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Summary

[Il. Summary

The prevention of type 2 diabetes by exercise intervention is a promising path to battle the rising
incidents. However, the wide range in the individual response to exercise, in particular the lack of a
beneficial outcome in glycemic control and insulin sensitivity, needs to be understood in order to be
able to prescribe individualized training programs. A possible upstream regulator involved in non-
response to exercise is TGFB1. The aim of this thesis was to investigate the molecular effects of
TGFB1 in human primary skeletal muscle cells, its effects on metabolic regulators and on

microRNASs.

We stimulated CD56-positive, primary human skeletal myoblasts with TGFB1, and subsequently
differentiated them to myotubes. The collected samples were investigated by small and long RNA
sequencing. Candidate regulators and miRNAs were further analyzed using qPCR or western blot. To
study underlying mechanisms, we transfected a mix of TGFf1-repressed miRNAs into human
primary skeletal muscle cells to compensate the effects of TGFf1, or transfected TGFf1-induced
miRNAs to examine if the effects of TGFB1 are transmitted via upregulated miRNAs. Furthermore,
we investigated different timepoints of myo-differentiation. Lastly, we repeated the preconfluent
TGFf1-stimulation in the murine cell line C2C12 and quantified regulators and miRNAs we

previously found differentially expressed in human primary cells by qPCR.

In primary human skeletal muscle cells, TGFB1 induced persistent effects which were detected after 5
days of myo-differentiation. We validated the upregulation of RNAs of extracellular matrix proteins
and the inhibition of markers of differentiated skeletal muscle. Almost all mitochondrially encoded
genes were repressed, together with a downregulation of PGCla, ATP5A protein, and the insulin
effect on the phosphorylation of threonine 308 of AKT. Regulated miRNAs could be distinguished
into differentiation-dependent and -independent miRNAs. Differentiation-independent miRNAs, miR-
21, miR-31, miR-143, miR-145, and miR-181a2, were acutely upregulated by TGFf1 stimulation and
were still increased after 5 days of myo-differentiation. In contrast, miRNAs, which were upregulated
during myo-differentiation, were downregulated by TGFB1. We could not show compensatory effects
on the TGFfB1-induced repression of myo-differentiation when four of the differentiation-dependent
miRNAs (miR-133b, miR-206, miR-208, and miR-499a) were supplemented by transfection of the
respective miRNA mimics. Among the miRNAs upregulated by TGFB1, miR-31 mimics reduced
insulin-stimulated phosphorylation of threonine 308 of AKT. Furthermore, we discovered, that the
murine cell line C2C12 does not show the prolonged regulation of e.g. PGCla in myotubes after

TGFf1 treatment of myoblasts.

Our results confirmed, that TGFB1 is an important regulator in skeletal muscle metabolism. TGFf1
treatment of primary human skeletal muscle cells regulated the abundance of several miRNAs, which

may be implicated in the regulation of insulin signaling and myo-differentiation. The different results
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in C2C12 cells showed that the choice of the used model is essential. Immortalized cell lines are
useful tools, however, their use should always be complemented with other models, such as the use of

primary cells or in vivo data.

To conclude, the prolonged negative impact of TGF1 on skeletal muscle metabolism could be
regulated via miRNAs. The inhibition of myo-differentiation by TGFf31 further impairs healthy
metabolism in skeletal muscle. Nevertheless, more research is needed to determine the role of

miRNAs and molecular mechanisms involved in TGFf1-induced effects.
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Zusammenfassung

V. Zusammenfassung

Die Pravention von Typ 2 Diabetes durch Sportintervention ist ein vielversprechender Weg, um die
ansteigende Inzidenz zu bekdmpfen. Allerdings muss dafiir die grofle Bandbreite der individuellen
Trainingsreaktionen, insbesondere das Ausbleiben einer Verbesserung der Glukosekontrolle und
Insulinsensitivitdt, verstanden werden, um individualisierte Trainingsprogramme verschreiben zu
konnen. Ein moglicher Upstream-Regulator, der am Ausbleiben einer positiven Trainingsreaktion
beteiligt ist, ist TGFf1. Das Ziel dieser Arbeit war es, die molekularen Auswirkungen von TGFf1 auf

Stoffwechselregulatoren und microRNAs in humane Priméarskelettmuskelzellen zu untersuchen.

Wir stimulierten CD56-positive, primdre humane Skeletmuskel-Myoblasten mit TGFf1 und
differenzierten sie anschliefend zu Myotuben. Die gesammelten Proben wurden durch Sequenzierung
kurzer und langer RNAs untersucht. Kandidatenregulatoren und miRNAs wurden mittels gPKR und
Western Blot weiter analysiert. Um die zugrundeliegenden Mechanismen zu erforschen, transfizierten
wir einen Mix aus TGFf1-unterdriickten miRNAs in humane Primadrmuskelzellen, um die Effekte von
TGFp1 zu kompensieren, oder transfizierten TGF[1-induzierte miRNAs, um zu untersuchen, ob die
Effekte von TGFf1 iiber hochregulierte miRNAs {ibertragen werden. Dariiber hinaus untersuchten wir
verschiedene Zeitpunkte der Myodifferenzierung. Zuletzt wiederholten wir die prakonfluente TGF[31-
Stimulation in der murinen Zelllinie C2C12 und quantifizierten Regulatoren und miRNAs, die wir

zuvor in humanen Primérzellen durch TGF1 reguliert gefunden hatten, mit qgPKR.

In humanen Primérskelettmuskelzellen induzierte TGF[31 anhaltende Effekte, die noch nach 5 Tagen
Myodifferenzierung gemessen werden konnten. Wir bestdtigten die Hochregulation von RNAs
extrazelluldrer Matrixproteine und die Hemmung von Markern differenzierter Skelettmuskelzellen.
Fast alle mitochondrial kodierten Gene wurden unterdriickt, zusammen mit einer Herunterregulierung
von PGCla, des ATP5A-Proteins und der Wirkung von Insulin auf die Phosphorylierung von
Threonin 308 von AKT. Die regulierten miRNAs konnten in differenzierungsabhingige und
differenzierungsunabhidngige miRNAs unterteilt werden. Die differenzierungsunabhidngigen miRNAs
miR-21, miR-31, miR-143, miR-145 und miR-181a2 wurden durch die Stimulation von TGFf1 akut
hochreguliert und waren nach 5 Tagen Myodifferenzierung immer noch erhoht. Im Gegensatz dazu
wurden miRNAs, die wihrend der Myodifferenzierung hochreguliert wurden, durch TGFj1
herunterreguliert. Wir konnten keinen kompensatorischen Effekt auf die TGFf1-induzierte
Unterdriickung der Myodifferenzierung zeigen, wenn vier der differenzierungsabhédngigen miRNAs
(miR-133b, miR-206, miR-208 und miR-499a) durch Transfektion der entsprechenden
miRNA-Mimics supplementiert wurden. Von den miRNAs, die von TGFf31 hochreguliert wurden,
reduzierten miR-31-Mimics die insulinstimulierte Phosphorylierung von Threonin 308 der AKT.
Dartiber hinaus stellten wir fest, dass die murine Zelllinie C2C12 nach TGFfS1 Behandlung von

Myoblasten nicht die anhaltende Regulation von z.B. PGCla in Myotuben zeigt.
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Zusammenfassung

Unsere Ergebnisse bestétigten, dass TGFB1 ein wichtiger Regulator im Skelettmuskelstoffwechsel ist.
Die Behandlung von humanen Primérskelettmuskelzellen mit TGFB1 regulierte die Abundanz
verschiedener miRNAs, die moglicherweise an der Regulation der Insulinsignalisierung und der
Myodifferenzierung beteiligt sind. Die abweichenden Ergebnisse in C2C12-Zellen zeigten, dass die
Wahl des verwendeten Modells von entscheidender Bedeutung ist. Immortalisierte Zelllinien sind
niitzliche Werkzeuge, ihre Verwendung sollte jedoch immer durch andere Modelle ergédnzt werden,

wie z.B. die Verwendung von Primérzellen oder in vivo-Daten.

