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Abstract

Interruptions in blood supply due to diseases or traumas lead to ischemic muscle in-
jury. The most common causes are arterial embolism, prolonged arterial clamping
during trauma or vessel damage, acute atherosclerotic thrombosis and critical limb is-
chemia caused by atherosclerotic plaques. Further reasons are chronic diseases such
as chronic obstructive pulmonary disease and heart failure, which cause muscle atro-
phy and weakness through prolonged hypoxemia. Within trauma centers, the morbidity
is closely associated with ischemia, often resulting in residual disability or even ampu-
tation. Hence, a deeper understanding of skeletal muscle regeneration and the effect
of oxygen depletion is crucial to identify and develop new therapies that support skele-
tal muscle survival. Prior in vitro studies only analyzed skeletal muscle regeneration
at fixed oxygen partial pressures, whereas this thesis aimed to observe more practical
conditions, as oxygen concentration is more variable in real-life considerations.

During regeneration, myoblasts are exposed to higher or lower oxygen local con-
centrations, depending on the vascular function around the muscle cells. Currently, the
impact of variations in partial pressure of oxygen on myoblast proliferation and differen-
tiation, as well as the interplay between oxygen-treated myoblasts during the differenti-
ation process, is not well known. This thesis explored the relationship between hypoxic
conditioned (2% O,, C2C12%FF) and standardized (“normoxic”, 21% O,, C2C12¢F7P)
cultured myoblasts within two different saturated environments. The effects of hypoxia
on myoblast morphology, number and area of myotube formation and myotube size
were investigated. For a more detailed analyses between both myoblast groups and
for visual differentiation, the coding sequences for different fluorescent proteins were
stably introduced. Therefore the newly fused myotubes (MT) could be divided in three
subpopulations (MTEFP MTRFP MTEFPHREP) "depending on the merged myoblasts.

Results showed a downregulation of the total number of myotubes, when hypoxic
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and normoxic-conditioned myoblasts were seeded together, regardless of the oxygen
concentration during differentiation. Despite their decrease in number, a hypertrophic
response of cells within the normoxic environment was observed. Interestingly, the
analysis of the transcriptome by RNA sequencing revealed various gene expressions
known for hypoxic adjustment of cancer cells. Therefore, this thesis hypothesizes a sim-
ilar metabolic reprogramming strategy between the myotubes and cancer cells. How-
ever, further loss- and gain-of-function experiments on the potential candidate genes
are needed for validation.



Zusammenfassung

Der einheitliche Pathomechanismus von Ischdmien der Skelettmuskulatur ist eine inad-
aquate Sauerstoffversorgung der Muskulatur. Dabei kann es sich sowohl um eine trau-
matische Ursache, wie eine GefaBverletzung, als auch um einen nicht-traumatischen
Ausldser, wie beispielsweise arterielle Embolien, akute arteriosklerotische Thrombosen
oder kritische Extremitatenembolien, meist durch arteriosklerotische Plaques hervorge-
rufen, handeln. Zudem kommen chronische Erkrankungen wie etwa die chronisch ob-
struktive Lungenerkrankung (COPD) und die Herzinsuffizienz als mdégliche Ursachen
einer Skelettmuskelischamie in Frage. Da die Morbiditdt zumeist in Traumazentren
stark vom Ausmalf der Ischamien abhangt, bedarf es eines besseren Verstandnisses
der Regenerationsprozesse, sowie der Auswirkungen von Hypoxie auf die Skelettmus-
kulatur, um neue Therapieanséatze zur Verhinderung von Gewebsverlust zu entwickeln.

Es wurden bereits mehrere In-Vitro-Studien zur behandelten Thematik durchgefihrt,
wobei die Muskelregeneration stets unter konstantem Sauerstoffpartialdruck beobach-
tet wurde. Da die Sauerstoffkonzentration im Gewebe bei praxisnaher Betrachtung
einer groBBen Variation unterliegt, sollte die vorliegende Studie realistischere Bedingun-
gen voraussetzen, indem die Regeneration unter verschiedenen Sauerstoffkonzentra-
tionen beobachtet wurden. Um die Auswirkung des Sauerstoffgehaltes auf die Morpho-
logie der Myoblasten zu erfassen, bediente man sich zweier unterschiedlicher Gruppen
derselben. Die eine, versetzt in Hypoxie (2% O,, C2C12%FF) und die andere unter Stan-
dardbedingungen ("Normoxie", 21% O,, C2C12%FF). AnschlieBend sollte zunachst ei-
ne Interaktion zwischen den beiden Gruppen wahrend der Differenzierung beobachtet
werden. Dabei waren vor allem die Anzahl, GréBe und die Flache der neu formierten
Myotuben zur genaueren Betrachtung relevant.

Um die verschiedenen Myoblastengruppen wahrend der Analysen voneinander un-
terscheiden zu kénnen, wurden fluoreszierende Proteine zur Farbung injiziert. Nach
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erfolgreicher Differenzierung ergaben sich daraus drei Untergruppen aus neu formier-
ten Myotuben (MTSFP MTEFP MTCFE+EEP) " Durch die entstandenen Mischfarbungen
wurde analysiert, welche Zellen sich verbunden hatten.

Obwohl sich durch die Fusion der unterschiedlich kultivierten Myoblasten eine Ver-
ringerung der Gesamtzahl an Myotuben zeigte, wurde gleichzeitig eine Hypertrophie
der Myotuben im Vergleich zur "Reingruppe" beobachtet. Dabei ist es wahrscheinlich,
dass die Myoblasten einem &hnlichen Reprogrammierungsschema folgen wie Tumor-
zellen unter hypoxischen Bedingungen. Diese Annahme beruht auf die in dieser Studie
identifizierten Gene, welche im Rahmen der hypoxischen Anpassung exprimiert wur-
den. Selbige Gene konnte in vorangegangenen Studien bei der hypoxischen Anpas-
sung von Tumorzellen beobachtet werden. Die genauere Betrachtung der aussichts-
reichsten Sequenzen bildet die Grundlage flr zuklnftige Studien.



Contents

Abstract |
Zusammenfassung 1]
Contents \')
1 Introduction 1

1.1 Influence of hypoxia on skeletal muscle development, maintenance and
regeneration. . . . . . . L e
1.2 Self-renewal of skeletal muscle cells within hypoxia . . . . . . ... ...
1.2.1 NOTCH signaling pathway . . . . . . ... ... ... ... ....
1.2.2 Non-canonical Wnt signal transduction pathway (WNT) signalling

4
1.2.3 CDKN1A/B (p21/p27) . . . . . . o o oo 5

1.3 Skeletal muscle cell proliferation within hypoxia . . . . . ... ... ... 6
1.3.1 Erythropoietin . . . . . . . ... .. .. 6
1.3.2 Negative Feedback-Loop of proliferation . . . . . ... .. .. .. 7
1.3.3 PIBK-AKT-mTOR signaling pathway . . ... ... ... ... .. 7
1.3.4 Histonedeacetylases. . . . . . ... .. ... ... ... ..... 8

1.4 Skeletal muscle cell differentiation within hypoxia . . . . . . . ... ... 9
1.4.1 Epigeneticregulation . . . . . ... .. ... ... .. .. ... .. 9

0

2

1.4.2 Hypoxia inducible factor 1 and 2 alpha (HIF1A/HIF2A) . . . . .. 1
1.4.2.1 Negative-loop regulation of HIF1A . . . ... ... ... 1
Aim of the study 13
Materials & Methods 15
3.1 Celllines. . . . . . . . e 15



Zusammenfassung

3.2 Transfection with coding sequences for fluorescence proteins . . . . . . 16
3.3 Morphologicalchanges . . .. ... ... ... ... ... ... ..... 18
3.4 Population doubling and population doubling time . . . . . .. .. .. .. 19
3.5 Myoblastfusionassay .. .. .. .. ... ... .. .. .. ... ..., 19
3.6 Analysis of the relative number of myotubes . . . . . . ... ... .... 20
3.7 Analysis of the relative myotubearea . . . . . .. ... ... ... .... 22
3.8 mRNA-isolation and sequencing . . . . . . ... ... .. L. 23
3.9 Bioinformaticanalyses . . . . . . ... ... ... L 24
3.10 Statistical analysis . . . . . . ... ... 24
Results 25
4.1 Prolonged hypoxic exposure affects the morphology of C2C12 myoblasts
but does not change their proliferation . . . .. .. ... ... ...... 25
4.2 In vitro myoblast fusion is inhibited by long-term hypoxia . . . . ... .. 26
4.3 Novel myoblast fusion assay used to analyze interaction of normoxic and
hypoxic conditioned myoblasts . . . . . ... ... ... ... ... 27
4.4 Myogenic differentiation of normoxic and hypoxic preconditioned my-
oblasts is affected by abrupt changes of oxygen concentrations . . . . . 28
4.5 Fusion of hypoxic with normoxic conditioned myoblasts results in lager
myotubes . . . ... 29
4.6 Oxygen Tension Differentially Influences Cell Fusion among Different
Precultured Cell Populations . . . . . . . ... ... ... ... ...... 32
4.7 Hypoxia Leads to Delayed Expression of Genes Encoding Regulators of
Myogenic Differentiation . . . . . . .. ... .. oL 32
Discussion 43

5.1

5.2

5.3

5.4

Long-Term Hypoxia Has No Significant Impact on Myoblast Morphology
or Proliferation but Leads to Reduced Myogenesis . . . . ... ... .. 44
Hypoxia Leads to Increased Synergy between Hypoxia- and Normoxia-
CulturedMyoblasts . . . . . . . ... . ... ... . ... . 45
Hypoxic Transcriptional Changes Are Partially Reversible during Myo-
genic Differentiation . . . . . . . ... o oo 46
Within Hypoxia, Skeletal Muscle Hypertrophy Shows Parallels to Cancer
CellBehavior . . . . . . . . 51



Zusammenfassung

6 Outlook

Bibliography

List of Abbreviations

List of Figures

List of Tables

List of Equations
Publications

Eidesstattliche Versicherung
Acknowledgements

Erklarung zur Ubereinstimmung

Vil

53

54

75

80

81

82

83

84

85

86



Chapter 1

Introduction

The human body consists of over 600 individual muscles, each serving a diversity of
functions including blood circulation, movement execution and support, weight lifting
and childbirth. All muscles can be classified into three types - cardiac, smooth and
skeletal muscles. They serve different muscular functions through contraction or relax-
ation both under conscious or unconscious control. This thesis focuses on the skeletal
muscle, composed of bundles of striated myofibers, enveloped by a basal lamina and
formed by a highly organized cytoskeleton.

The skeletal muscle originates from the paraxial mesoderm. This transient tissue
is divided into a posterior and anterior region. Within the latter, somites are formed
and the skeletal myogenesis is initiated (1). After their formation, somites are com-
partmentalized into a dorsal epithelial dermomyotome, the origin of muscle progenitor
cell (MPC), and a ventral mesenchymal sclerotome, deriving to the axial skeleton and
tendons, bones and cartilage, respectively (1). The following myogenesis is divided
into two phases: the first phase produces primary slow-switching myofibers deriving
from PAX3t/PAX7+ dermomyotomal progenitors (2, 3) and the second phase resulting
in secondary fast-switching myofibers due to the fusion of the primary myofibers (4, 1).

During secondary myogenesis, paired-box transcription factor 3 (PAX3) is downreg-
ulated and expansion of muscle mass is sustained by cell fusion and the addition of
myonuclei from proliferating paired-box transcription factor 7 (PAX7)* progenitors (1).
A subset of the PAX7 cells form a quiescent, adult stem cell pool, the so-called satellite
cell (SC) (5). During advancing myogenesis, a few promising signalling molecules
have been described. The hepatocyte growth factor (HGF), essential for proper my-
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oblast migration (6), WNT-signalling, promoting their fusion (7) and fibroblast growth
factor (FGF), acting on proliferation, through simultaneous inhibition of their differentia-
tion process (8, 9).

After birth, the stem cell pool is diminished only by a few percentages of the mult-
inucleated cells in adult muscle and it turned out to be highly dependent on NOTCH
signalling (10).

