the fusion assay, | found that
the C2C12 myoblasts fused as expected. After seven days, the relative area of fused
muscle fibre differed significantly from all the SCP1 cell populations, which did not fuse.
The PAX3-expressing SCP1 cells neither differentiated, nor expressed MYH1E (see
5.6).

Another point worth discussing is the lack of variation in PAX3 levels in SCP17%3,, and
SCP1P2%3,.n cells, as demonstrated by RT-PCR, Western Blot and next-gen RNA-se-
quencing: both SCP1°4%3,, and SCP174%3,, cells had equal levels of PAX3. In view of
this, | am not surprised to see that these two cell populations never showed significant
differences in any of the assays performed. | consider the significant differences in the
data of PAX3-overexpressing SCP1 cell populations compared to SCP1¢" cells or
C2C12 myoblasts as a general tendency, unconnected to varying levels of PAX3 ex-
pression (see 5.7). One, therefore, could interpret the results of my study as PAX3-over-
expressing cells (regardless of whether they are SCP174%3,,, or SCP174%3,4, cells) being
compared to a control group (SCP1¢ cells) and to C2C12 myoblasts. Significant differ-
ences in the results of, for example, SCP174%,,, cells and not SCP174%3,,, cells com-
pared to SCP1°™ cells or C2C12 cells can be interpreted as SCP1*3 cells, independent
of the distinction in SCP174%3,,, and SCP174%%,,, cells, as there was no difference in the

levels of PAX3 in these two cell populations.

5.9 Downregulation of PAX3 during in vivo myogenesis

It is crucial to reiterate that when | worked with the newly generated SCP1 cell popula-
tions (SCP174%%,5, and SCP174%3,,, cells), they constantly overexpressed PAX3. PAX3
was not downregulated at any stage of the experiments, so these cells remained in a
native early state in vitro. This continuous overexpression of PAX3, as it occurs during

my study, is not natural as it occurs during myogenesis in vivo.
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Myogenesis in vivo is regulated through a hierarchy of various interacting transcription
factors which are up- and downregulated at different developmental stages (183). A ge-
netic network consisting of numerous extrinsic and intrinsic factors has power over my-
ogenesis (183). Pax3 is a master regulator of early muscle lineage specification in vivo
together with Pax7, Six1 and Six4 (183). Pax3 is downregulated during early myogenesis
while Pax7, MyF5 and MyoD are upregulated (183). The downregulation of PAX3 is es-
sential to allow other factors to be activated. In my study, it would have been interesting
to insert crucial genes other than PAX3 and allow the cascade to occur as it would nat-
urally. Overall, there is an elaborate feedback and feed-forward system of transcription
factors associated with myogenic lineage progression (183). Muscle lineage is controlled
by many factors (183). Although | could show that PAX3-overexpression can bring po-
tential changes to SCP1 cells, shifting them towards myogenesis, it was insufficient to

induce myogenic differentiation in these cell populations.

In future studies, working with cells expressing more factors would be interesting, rather
than PAX3 exclusively. However, this could be difficult, especially since all factors in-
volved must be timed precisely. Exclusive overexpression of PAX3, as it occurred in my
study, must not be considered natural and cannot be compared to myogenesis in vivo.
For this study, single overexpression of PAX3 was a way to focus on its effects and

specific gene function.

| identified muscle-related changes in the newly created SCP17X cell populations. These
muscle-related molecular signatures partially occurred, as some results showed. The
remaining problem that may have hindered PAX3-expressing SCP1 cell populations
from terminal differentiation is that, as stated in this chapter, PAX3 was not downregu-
lated but constantly overexpressed. Another interesting approach for future research
could be the temporary upregulation of PAX3 in SCP1 cell populations. This could
“prime/prepare” the cells for the first steps towards myogenic differentiation. A subse-
quent downregulation of PAX3 at later stages of the differentiation process might enable

proper cell maturation.
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5.10 Working with immortalised SCP1 cell populations

Immortalised cell lines were established to study biological and molecular processes
(226). They offer the possibility to research cellular lineages, cancer malignancies and
molecular pathways in cells (226). Immortalised cell lines are used for research in regen-
erative medicine, and in the treatment of incurable diseases (226). Immortalised cells
drop their cell cycle checkpoint pathways, thereby avoiding ageing (227). Human mes-
enchymal stem cells are essential in regenerative medicine (228). Getting hold of these
cells is non-invasive, and they can differentiate into numerous cell types (228). SCP1

cells can differentiate into osteogenic, adipogenic and chondrogenic lineages (200, 228).