Zusammenfassend ldsst sich sagen, dass der anhaltende negative Effekt von TGFB1 auf den
Stoffwechsel der Skelettmuskulatur iiber miRNAs reguliert werden konnte. Die Hemmung der
Myodifferenzierung durch TGF31 beeintrachtigt den gesunden Stoffwechsel in der Skelettmuskulatur
zusdtzlich. Dennoch ist weitere Forschung erforderlich, um die Rolle der miRNAs und die

molekularen Mechanismen zu bestimmen, die an den TGFf1-induzierten Effekten beteiligt sind.

VIII



Background/Introduction

1 Background/Introduction

The rising incident of diabetes is a serious burden for economy and society worldwide and needs to be
counteracted (Barres and Zierath, 2016; Shubrook et al., 2018; Zheng et al., 2018; Zimmet et al.,
2001). The most efficient way to tackle type 2 diabetes is to prevent or delay the onset of disease
(Shubrook et al., 2018; Zimmet et al., 2001). The Diabetes prevention program research group
showed that lifestyle intervention is more efficient in reducing the incident of type 2 diabetes than
metformin treatment (Knowler et al., 2002). Skeletal muscle is the main site of glucose disposal under
hyperinsulinemic conditions (DeFronzo et al., 1981), and responsible for the variance in resting
metabolic rate (Zurlo et al.,, 1990). Intervention programs that activate glucose uptake in skeletal
muscle and increase skeletal muscle tissue mass are a good measure to fight unbalanced glucose
metabolism. It has been shown that physical activity is a major determinant in reducing the risk for

type 2 diabetes (Kriska et al., 2003; Solomon and Thyfault, 2013).

Further advantages of regular physical exercise opposed to medication include costs (Neumann et al.,
2017), simple implementation (Solomon and Thyfault, 2013), and an overwhelming majority of
positive side effects (Pedersen and Saltin, 2015; Ruegsegger and Booth, 2018). However, response to
physical exercise depends on the outcome looked at and has a high interindividual variability (Bohm
et al., 2016b; Sparks, 2017). To help each subject in finding the best way to prevent disease, we need
to understand all aspects on a molecular level in order to be able to judge which interventions will
help whom (Samocha-Bonet et al., 2018). Therefore, we want to elucidate the mechanism behind the
high interindividual variability in the response of glucose tolerance and insulin sensitivity after

exercise interventions.

1.1 Physical exercise as prevention of type 2 diabetes

1.1.1 Type 2 diabetes mellitus — a lifestyle disease

Diabetes mellitus is a disease of disturbed glucose homeostasis and grouped into different types. Type
1 diabetes is an autoimmune disease, resulting in non-functional islet cells and therefore inability to
produce sufficient insulin, whereas type 2 diabetes starts with an increasing insensitivity to insulin.
Less common types include gestational diabetes, monogenetic diabetes, and secondary diabetes

(International Diabetes Federation, 2017).

In this thesis, only type 2 diabetes mellitus, the most common type of diabetes, will be considered.
Type 2 diabetes is preceded by prediabetes, a phase of impaired fasting glucose or impaired glucose
tolerance during an oral glucose tolerance test (OGTT). In clinical practice in Germany, prediabetes is

tackled by informing the patient and introducing lifestyle intervention and regular checkups.

Type 2 diabetes occurs mainly in obese patients (American Diabetes Association, 2014), while

obesity itself causes insulin resistance (Thota et al., 2017). Obesity is the highest risk factor for type 2



Background/Introduction

diabetes, posing a higher risk than a sedentary lifestyle (Goedecke and Micklesfield, 2014). It has
been shown, that an increase in visceral fat rather than only increase in body mass index (BMI) is
associated with onset of type 2 diabetes (Bjorntorp, 1990; Kuwahara et al., 2017; Smith and Kahn,
2016). Obesity can lead to dysfunctional adipose tissue which in turn leads to disadvantageous
distribution of fat in visceral fat instead of subcutaneous fat (Chait and den Hartigh, 2020). Visceral
fat constantly releases free fatty acids, contributing to the metabolic syndrome, hyperinsulinemia and
systemic inflammation (Bjorntorp, 1990). Lifestyle interventions can potentially reverse these
negative effects, since weight loss also leads to loss of visceral fat (Ross, 1997). Exercise without
weight loss has been shown to reduce visceral fat in subjects with and without type 2 diabetes (Lee et
al., 2005). Thus, prevention of type 2 diabetes should build on prevention of accumulation of visceral

fat by avoiding obesity and physical inactivity.

1.1.2 Skeletal muscle, physical exercise, and selected markers
To understand how and why exercise intervention can prevent diabetes or even revert prediabetes,

basics about physical exercise and glucose uptake in skeletal muscle need to be understood.

1.1.2.1 Skeletal muscle and myoblast differentiation

Skeletal muscle is needed for motion and support of the body and in contrast to the other two types of
muscle, cardiac and smooth muscle, skeletal muscle can be consciously controlled. It is the tissue with
the largest tissue mass in the body (Dulloo et al., 2010). Skeletal muscle is a regenerative tissue and
its cells are called myocytes. Skeletal muscle cells in cell culture can be distinguished into three
differentiation states: Satellite cells, myoblasts and myotubes. As shown in Figure 1, satellite cells, the
skeletal muscle precursor cells, can proliferate and are then called myoblasts. Myoblasts have the
potential to fuse to differentiated myotubes containing several nuclei. In vivo, myotubes further
mature into well-aligned myofibers and can be several centimeters long (Chal and Pourquie, 2017).
They are the components that make up muscle. Myofibers contain myofibrils and sarcomere
structures, mainly composed of actin and myosin (Newsholme et al., 2010). Each muscle fiber is
surrounded by endomysium, a specialized basal lamina (Chal and Pourquie, 2017). These fibers are
the base of skeletal muscle tissue, together with extracellular matrix, nerves, and blood vessels, they

form muscle in vivo (Newsholme et al., 2010).
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Figure 1. Myo-differentiation of skeletal muscle cells from satellite cells to myotubes.

Skeletal muscle stem cells (satellite cells) are named myoblasts when they proliferate. After
differentiation to multinucleate cells, they are called myotubes. Figure was created with the use of
Servier medical art creative commons.