1.1 Influence of hypoxia on skeletal muscle develop-

ment, maintenance and regeneration

For metabolic signalling, energy production and cellular homeostasis within skeletal
muscle tissue, oxygen (O,) is a crucial factor. While the atmospheric oxygen concentra-
tion maintains approximately 21%, the physiological level within skeletal muscle tissue
varies between 2%-10% depending on there location within the body (11). Oxygen de-
privation within skeletal muscle at a reduced level below 2% (12) is called hypoxia. This
condition either occurs physiologically (during embryogenesis, at high altitude adjust-
ment and exercise stimuli) or is caused by pathologies. The main hypoxia-associated
diseases are traumatic muscle injuries or vessel destruction, acute atherosclerotic
thrombosis and critical limb ischemia due to peripheral arterial disease (PAD) (13).
Within embryogenesis, some MPCs (muscle progenitor cells) remain quiescent
and localized between the sarcolemma and the basal membrane: the satellite cells
(SCs). They correspond to resident stem cells, which can be activated during re-
generation processes or hypertrophy in adult skeletal muscle. Furthermore, they are
characterized by their PAX7 expression (14). During development and skeletal mus-
cle regeneration, the SCs are frequently exposed to hypoxic niches, which have been
shown to be critical for SC activation, self-renewal, proliferation and differentiation (15).
Once SCs are activated and begin to differentiate towards myoblasts, they express
the further myogenic regulatory transcription factor (MRF)s: myogenic differentiation
1 (MYOD1) and myogenic factor 5 (Myf5) (7). According to the expressed markers,
three different cell-types can be distinguished: PAX7*/MYOD1~ (quiescent and self-
renewing SC), PAX7t/MYOD1" (activated, proliferating SC-derived myoblasts) and
PAX7-/MYOD1*/Myogenint (myoblasts that differentiate into multinuclear myotubes)
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(16).

The adult skeletal muscle regeneration is subdivided in three phases: The destruc-
tion and inflammatory phase (Phase 1), the repair phase (Phase 2) and finally the
maturation phase (Phase 3) (17). Damaged myofibers control the migration of SCs
into the injury site through WNT7a signalling (18) after SCs activation and expression
of MYOD1. Within phase two and three, skeletal muscle regeneration resembles the
differentiation program of embryogenic myogenesis (19). The following newly formed
myotubes are characterized by their expression of myosin heavy chain (MYH), similar

to newly formed myotubes during embryogenesis (20).

1.2 Self-renewal of skeletal muscle cells within hypoxia

To increase stem cells and simultaneously preserve the stem cell pool throughout life,
the mechanism of self-renewal is necessary. Self-renewal depends on different gene
expressions and signaling pathways described in the following paragraph.

MiRNAs (microRNAs) are post-transcriptional regulators and can be impacted by
reactive oxygen species (ROS), as well as by modifications in the oxygen level (21).
Thus far, eight microRNA (miRNA)s are known to be specific for a muscle tissue and to
be involved in myogenic processes. These heart- and skeletal muscle-specific miRNAs
are named myomiRs and include miR1, miR206, miR133A/B, miR208A/B, miR486,
miR499 (22), miR26A (23) and miR210 (21). Among them, miR206 is the sole reg-
ulator exclusively expressed in skeletal muscles (24). Together with miR1, miR206 is
activated by MYOD1 and targets PAX3 and PAX7 mRNA (22).

In normoxia (> 2% O,), small non-coding miRNAs as miR1 & miR206 lead to down-
regulation of the PAX7 protein by recognition of the 3'UTR of the mouse PAX7 mRNA
(25, 26). Therewith, hypoxia reduces miR1 & miR206 expression, allowing PAX7 to
regulate the asymmetric self-renewal division of satellite cells. This ensures a suffi-
cient large stem cell pool, while not affecting the overall proliferation (16). MiR1 and
miR 133 are suggested to be required for proper somatogenesis (27), while changes in
miR208b and miR499 expression during muscle atrophy are involved in plasticity (28).
Finally, miR210 is known as vascular endothelial growth factor (VEGF) target, ensuring
myotube survival during mitochondrial dysfunction or oxidative stress. It modifies mi-
tochondrial metabolism via the modulation of ROS regeneration and direct repression

3



Introduction

of gene expression that are related to apoptosis, such as CASP8-associated protein
2 (CASP8AP2) (29) (Fig. 1.1).

1.2.1 NOTCH signaling pathway

The main responsible signalling pathways for self-renewal process are the NOTCH and
non-canonical WNT signalling cascades (Fig. 1.1). The NOTCH signalling pathway is
active during embryogenic muscle development, promoting cell division. Furthermore,
NOTCH is highly expressed throughout the regeneration of hypoxic associated mus-
cle injuries. NOTCH leads to an upregulation of hes related family bHLH transcription
factor with YRPW motif 2 (HEYZ2), which itself results in a downregulation of myogenic
differentiation. In addition, this maintains the undifferentiated state of the myogenic cells
(30). Acute hypoxia leads to an interaction between the forkhead box O1 transcription
factor (FOXO1) and to the NOTCH pathway, itself leading to the upregulation of down-
stream transcription factor genes hes family bHLH transcription factor 1 (Hes1) and hes
related family bHLH transcription factor with YRPW motif 1 (Hey1) (31). The latter ones
suppress miR1 and miR206 in a MyoD1-independent manner to prevent proliferation
(16) (Fig. 1.1).

1.2.2 Non-canonical WNT signalling pathway

WNT signalling can be either canonical or non-canonical and both pathways are im-
portant regulators of myogenesis (32, 33). While the canonical WNT pathway mainly
mediates SC division, the non-canonical WNT cascade is involved during skeletal
muscle hypertrophy through asymmetric expansion of SC and myofiber growth. The
non-canonical WNT has a notable impact within hypoxia (34). In these conditions,
non-canonical WNT signalling can be activated by two different mechanisms: the
protein kinase C (PKC), which activates calcium/calmodulin-dependent protein kinase |l
(CAMKII) and the Ras homolog family member A/c-Jun N-terminal kinases (RHOA/JNK)
pathways, which lead to activating transcription factors/ cAMP response element bind-
ing protein (ATF/CREB) activation (35). Essential proteins of the non-canonical path-
ways are Wnt7, Wnt9a and Wnt4 (36). Especially, the upregulation of Wnt4 has been
shown to increase myogenin (MYOG) expression (37), which is necessary for differen-
tiation (Fig. 1.1).
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1.2.3 CDKN1A/B (p21/p27)

In order to differentiate, it is necessary for cells to withdraw from the cell cycle, which is
regulated by cyclin-dependent kinase (CDK)s and their inhibitors (cyclin-dependent ki-
nase inhibitors (CDKI)s). In severe hypoxia (<1% O,), cyclin-dependent kinase inhibitor
1A (CDKN1A) (also known as p21), a major target of the tumor suppressor p53 (TP53),
is inhibited (38). Physiologically, it regulates the cell cycle progression by the inhibition
of cyclin/CDK complexes (38) and leads to the accumulation of the tumor suppressor
protein retinoblastoma (RB) (38). This is necessary to establish a permanent post-

mitotic state in myogenesis (39, 40) (Fig. 1.1).

HYPOXia === === oo oo MAPK 14

,,,,,,,,,,,,,

------ >| HIF1a ‘ | RB |
| \_»
* Myotube formation
O Notch-pathway O——————— WNT non canonical
[ Heyt || Hey2 | l Hes1 | |

T e
miR1 | MYOD1 MYOG MYF5 | | MYH |

=

T

Self renewal

Figure 1.1: Molecular mechanisms involved in self-renewal of satellite cells in hypoxia. Black
arrows: activation of the signalling pathway / protein / molecule. Blunt red arrow: inhibition of the
signalling pathway / protein / molecule. Round blue arrow: interaction between two pathways.
Adopted and modified from Pircher et al. (41).
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1.3 Skeletal muscle cell proliferation within hypoxia

The rapid growth and reproduction of new cells is called proliferation. For skeletal mus-
cle cells, the proliferation includes division of the myoblasts, in order to increase their
number. The cell proliferation is driven from different factors, including hormones and
growth factors. Within hypoxia, some of the known proliferation mechanisms within
skeletal muscle cells are changed or different from the known processes at "normal”
conditions.

In previous studies, an oxygen level of 2% has shown to stimulate mouse satellite
cells (42) and human primary myoblasts (43) proliferation in vitro. During proliferation
MYOD1 and Myf5 are the prominent MRFs and remain highly expressed until late dif-
ferentiation. In contrast, MYOG and myogenic factor 6 (MYF6)dominate as regulatory

transcription factors during differentiation(44, 45, 46).

1.3.1 Erythropoietin

During hypoxia, the hormone erythropoietin (EPO) (induced by lack of oxygen) is re-
leased by the kidney to stimulate red blood cell production. Recent observations
showed an additional effect on C2C12 and primary satellite cells. EPO stimulates pro-
liferation and inhibits differentiation by the induction of MyoD1 and Myf5 (47). Further
data also indicated an increase of SC survival in skeletal muscle due to endogenous
EPO (48).

Thereby, EPO stimulates the recruitment and proliferation of SC in injured muscle
and increases phosphatidylinositol 3 kinase (PI3K)-protein kinase B (AKT)-associated
proteins (48). In addition, it has been shown that upregulated EPO induces GATA3
expression, a transcription factor increased during C2C12 proliferation. It enables
the activation of Janus kinase 2 / signal transducer and activator of transcription 5A
(JAK2/STAT5a) pathways (48), which are upregulated during early myogenic differen-
tiation in vitro (49) (Fig. 1.2). Similar results were shown by the hypoxia-regulated
heme oxygenase 1 (HMOX1), by increasing the expression of MyoD1 and MyoG under
ischaemic conditions (50, 51).
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1.3.2 Negative Feedback-Loop of proliferation

Physiologically, MYOD1 translation is regulated by AKT, preventing MYOD1 degrada-
tion in a F-box protein 32 (FBX0O32)- and tripartite motif containing 63 (TRIM63)- dipen-
dent manner during proliferation (52). In hypoxia, AKT signalling is inhibited, which
subsequently leads to MYOD1 degeneration (53). The responsible mechanism is a
negative feedback-loop during proliferation: myoblasts release the transforming growth
factor-3 superfamily member myostatin (MSTN) (54), leading to decreased MYOD1
expression. Thereby MSTN binds to activin receptor type-2B (ActRIIb) and activates
SMAD family member 2 (SMAD2) (53). MSTN was described as oxygen-dependent
key molecule in regulation of myogenesis (55). Hypoxia interferes in this negative loop
mechanisms by causing myoblasts to release MSTN (56). As a result, proliferation is
downregulated (54). Additionally, it has been reported, that MSTN can be inhibited by
calcitriol, independent of the oxygen level (57).

MSTN can additionally activate insulin-like growth factor 2 (IGFII) (57). Due to reduced
IGFI receptor (IGFIR) sensitivity at low oxygen levels, the PISK-AKT signalling pathway
is partially downregulated (58) (Figure 1.2).

1.3.3 PI3K-AKT-mTOR signaling pathway

As described above, the PIBK-AKT-mTOR pathway plays a pivotal role within myo-
genic proliferation and differentiation (55), due to its prevention of MYOD1 degradation
and due to the stimulation of MYOD1 translation via mammalian target of rapamycin
(mTORT1) activation. Physiologically, mTOR1 is either activated directly (54) or indi-
rectly by AKT, by the inhibition of tumor-suppressant proteins that form the tuberous
sclerosis complex (TSC) (58). TSC regulate the Ras-related small GTPase Ras ho-
molog enriched in brain (RHEB), which in turn adjusts mTOR1 activation (59). Once
the skeletal muscle cells are exposed to hypoxia or stress, the AMP-activated protein ki-
nase (AMPK) and DNA-damage-inducible transcript 4 (DDIT4) pathways are activated,
leading to a suppression of RHEB and therefore to a downregulation of the indirect
mTOR1 activation (60).

Additionally, hypoxia has a direct negative effect on the PISBK-AKT-mTOR pathway (55)
(Fig. 1.2).
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1.3.4 Histone deacetylases

Recent studies investigated the function of histone deacetylase (HDAC) including
Hdac1, Hdac5, Hdac8 and Hdac9 in C2C12 (61). They showed enhanced myogen-
esis and upregulation of MyoG and MyoD1 by Hdac9 inhibition. Additionally, HDAC
proteins were linked to autophagy, showing hypoxia-dependent enrichment of HDAC9
binding in the promoter region of autophagy related genes as Atg7, Becn1, Map1ic3a
and Map1lc3b (61). Autophagy results in phosphorylation of glycogen synthase kinase
3 beta (GSK3), directly regulating the canonical WNT pathway, implying a negative ad-
justment of the signalling pathway through HDAC9 activation (61).