In this project, | worked with immortalised human mesenchymal stem cells (hMSCs) —
SCP1 cells. In this study, | wanted to identify muscle-related molecular signatures in
SCP1 cells overexpressing PAX3 and perhaps induce a myogenic differentiation in
SCP1 cells. To date, SCP1 cells have not been successfully differentiated into myogenic
cells. Strenzke et al. found that the fusion of myoblasts was significantly boosted due to

exposure to the secretome of SCX overexpressing SCP1 cells (229).

SCP1 cells were established 15 years ago, in 2008, by Bdcker et al. (200). This mesen-
chymal stem cell population was immortalised by the expression of hnTERT after retroviral
transformation (200). Cells in a culture for an extended period are prone to genetic drift
(230). This may modify the phenotype of the cells as well as introduce changes in growth
patterns (230). Laboratory studies can be impeded by genetic drift and other factors such
as cross-contamination; these studies are difficult to reproduce and can be problematic
to compare (230). Torsvik et al. compared sub-clones of the U-251 glioblastoma cell line
to the original U-251MG line and found differences in those cells due to genetic drift in
culture (230). There is a possibility that over time, phenotypic consequences and genetic
changes have occurred in my SCP1 cells after all these years in culture (230). Some of
their features might have altered, potentially hindering their ability to differentiate and/or

fully initiate a myogenic program.

| only worked with cell lines and did not use primary mesenchymal stem cells. Ideally, |
would have first carried out my experiments with cell lines such as SCP1 or C2C12 and
afterwards validated my results using primary cells to corroborate my findings. This
would have been an important step since cell lines cannot precisely recreate the proper-
ties of primary cells (231). In my study, however, | used cell lines as they are a valuable
tool for studying biomolecular processes (231). The benefits of using cell lines include
cost effectiveness, simple usage, an endless stocks of cells and bypassing eventual eth-
ical matters that can occur when working with tissue from humans or animals (231). They

are popular for studying gene function (231), such as in my study. Nonetheless, care
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must be taken when working with cell lines instead of primary cells (231). Cell lines might
respond differently to stimuli or display modifications in their phenotype or original func-
tions (231). As mentioned before, genetic drift might result in genotypic or phenotypic
changes in the cells (231). For this reason, cell lines may differ from primary cells, and
varying results might be generated (231). Nelson-Rees et al. showed that most cell lines
used globally were contaminated by HelLa cells at some point (231, 232). This is still a
current issue, many years later (231, 233, 234). For this reason, primary cells should be
used to recheck the results of conducted studies, especially regarding crucial findings
(231).

Verifying my results with primary cells would have been helpful and might be of interest

in future studies regarding this topic.
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6. Conclusion & Outlook

My project aimed to generate PAX3-overexpressing SCP1 cell populations and charac-
terise them in vitro to identify muscle-related molecular signatures of these newly created

cell populations. Based on the results, the following can be concluded:

1. The transcriptome of SCP1 cells was shifted by PAX3-overexpression, as
shown by next-gen RNA-sequencing and PCA. | found that the muscle organ

development pathway was activated in SCP174%3

high cells.
2. The overexpression of PAX3 had no effect on the proliferation of SCP1 cells.
However, there may be a tendency towards increased proliferation in PAX3-ex-

16FP cells. Future studies are needed to confirm

pressing cells compared to SCP
this.