1.1.2.2 Adaptations in skeletal muscle after exercise

Physical exercise means contraction of skeletal muscle. For contraction, skeletal muscle needs energy
in the form of ATP (adenosine triphosphate). ATP can be generated from intramuscular sources of
phosphocreatine, glycogen, triacylglycerol or plasma born fatty acids and glucose. The use of fuel is
dependent on exercise intensity, duration and availability of oxygen in the muscle (Newsholme et al.,
2010). At low intensity exercise, the bulk of energy needed for exercise is generated by oxidation of
free fatty acids from intramuscular triglycerides or plasma while at higher intensities the proportional
use of carbohydrates increases (Coyle, 1995; Romijn et al., 1993). At high intensity, e.g. sprints,
anaerobe conversion of glucose to lactic acid and phosphocreatine are used (Newsholme et al., 2010).
Anaerobe ATP generation from glucose is by far less effective than oxidative degradation of glucose
in mitochondria over citric acid cycle but quicker (Newsholme et al., 2010). During prolonged
exercise, the availability of glycogen in muscle (Ahlborg et al., 1967) and free glucose from liver
glycogen decreases and therefore the contribution of fatty acid oxidation to ATP generation increases

(Newsholme et al., 2010).

When exercised regularly, skeletal muscle adjusts to the challenge and takes on multifaceted
adaptations. Trained skeletal muscle possesses more mitochondria and thereby a higher substrate
oxidation capacity (Gollnick et al., 1973; Holloszy, 1967). It stores more glycogen (Bergstrom et al.,
1972) and has increased muscle mass and capillarization providing better infrastructure for glucose
and oxygen supply (Ingjer, 1979). Trained individuals also show better processing of glucose with a
lower insulin peak, and fast removal of lipids (Bjorntorp et al., 1972). Even a single bout of exercise
improves insulin sensitivity for approximately two days (Mikines et al., 1988). Furthermore, exercise
has effects on other tissues, for example, increased glucose uptake not only in skeletal muscle but also
in adipose tissue was shown in trained rats (James et al., 1985). On the other hand, increased
capillarization and increased glucose uptake has been shown in one-leg-training models to be local

effects only present in the exercised tissue (Dela et al., 2019; Sjoberg et al., 2017).

The exact mechanisms of improved insulin sensitivity are still under investigation, but several aspects

were shown: The resting energy consumption in trained subjects is higher than in sedentary subjects
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(Poehlman et al., 1989) and increased mitochondrial content by physical activity brings along an
increased capability of ATP generation by mitochondria (Wibom et al., 1992). Trained rats have more
glucose transporters in the plasma membrane of skeletal muscle (Goodyear et al., 1992). Overall,
more energy in the form of glucose is used by skeletal muscle in trained subjects and glucose uptake
rate is increased, leading to quicker glucose clearance. In skeletal muscle, GLUT4 (solute carrier
family 2 member 4) is the most important glucose transporter. It is insulin sensitive (Birnbaum, 1989;
James et al.,, 1989) and its abundance in the plasma membrane increases with training status
(Goodyear et al., 1992). Interestingly, insulin and exercise are both stimuli for GLUT4 translocation
paving the way for increased glucose transport (Lauritzen et al., 2008; Lauritzen et al., 2010). The
effects of muscle contraction and insulin are independent and additive, also meaning that GLUT4

translocation by exercise is still functional in insulin resistant individuals (Klip et al., 2019).

Additionally, during exercise, free fatty acids are used as energy source (Ranallo and Rhodes, 1998),
and increased lipid turnover and oxidation in athletes compared to sedentary subjects was retained in
cultured myoblasts (Lund et al., 2018). This is reflected in loss of visceral fat after aerobic training
programs (Ismail et al., 2012; Sabag et al., 2017), but also in both aerobic and resistance reducing

hepatic fat independent of dietary changes (Golabi et al., 2016).

As physical exercise seems to be a good measure to achieve higher insulin sensitivity, bettering
glucose homeostasis, and reducing fat mass, lifestyle interventions in prediabetics, diabetics and

people with high risk for type 2 diabetes might be the solution to the epidemic.

1.1.2.3 Selected parameters to evaluate skeletal muscle cell differentiation and
exercise effects on skeletal muscle metabolism

When investigating skeletal muscle, especially in the context of insulin sensitivity, some transcripts

and proteins are of specific interest. This paragraph will shortly describe three of the most important

measures used in this thesis.

The most obvious attribute of skeletal muscle cells, in contrast to other cells, is the differentiation to
multinucleated myotubes. Myosin heavy chain (MYH) transcripts and protein are expressed in adult
muscle and increase clearly during myo-differentiation in vitro. In humans, there are three myosin
heavy chain isoforms encoded by the genes MYH1, MYH2, and MYH?7 (Schiaffino and Reggiani,
2011). MYHY7 protein expression is associated with slow fiber type muscle, whereas MYH1 and
MYH?2 are associated with fast myosin fiber type (Schiaffino and Reggiani, 2011). The expression of

MYH transcripts is a valuable measure for functional, differentiated skeletal muscle cells.

PPARYy (peroxisome proliferative activated receptor, gamma) coactivator 1 alpha (PGCla, gene name
PPARGCI1A) is a central regulator of metabolism and was first described in adipose tissue and

skeletal muscle of mice after cold exposure (Puigserver et al., 1998). In human skeletal muscle,
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PGCla levels increase after acute and regular physical exercise (Pilegaard et al., 2003; Russell et al.,
2003). The overexpression of PGCla leads to higher lipid oxidative capacity, increases genes of
mitochondrial function and biogenesis, and decreases expression of a fast fiber type gene marker
(Nikolic et al., 2012). Muscle-specific knock out of Pgcla leads to a switch in fiber-type, exercise
intolerance and severe loss of muscle mass in mice (Handschin et al., 2007). Thus, increases or

decreases in PGC1la are an insightful measure for metabolic state of skeletal muscle cells.

To investigate insulin sensitivity in vitro, measuring the insulin-induced phosphorylation (Thr308 or
Serd73) of AKT (AKT serine/threonine kinase 1 and 2 or protein kinase B, PKB) is a valuable tool.
AKT is a central kinase in insulin stimulated glucose uptake in skeletal muscle (Ueki et al., 1998).
The inhibition of insulin-stimulated activation of AKT in patients with type 2 diabetes has been
shown to be maintained in skeletal muscle cell culture (Cozzone et al., 2008). Therefore, insulin-
induced phosphorylation of AKT is a useful measure of insulin sensitivity in skeletal muscle cell

culture.

1.2 Lifestyle intervention studies

Over the years, many lifestyle intervention studies to reduce the risk of developing type 2 diabetes
have been performed. They are different in their kind of intervention, duration, supervision, outcomes,
and many more parameters. In the following, a short overview of some of the most relevant studies
reaching from general lifestyle intervention studies to supervised and controlled exercise intervention

studies will be given.

In a study in Finland, Tuomilehto et al. showed that lifestyle intervention aiming at reducing weight,
adapting a healthier diet and exercising could reduce the risk for developing type 2 diabetes by 58%
compared to a control group and that the reduced risk was directly associated with changes in lifestyle
(Tuomilehto et al., 2001). One of the most known lifestyle intervention studies is the one reported by
Knowler et al. as they compared an intensive lifestyle intervention to an intervention with metformin
treatment. They showed that lifestyle intervention could reduce the incident of type 2 diabetes more
efficiently (-58%) than metformin treatment (-31%) (Knowler et al., 2002). The contribution of
physical exercise to the risk for type 2 diabetes was reviewed by Hawley (Hawley, 2004),
demonstrating clear associations of physical inactivity and impaired glucose tolerance, leading to a

cascade of events resulting in insulin resistance and type 2 diabetes.