TSC1 ==
Smad3
52
| i
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proliferationand o | _________ MYOG
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Figure 1.2: Molecular mechanisms involved in myogenic proliferation during hypoxia. Black
arrow: activation of the signalling pathway/protein/molecule. Blunt red arrow: inhibition of the
signalling pathway/protein/molecule. Adopted and modified from Pircher et al. (41).
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1.4 Skeletal muscle cell differentiation within hypoxia

After proliferation, the unspecialized (immature) SCs undergo transcriptional adaptation
to reach a more specific (mature) function and shape. Thereby, myoblasts are formed
to myotubes. Hypoxia seemed to inhibit myoblast differentiation.

Skeletal muscle differentiation is divided into early and late phases, both regulated
by different active MRFs. During early differentiation, Myf5 and MYOD1 are expressed.
MYOD1 removes cells from the cell cycle and enhances the transcription of MYOG,
which together with myogenic regulatory transcription factor 4 (MRF4), dominates the
late differentiation phase (62).

Several studies investigated the effect of hypoxia on myogenic differentiation. On
one hand, it has been shown that severe hypoxia (<1% O,) leads to decreased RB,
CDKN1A, MYOD1, MYOG and myosin heavy chain 1 (MYHC1) and increased cyclin-
dependent kinase inhibitor 1B (CDKN1B) (also known as p27) (38). This results in
growth arrest and inhibition of the MRFs expression and myogenic differentiation. On
the other hand, an upregulation of various MRFs due to hypoxic preconditioning of
myogenic cells were shown by Cirillo et al (36). A decreased MYOD1 inhibition due to
downregulation of inhibitor of differentiation/ DNA binding 1 (ID1) and myogenic repres-
sor (MYOR) was observed (36). During the initialization of the switch from differentia-
tion to proliferation within hypoxia, a decreased mitogen-activated protein kinase family
member 14 (MAPK14) is observed (55). Under physiological conditions, MAPK14 (p38)
mediates phosphorylation by differentiating myoblasts and is involved in the terminal dif-
ferentiation of myoblasts by activating MYOD1 and myocyte enhancer factor-2 (MEF2)
(55).

1.4.1 Epigenetic regulation

Lysine Demethylase 6A (KDMG6A) has recently been discovered to prevent cell differen-
tiation by demethylation of histone H3 on lysine 27 (H3K27) under physiological condi-
tions (63). During hypoxia however, H3K27 methylation and repression of late transcrip-
tion genes such as MYOG have been observed. By deeper investigations, different oxy-
gen affinities between the two subtypes KDM6A and Lysine Demethylase 6B (KDMG6B)

were detected, suggesting that the hypoxic effect to promote H3K27 methylation results
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through a specific loss of KDM6A activity during low oxygen levels.

Therefore, Abhishek et al investigated the difference between both histone demethy-
lases, by comparing the catalytic Jumonji C (JmjC) domains. They found two non-
conserved residues M''° (KDM6A) — T34 (KDM6B) and E!'?%> (KDM6A) — D™
(KDM6B). A variant of KDM6A harboring these two KDM6B-like changes showed a
2-fold increased affinity of oxygen in vivo and greater rescuing of differentiation under
hypoxic conditions compared to the native KDM6A (63).

1.4.2 Hypoxia inducible factor 1 and 2 alpha (HIF1A/HIF2A)

In 2019, the Nobel Prize in Physiology and Medicine, was awarded to the three physi-
cian scientists i.e. William G. Kaelin, Jr., Peter Ratcliffe and Gregg Semenza, for their
discovery and characterization of Hypoxia-inducible factor 1 (HIF1). They demonstrated
direct linkage of gene expression response to oxygen availability and the oxygen levels
in animal cells, allowing immediate cellular responses to occur for oxygenation through
the action of the HIF1 transcription factor complex.

Hypoxia-inducible factor 1 alpha is the most studied heterodimeric transcriptional
regulator of the cellular and developmental response to hypoxia and balances prolifera-
tion during hypoxia. At high oxygen concentrations, the ubiquitination and proteasomal
degradation of Hypoxia-inducible factor 1 alpha (HIF1A) is catalyzed by prolyl hydroxy-
lase (PHD)(PHD1, PHD2, PHD3). The best known is PHD2, encoded by EGLN1 (64).
Once the oxygen level drops, the alpha-subunit of HIF1A is stabilized by heat shock pro-
tein 90 (HSP90) to prevent degradation (65, 66) and translocated to the nucleus, where
it forms a heterodimer with its HIF1 beta subunit (HIF1B). The newly formed complexes
bind to hypoxia response element (HRE) in the promoter region of target genes, as for
example genes involved in blood oxygen capacity (EPO or HMOX1), proangiogenic
genes (VEGF, adrenomedullin (Adm)) and metabolic genes associated with glycolysis
and glucose uptake (65), including phosphofructokinase (PFK), pyruvate kinase (PK)
and /actate dehydrogenase (LDH) (67). VEGF has a pro-angiogenetic function (66)
and is necessary during skeletal muscle regeneration (68). However, it can also induce
stress fiber formation in muscle-specific fibroblasts of dystrophic muscles, leading to
fibrosis (69).

An additional target of HIF1A is Class E basic helix-loop-helix protein 40 (BHLHE40),

10
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which participates in the TP53 signalling pathway and can additionally be upregulated
by hypoxia itself. BHLHE40 binds to the E-box sequence of the MYOG promoter, lead-
ing to reduced transcriptional activity of MYOD1 on MYOG (70). Moreover, a direct
inhibition of Myf5, MYOD1, MYOG, myogenic regulatory transcription factor 6 (MRF6)
and MYH, as well as the canonical WNT signalling pathway (71, 58) due to HIF1A was
reported. This leads to a repressed myogenic proliferation and differentiation.

Even though HGF is not a target gene of HIF1A, it is worth a closer look, since it
has a special connection with the transcription factor. HGF is known to have a major
impact on myogenesis and adult muscle regeneration due to its interaction with the
PIBK-AKT-mTOR signalling pathway (70) and CDKN1A (53) and its downregulation in
hypoxia. Several studies showed that this effect is caused by a HRE in the promoter
region of HGF, which is bond by HIF1A during low oxygen levels (72).

Another important member of the HIF-family is the hypoxia inducible factor 2 alpha
(HIF2A), predominantly expressed in quiescent satellite cells. Over 90% of the PAX7*
satellite cells are HIF2A positive (73), which improves slow myofiber formation. Despite
the fact that no HIF1A was detected in PAX7" satellite cells, a decreased self-renewal
and differentiation of myoblasts within hypoxia without effect on the proliferation was
shown. A key indicator was the double knockout of HIF1A and HIF2A in mice. This
indicates that both factors are necessary for self-renewal within hypoxia. Regarding
physiological conditions, no differences in the muscle stem cells were observed by the
knockout (74).

Both hypoxia inducible transcription factors have a pro-angiogenic function within
skeletal muscle cells (66).

Contrary to HIF1A, HIF2A acts downstream of peroxisome proliferator-activated
receptor-g coactivator 1a (PGC-1a) (75), in order to enhance the slow myofiber for-
mation, to promote stemness of satellite cells (16, 58) and to directly activate the ex-
pression of leukemia inhibitor factor (LIF) in colorectal cancer (76). LIF acts precisely
on the site of injury and stimulates hypertrophy (77, 78). However, further research is
needed, whether similar LIF expression is stimulated in skeletal muscle regeneration,

resulting in a provocation of myoblast growth and fusion in vivo.
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Figure 1.3: HIF1A modulates myogenic differentiation in hypoxia. Black arrow: activation of
the signaling pathway/ protein/ molecule. Blunt red arrow: inhibition of the signaling pathway/
protein/ molecule. Round blue arrow: interaction between two pathways. Adopted and modified
from Pircher et al. (41).

1.4.2.1 Negative-loop regulation of HIF1A

The key element of the negative-loop regulation of HIF1A is the
alpha-ketoglutarate-dependent dioxygenase hypoxia-inducible factor 1-alpha inhibitor
(HIF1AN). During hypoxia, it is downregulated in order to allow HIF1A stabilization.
But, once the oxygen concentration rises, it hydroxylates the C-terminal transactivation
domain of HIF1A (79). Remarkably, the HIF1AN also has a negative impact on the
NOTCH signalling pathway, which once more highlights the linkage between HIF1A
and NOTCH-pathway (80).

Another already discussed signalling pathway showed to have an effect on the
HIF1A downregulation: MAPK14. During hypoxia, MAPK14 is activated by high mobil-
ity group protein B1 (HIMGB1), through receptor for advanced glycation end-products
(RAGE) (81). Another study reported an impact of estradiol (E2) on MAPK14 phospho-
rylation and therefore an effect on HIF1A (82) (Fig. 1.3).
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Chapter 2

Aim of the study

The survival and proper functioning of aerobic organisms necessitate an oxygen-rich
environment. Within the skeletal muscle, various processes including metabolism, em-
bryogenesis and regeneration, cell proliferation and differentiation, as well as intercel-
lular pathways, are susceptible to changes in local and temporal oxygen concentration.
Within the musculoskeletal system, skeletal muscle cells have a lower threshold for is-
chaemic damage (ischaemic tissue time) of around 5 hours, when compared to nerves
(ischaemic tissue time: 8 hours), skin (24 hours) or bones (4 days), emphasizing the
high impact of oxygen onto this tissue (83). After 6 hours of ischemia, muscles become
severely injured, ranging from a loss of muscle function to necrosis (84). Several patho-
logical causes, including arteriosclerosis, peripheral arterial diseases, as well as torn
muscle fibers and extreme muscle traumas result to hypoxic conditions within skeletal
muscle cells. This can be seen as an epidemiologic problem. While arteriosclero-
sis is one of the major diseases in adult patients causing critical limb ischemia (13),
extreme muscle trauma is the most common injury seen in trauma centers. The mor-
bidity is highly allied to ischemia, often resulting in residual disability or even amputation
(85, 86). Once the damage occurred, satellite cells migrate into the injured area and
initiate the regenerative process (87, 88). Therefore, a sufficient blood flow and oxy-
genation is necessary (89).

Increased tolerance to hypoxic damage could enhance preservation of skeletal
muscle mass, as it has already been shown within heart muscle. For ischemic heart
diseases, it is well established that hypoxic preconditioning can protect cardiomyocytes
from cell death during myocardial ischemia (90). Liu et al. started to investigate a
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similar therapy method. The transplantation of skeletal muscles with hypoxic condi-
tioned myoblasts yielded a significant increase in satellite cells, thereby demonstrating
augmented self-renewal capacity and greater ease of satellite cell compartment occu-
pation in vivo (16). Until today, we do not know how oxygen partial pressure variances
affect myoblast proliferation and differentiation. Furthermore, we especially do not
understand how different oxygen-conditioned myoblast interact among each other
during differentiation process. Therefore, the aim of this thesis was the investigation
of the interaction between hypoxic conditioned (2% O,, C2C12%F'P) and standardized
("normoxic", 21% 0O,, C2C12%FP) cultured myoblasts within two different saturated
environments (normoxia: 21% O, and hypoxia: 2% O,). Precisely, the often used

21% O, standard level for myoblast incubation does not describe physiological "nor-
moxia" within skeletal muscle cells, but rather a hyperoxia. However, we decided to

continue with "normoxia" at 21% O,.

Main focuses in this thesis were:

| What is the impact of different oxygen levels on C2C12 cell proliferation and dif-

ferentiation?

II' Can morphological differences between myoblasts cultured in two different oxygen
levels be observed?

Il Can two C2C12 populations, priorly cultured in different oxygen levels fuse under
each other? If yes, is there a difference between the different oxygen conditiones?

IV What are the effects of different oxygen levels on the transcriptome of differenti-
ating C2C12 myoblasts?

14



Chapter 3

Materials & Methods

The Materials and Methods part outlines the theory and techniques utilized to achieve

the research objectives and verify the hypotheses proposed in this thesis.

3.1 Cell lines

For each experiment the C2C12 murine immortalized myoblast cell line, an established
cell culture model for skeletal muscle development, was used. The C2C12 cells
were developed for in vitro studies and are mainly utilized in biomedical research for

myoblasts proliferation and myogenesis (91) (Figure 3.1).

‘ Prollferatlon ‘ leferentlatlon Maturatlon
Myoblast Myoblasts Myotube Myofiber

Figure 3.1: C2C12 myoblast model: C2C12 myoblasts proliferate rapidly. When the cells reach
a confluence >50%, differentiation is induced. This happens due to cell-to-cell contact. As a re-
sult, they start to spontaneously fuse into multinucleated cells (myotubes). Further on, myotubes
can mature to myofibers (not visualized in this thesis).