3. The clonogenic potential of cell populations overexpressing PAX3 did not
change compared to the control group.

4. Overexpressing PAX3 did not affect the morphology of SCP1 cells in terms of
cell area or aspect ratio.

5. PAX3-overexpression had no impact on the random migration of SCP1 cells
regarding the mean or the maximum velocity.

6. Cell fusion of SCP1 cells could not be induced by overexpression of PAX3.
Newly created SCP1 cell populations did not express MYH1E and therefore did

not differentiate or fuse.
The essence of this study could be described as follows:

Overexpression of PAX3 in SCP1 cells allowed partial myogenic changes in the tran-
scriptomes and properties of these cells, which | interpret as a slight tendency towards
a more myogenic lineage; however, terminal myogenic differentiation (and fusion) of
these cell populations did not occur. The constant overexpression of PAX3 may have
prevented the cells from undergoing terminal myogenic differentiation. In future studies,
PAXS3 levels need to be more dynamic, for example by using a doxycycline-inducible

promoter system.

| believe that my findings will be helpful for future research into the potential and limita-
tions of PAX3 expression in SCP1 cells and for a better understanding of the challenges

of studying PAX3 in myogenesis in 2D cell culture models.

For future studies, it would be interesting to generate cell populations that overexpress
PAX3 transiently rather than continuously. With this approach, PAX3 expression could
‘support’ or ‘prime’ cells in vitro as they begin to differentiate towards a myogenic lineage.

However, it should be possible to downregulate PAX3 at later stages, as it occurs in vivo.
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Transient transfection could be another way for future studies to temporarily overexpress
a specific protein. Another approach could be the temporary expression of PAX3 by tran-

sient transfection, as opposed to the stable integration used in my study.

It would be interesting for future experiments to create cell populations that express var-
ious factors instead of PAX3 alone. Regulator genes of early myogenesis could be up
and then downregulated, especially PAX3, while other factors take the lead. Pax7, Six1
and Six4 specify early muscle lineages and would be promising candidates for future
studies. MRFs such as Myf5, MyoD, Myogenin or Mrf4 could also be compelling factors.
It would be interesting to see what combination of factors could induce myogenic differ-
entiation in SCP1 cells. A mixture of early and late regulators would be helpful, as PAX3
controls the early stages of myogenesis. Future experiments aimed at myogenic induc-
tion would benefit from overexpressing a combination of these key transcription factors
in SCP1 cells.

Summing up the results of this study reminds me of the bigger picture. The whole pro-
cess of myogenesis is very complex. | have zoomed in and analysed a single, specific
gene involved in the earliest stages of myogenesis. By zooming out and thinking about
the context of muscle loss, the barriers to satisfactory treatment for affected patients,
and the attempts in regenerative medicine to address these problems, | see my study as
a useful addition and hope to have an impact on the progress of research into skeletal

muscle wasting.
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8. Appendix

8.1 Abbreviations

Abbreviation

Meaning

AR
BSA
CFU
Cl
cumPD
DAPI
ddH20
DMEM
DMSO
DTT
eGFP
FACS
FAPs
FBS
GFP
GO
H3K4 HMT
HGF
hMSCs
HS
HSCs
IGF1
iPSCs
LB
MRFs
MSCs

MYH1E/MF20

n

next-gen RNA-sequencing

P
Pax3

PAX3

Aspect ratio

Bovine serum albumin

Colony forming unit

Confidence interval

Cumulative population doublings
4',6-diamidino-2-phenylindole
Double-distilled water

Dulbecco's Modified Eagle Medium
Dimethyl sulfoxide

1,4-Dithiothreitol

Enhanced green fluorescent protein
Fluorescence-activated cell sorting
Fibro/adipogenic progenitor cells
Foetal bovine serum

Green fluorescent protein

Gene Ontology

Histone 3 lysine 4 methyltransferase
Hepatocyte growth factor

Human mesenchymal stem cells
Heat-inactivated horse serum
Hematopoietic stem cells
Insulin-like growth factor 1

Induced pluripotent stem cells
Lysogeny broth

Myogenic Regulatory Factors
Mesenchymal stem cells

Antibody against the myosin heavy chain 1E
Number of independent experiments
next-generation RNA-sequencing
P-value

Murine Paired Box 3 gene

Human Paired Box 3 gene
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PBS
PCA
PD(T)
PFA
RFP

SB

SP

SP cells

w

8.2 List of Genes

Gene Abbreviation

Phosphate Buffered Saline

Principal Component Analysis

Population doubling (time)