Long before, Richter et al. investigated effects of intense and endurance exercise on insulin sensitivity
in healthy subjects and subjects with type 2 diabetes. They showed that physical exercise increases
metabolic flexibility by enabling muscle to take up and oxidize free fatty acids and increasing
lipoprotein lipase activity. The activity of lipoprotein lipase in muscle was further shown to correlate

with insulin sensitivity (Richter et al., 1992).
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The HERITAGE Family Study investigated sedentary, healthy adults before and after an exercise
intervention, aiming to reveal genes and mutations affecting cardiovascular endurance and disease,
risk factors for type 2 diabetes, as well as response to regular exercise. Using genome-wide linkage
scans, they identified a linkage of changes in fasting insulin in response to exercise intervention with a
marker in the leptin gene (Lakka et al., 2003). Another finding was, that even though the mean insulin
sensitivity increased by 10% after 20 weeks of endurance exercise intervention, there was a high

variability in the changes amongst participants (Boule et al., 2005).

One limitation of most lifestyle interventions studies for type 2 diabetes is that they often motivate
subjects with a high risk for type 2 diabetes to adopt a healthier lifestyle including change in diet and
increasing physical activity. Both exercise and healthier nutrition, can reduce risk factors for diabetes
development, e.g. by decreasing fat mass. Thus, it is hard to dissect which part of the intervention
program contributes in which way to an improvement of insulin sensitivity. Additionally, large
intervention studies are often not controlled trials and adherence to intervention is only monitored
using questionnaires. It is therefore not possible to say if people that are not responding well really did
take part in the intervention with the same effort as the ones responding well. The following

paragraphs will therefore focus on intervention studies with controlled exercise intervention.

There was scientific consensus that physical activity is beneficial for prevention of type 2 diabetes but
also type 2 diabetic patients. Nevertheless, this knowledge was not broadly implemented in clinical
practice (Praet and van Loon, 2008). It was suggested, that more detailed understanding of which
patient would benefit most from which training regimen was needed to maximize the effects and

increase prescription of structured exercise therapy (Praet and van Loon, 2008).

Thus, several studies compared exercise interventions of differing intensity and volume. Bajpeyi et al.
compared groups of low and high volume of exercise as well as moderate and vigorous intensity to a
sedentary control group. They found insulin sensitivity increased after all exercise intervention plans
but a faster decrease of insulin sensitivity back to sedentary values after 15 days in the groups that
exercised at low volume but vigorous intensity. They concluded that obese subjects with impaired
insulin sensitivity could benefit most from chronic endurance-oriented training and that persistence of

the effects varies strongly amongst training modes (Bajpeyi et al., 2009).

In the comparison of aerobic training, resistance training and the combination of both, the
combination resulted in greater improvements in insulin sensitivity or HbAlc in two independent
studies (AbouAssi et al., 2015; Church et al., 2010). Although all subjects were able to reduce waist
circumference, aerobic training and resistance training alone failed to improve maximum oxygen
consumption in a 9-month exercise program with patients with type 2 diabetes (Church et al., 2010).
In a study with healthy, sedentary, overweight subjects, the 8 months exercise intervention with

combination exercise lead to improvements in insulin sensitivity and -cell function that were partly
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retained 14 days after the last bout of exercise. Either aerobic or resistance training alone were not
able to improve insulin sensitivity (AbouAssi et al., 2015). Sparks et al. showed different metabolic
adaptions by the different training modalities. While 9 months of resistance training increased
mitochondrial content in subjects with type 2 diabetes, aerobic training increased octanoate oxidation,
and combination training increased both. They also showed changes homogenous amongst all training
regiments, such as increase in palmitate, pyruvate, and acetate oxidation. Furthermore, they showed
an association between increased mitochondrial DNA and improvements in VOzpeak (Sparks et al.,

2013).

Exercise intervention studies vary in exercise protocols and measured endpoints. Some compare
different types of exercise or frequency of exercise bouts, intensity or duration of exercise, and many
different target objectives are investigated (Bohm et al., 2016b; Solomon, 2018; Sparks, 2017). In
most renowned diabetes prevention studies, the main target objectives are risk reduction for diabetes
(Bouchard et al., 2012). In controlled exercise intervention studies, insulin sensitivity is often used as
a parameter of intervention outcome (Roberts et al., 2013). In studies using endurance training,
increases between 25% and 50% in insulin sensitivity were observed in different study groups as
reviewed by Roberts et al. Similar results were seen for resistance training where improvements in
insulin sensitivity and glucose tolerance after resistance training was shown (Roberts et al., 2013).
Nevertheless, there are also studies not showing improved glucose handling after resistance training
intervention, e.g. in a study comparing aerobic and resistance training and combination of both that

only found improvement in the endurance and the combined training groups (Davidson et al., 2009).

One crucial problem with studies like this is that individuals react very different to exercise (Bohm et
al.,, 2016b; Bouchard et al.,, 2012; Solomon, 2018; Sparks, 2017). While heritable responses to
exercise have been described (Lakka et al., 2003), DNA methylation and other epigenetic
modifications are also discussed to explain the observed heterogenous response to exercise (Stephens
and Sparks, 2015). The understanding of these interpersonal differences is crucial for our

comprehension of the individual response to exercise and the development of individualized therapies.

1.3 Exercise non-response

When looking at individuals in exercise intervention studies, there is always a group of people not
reaching the desired improvement of the investigated outcome, e.g. no improvement of insulin
sensitivity or cardiovascular fitness after exercise intervention (Bohm et al., 2016b; Bouchard et al.,
2012; Sparks, 2017). Thereby, it is possible that an individual improves its cardiovascular fitness but
not its insulin sensitivity throughout the study period. It is therefore crucial to define the parameter in
which the non-response occurred. For the context of type 2 diabetes, non-response with respect to
glucose homeostasis should be in focus. As summarized by Bohm et al. and shown in Table 1, non-

responders exist in various settings from healthy individuals over prediabetics to diabetics, but also
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throughout different types of exercise intervention (Bohm et al., 2016b). Therefore, there does not
seem to be one training program that fits all.
Table 1. Amount of non-responders with respect to parameters of glucose homeostasis in

different exercise intervention studies.
Adapted from Bohm et al. (Bohm et al., 2016b).

Citation Population Intervention Duration Outcome Non-responders
(%)
(Boule et al., 2005) n = 596, healthy Endurance training, 3 x/week, 20 weeks Insulin sensitivity 42
55 75 % VO,max,
(Borel et al., 2012) n= 104, 160 min/week moderate- 12 months Glucose tolerance status 62.5
abdominally intensity exercise and
obese/dyslipidemic —500 kcal per day,
pedometer use
(Hagberg et al., 2012) 7 = 110, healthy endurance training, 3x/week, 26 weeks Insulin sensitivity 25
50-70 % VO,max
(Yates et al., 2014) n = 29, prediabetic education program with 12 months 2-h glucose 7°
pedometer use
(Winett et al., 2014)  n = 159, prediabetic Resistance training, 2 x/week 3 months 2-h OGTT 44°
(Stephens et al., 2015) n = 42, diabetic Aerobic, resistance training, or 9 months Combination of 21
combination thereof HbAlc, % body fat,
BMLI. muscle
mitochondrial content
(Osler et al., 2015) n = 14, prediabetic Nordic walking, 5 h/week, 20 weeks Glucose tolerance status 36

unsupervised

Quantity of non responders with respect to glucose homeostasis

2 Meaning no improvement, unless stated otherwise

b Adverse response

.. € Estimated from graph

As the percentage of non-responders varies hugely, it has been suggested that non-response can be
overcome by training more frequently or more intensely (Montero and Lundby, 2017). This study
however, only considered VOapeax as outcome. From this study, we cannot say if all non-response with
respect to insulin sensitivity could be abolished by increasing training modalities. However, in a
realistic setting for patients, the higher doses of training suggested are most likely not feasible for
most in need of exercise intervention. On the other hand, a change in exercise type might be more
practicable in a real-life setting. Thus, we need to understand the molecular mechanisms of exercise

non-response to be able to judge what changes could help non-responders in becoming responders.