C2C12 mouse myoblasts (Sigma Aldrich, USA) were cultured in growth
medium (GM) at 37°C in a 5% CO, and 95% humidified atmosphere. The GM
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was composed of Dulbecco’s Modified Eagle Medium (DMEM) with GlutaMAX |
(Thermo Fisher, USA) supplemented with 10% fetal bovine serum (FBS) (Sigma
Aldrich, USA) and 40 IU/ml penicillin/streptomycin (Biochrom, Germany). Medium was
changed at least twice per week if not stated otherwise. The cell confluence was not
allowed to exceed 50% in order to avoid spontaneous fusion of C2C12 cells. At 50%,
the cells were passaged. Therefore, they were washed twice with phosphate-buffered
saline (PBS) without Ca?* and Mg?* (PAA Laboratories GmbH, Pasching, Austria) and
afterwards trypsinized using 4 ml of 0.5 g/I Trypsin (Invitrogen, Karlsruhe, Germany)
with 0.2 g/I ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA) (Sigma-
Aldrich, St. Louis, MO, USA) dissolved 1:10 in PBS. The culture flasks with the Trypsin
were incubated for 5 minutes in a humidified incubator at 5% CO, and 37°C until the
cells totally detached from the surface. Afterwards, in order to inhibit the enzymatic
reaction, GM in combination with a doubled volume of the prior used trypsin was used.
To count the detached C2C12 cells, a Neubauer counting chamber was used. In the
end, 500’000 C2C12 cells were reseeded in T175 culture flasks.

3.2 Transfection with coding sequences for fluores-

cence proteins

Since the main part of the thesis incorporates the comparison between hypoxic and
normoxic cultured myoblasts, a visual distinction of both was necessary. Therefore,
the coding sequence (CDS) of the green fluorescent protein (GFP) and red fluorescent
protein (RFP) were used to create new C2C12 cell lines. For the CDS insertion of
the GFP and RFP, Amaxa Cell Line Nucleofactor Kit V, a sleeping beauty transposon
system, was used.

The Sleeping Beauty (SB) transposon system is composed by a sleeping beauty
transposase and a synthetic DNA transposon designed to insert precisely defined DNA
sequences into genomes as a non-viral vector (92). The translocation works in a
cut-and-paste manner. The SB transposase inserts the transposon into a recipient DNA
sequence, i.e. in a duplicated TA dinucleotide base pair insertion site. (93, 94) (Fig.6).

For each fluorophore, 0.4 pl of the sleeping beauty transposon plasmide
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(GFP: pSBbiGP, RFP: psBbiRP) (95) with 0.9 ug pCMV transposase (pCMV

(CAT)T7-SB100) (96) and 20 pul nucleofector solution (Amaxa Cell Line Nucleofactor
Kit V, Lonza, Switzerland) were added to 500’000 cells. The cell/DNA suspension
was transferred to the bottom of the certified cuvettes with cap and electroporated
with a 4D-Nucleofector™ Core Unit (program B032, Lonza, Switzerland). After the
nucleofection, 500 pl of GM were immediately added to the samples and they were
gently transferred into a 6-well plate, with a final volume of 1.5 ml/well. The 6-well plate
was incubated for 24 hours at 37°C in a 5% CO, and 95% humidified atmosphere,
before 2 ug/ml Puromycin were added to the wells in order to eliminate cells without

puromycin resistance.

After 10 days of puromycin selection, stably transfected cells were sorted by
fluorescence-activated cell sorting (FACS) (FACS AriaFusion, BD, USA), in order
to distinguish between high and low fluorescent protein expressing C2C12¢F” and
C2C12%FP cells. During FACS, a debris gate was applied to define the cells of interest.

IR/DR IR/DR
TransposonC << & | ’b j
1
L @ cir —J
lCUT
(_myoblastbNA ) p (. Plasmid )
4

Figure 3.2: Transfection of fluorescent proteins into C2C12 cells by using a SB transposon
system. The transposon consists of the genetic sequence of interest, in this case the coding
sequence of GFP and RFP which is flanked by inverse repeats (IR) with short direct repeats
(DR), allowing the SB transposase to locate the area of interest. By cut-and-paste mechanism,

the sequence of interest is inserted into the DNA of C2C12 cells (myoblasts). However, a stabile
integration, can not be guaranteed.
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Additionally, a singlets gate was applied to remove cell clumps that could interfere with
the sorting process. After sorting, the cells were reseedet for another passage and af-
terwards, to maintain a certain cell pool for all further experiments, all sorted cells were
frozen in nitrogen tanks. Therefore, trypsinization was performed as described above
and the cells were counted. For each cryo vial, 1 million cells were resuspended in
70% GM, as well as with 10% dimethyl sulfoxide (DMSO) (Merck, Germany) and 20%
FBS (Sigma Aldrich, USA). After the resuspension, the vials were immediately put into
dry ice and stored in liquid nitrogen. For all further experiments described below, 1 mil-
lion C2C12%FF and just as many C2C127F" were seeded in T175 flasks. C2C12¢F7
cells were incubated exclusively at 37°C in a 5% CO, and 95% humidified atmosphere,
mimicking normoxia, and C2C12%F” at 37°C in a 5% CO, / 2% Q2 incubator with a
nitrogen inlet, mimicking hypoxia. For each series of experiment, new cells from the
cell pool were thawed, in order to provide the same preconditions for all experiments.
Only C2C12 mouse myoblasts up to passage 15 were used.

3.3 Morphological changes

The morphological changes due to oxygen levels < 2% O, over a period of 28 days
were investigated. Respectively, each population was seeded in two T25 cell culture
flasks, one incubated at 37°C in a 5% CO, and 95% humidified atmosphere and the
other one at 37°C in a 5% CO, / 2% O, with a nitrogen inlet. Hence, it is possible to
observe the impact of environmental changes within the myoblasts, regardless of their
prior culturing circumstances.

Phase contrast images were acquired with an AxioObserver Z1 (Zeiss, Germany)
of both culture groups (21% O, and 2% O,) were taken once a week. Beginning at 24
hours after cell seeding, on day 9, 16 and finally day 23. In the end, to evaluate oxygen-
related morphological changes of the cells over all passages, the image processing
software Imaged (NIH, USA) was used (97).

As not only the area is an important descriptor for cell morphology and therewith
function, the aspect ratio (AR) was additionally measured. The latter one is a ratio
describing the different dimensions within the myoblasts, including minimum and max-
imum diameters of the cells. To measure the area and the AR of the myoblasts at the

different time points, the region of interest (ROI) manager was used and each cell was
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marked manually, using the "freehand selection" tool. A total of 214 "normoxic" cultured
cells and 252 hypoxic cultured cells were evaluated by this method.

3.4 Population doubling and population doubling time

Next, the cumulative population doubling (cumPD) and closely associated population
doubling time (PDT) was investigated. The cumPD represents the total number of times,
the cells in a given population have doubled during in vitro culture. It is commonly used
for reporting cellular age in vitro. Regarding this case, it allows the direct comparison of
the doubling of the myoblasts populations in two different oxygen saturations, without
respect to their origin. The population doubling time refers to the duration required for
a cell population to multiply in size or magnitude by two under a steady rate of growth.
For this thesis, it was used to include the replication time of the myoblasts.

Similar to the prior experiment, duplicates of T25 cell culture flasks with either
C2C12¢FF or C2C12FFF were created and observed over a period of 28 days. Flasks
were incubated either at 37°C in a 5% CO, and 95% humidified atmosphere or at 37°C
in a 5% CO, / 2% O, incubator with a nitrogen inlet. Cell trypsinization and counting
with the Neubauer counting chamber was carried out after 4, 7, 11, 14, 18, 21, 25 and
28 days. Only 50’000 of the counted cells were transferred into new cell culture flasks
to continue the experiment. In the end, the cumPD was counted as following:

In NE

cumPD = T? (3.1)

(NE is cell count at the end and NB the cell count in the beginning).

3.5 Myoblast fusion assay

To observe fusion among both cell populations, two six-well plates were seeded with
450’000 cells/well with either only C2C12¢FF  only C2C12%FF or a mixture of both cell
populations (C2C12¢FP+ C2C12%FP), One 6-well plate was incubated at 37°C in a 5%
CO, and 95% humidified atmosphere and the other one at 37°C in a 5% CO; / 2% O,
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incubator with a nitrogen inlet. After 6 days some cells already started to differentiate
and the GM was switched to differentiation medium (DM).

DM, containing DMEM with GlutaMAX | (Thermo Fisher, USA) supplemented with
2% horse serum (HS) (Sigma Aldrich, USA) was used. After day 2, a medium change
took place. On day 4, within DM, newly formed myotubes were visualized by immuno-
histochemistry against myosin heavy chain 1E (MYH1E) (clone MF20, obtained from the
Developmental Studies Hybridoma Bank developed under the auspices of the NICHD
and maintained by The University of lowa, Department of Biological Sciences, lowa
City, 1A 52242).

Therefore, the cells were fixed for 15 minutes in PBS with 4% paraformaldehyde
parafomaldehyde (PFA) (Merck KGaA, Darmstadt, Germany) and washed three times
in PBS for 5 minutes at room temperature. The cells were blocked once for 1 hour in
a blocking solution (0.5% Triton X 100 and 10% horse serum in PBS) at room tem-
perature and incubated overnight at 4°C with the primary antibody, mouse anti MF20,
(1:50 in blocking solution). Afterwards the cells were washed three times with PBS and
incubated with fluorophore conjugated secondary donkey@mouse antibodies, Alexa
647, (1:500 in blocking solution, Thermo Fisher, USA) for 1 hour at room temperature.
Afterwards, the cells were washed twice in PBS, counterstained with 4,6-Diamidine-
2:phenylindole dihydrochloride (DAPI), in order to stain the nuclei. Then the cells were
washed once more with PBS. In the end, the wells were mounted in Fluoroshield (Ab-
cam, UK).

Subsequent, large overview images, covering slightly over 0.75 cm? (10 x 10 im-
ages per well), were acquired with the fluorescence microscope (AxioObserver, Zeiss
Germany). Every image contains 4 channels, GFP-channel, RFP-channel, MYH1E-
channel and DAPI-channel, which can be split or overlapped to highlight one or more

feature(s).

3.6 Analysis of the relative number of myotubes

To quantify differences in myoblast fusion, the total number of MT was counted manually
again by using the marking functionality in Imaged. Thereby, three subgroups of the MT
were distinguished, depending on their fused myoblasts. MT¢** (C2C12%F” fused with
C2C126FF) MTRFF (C2C128FP fused with C2C127FF) and MTCFP+REP (C2C126FF
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fused with C2C12%F7) (Fig. 3.3).
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Figure 3.3: Experiment structure. C2C12¢F7 cultured in 21% O, and C2C12%FF cultured in
2% O, were mixed and further cultured in either hypoxic or normoxic environment to observe
their interaction. After a confluence of > 50%, differentiation was induced by changing to DM.
The visual distinction between the subgroups was due to their color. While, pure green myotubes
indicated a fusion among C2C12¢FF (MTEFP), pure red myotubes indicated to a fusion among
C2C12FFP cells only (MTHFP). Myotubes consistent of both colors or showing an green/red
color gradient, represented the fusion among C2C12¢F" and C2C127FF cells (MTGEPHREP),
indicating an interaction between both populations. Adopted and modified from Pircher et al.
(98).

To remove unfused myoblasts from the images, new composed images, only con-
sisting of differentiated myotubes were created. Thereby, the GFP- and RFP-channel
images were imported to ImagedJ and converted to 8-bit (unsigned integer greyscale,
[0-255]). A median filter of radius 2.0 pixels was applied to remove noise from the
images and a manually determined threshold was applied. Afterwards, the MYH1E-
channel image was imported, converted to 8-bit greyscale and merged through the im-
age calculator with the abov described newly created GFP-and RFP-channel. The re-
sulting composite image therefore only includes pixels in MYH1E- and GFP- or MYH1E-
and RFP-images. To finally recognize the different subgroups of the mixed myotubes
(MTEEE MTEEP MTCEPHEEP) "hoth new composite images were merged by the chan-
nel merger of Imaged. The cell count was performed manually using the Imaged cell
counter. To calculate the relative number of myotubes, the counted number of cells
within the different subgroups, was related to the total number of myotubes within the

image.
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3.7 Analysis of the relative myotube area

Similarly to the experimental approach above, the total myotubes positive area within a
well was determined by using Imaged. In order to exclude empty areas, we determined
a ROI, where we measured the total and fractional area of fused myoblasts.