Paraformaldehyde

Red fluorescent protein

Sleeping Beauty

Muscle side-population

Muscle side population cells

Number of cell culture dishes used per experiment (well

plates, cell culture dishes or cell culture flasks)

Gene/ Protein name

CD34
COL11A1

FGFR4
HES1

KEL

Met/ MET
MITF

Myf5

MyoD

MyoG
PAX3/ Pax3
PAXT7/ Pax7
RET

RGS2

SCX

CD34 molecule/ CD34 molecule

collagen type Xl alpha 1 chain/ Collagen type Xl alpha 1
chain

fibroblast growth factor receptor 4/ Fibroblast growth factor
receptor 4

hes family bHLH transcription factor 1/ Hes family bHLH
transcription factor 1

Kell metallo-endopeptidase (Kell blood group)! Kell
metallo-endopeptidase (Kell blood group)

MET proto-oncogene, receptor tyrosine kinase/ MET
proto-oncogene, receptor tyrosine kinase

melanocyte inducing transcription factor/ Melanocyte in-
ducing transcription factor

myogenic factor 5/ Myogenic factor 5

MyoD family inhibitor/ Myogenic differentiation 1
Myogenin/ Myogenin

paired box 3/ Paired box 3

paired box 7/ Paired box 7

ret proto-oncogenel Ret proto-oncogene

regulator of G protein signaling 2/ Regulator of G protein
signaling 2

scleraxis bHLH transcription factor/ Scleraxis bHLH tran-

scription factor

84



Appendix

Six1 sine oculis-related homeobox 1/ Homeobox protein SIX1
Six4 sine oculis-related homeobox 4/ Homeobox protein SIX4
STRA6 signaling receptor and transporter of retinol STRAG6/ Sig-

naling receptor and transporter of retinol STRAG6

85



Appendix

8.3 Danksagung

Ich méchte mich an dieser Stelle bei allen bedanken, die mich im Zuge meiner Arbeit

unterstitzt und begleitet haben.

Ich danke meinem Doktorvater PD Dr. Attila Aszédi fir die Unterstitzung und die Még-

lichkeit, meine Arbeit unter seiner Leitung durchzuflihren.

Ich danke Dr. rer. nat. Maximilian Saller besonders flir die konstruktive fachliche Be-
treuung und den kollegialen Austausch in allen Abschnitten dieser Dissertation. Vielen
Dank fir die enge Zusammenarbeit und die Einfihrung in das wissenschaftliche Arbei-

ten, welches ich durch ihn erlernen durfte.

Ebenso mdchte ich mich herzlich bei Martina Burggraf fir ihre Unterstitzung bedan-

ken.

GrolRRer Dank gilt auch Elif Akova und Sebastian Reiprich die mich zu allen Zeiten

bestarkt haben.
Ich danke meiner Familie und meinen Freunden:
Walter, Elke, Lisbeth, Markus, Anusha, Luca, Catha, Sebastian, Ludwig, Lisa,

Charlotte, Paul und Annalena.

86



Appendix

8.4 Affidavit

LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MUNCHEN

Promotionsbiiro
Medizinische Fakultat

IVIViRG

Eidesstattliche Versicherung

Zimmermann Marlene

Name, Vorname

Ich erklare hiermit an Eides statt, dass ich die vorliegende Dissertation mit dem Titel:

Overexpression of PAX3 in immortalised human mesenchymal stem cells initiates

selbstandig verfasst, mich auler der angegebenen keiner weiteren Hilfsmittel bedient und
alle Erkenntnisse, die aus dem Schrifttum ganz oder annahernd Gbernommen sind, als
solche kenntlich gemacht und nach ihrer Herkunft unter Bezeichnung der Fundstelle ein-
zeln nachgewiesen habe.

Ich erklare des Weiteren, dass die hier vorgelegte Dissertation nicht in gleicher oder in ahnli-
cher Form bei einer anderen Stelle zur Erlangung eines akademischen Grades eingereicht

wurde.

Wien, 25.03.25
Ort, Datum

a myogenic program

Marlene Zimmermann

Unterschrift Doktorandin bzw. Doktorand

87