1.4 The NRE Study

To elucidate the mechanisms of non-response to exercise with respect to insulin sensitivity, the non-
responder (NRE) study was conducted in Tiibingen. It was a controlled exercise intervention study
with twenty sedentary men with high risk for type 2 diabetes defined as meeting at least one of the
following criteria, BMI > 27 kg/m?, or first-degree family history of type 2 diabetes. The exercise
intervention was comprised of three supervised exercise sessions per week over 8 weeks. The training
sessions were performed at 80% of individual VOqpeak and comprised of 30 minutes of ergometer

exercise followed by 30 minutes of walking on a treadmill (Bohm et al., 2016a).
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Extensive analysis of clinical parameters before and after exercise intervention lead to the grouping
into high-responders (HRE) and non-responders (NRE) with regards to change in insulin sensitivity
index. RNA from muscle biopsies underwent microarray analysis. When comparing changes by
training intervention between NRE and HRE, upregulation of mitochondrial enzymes like carnitine
palmitoyltransferase 1B (CPT1B) or ATP synthase (ATP5A) were impaired in non-responders.
Furthermore, Ingenuity pathway analysis (IPA) showed an impaired activation of peroxisome
proliferator-activated receptor y coactivator (PGCla; gene name PPARGCI1A) in NRE. IPA further
showed TGFf1 (transforming growth factor beta 1) as a possible upstream regulator as it was
upregulated in NRE after exercise compared to pre-exercise levels and several TGFf1 target genes
showed a negative correlation with the change in insulin sensitivity in the entire study group. As
plasma levels of TGFf1 were not different before and after training intervention and not different
between response groups, Bohm et al. suspect the activation of TGFB1 signaling to be locally

restricted to skeletal muscle (Bohm et al., 2016a).

They further stimulated primary human skeletal muscle cells with TGFf31 and found decreases in
mRNA levels of PGCla, CPT1B, MYH2 and MYH?7. On protein level, they observed a reduction in
protein kinase AMP-activated catalytic subunit alpha 2 (AMPKoa2, gene name PRKAA2) and ATP5A.
All this data taken together suggest that TGFB1 impairs not only differentiation of myoblasts to
myotubes as it already reported (Allen and Boxhorn, 1987, 1989; Massague et al., 1986) but also
metabolism and thus could be part of the mechanism of non-response to exercise with respect to

insulin sensitivity (Bohm et al., 2016a).

1.5 TGFp1 in skeletal muscle, diabetes, and exercise

Transforming growth factor beta 1 is a cytokine with broad tissue expression and functions. It belongs
to the TGF[3 superfamily whose members regulate essential processes in cells such as proliferation,
differentiation, cytoskeletal organization, migration and cell death (Weiss and Attisano, 2013).
Canonical signaling occurs via SMAD (mothers against decapentaplegic homolog) signaling. TGFf1
binds to the TGF[ receptor complex which further leads to a phosphorylation of SMAD2/3 proteins,
which then associate with SMADA4. This complex is translocated to the nucleus where it can enhance
or repress the expression of target genes (Abrigo et al., 2018). TGFB1 can also act through non-
canonical pathways, e.g. activating mitogen activated protein kinases (MAPK), nuclear factor-kappa

B (NF-xB), or phosphoinositide 3-kinase-pritein kinase B (PKB) (Abrigo et al., 2018; Zhang, 2009).

TGFf1’s fundamental role for development and physiology was shown with a mouse knockout
resulting in inflammatory disorders, wasting syndrome and early death (Shull et al., 1992). TGFf1 has
been described to inhibit myoblast fusion as early as 1986 (Massague et al., 1986; Olson et al., 1986).
Elevated levels of TGF[1 negatively affect muscle regeneration (Allen and Boxhorn, 1987, 1989) and

TGFp1 levels are elevated in different muscle disorders (Bernasconi et al., 1999; Gosselin et al., 2004;
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Ishitobi et al., 2000). Taken together, TGF(1 is involved in the regulation of central physiological

processes in skeletal muscle like development and tissue regeneration.

In a meta-analysis, Qiao et al. found that patients with type 2 diabetes show increased levels of
TGFp1 in urine and plasma (Qiao et al., 2017). In children with type 1 diabetes, elevated TGF{1
levels in urine could be normalized by insulin treatment (Holmquist and Torffvit, 2009). These results

indicate a potential role of TGFfB1 in dysfunctional metabolism.

An increase of TGFB1 levels after exercise was first shown in mice 48 h after eccentric exercise
(Barash et al., 2004). In rats, different responses to a single bout of exercise were observed in trained
and untrained rats. Trained rats showed decreased TGF1 mRNA expression directly after exercise
while untrained rats had increased TGFf1 expression levels directly after exercise. Three hours after
exercise, both groups were recovering TGF(1 levels towards pre-training levels. Furthermore, trained
rats showed higher mRNA levels but lower protein levels of TGFB1 (Czarkowska-Paczek et al.,
2009).

In humans, increases in transforming growth factor beta-induced (TGFBI) transcript have been shown
4 days after intense exercise in trained individuals (Neubauer et al., 2014). In a different study,
moderately active subjects showed clear increases 3 days after eccentric exercise, whereas the
increase was higher in younger subjects (Hamada et al., 2005). After acute leg kicking exercise,
Heinemeier et al. found TGFB1 mRNA levels increased in muscle but not tendon of humans

(Heinemeier et al., 2013).

Mechanistically it has been shown in mice and cell culture that SMAD3 (activated by TGF[f1)
negatively regulates PGCla and knock-out of SMAD3 reversely leads to higher levels of PGCla in

skeletal muscle models (Tiano et al., 2015).

SMAD3 also has been shown to be part of the mechanism of TGF( inhibiting myo-differentiation
(Liu et al., 2001). It was shown that TGF[1 inhibits the myogenic factors MyoD (MyoD1, myogenic
differentiation 1), MyoG (myogenin), Myf5 (myogenic factor 5), and Mrf4 (also Myf6, myogenic
factor 6) (Brennan et al., 1991; Liu et al., 2001; Martin et al., 1992; Vaidya et al., 1989). In detail, it
was shown that the inhibition is transmitted via SMAD3 which inhibits MyoD (Liu et al., 2001). More
recently, the inhibitory effect of TGFf1 on myo-differentiation was proposed to be transmitted by
downregulation of miRNAs miR-206 and miR-29 which would otherwise suppress HDAC4 (histone
deacetylase 4) (Winbanks et al., 2011). It is therefore possible, that effects of TGFB1 are

mechanistically regulated by changed abundance of miRNAs.