To analyze the area within subgroups (MTEFP MTRFP and MTGFP+EFPY g gelf-
made Python script (Python 3.7.6) was used and a sequence of standard automated
image processing algorithms were applied. The libraries numpy (for matrix processing),
scikit-image (for standard image processing algorithm implementations) and matplotlib
(for visualization) were used. Three color channels, representing the RFP-channel
(red), GFP-channel (green) and MYH1E-channel (blue) were loaded separately. These
images show the cells within each of the channels (also inside the above defined ROI)
in the corresponding color. In order to preserve the overall image pixel sum, a mono

image is created by a mean over the three channels for each pixel:

IRz, y] + IC[x,y] + IP[z, ]
3

IM ono[

z,y] = (3.2)

With these single channel images the processing is done while being treated as
greyscale frames. Similar to the method of defining the number of myotubes, the re-
sulting images corresponding to the GFP-channel, RFP-channel and MYH1E-channel
are converted to 8-bit. A median filter of 2 pixels and experimentally determined thresh-
olds were applied. The values (listed in Table 3.1) were defined with the aim of getting
fully closed cells while removing noise and outliers, experimentally.

The output of this thresholding operation is a binary image, showing cell associated
pixels with a high value (i.e. 255) and non-related pixels with a low value (0). This
boolean format helps proceeding with the upcoming logical operations. In order to de-
termine, which cells are present within the "RFP-channel" and "MYH1E-channel" image
and therefore, which correspond to fused C2C12%F an overlap of the two images with
a logical disjunction (A AND B) is calculated, resulting in a new image C. The same
procedure is applied with the "GFP-channel" and the "MYH1E-channel" image creating
image C'. Further on, the "logical AND" operation is applied on the newly formed C and
C’ images to extract the myotubes consisting of both fluorescent proteins (MFGFP+EFP)
forming image D. In the end, image D is subtracted from image C and C’ to get the area
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N&H» Diff-H N&Hp»Diff-H N&H»Diff-H N&HpDiff-N N&HpDiff-N N&H» Diff-N
AK1 (19,28,9) (24,25,20) (24,25,11) (25,19,24) (27,20,15) (23,19,17)
AK2 (12,7,10) (19,21,10) (18,20, 10) (21,16,11) (25,12,12) (23,10,20)
AK3 (20,22,16) (16,27,14) (24,31,12) (21,18,19) (19,18,15) (19,13,18)
AK4 (10,23,9) (14,18,8) (21,28,10) (26,26,7) (14,16,7) (17,18,9)

Table 3.1: Experimentally evaluated and applied thresholds for each image. Each line repre-
sents a series of experiments (n=4) called AK1-AK4. The line above refers to the environment
and cell group, being evaluated (N&H» Diff-H or N&H»Diff-N). Each bracket vector corresponds
to one well within a 6-well plate. The numbers within the vectors show the applied thresholds for
the three channels: RFP-channel (position 1), GFP-channel (position 2) and MYH1E-channel
(position 3).

for MF¢FF and MFRFP | as otherwise, the overlap areas in C and C’ would be respected

twice in this calculation.

3.8 mRNA-isolation and sequencing

To identify potential candidate genes, involved in transcriptional changes, mRNA se-
quencing of eight sample groups was carried out. Therefore, duplicates of six-well
plates were created like in the myoblast fusion assay experiments described above.
Each duplicate was incubated at either 37°C in a 5% CO, and 95% humidified atmo-
sphere or at 37°C in a 5% CO, / 2% O, incubator with a nitrogen inlet and cultured for
24, 72, 96 or 144 hours.

Afterwards, RNA was isolated with Direct-zol™ by disposing the cell medium of the
wells, quickly wash them with PBS and finally after PBS disposure, initiating cell lysis
by applying 1 ml Trizol (Invitrogen, USA) per well. With a cell scraper (Sarstedt, Nim-
brecht, Germany), the lysed cell material and the isolated RNA was detached and RNA
integrity was validated with a Bioanalyzer (Agilent, USA) following a standard protocol.
Afterwards, the isolated RNA was transferred to low DNA/RNA binding Eppendorf tubes
and frozen at -20°C until RNA libraries preparation. Since myoblasts quickly adjust to
a higher oxygen level, the RNA isolation needed to be done quickly, in order to make
sure, that no oxygen induced changes within the cells were reversed. To generate the
RNA-sequencing libraries, the SENSE mRNA-Seq Library Prep Kit V2 (Lexogen, Vi-

enna, Austria) according to the manufacturers’ protocol was used and sequencing was
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performed on a HiSeq1500 device (lllumina, San Diego, CA, USA) with a read length
of 50 bp and a sequencing depth of approximately 6 million reads per sample. In the
end, a total of 48 isolated RNA samples were sequenced by the Gene Centre of the

Ludwig-Maximilians-University Munich.

3.9 Bioinformatic analyses

FASTAQ files were demultiplexed by the sample specific barcodes used for generation of
each library. Reads were aligned to the mus musculus genome (release GRCh38.99)
using STAR (version 2.7.2b). Afterwards, gene counts less than 10 reads per gene
over all samples were filtered out. For further analyses 22,105 genes were remaining,
which were normalized through variance stabilizing transformation (VST) for Principal
Component Analysis (PCA). Differential gene expression was analyzed by DESeq2
package (version 1.28.1) in R software (version 4.0.3) with adjusted p-value (p-adj) of
0.05 and a Log2FoldChange of +2 cut off for each condition and each time point.

Additionally, a Venn diagram was created, including significantly differently ex-
pressed genes over all four time points with a p-adj value of <0.05. In the end, a gene
set enrichment analysis (GSEA) in reach time point was performed using org.Mm.eg.db
(version 3.11.4) and mouse_H_v5 hallmark gene set from the Molecular Signatures
Database (MSigDB) R package (version 7.0).

3.10 Statistical analysis

Except for the myoblast fusion assay experiment, which was carried out four times, all
experiments were repeated at least three times in duplicates. Statistical significance
was calculated after determination of a Gaussian distribution using either a one-way
ANOVA test or a T-test with appropriate post hoc tests in R (version 4.1.0). At a p-value
of > 0.05, statistical significance was assumed. Data is represented as either the mean
and standard deviation (SD) or the median with quartiles.
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Chapter 4

Results

4.1 Prolonged hypoxic exposure affects the morphol-
ogy of C2C12 myoblasts but does not change their

proliferation

Starting with the long-term effects of hypoxia onto myoblast cell morphology, C2C12
were exposed to 2% O, over a period of 4 weeks. Afterwards, visible differences be-
tween 21% O, (Fig. 4.1 [A]) and 2% O, (Fig. 4.1 [B]) were observed microscopically.
At direct comparison of the measured area and aspect ratio within both groups, slight
morphological changes during prolonged hypoxia were observed (Fig. 4.1 [A,B’]). A
quantification of the cell area showed no significant morphological changes in hypoxia,
when compared to the normoxic control group (Fig. 4.1 [C]). However, analyzation of
the aspect ratio revealed a slightly rounder cell phenotype in the hypoxic group in com-
parison to cells in normoxia. The aspect ratio of the C2C12 cells within 2% O, was 16%
lower (AR=2.389 + 1.111), when compared to cells in 21% O, (AR= 2.771 + 1.342),
indicating less elongation and more width (Fig. 4.1 [D]).

Apart from morphological changes, the long-term hypoxic effects on the proliferation
were investigated. Therefore, quantifications of cumulative population doubling and
duplication time were performed over 28 days. Up to day 7, the cumPD at 2% and 21%
O, were very similar. At day 28, a 6.2% lower cumPD within the hypoxic group (cumPD
43.065 + 2.620) was observed, compared to normoxic cells (cumPD 45.725 + 1.359)
(Fig. 4.1 [E]). Subsidiary, the population doubling time was measured, which did
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not show significant differences between both oxygen levels, indicating no long-term
hypoxia effect onto proliferation. After 28 days the PDT for 21% O, resulted in PDT
0.618 4+ 0.102 days and for 2% O2 in PDT 0.663 4+ 0.127 days (Fig. 4.1 [F]).
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Figure 4.1: Morphology and proliferation in hypoxia. Phase-contrast images of C2C12 cells ex-
posed to 21% O, (A) compared 2% O, (B) showed visible differences, which were also shown
by direct comparison of the cell area and AR (A’/B’). Quantification of the individual cell mor-
phology parameters revealed a significant decrease of the aspect ratio (D), but not of the area
(C) within 2% O,. The effects of hypoxia on proliferation were evaluated with the cumulative
population doubling (E) and the population doubling time (F) over a period of 28 days, showing
no significant differences between normoxia and hypoxia. Violine plots represent the median
and quartiles. *equals p < 0.05, ns.: not significant. Adopted and modified from Pircher et al.
(98).

4.2 In vitro myoblast fusion is inhibited by long-term
hypoxia

The next observation shows the effect of long-term 2% hypoxia on myogenic differenti-
ation. To identify newly formed myotubes, an immunostaining against MYH1E (myosin
heavy chain) was performed. After 7 days, C2C12 cells showed less myotube for-
mation in 2% O, compared to 21% O, (Fig. 4.2 [A]). The relative myotube area was
70.62% smaller (Fig. 4.2 [B]) within 2% O, (29.360 + 3.777), when compared to 21%
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O, (100.002 + 19.102) The relative number of myotubes was 55.98% lower in hypoxia
(43.410 + 8.842)in comparison to C2C12 cells in normoxia (98.604 + 22.129) (Fig. 4.2
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Figure 4.2: Myoblast fusion during hypoxia. MYH1E-immunohistochemistry (magenta) after 7
days of myogenic differentiation, showed higher count of newly formed myotubes in 21% 02,
compared to 2% O2 (A). Quantification of relative myotube area (B), as well as relative myotube
number (C) revealed significantly reduction of myoblast fusion in an oxygenconcentration of 2%.
Scale bar: 200 um. Box plots represent the median, quartiles, range and mean (white diamond).
Significance levels: *equals p < 0.05; ***equals p < 0.001. Adopted and modified from Pircher
et al. (98).

4.3 Novel myoblast fusion assay used to analyze in-
teraction of normoxic and hypoxic conditioned my-

oblasts

Depending on the extent of damage in skeletal muscle cells after injuries, myoblasts
are exposed to an initial hypoxic environment, until proper blood flow is restored. This
thesis assumed an interaction of different oxygen-conditioned myoblasts and therefore
investigated the fusion of normoxic and hypoxic-conditioned myoblasts. C2C12 cell
lines stably expressing a green (GFP; used for normoxic C2C12 myoblasts) or red
(RFP; used for hypoxic C2C12 myoblasts) fluorescence protein, were generated as
described above. Thereby, the C2C12%"" cells were exclusively cultured in 21% O,
and the C2C12%57 cells in 2% O, before using them for the differentiation assay.
During transfection, a loss of myogenic differentiation capacity is possible, since
the insertion of a fluorophore coding sequence along the DNA is not controllable. To

exclude possible transfection-induced change of myogenic differentiation potential be-
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fore addressing the main research question of this thesis, the fusion experiment was
repeated with the newly created cell lines (C2C12%F7 in 21% O,, C2C12FFF in 2% O,).

No significant changes of myoblast fusion within immunohistochemistry were
observed, when compared to non-transfected C2C12 cells (Fig. 4.3 [A-B]). The fusion
of transfected myoblasts showed an obvious accumulation of fluorescence intensity.
(Fig. 4.3 [A-B’], arrowheads).
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Figure 4.3: Differentiation after transfection of GFP and RFP coding sequence into C2C12 cells.
Formed myotubes with their nuclei are shown by staining with DAPI and immunohistochemistry
against MYH1E. The arrows indicated the myotubes, showing no impact on myoblast fusion by
the insertion of the fluorescent proteins in neither normoxia (A’) nor hypoxia (B’). Scale bar: 200
pum. Adopted and modified from Pircher et al. (98).

4.4 Myogenic differentiation of nhormoxic and hypoxic
preconditioned myoblasts is affected by abrupt

changes of oxygen concentrations

In all further experiments a unified labelling of the experimental group is used. Hence,
21% O, is labeled with ‘N’ (normoxia) and 2% O, with ‘H’ (hypoxia). The overall label
consists of two parts. The first one before the arrow, denotes normoxic or hypoxic-
conditioning of the used C2C12 myoblasts, while the part after the arrow reflects the
oxygen treatment during subsequent differentiation. For example, ‘N&H» Diff-H’ refers
to a mix of normoxic (‘N’) and hypoxia (‘H’) conditioned myoblasts that are subsequently
differentiated in in 2% O,.
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Prior to the mixed cell line differentiation assays, the impact of abrupt changes of
oxygen concentration onto myogenic differentiation was analyzed. Therefore, long-term
hypoxia-conditioned C2C12%F” myoblasts were differentiated in normoxia (Hw Diff-N)
and normoxia-conditioned C2C12%%F myoblasts in 2% O, (N»Diff-H). A direct compar-
ison between Hp-Diff-N (Fig. 4.4 [A,A’]) and N»-Diff-H (Fig. 4.4 [C,C’]) myotubes did not
show significant differences in the overall myogenic efficiency (Fig. 4.4 [E]), the num-
ber (Fig. 4.4 [F]) or size of the myotubes (Fig. 4.4 [G]). Nevertheless, when comparing
differentiation of hypoxic conditioned cells in the two different oxygen concentrations,
5% increased efficiency in myogenic differentiation, as well as a 19% higher number
of myotubes and 13% larger myotube size was observed within H»Diff-N, when com-
pared to He-Diff-H (Fig. 4.5). For the normoxic cell line, 67% lower total myotube area
and 48% fewer number of myotubes were observed within N» Diff-H, when compared to
N» Diff-N. Moreover, the myotubes within N»-Diff-H showed 33% smaller size compared
to N»Diff-N (Fig. 4.5).

Those findings suggest that the negative effect of hypoxia on myogenic differentia-
tion is partially reversible. Besides, hypoxia leads to a decreased number, but signif-
icantly larger sizes of myotubes and is therefore suggested to be partially involved in
myotube hypertrophy.

4.5 Fusion of hypoxic with nhormoxic conditioned my-

oblasts results in lager myotubes

Next, the effect on the myogenic differentiation of the mixture of hypoxic- and normoxic
conditioned myoblasts under either normoxia or hypoxia was investigated. During the
following differentiation assay, all interactions between the two cell lines were expected
to be detected by the color of the newly formed myotubes, indicating the extent to
which C2C12¢FF and C2C12%FF myoblasts fused. It was differentiated between red
(C2C12E8FP) green (C2C12%F7) and yellow myotubes (C2C12FF and C2C12%F7P),
Since prior studies showed a positive impact of hypoxic preconditioning on myoblast
differentiation (36), this thesis expected to see similar results for our mixed cell line,
differentiated within 21% O, (N&Hw» Diff-N). Indeed, more myotube formation was mi-
croscopically detected within differentiation at 21% O, (N&H»Diff-N ; Fig. 4.4 [B,B’]),
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Figure 4.4: Fusion of hypoxic with normoxic conditioned myoblasts. Fluorescence mi-
croscope images (A-D) and the immunohistochemistry against MYH1E and DAPI (A’-D’).
C2C12RFF | differentiated within 21% O, (N&H» Diff-N, A/A’) and the mixed culture within
2% O, (N&H» Diff-H, D/D’) showed less myoblast fusion, when compared to C2C12¢/7
differentiated in hypoxia (N»Diff-H, C/C’) or the mixed group in normoxia (N&H» Diff-N,
B/B’). Within the mixed cultured group, myotube formation by fusion of C2C12¢*” and
C2C12%'P was observed (B/D arrowheads). The greatest MF20* area (myotube area, E)
and the greatest myotube size (G) was observed within N&H» Diff-N. However, the mix-
ing of C2C12¢77 and C2C12%7'" did not affect the number of myotubes (F) independent
of their differentiating condition, compared to H»Diff-N. Scale bars: 200uM. Bar plots
represent the median, quartiles, range and the mean (white diamond). *equals p < 0.05.
**equals p < 0.01. ***equals p < 0.001. ****equals p < 0.0001. Adopted from Pircher et al.
(98).

compared to 2% O, (N&H»-Diff-H ; Fig. 4.4 [D,D’]). Moreover, mixed myoblasts differ-
entiated in normoxia formed 53% larger myotubes (MF20* area N&Hw Diff-N: 1,7x 107
+ 2,9 10 pm?), than during hypoxic differentiation (MF20* area H&N» Diff-H: 8,2 10°
+ 3,6 105 um?) (Fig. 4.4 [E]). However, compared to H»-Diff-N (7831.500 + 270.947),
both mixed cultured showed a lower number of myotube formation. A 42.13% reduction
within N&Hw»Diff-N (4531.917 4+ 1789.771) and a 61.86% reduced myotube formation
in H&N» Diff-H (2987.250 + 1298.791) was observed (Fig. 4.4 [F]). Addintionally, the
single myotube size was evaluated. Thereby, a greater myotube size in

N&H» Diff-N (4752.569 4 2727.073 um?), compared to N»Diff-H (1665.210 4 615.763
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um?) or He-Diff-N (1400.153 + 347.811 um?) was observed (Fig. 4.4 [G]).

To summarize the previous findings, all investigated groups were normalized to
Np-Diff-N. Thereby, several additional observations were made. The mixture of hy-
poxic with normoxic cells reduce myotube formation within normoxia (N&Hw Diff-N), re-
sulting in 42% reduced MYHE™ area and 64% decreased number of myotubes, when
compared with N»-Diff-N (Fig. 4.5). 14% larger myotubes were formed when differen-
tiated under hypoxia (N&H»-Diff-H), compared to N»Diff-N. Comparison of the mixed
and single cell population groups, the lowest number of myotubes was observed within
both mixed groups, independent of their environment of differentiation (N&H» Diff-H and
N&H» Diff-N) (Fig. 4.5).

Of particular note, the biggest relative myotube size among all compared groups was
observed within N&Hw» Diff-N. A 91% higher myotube size in N&H» Diff-N was observed,
compared to N»-Diff-N (Fig. 4.5).
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Figure 4.5: Bubble plot of all investigated groups, normalized to N»Diff-N. Within both mixed
groups, the total number of myotubes was the lowest and revealed the largest relative myotube
size. Especially within N&H» Diff-N the relative myotube size was greater, when compared to
all other groups. Adopted and modified from Pircher et al. (98).
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4.6 Oxygen Tension Differentially Influences Cell Fu-

sion among Different Precultured Cell Populations

For a better understanding of the interaction between normoxia- and hypoxia-
conditioned myoblasts during the fusion process in the mixed myotubes, the newly
formed myotubes were divided into three subgroups, depending on which myoblasts
were involved in the fusion process: MT“F? MTEEE and MTCFP+REP - Quantification of
area, number and size of the myotubes were performed as prior, including the absolute
(Fig. 4.6 D-F) and relative values (Fig. 4.6 [A-C]) within an experimental group, as the
oxygen concentration might influence the fusion properties of the subpopulations.

While the relative area of myotubes did not reveal any differences between 21%
(N&H» Diff-N) and 2% (N&Hw»Diff-H) O, among all subpopulations (Fig. 4.6 [A]),
the absolute values showed significant increases of all three groups within normoxia.
The largest difference was noticed with a 316% increase of the absolute area within
MTEFPHREP “while the least difference with 128% was observed at MTS!? (Fig. 4.6
[DD)

A significant relative increase of the number of myotubes in MT¢FP+EFF and a rel-
ative decrease of the number of myotubes in MT%? and MTR£? within hypoxia was
observed, compared with the groups oxygenated in 21% (Fig. 4.6 [B]). This effect was
not noticed within the absolute number of myotubes. No significant changes within the
double-fluorescent myotubes were observed. However, still significantly lower MT¢#7
and MT2FP formation was noticed within hypoxia (Fig. 4.6 [E]).

As for the relative and absolute myotube size, approximately 70% smaller
MTCFP+REP were detected within hypoxic differentiation (N&H» Diff-H)(Fig. 4.6 [C,F]).

4.7 Hypoxia Leads to Delayed Expression of Genes En-

coding Regulators of Myogenic Differentiation

RNA-sequencing was performed to analyze the effect of oxygen on the transcrip-
tional adaptation of myoblasts during differentiation within 21% (N&H»Diff-N) and 2%
(N&H»-Diff-H). After the onset of differentiation, the RNA-sequencing was performed at

4 different time points: 24, 72, 96 and 144 hours. Potential clustering was visualized
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Figure 4.6: Analyses of the area, number and size of myotube subpopulations. Therefore, the
relative and the absolute values were used. While no substantial differences were observed
within the relative area of the subpopulation (A), a significant increase within the absolute val-
ues for the area of all subpopulations was noticed in 21% O independent of the subpopulation
(D). The relative number of myotubes showed a significant increase in double-fluorescent my-
otubes in hypoxic conditions, whereas within normoxia, the single-fluorescent myotubes with
GFP predominate (B). However, the absolute number of myotubes did not show similar results
(E). Regardless of their relative or absolute number, the myotubes size was significantly larger
within all subgroups at 21% O,, when compared to 2% O, (C &F). Bar plots represent the me-
dian, quartiles, range and mean (white diamond). *equals p < 0.05, **equals p< 0.01, ***equals
< 0.001, ****equals < 0.0001. Adopted and modified from Pircher et al. (98).

by performing a PCA. Thereby, the main focus was on PC1, the time dependent first
principal component (Fig. 4.7 [A], colored spheres), and PC2, the oxygen-dependent
second component (Fig. 4.7 [A], shapes), which showed clear separation. A slight
overall transcriptional delay of the hypoxic differentiated group (H&N»Diff-H, Fig. 4.7
[A], dots), when compared to N&H»-Diff-N (Fig. 4.7 [A], traingels) was observed. Note-
worthy, the mixed cells after 144 hours within hypoxia (Fig. 4.7 [A], violet dots) showed
a proximity to the mixed C2C12 cells in normoxia after 72 hours (Fig. 4.7 [A], green
triangle).

Differential gene expression (DEG) analysis revealed that 177 out of 6740 genes
shown in the venn diagram, show an overlapping expression within all four different
time points (Fig. 4.7 [B]).
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Figure 4.7: PCA and venn diagram. The PCA reveals a clear separation of H&Nw»Diff-H and
N&H» Diff-N after 72 hours along the main component (PC1). Also, along PC2 a distinction of
both groups is visible. A slight overall transcriptional delay of the hypoxic differentiated group
(dots), when compared with to normoxia (traingels) was observed (A). The venn diagram shows
for every time point the most significant changed genes and their overlapping expression be-
tween the different time points (B). Adopted and modified from Pircher et al. (98).

In addition, for a better understanding of the different pathway regulation within
N&H» Diff-N and N&H» Diff-H, a gene set enrichment analysis (GSEA) was performed
at all four time points. Thereby especially the hallmarks for 'hypoxia’, ‘glycolisis’ and
‘'myogenesis’ (Fig. 4.8 [A]) were observed. The significantly increase of 'myogenic’
hallmark at 72 and 96 hours after initiation of differentiation, highlights the adaptive
phase for H&N»-Diff-H, when compared to N&Hw» Diff-N (Fig. 4.8 [A], lower panel).
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Figure 4.8: Visualization of the hypoxia dependent hallmarks over the four time points. Most
positively (normalized enrichment score (NES) > 0) or negatively (NES < 0) hypoxia-dependent
hallmark gene sets in myoblast group N&Hw»Diff-H, when compared to normoxic group,
N&H» Diff-N, at the four different time points(A). All significant regulated gene set hallmarks
detected (B). Adjusted p-value < 0.05 (C). Adopted and modified from Pircher et al. (98).
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All significant regulated gene set hallmarks per time point are included in Fig 4.8
B. Within the first 72h, the relevant expressed hallmarks are predominantly related to
inflammation, including interferon alpha (IFA) and interferon gamma (IFG) response,
interleukin 2-signal transducer and activator of transcription 5 (IL2-STAT5) and tumor
necrosis factor alpha (TNFA) signalling (4.8, green panel). After 144 hours, mainly
myogenesis and hypoxia-related hallmarks, including mammalian target of rapamycin
complex 1 (MTORC1) and Kirsten Rat Sarcoma gene (KRAS) signalling, E2F targets
and myogenesis were present (Fig. 4.8 [B], violet panel).

In addition to the hallmarks, the following heat maps show top 50 genes contribut-
ing the most to PC1 or PC2. Thereby, it is remarkable, that PC1 contributing genes
(Fig. 4.9 A), are myogenic-related marker genes, as for example Myl4, Myh3, Tnni2,
Tnnt3, Myh3, Casq2, Mymx, Myipf, Mybph and Tnnc1. Whereas, the genes in PC2 are
associated with the adaption of myoblasts during hypoxia (Fig. 4.9 B), including Car9,
Efemp1, Sfrp4, Adm, Nos2, Aire, Apin, Gpr35, X2610528A11Rik, Ptgfr and Scara5.
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N&H» Diff-N

Figure 4.9: Heatmap of the top 50 to PC1 (A) or PC2 (B) contributing genes. All genes are
sorted by their impact, listing the genes with the highest to each PC contributing on top of the
map and those with the least contributing at the bottom.
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For each measured time point between 24 and 144 hours a volcano plot was gener-
ated, including both cell groups (N&H» Diff-N and H&Nw» Diff-H) and highlighting the 20
most differentially regulated genes. Thereby, a negative log2foldchange (LFC) refers
to a higher expression within N&H» Diff-N, while a positive log2foldchange refers to a
higher expression within H&Nw» Diff-H.