Thus, TGFp1 signaling plays an important role in skeletal muscle, exercise and diabetes. Its role in
non-response to exercise thereby becomes even more plausible. Effects of TGF31 might be regulated

by miRNAs.
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1.6 miRNAs in skeletal muscle and insulin signaling

Only 1-2 % of the human genome is protein coding. It was shown that the complexity of organisms
correlates with the proportion of non-protein-coding DNA sequence (Taft and Mattick, 2003). There
are non-coding DNA sequences that are not transcribed and there are sequences that are transcribed to
RNA but not translated into protein. Of these non-coding RNAs, we generally distinguish between
long non-coding RNAs and small non-coding RNAs (sncRNA). The first described function of a
sncRNA was in C. elegans where lin-4 post-transcriptionally regulates lin-14 by complementary
binding. They found an approximately 61 nt long precursor-miRNA and an approximately 22 nt long
mature miRNA (Lee et al., 1993; Wightman et al., 1993). With the discovery of small interfering
RNA (siRNA) and the possibility to synthetically silence genes using this discovery (Elbashir et al.,
2001), the future of miRNA research was paved. Soon, important regulatory functions of miRNAs

were described and miRNA pathways were slowly elucidated (Ambros, 2004; Bartel, 2004).

Most miRNAs are derived from longer primary or precursor miRNA transcripts (pri-miRNA) which
form imperfect hairpin structures (Bartel, 2004; He and Hannon, 2004; Lai, 2003). They are processed
by Drosha and its cofactor to stem-looped structured pre-miRNAs (Lee et al., 2003; Lee et al., 2002)
before being transported to the cytoplasm to be cleaved by Dicer to the miRNA duplex consisting of
miRNA guide strand and the passenger strand (Grishok et al., 2001; Hutvagner et al., 2001). The
miRNA duplex is loaded onto Argonaute proteins (Iwasaki et al., 2010) where one strand, the
passenger strand, is retained as the guide strand exits Argonaute to act as mature miRNA by forming
the RNA-induced silencing complex (Suzuki, 2018). Both strands have the potential to become guide
or passenger strand, however, for each miRNA there is a asymmetry which strand is found as mature
miRNA more frequently (Chiang et al., 2010; Suzuki et al., 2015). The more abundant strand is by
convention called guide strand or miRNA, while the less abundant strand is called passenger strand or
miRNA* (Suzuki, 2018). The respective strands are specified by their location in the pre-miRNA,
meaning the 5’ arm would be called miRNA-5p, and the 3’ arm miRNA-3p (Desvignes et al., 2015).

pri-miRNA 3
: i mature miRNA
5 3

5!
Drosha Argonaute
re-miRNA re-miRNA i miRNA Duplex
p 3 p 3 Dicer 5 p 3
5 5 3 5
nucleus
cytoplasm

Figure 2. Processing of miRNA.
Simplified visualization of miRNA processing after transcription.
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With the rising understanding about miRNAs, it became clear, that expression patterns of miRNAs
are tissue specific. Horak et al. reviewed the regulation and function of miRNAs in development of
skeletal muscle and identified miR-1, miR-133a, miR-133b, miR-206, miR-208b, miR-486 and miR-
499 as muscle-specific microRNAs (Horak et al., 2016). Increased expression of miR-1, miR-133
(Chen et al., 2006; Zhang et al., 2012) and miR-206 (Goljanek-Whysall et al., 2012; Kim et al., 2006)
induce satellite cell differentiation, and Winbanks et al. showed an effect of TGFf1 via miR-206 and
miR-29 on myogenic differentiation via regulation of HDAC4 (Winbanks et al., 2011). In a miRNA
inhibitor screen, Polesskaya et al. showed that myo-miRNAs are essential for differentiation of

skeletal muscle cells (Polesskaya et al., 2013).

The next question to ask was whether miRNAs are regulated by exercise and implicated in the
adaption of muscle function to training. In humans, an acute bout of exercise increased expression
levels of miR-1, miR-133a, miR-133b, miR-181a and miR-206 and decreased expression levels of
miR-9, miR-23a, miR-23b and miR-31 (Russell et al., 2013). An intensive 10-day exercise program
lead to continued increase (measured 2 days after end of exercise program) of miR-1, miR-29b and
miR-133b in comparison to pre-training levels (Russell et al., 2013). The decrease of miR-31 was also
sustained two days after the end of the 10-day training program (Russell et al., 2013). On the other
hand, Nielsen et al. found miR-1, miR-133a, miR-133b and miR-206 decreased in muscle tissue after
12 weeks of endurance training (Nielsen et al., 2010). To summarize, muscle specific miRNAs seem
to be upregulated after acute or intense exercise bouts in muscle tissue but downregulated in
endurance-trained individuals. Furthermore, other miRNAs, such as miR-31 are also regulated after

exercise.

In parallel, researchers started to investigate circulating miRNAs, e.g. miRNAs detectable in blood
samples. Several studies looked at levels of circulating miRNAs after intense exercise and some found
before-mentioned miRNAs upregulated (Sapp et al., 2017). However, the evidence is not consistent
(Russell and Lamon, 2015; Sapp et al., 2017) hinting towards a high heterogeneity or individual

response to exercise or exercise type.

Among others, one miRNA has gained a lot of attention in metabolism, obesity and diabetes: miR-143
(Fang et al., 2012; Jordan et al., 2011; Li et al., 2018; Muralimanoharan et al., 2016). Jordan et al.
demonstrated a mechanism how miR-143 inhibits insulin-stimulated AKT phosphorylation via
oxysterol binding protein like 8 (ORP8) in liver of mice (Jordan et al., 2011). Furthermore, miR-143

is needed for differentiation in adipose tissue (Esau et al., 2004).

Interestingly, miR-143 is also described to be upregulated by TGFf1 stimulation in non-small lung
cancer cells (Cheng et al., 2014), and smooth muscle cells (Climent et al., 2015; Long and Miano,
2011). On the other hand, TGFp was shown to influence the processing of miRNAs by promoting
Drosha mediated pri-miRNA processing over SMADs (Davis et al., 2008; Davis et al., 2010). Vice
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versa, it was shown that TGFp signaling is regulated by miRNAs (Suzuki, 2018), for example by
miR-21 downregulating TGFBR2 (Yu et al., 2012) or the miR-200 family which were shown to
downregulate TGFf31, TGFB2 and TGF[33 expression (Gregory et al., 2011).

Hence, miRNAs are potential regulators in skeletal muscle, in insulin signaling and TGFf1 signaling
and their mechanisms need to be understood to elucidate molecular mechanisms of the effects of

TGFp1 on metabolic regulators and insulin signaling in skeletal muscle.

1.7 Cell culture models for skeletal muscle

For mechanistic studies, cell culture models are commonly used and feasible models. For skeletal
muscle, often used cell lines are the murine myoblast cell line C2C12, or L6 myoblasts, a cell line
from rat myoblasts. However, we wanted to stay as closely to the human scenario as possible and
therefore used primary human skeletal muscle cells. Since the first description in 1981 (Blau and
Webster, 1981), the use of primary human skeletal muscle cells in culture became well established.
To achieve a clean culture with as little fibroblasts as possible, cells were sorted magnetically for
CD56-positive cells as described before (Bohm et al., 2016a) in our experiments. Furthermore, our
group showed that myo-differentiation without FBS (instead of 2% FBS or horse serum) leads to
higher levels of differentiation markers, reflecting a more homogenous culture, containing less

undifferentiated cells (Hoffmann et al., 2018).