After 24 hours, genes with a negative LFC include Scara5, encoding a ferritin recep-
tor necessary for cell growth (99) and Kcna4, encoding for a voltage-gated potassium
channel (100). Genes with a positive LFC include Carboxy anhydrase 9 (Car9) one
of the most highly expressed genes in the hypoxic environment of solid tumors (101);
G-protein related receptor 35 (Gpr35) encoding G-protein involved in ERK1/2 activa-
tion (102); autoimmune regulator gene (Aire) (103); Adm, encoding angiogenetic factor
(104) and X2610528A11Rik (Fig. 4.10).
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Figure 4.10: Volcano plot of the most differentially regulated genes 24 hours after start of myo-
genic differentiation. The plot reveals all higher regulated genes. Thereby, the TOP 10 gens for
the positive and negative log2foldchange were visualized by color and naming.

P-adjust < 0.05.
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Not shown in the volcano plot, but also upregulated from 24h upwards was the CDH2
(Table S1 from Pircher et al. (98)), a hypoxia-sensitive catherin, probably involved in
myogenesis.

After 72 hours Car9, X2610528A11Rik, Gpr35, Adm, Aire are still higher expressed
within N&Hw»Diff-H, followed by Apelin (Apln), known for the regulation of cell prolifer-
ation in smooth muscle cells (105); and Sprr2g. However, the genes with a negative
LFC change completely. Slc44a4, encoding for thiamine pyrophosphate transporter
(106); Slc2a6; Ms4a8a; Exo1, encoding for 5’ to 3’ exonuclease (107); and Gm13398
presented with a negative LFC after 72 hours (Fig 4.11).
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Figure 4.11: Volcano plot of the most affected genes after 72 hours. The plot reveals all higher
regulated genes. Thereby, the TOP 10 gens for the positive and negative log2foldchange were
visualized by color and naming. P-adjust < 0.05.
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While Car9, Apin, X2610528A11Rik and Aire are still upregulated after 96 hours
within H&N» Diff-H, the former downregulated Kcna4, nitric oxide synthase 2 (Nos2),
encoding NO synthase (108); and Serpina3n, encoding for serine protease inhibitor
(109) are upregulated, afterwards. Similar to 72 hours, higher expressed genes within
N&H» Diff-N changed significantly compared to prior time points. Noticeable is the up-
regulation of R3hdml, known for its presence during satellite cell differentiation (110)
(Fig. 4.12).
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Figure 4.12: Volcano plot of the most affected genes after 96 hours. The plot reveals all higher
regulated genes. Thereby, the TOP 10 gens for the positive and negative log2foldchange were
visualized by color and naming. P-adjust < 0.05.
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While another complete difference of gene expression within the normoxic group is
observed within 144 hours, the genes within hypoxia remain mainly similar to 96 hours.
The first myogenic differentiation markers as Myh4 are present within N&Hw Diff-N.
(Fig.4.13)
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Figure 4.13: Volcano plot of the most affected genes after 144 hours. The plot reveals all higher
regulated genes. Thereby, the TOP 10 gens for the positive and negative log2foldchange were
visualized by color and naming. P-adjust < 0.05.
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For further investigations, a hierarchical cluster analyses (HCA) of the top 50 dif-
ferentially expressed genes out of 177, was performed, showing a clear separation of
essential (increased expression over the time) or inhibitory (decrease over the time)
myogenic genes (Fig. 4.14).
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Figure 4.14: Hierarchical cluster analysis of the top 50 of 177 genes continuously differentially
regulated genes. Positive value indicates a high expression (red), negative value a downregu-
lation of the gene (blue). Adopted and modified from Pircher et al. (98).

Based on the HCA, 9 subjective promising genes were extrapolated. While the four
genes, including Adm, Apin, Car9 and Gpr35 are constantly expressed during hypoxia,
Scara5 and the prostaglandin F receptor gene (Ptgfr) show initially higher expression

within normoxia and show a switch of expression after 72 hours within both groups.
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Other genes such as Ankyrin repeat doma 1 (Ankrd1) and LIM domain binding 3 (Ldb3)
are initially upregulated in hypoxia, but they all show a switch of expression at 72 hours,
indicating a possible adjustment within the time period between 24h and 72h. The
remaining gene, Actine-associated LIM protein (Pdlim3) has a higher expression within

normoxia (Fig. 4.15).
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Figure 4.15: Expression of the 15 selected genes over 144 hours within normoxic (red) and
hypoxic (blue) conditions was assessed and immediately compared. Genes are sorted alpha-
betically. Value refers to VST (variance stabilizing transformation) normalized. Adopted and
modified from Pircher et al. (98).
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Chapter 5

Discussion

Although muscle-specific stem cells are frequently exposed to hypoxic micro-
environments, for example during development and regeneration (15), a longer period
of hypoxia within skeletal muscles leads to severe physiological consequences, rang-
ing from a loss of muscle function to necrosis (84). Ischemic injuries result from any
interruption of blood supply, including arterial embolism, prolonged arterial clamping
during, traumatic injury or vessel destruction, as well as acute atherosclerotic throm-
bosis and critical limb ischemia, usually caused by atherosclerotic plaques blocking
the blood vessels (13). Worldwide, over 200 million people suffer from peripheral arte-
rial disease (PAD), with a spectrum of symptoms from none to severe (111). Moreover,
muscle atrophy and weakness are observed in several chronic diseases associated with
hypoxemia (low arterial O, pressure), such as chronic obstructive pulmonary disease
(COPD) and heart failure (112, 113). Therefore, the investigation in hypoxic effects on
skeletal muscle cells is epidemiologically crucial, since not only orthopedic patents are
affected.

Currently, skeletal muscle stem cells are seen as promising therapies for human
muscle diseases (114, 115, 116). Several attempts to use satellite cell-derived my-
oblasts via intramuscular transplantation as therapeutic approach for degenerative
muscle diseases have been made (117,118, 119, 120, 121). For further investigations
into new stem cell therapies, it is necessary to have precise comprehension of skeletal
cell regulation during muscle repair. Thus, the aim of study was to investigate the in-
teraction between hypoxic conditioned (2% O.) and standardized ("normoxic", 21% O,)
cultured myoblasts to imitate realistic conditions and to find promising candidate genes,
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regulated by hypoxia and differentiation within the mixed myoblast groups.

5.1 Long-Term Hypoxia Has No Significant Impact on
Myoblast Morphology or Proliferation but Leads to

Reduced Myogenesis

As shown in the results, hypoxia has no impact on the cellular area of the myoblasts.
However, a slightly rounder cell phenotype within the hypoxic group (N&H» Diff-H) was
visible, mainly due to the differences within the different dimensions of the myoblasts,
represented by the aspect ratio. Within the RNA-sequencing a differences within the
regulation of several cadherins, including cadherin 2 (CDH2), between N&H» Diff-H
and N&H» Diff-N from 24h upwards (Table S1 from Pircher et al. (98)) was observed.
This suggests, that the changes in the aspect ratio and the reduced myoblast fusion
under hypoxic conditions are, at least partially, dependent on the expression of hypoxia-
sensitive cadherin genes.

Conformational changes in cell membrane are involved in the cellular fusion pro-
cess (122) and therefore morphological changes of myoblasts might have an impact
on myoblast fusion, independently of the regulation of myogenic transcription factors.
Cell fusion can occur in different ways, including fusion of the cell membranes, mostly
accomplished by specific membrane proteins, pulling each membrane together through
their conformational changes (122).

Myoblast differentiation during mammalian somitogenesis depends on the so-called
community effect. It describes, that newly formed somites, must be surrounded by a
minimum of 30-40 similar cells to differentiate (123). Additionally, for stable expression
of myogenic factors, the presence of the adhesion molecules, as the plasma membrane
bound N-cadherin (124) and the accumulation of CDKN1A and CDKN1B, involved in
cell cycle withdraw (125, 126, 127), are necessary. Bensaid et al. already reported
morphological changes in myotubes, due to a significant reduction in myotube diameter
at 4% O, (128). However, they did not check for morphological changes prior to my-
oblast fusion. Therefore, to my knowledge, this is the first study including morphological
changes of myoblasts in hypoxia.

An increased proliferation of mouse satellite cells (42) or human primary myoblasts
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(43) within short-term hypoxia at 2% O, was shown, while long-term hypoxia revealed
an adjustment of proliferation between normoxic and hypoxic conditions (43). Contrary
to the myoblast proliferation, severe hypoxia (< 1% O,) leads to the arrest of myogenic
regulation factors necessary for differentiation (38). This thesis demonstrated similar
results. An oxygen level of 2% O, over a period of 4 days resulted in reduced myoblast
formation.

It is also important to analyze short-term hypoxic exposure, as for example during
the period between restored blood flow and sufficient oxygenation within the tissue. This
temporary hypoxic exposure showed similar results as long-term hypoxia. A decreased
number and area of myotubes in the N»-Diff-H group were observed, indicating that
myoblasts adjust very quickly to hypoxia, including an inhibition of differentiation. Ad-
ditionally, this thesis data showed that hypoxic differentiation of hypoxic preconditioned
myoblasts (H» Diff-H), also lead to a reduction in myotube size and number by 40-60%.
Even within normoxia (Hw» Diff-N), this downregulation of hypoxic preconditioned my-
otube size and number is present, indicating that the described negative effect above
is largely irreversible.

The reduction of myogenesis under hypoxic conditions is multimodal, consisting of
reduced fusion on one side and subsequent cell death due to energy restriction on
the other side. Myoblast fusion is highly dependent on available energy sources such
as adenosine triphosphate (ATP), an organic compound that provides energy to drive
cellular processes and is necessary for muscle contraction (129). During the ischemic
period, the synthesis of ATP is impaired, even though the skeletal muscle cells are
able to adapt ATP utilization (130). Noteworthy, Dehne et al. showed a higher ability
to maintain ATP levels and turnover within myoblasts, when compared to myotubes
(67), confirming that myoblasts mainly depend on glycolytic energy production (131),
whereas myotubes have an increased aerobic oxidation of fatty acids (132).

5.2 Hypoxia Leads to Increased Synergy between

Hypoxia- and Normoxia-Cultured Myoblasts

After an ischemic injury, regeneration process can be activated (87, 88). However, to
continue the regeneration process, recovery of blood flow in the affected injury area (89)
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and migration of the satellite cells towards (re-)oxygenated tissue (133) is necessary.
Therefore, under realistic conditions, it is more likely that not only normoxic myoblasts
are present during regeneration, but also myoblasts that are affected by hypoxic stress.
Similar interactions of myoblasts/satellite cells occur after intramuscular satellite cells
transplantation, as shown by a novel therapy approach for ischemic muscle injuries
(134, 135, 136). This thesis mainly focuses on the interaction between normoxic and
hypoxic precultured myoblasts during fusion process in normoxic and hypoxic environ-
ments, mimicking physiological conditions. Regardless of the environmental exposure,
both mixed groups (N&H» Diff-H and N&H»Diff-N) showed a smaller total number and
area of myotubes compared to the normoxic group (N»Diff-N)(Fig. 4.5). However, both
groups revealed a greater relative myotube size, suggesting hypertrophy as the leading
mechanism in mixed myotube fusion. Thereby fewer, but larger myotubes are formed,
which seems to depend on the direct fusion of nomoxic and hypoxic preconditioned

myoblasts, suggesting a synergistic effect of both groups.

5.3 Hypoxic Transcriptional Changes Are Partially Re-

versible during Myogenic Differentiation

After 48 hours of moderate hypoxia exposure (11.2%) on skeletal muscle cells, up-
regulation of hypoxic related proteins have been reported, indicating hypoxic adjust-
ment (137). This thesis revealed similar results, as transcriptional changes are already
present between 24 and 72 hours of myogenic differentiation within hypoxia. The PCA
shown in Fig. 4.7 [A], visualized the first separation between hypoxic (N&H» Diff-H)
and normoxic mixed myoblast group (N&H» Diff-N) between 24 and 72 hours. Addi-
tionally, the proximity of N&Hw»Diff-H at 144h (Fig.4.7 [A], circles) and N&Hwp-Diff-N at
72 hours (Fig.4.7 [A], triangles) supports the downregulated myogenic potential within
2% O, compared to normoxia.