Of course, the culture of primary cells leads to changes compared to the in vivo situation. However,
cultured myotubes show great morphological, metabolic and biochemical similarities to adult in vivo
skeletal muscle (Gaster et al., 2001; Henry et al., 1995; Thompson et al., 1996). Cultured myoblasts
obtained from diabetics or subjects with insulin resistance still show changed metabolism in vitro
(Henry et al., 1995; Thompson et al., 1996). The most impressive example of maintained phenotype
was shown by (MclIntyre et al., 2004). McIntyre et al. demonstrated differences in insulin signaling of
skeletal muscle cells from diabetics in comparison to controls after 5 passages in culture (McIntyre et
al., 2004). To name a more mechanistic example, it was shown that cells from diabetic patients still
showed altered phosphorylation of AKT after insulin stimulation in vitro compared to cells from

healthy controls (Cozzone et al., 2008).

In conclusion, primary human muscle cells after myo-differentiation are a good model to study

metabolism and mechanistic effects of skeletal muscle.
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1.8 Aims of this thesis

Exercise intervention together with nutritional changes might be the most sustainable way to prevent
type 2 diabetes. However, at a given dose, exercise intervention does not lead to improvements of
insulin sensitivity in all individuals. Therefore, molecular differences in the adaptations to exercise
intervention need to be understood to be able to draw conclusions for individualized exercise
programs. TGF[1 is an important regulator of skeletal muscle morphology and differentiation and its

dysregulation might be a key element of non-response to exercise intervention.

Thus, we aimed to elucidate the molecular mechanisms of TGFf31 on metabolic regulators and insulin
signaling with a focus on TGF Bl-regulated miRNAs. We used primary skeletal muscle cells to
identify TGFB1-regulated coding and small noncoding RNAs by RNA sequencing as an untargeted
approach. Next, we elucidated the regulation of the identified miRNAs during myo-differentiation.
We further evaluated the function of identified miRNAs in myo-differentiation, insulin signaling and
effect on the abundance of metabolic regulators, e.g. PGC1a. Lastly, we analyzed the methylation of
PGCla promoters after TGFB1 treatment as potential additional mechanism for the regulation of

PGCla expression by TGFf1.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals, reagents and additives

Table 2. Chemicals, reagents and additives.

Materials and Methods

Chemical or reagent Supplier Catalogue number
2-Propanol for molecular biology use Applichem A3928
Acrylamide solution (Rotiphorese Gel 30) Roth 3029.1
Albumin from bovine serum Sigma A3311-50G
Ammonium persulfate (APS) Sigma A-7460
Amphotericin B ,100 ml Lonza 17-836E
Chicken Embryo Extract Lyophilized, 10ml Seralab CE-650-DL
EDTA Sigma ED2SS
Ethanol absolute for molecular biology use Applichem A3678

Fetal Bovine Serum Life technology A2720801
Gelatin Merck 1.04070.0500
Geltrex LDEV-free Life technology A1413302
Glycerol Sigma G 7757-1GA
Glycine AppliChem A1067,5000
Human insulin Sigma 11376497001
Human TGF{1 R&D systems 100-B-001
IGEPAL CA-630 Sigma 13021-100ML
L-Carnitine hydrochloride Sigma C0283-1G
NacCl Merck 1.06404.5000
Oleic acid Sigma 01008-5G
Palmitic acid Sigma P0500-10G
Penicillin-Streptomycin mixture Lonza DE17-602E
Phosphatase inhibitor cocktail (PhosSTOP) Roche 04906837001
Ponceau S solution Sigma P7171-1L
Protease inhibitor cocktail (complete) Roche 05892791001
RNase A Macherey-Nagel 740505.50
SB431542 Sigma S4317-5MG
SDS Sigma L-5750
Sodium deoxycholate Sigma D6750-100G
TRIS Serva 37190

Triton X100 Sigma X100-100ML
Trypsin/EDTA 0.05% phenol red Life technologies 25300054
Tween 20 Sigma T2700-100ML
TEMED Roth 2367.3
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2.1.2 Buffers and media

Table 3. Buffers and media for cell culture.

Buffer or medium Supplier Catalogue humber
Albumin, bovine serum 10% solution Sigma A1595-50ML
DMEM 4.5 g/L glucose with L-glutamine Lonza 12-604F

Ham's F-12 Biochrom FG 0815

MEM Alpha Eagle Biozym 880110-12
PBS,pH 7.4 Life technology 10010056

TRIS EDTA buffer solution pH 8.0 Sigma 93283-100ML

Table 4. Buffers for Western Blot.

Reagent Amount Final concentration

TBS (10x)

TRISpH 7.4 250 ml from 1M 250 mM

NaCl 87.66 ¢ 1.5M

Ultrapure H20 Added to a final volume of 1 |

Diluted 10x using ultrapure H20 for 1x TBS.

TBST (1x)

TBS (10x) 100 ml 25 mM TRIS
0.15 M NaCl

Tween 20 1ml 0.1%

ultrapure H20 Added to a final volume of 1 |

NET-G (10x)

Gelatin 25¢g 2.5%

NacCl 87.66 g 15M

EDTA 18.61¢ 50 mM

TRIS 60.55 g 500 mM

Triton X100 5ml 0.5%

ultrapure H20 Added to a final volume of 1 |

Diluted 10x using ultrapure H20, pH adjusted to 7.4 using HCI, for 1x NET-G.

Running buffer (10x)

TRIS 304g 250 mM
Glycine 144 g 2M
SDS 109 35 mM
ultrapure H20 Added to a final volume of 1|

Diluted 10x using ultrapure H20 for 1x running buffer.
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RIPA

TRIS-HCI pH 7.4 12.5 ml 50 mM
NaCl 5M 7.5ml 150 mM
IGEPAL CA-630 2.5ml 1%
Sodium deoxycholate 10% solution 6.25 ml 0.25%

ultrapure H20

Before use add to every 10 ml;

Added to a final volume of 1 |

Phosphatase inhibitor cocktail 1 tablet

Protease inhibitor cocktail 1 tablet

Buffer for resolving gel

TRIS pH 8.8 15M

SDS 2%

Buffer for stacking gel

TRIS pH 6.8 0.5M

SDS 2%

2.1.3 Consumables

Table 5. Consumables.

Consumable Supplier Catalogue humber

6 well plates Corning CORN3506

8 microTUBE strip Covaris 520053

FrameStar 384 well 4titude 4ti-0381

Bolt 4-12% Bis-Tris Plus Gels Life technology various, e.g.
NW04127BOX

Bolt MES SDS Running Buffer 20x Life technology B000202

CD56 MicroBeads human Miltenyi Biotec 130-050-401

Cell scraper Sarstedt 83.1832

Cell strainer (MACS SmartStrainers 30 um) Miltenyi Biotec 130-110-915

Combitips advanced, biopur Eppendorf various

ExactaCruz Round Gel Loading Tips in Sterile Santa Cruz SC-201732

Rack, 1-200 ul

Filter tips (Biosphere) Sarstedt various

Gel blotting paper (Whatmann GB005) GE Healthcare 10426994

High Sensitivity DNA Kit Agilent 5067-4626

iblot 2 transfer stacks, nitrocellulose Life technologies IB23002

LS Columns Miltenyi Biotec 130-042-401

Nitrocellulose blotting membrane 0.45 pm GE Healthcare 10600003

(Amersham Protran Premium)