After hypoxic damage, skeletal muscle repair is directly induced. It consists of three
overlapping phases, starting with the destruction phase. Thereby, inflammation pro-
cesses are induced by activating pro-inflammatory cytokines (138) and recruiting neu-
trophiles, leading to nitric oxide (NO) mediated cell lysis in the damaged area (139) and

finally results in muscle damage and atrophy (138). The hallmarks in Fig. 4.8 [B], exem-
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plary reflect the repair process of skeletal muscle cells over the different time periods.
The inflammatory response plays an important physiological role in adaptive remodeling
of skeletal muscle tissue, initially presenting after 72 hours of hypoxia, by expressing
IFA, IFG, IL2-STAT5 and TNFA hallmarks (Fig.4.8 [B]). Prostaglandin (PG) is part of
the inflammatory process and has been implicated in multiple stages of myogenesis
in vitro, including proliferation, differentiation (140), myoblast survival (141) and fusion
(142). Additionally, prostaglandin 2 alpha (PGF2a) has been shown to be involved in
post fusion myotube growth, as a direct stimulator of PIBK/ERK/mTOR pathway in skele-
tal myotubes (143). Within the hierarchical cluster analyses of this thesis, a PG receptor
(Ptgfr) expression within the N&H»Diff-H group at 96 hours, was observed. It indicates
its involvement within the inflammatory response of hypoxic myoblasts. Additionally,
Prostaglandin E Synthase 3 (Ptges3) and Prostaglandin Synthase 3 Like (Ptges3l) were
identified as novel candidates, involved in oxygen dependent hypertrophy.

After 96 hours of hypoxia, Nos2 upregulation was denoted by the upregulation of
inducible NO synthase (iNOS) encoding. iINOS has been described during embryo-
genic muscle development (144), whereas in the adult, it only occurs during muscle
regeneration. It has a critical role in the modulation of inflammatory response during
regeneration (108).

After the inflammation, repair phase follows. Satellite cells are activated and in turn
start to proliferate, differentiate and to form new multinucleated muscle fibers (145, 146).
Additionally, vascularization is promoted by the release of VEGF (147). During this
phase, the differences between the two oxygen levels are clearly visible in the GSEA.
At 2% O,, the response to E2F targets in N&H is much higher than at 21% O, (Fig.4.8
[B]), indicating a downregulation of myoblast proliferation and differentiation process,
since E2F is essential for the suppression of proliferative transcription programs and the
exit of myoblasts from the cell cycle (148). However, 2% O, was not enough to entirely
prevent myoblast differentiation. Although hypoxia showed an impact onto myogenesis,
mTOR1 signaling, involved in myoblast proliferation and differentiation (54), was still
present within N&H» Diff-H.

In 2019, Sakamoto et al. discovered a novel gene expressed in myogenic satellite
cells. R3h domain containing-like (R3hdmi) showed to be particularly important for their
proliferation and differentiation processes. It is not only expressed during skeletal mus-
cle development, but also in the process of regenerating after injury. They especially
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indicated an interaction of IGF-1/AKT signaling with the R3hdml, due to pathway down-
regulation within R3hdm/ KO skeletal muscle (110). The PI3-AKT-signalling pathway
is already known to participate in myogenic differentiation and is downregulated during
oxygen deprivation (55). The observed downregulation of R3hdm/ in the N&H»Diff-H
group after 144h, suggests a possible mechanism of the downregulation, triggered by
PI3-AKT-signalling pathway. However, a more detailed functional investigation is nec-
essary to confirm that assumption.

Several more transcripts involved in hypoxic adjustment of myoblasts were shown
in the analysis of gene expression levels between hypoxic and normoxic environment.
One of them is AplIn, upregulated after 24 hours within N&H» Diff-H and reaching its
maximum after 72 hours (Fig. 4.15). The gene encoding Apelin, an endogenous ligand
for the G protein-coupled receptor APJ, showed to be upregulated over all of the time
points in hypoxia. In contrast to the skeletal muscle, where it has not been reported
so far, a low baseline level of Apelin expression and secretion in cardiomyocytes is
known (149). The same study additionally showed that Ap/n expression increase, if
cardiac myocytes were exposed to hypoxia of 2% O,. After 24h, induction of Ap/n was
severalfold higher in comparison to the known HIF target gene Adm and they were
able to provide strong evidence for the role of HIF1A in the transcriptional regulation
of Ap/in (149). In synopsis with this thesis’s results, a similar mechanism during the
differentiation process of skeletal myoblasts is assumed. Moreover, Apln is associated
with age-related muscle wasting (sarcopenia) in rodents and humans (150), leading
to the hypothesis, that regulation of Apin is, at least partially, oxygen-driven, as the
oxidative capacity of skeletal muscle cells reduces during ageing (151).

On the other side, gene expression analyses revealed upregulated genes within the
normoxic group (N&H» Diff-N) that were not present at 2% O,. One of them is Low den-
sity lipoprotein receptor gene (Ldlr), which was mainly expressed between 96 and 144
hours. Prior studies showed its involvement in reduction of skeletal muscle differentia-
tion due to vitamin K (152). Other genes were Pdlim3, encoding for the actin-associated
LIM protein, and with Ldb3, encoding for Z-band alternatively spliced PDZ-motif protein
(Ldb3; Cypher; ZASP), both upregulated after 72 hours within N&Hw» Diff-N. Both genes
are containing LIM domains, which play a role in the process of myogenesis (153). Prior
studies already confirmed a dramatic increase in C2C12 differentiation by Pdlim3 ex-
pression (154). Recently, Yin et al. observed that p38 (MAPK14) can be activated by

48



Discussion

Pdlim3 during myogenesis, providing a reason for the influence on the myoblast differ-
entiation (155). Ldb3 is known for the interaction with skeletal muscle actin, regulating
the remodelling of the actin cytoskeleton in striated muscle (156). Additionally, it has
been proposed that the cytoplasmic region of the protein is involved in the interaction
with Ankyrin repeat doma 2 (Ankrd2) (157), a member of the Muscle ankyrin repeat
protein (MARP), such as CARP encoded by Ankrd1 gene.

Even though Ankrd1 is mainly associated with cardiac muscle and Ankrd2 is the
most abundant MARP in human skeletal muscle (158), expression of Ankrd1 in skeletal
muscle fibers could be confirmed. Thereby, it was preferably expressed in type one
skeletal muscle fibers (159) and shown to be involved in transduction of stretch-induced
signaling due to its titin-association (160). During myogenic differentiation, Ankrd1 is
transferred from the nucleus to the cystoplasm (161). Interestingly, in 2015 a study
revealed that Ankrd1 is upregulated by nuclear factor kappa-light-chain-enhancer of
activated B-cells (NF-kB) activation, due to either TNFA upregulation or increased level
of ROS as during hypoxia (162). In this case, an upregulation of Ankrd1 within the
hypoxic group was expected.

Surprisingly, next to Ankrd1, troponin T2 (Tnnt2) and Junctiophilin2 (Jph2) were ex-
pressed within the N&H»-Diff-N, with the highest extent after 144h. Both genes are
known as cardiac isoforms (163, 164), which in particular circumstances can be ex-
pressed in skeletal muscle as well. Jph2 mainly plays a key role in cardiomyocyte
development and differentiation (165) and has been shown to induce skeletal myotube
hypertrophy, if Jph2-S165F (166) or Jph2-Y141H mutation (167) are present.Tnnt2 is
physiologically transient expressed in embryonic and neonatal skeletal muscle, includ-
ing both slow and fast fiber dominant muscles (168, 169).

The X2610528A11Rik, showed a great impact onto hypoxic myoblasts and was
present within the 177 most influential genes. The gene was initially discovered in 2003
during the Riken mouse genome encyclopedia project in Japan, by comprehensive se-
quencing of the mouse genome. Until now it is not known, which function the protein
has or how it is regulated.

Another promising gene is the Potassium Voltage-Gated Channel Subfamily
A Member 4 (Kcna4), coding for the Kv1.4-channel, revealing an upregulation in
N&H» Diff-H after 96 hours. The voltage-gated potassium channel is very well known
within cortical pyramidal neurons, necessary for fast repolarization phase of action
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potential and with a central role in long-term plasticity, essential for learning and
memory (100). It is possible that Kcna4 is involved in myoblast adaption onto hypoxia,

similar to neuron plasticity. However further investigations are necessary.

Taken together, a partial delay of myogenic differentiation within N&Hw» Diff-H was
observed within the period of 6 days, which seems to be partially reversible. However,
as transcriptional responses to hypoxia is relatively fast in vitro, further time points and
longer observation periods should be evaluated in further experiments. However, very
promising candidate genes were found that are involved in hypoxic-related myogenesis
and especially myotube hypertrophy.
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5.4 Within Hypoxia, Skeletal Muscle Hypertrophy

Shows Parallels to Cancer Cell Behavior

During hypertrophy, increased glycolysis and metabolic reprogramming of the skele-
tal muscle cells, similar to those in cancer cells (170) have been reported (171). This
thesis revealed several cancer-associated genes, which were upregulated within the
N&H»Diff-H group, sustaining a similarity between skeletal muscle cell and cancer
cells. One of the most studied gene is Car9. It is known for its expression in solid
tumors, such as the renal clear cell carcinoma (172). Thereby it is principally related
to tumor hypoxia. This thesis revealed an upregulation of Car9 after 24 hours within
the hypoxic mixed myoblast group (N&H» Diff-H) and a remaining upregulation over all
further time points. Just upstream to the transcription initiation site of Car9 promoter,
an HRE binding site is localized (172), which appears to be epigenetically active in
zebrafish muscles in response to hypoxia (173).

Another tumor associated gene observed during prolonged hypoxia in
N&H» Diff-H was Scavenger Receptor Class A Member 5 (Scara5). Itis associated with
tumor suppressor character at liver (174), lung (175) and breast cancer (176), as well
as osteosarcoma (177), but has never been mentioned with skeletal muscle cells so far.
A correlation to hypoxia was firstly observed by Yu et al. They showed negative corre-
lation of Scara5 with VEGF, leading to a downregulation of angiogenesis. Additionally,
they observed decreased phosphorylation levels of AKT and Mitogen-Activated Protein
Kinase 3/1 (ERK1/2), both known to be also involved in myogenic differentiation (176).
It is possible that this mechanism also occurs within myoblasts in not tumor associated
hypoxia, but caused by environmental oxygen deprivation.

It is notable, that many of the detected genes in this thesis interact with the PI3K/
AKT/ mTOR pathway. Likewise does Gpr35, by activation of ERK1/2 (102). Until now,
no link of Gpr35 to muscle cells was observed, so it is not conclusively proven, if this
process occurs within skeletal muscle cells as well. However, since a continuous upreg-
ulation within N&H» Diff-H, with a maximum at 96h was observed, it can be assumed,
that the known regulation is transferable to myoblasts. Nevertheless, to confirm the
assumption, more precise genomic analyzes are necessary.

Noteworthy, within N&Hw» Diff-H, an upregulation of KRAS-signaling, as a response
to hypoxia was observed. KRAS is a proto-oncogene and part of the RAS/MAPK path-
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way, involved in cellular proliferation (178). It is commonly known in oncology, due to
the association with colon, pancreatic and lung cancer (179), but was never linked to
myogenic differentiation in response to hypoxia before. Nevertheless, interaction be-
tween KRAS and hypoxia have already been described by Kikuchi et al., showing an
effect on the regulation of HIF1A translation (180). It is possible, that similar interactions
within hypoxic exposure of skeletal muscle cells take place. For confirmation however,
deeper investigations in the gene are necessary.

In the end, as suggested above, the commonly known mTOR-pathway, popular for
its major impact onto hypoxic adjustment within skeletal muscle and cancer cells, was
detected in this thesis. Both cell types reveal an increased IGF-AKT1-mTOR1 and
reduced myostatin signaling (170).
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Chapter 6

Outlook

Taken together, the interaction of hypoxic and normoxic myoblasts leads to an overall
decrease in total number and area of myoblasts, but results in a higher myotube hyper-
trophy. This hypoxia-dependent skeletal muscle hypertrophy shows, several similarities
to cancer cell adjustment within hypoxia, indicating a similar reprogramming strategies
within skeletal muscle cells and cancer cells within oxygen deprivation. Nevertheless,
to finally confirm this assumption, further loss-and gain-of-function experiments with the

described promising candidate genes are necessary.
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