Novex Tris-Gycerine SDS Sample Buffer (2X) Life technologies LC276

Novex Tris-Gycerine SDS Running Buffer Life technologies LC22675
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Consumable Supplier Catalogue humber
gPCR seal sheets 4titude 4ti-0560
Reaction tubes 15 ml and 50 ml Sarstedt various
Reaction tubes SafeSeal 0.5 ml, 1.5 ml, 2 ml Sarstedt various
RNA 6000 Pico Kit Agilent 5067-1513
Scepter sensors 60 um Merck Millipore PHCC60050
Serological pipettes 5 ml, 10 ml, 25 ml, 50 ml Greiner various
Sterile syringe filter 0.20 um Corning 431229
Western blot roller ThermoFisher 84747
Scientific
2.1.4 Kits
Table 6. Kits.
Kit Supplier Catalogue humber
DC Protein Assay Kit I Bio-Rad 5000112

EZ DNA Methylation Kit

GeneCellin

HiSeq PE Rapid Cluster Kit v2
HiSeq Rapid SBS Kit v2 (200 cycles)
HiSeq Rapid SBS Kit v2 (50 cycles)
HiSeq Rapid SR Cluster Kit v2
HiSeq Rapid SBS Kit v2 (50 cycles)
MinElute PCR Purification Kit
miScript SYBR Green PCR Kit
miScript Il RT Kit

NEBNext Ultra DNA Library Prep Kit for lllumina

NEBNext Small RNA Library Prep Set for
lllumina

Nucleospin miRNA

Nucleospin Tissue

Ovation RNA-Seq System V2
Transcriptor cDNA Synthesis Kit
Viromer BLUE

QuantiFast SYBR Green PCR Kit

18

Zymo Research
Bio-Connect

lllumina

lllumina

lllumina

lllumina

lllumina

Qiagen

Qiagen

Qiagen

New England Biolabs
New England Biolabs

Macherey Nagel
Macherey Nagel
Nugen
Roche
Biozym

Qiagen

D5001
GC5000
PE-402-4002
FC-402-4021
FC-402-4022
GD-402-4002
FC-402-4022
5001328
218073
218161
E7370S
E7330S

740971250
740952.50
7102
4897030001
230005
204057



2.1.5 Antibodies

Table 7. Primary and secondary antibodies for Western Blot.

Materials and Methods

Antibody against Host Clonality Supplier Cat. number Dilution
Myosin (skeletal, fast) Mouse monoclonal  Sigma M4276-100UL 1:1000
Myosin (skeletal, slow) Mouse monoclonal  Sigma M8421-100UL 1:1000
ATP5A Mouse monoclonal  Abcam ab110273 1:1000
p-AKT (Thr308) Rabbit polyclonal Cell signaling 9275S 1:1000
AKT Mouse monoclonal BC biosciences 610861 1:1000
GAPDH Rabbit monoclonal  Cell signaling 2118S 1:10000
AMKPa2 Rabbit polyclonal Merck Millipore 07-363 1:1000
ORPS8 Mouse monoclonal Abcam ab60110 1:200
Secondary antibodies

IRDye 680 RD anti- Goat Li-Cor 926-68070 1:10000
mouse

IRDye 800 CW anti- Goat Li-Cor 925-32211 1:10000
rabbit

Controls

Chameleon Duo Li-Cor 928-60000

Prestained protein

Ladder

Table 8. Antibody for flow cytometry.

Antibody Host Supplier Catalogue humber
Alexa Fluor® 488 Mouse Anti-Human CD56  Mouse BD-Biosciences 557699
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2.1.6 Oligonucleotides

Table 9. Primers for quantitative real-time PCR.
All primer assays were purchased from Qiagen.

Gene Symbol Primer Catalogue number
ALDOA Hs_ALDOA_1_SG QT00082460
COX6A2 Hs_COX6A2_1_SG QT00215432
CPT1B Hs_CPT1B_1_SG QT00057036
IGFBP5 Hs_IGFBP5_1_SG QT00047530
LDLRAD4 Hs _LDLRAD4 1 SG QT01678915
MIR143 Hs _mir-143_PR_1 MP0O0000917
MYH1 Hs_MYH1_2_SG QT01671005
MYH2 Hs_MYH2_1 SG QT00082495
MYH7 Hs_MYH7_1_SG QT00000602
OSBPL8 (ORPS) Hs_OSBPL8 1_SG QT00067102
PPARGCI1A Hs_PPARGC1A_1_SG QT00095578
Ppargcla Mm_Ppargclb 1 SG QT00125272
PRKAA2 Hs_PRKAA2_SG QT00042077
RRAGD Hs_RRAGD_1_SG QT00078085
RPS13 Hs RPS13_3_SG QT02317532
TBP Hs_TBP_1_SG QT00000721
miRNA miRNA Primer Catalogue humber
hsa-miR-21-5p Hs_miR-21_2 MS00009079
hsa-miR-31-5p Hs_miR-31_1 MS00003290
hsa-miR-133b Hs_miR-133b_2 MS00031430
hsa-miR-139-5p Hs_miR-139 1 MS00003493
hsa-miR-143-3p Hs_miR-143 1 MS00003514
hsa-miR-145-5p Hs_miR-145 1 MS00003528
hsa-miR-146b-5p Hs_miR-146b_1 MS00003542
hsa-miR-181a-2-3p Hs miR-181a-2* 1 MS00008834
hsa-miR-206 Hs_miR-206_1 MS00003787
hsa-miR-208b-5p Hs_miR-208b_1 MS00009058
hsa-miR-499a-5p Hs_miR-499 1 MS00004375
hsa-miR-3615 Hs_miR-3615_2 MS00041811
RNUG6-1 Hs_RNUG6-2_11 MS00033740
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Table 10. miRNA Mimics.

Materials and Methods

miRNA Mimic Supplier

Catalogue number

Cy3 dye- labeled Pre-miR
negative Control

Life technologies

hsa-miR-31-5p miRCURY LNA Qiagen
miRNA Mimic

hsa-miR-122-5p miRCURY Qiagen
LNA mi RNA Mimic

hsa-miR-133b miIRCURY LNA  Qiagen
miRNA Mimic

hsa-miR-143-3p miRCURY Qiagen
LNA miRNA Mimic

hsa-miR-145-5p miRCURY Qiagen
LNA miRNA Mimic

hsa-miR-206 miRCURY LNA Qiagen
MiRNA Mimic

hsa-miR-208b-3p miRCURY Qiagen
LNA miRNA Mimic

hsa-miR-499a-5p miIRCURY Qiagen

LNA miRNA Mimic

2.1.7 Laboratory equipment
Table 11. Laboratory equipment.

AM17120

YMO00472582

YMO00470430

YMO00470608

YMO00470035

YMO00470014

YMO00472240

YMO00472072

YM00470181

Name

Manufacturer | Supplier

E220 Focused-ultrasonicator
Bioanalyzer Instrument 2100
EVOS FL Auto 2

Gradient mixer 2x20ml|
Heraeus Fresco 17 centrifuge
Heraeus Pico 21 centrifuge
iBlot2

LightCycler 480 Instrument Il
Mastercycler gradient

Micropipettes (various, from series research pro
and Xplorer plus)

Nanodrop ND-1000

Odysseyinfrared imaging system 2219
PerfectBlue double gel system twin ExXW S
Scepter Cell Counter

Thermomixer compact

Ultra Clear UF

Varioskan Lux

Covaris

Agilent Technologies
ThermoFisher Scientific
LabArt UG & Co. KG
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
Roche

Eppendorf

Eppendorf

NanoDrop Technologies
Li-Cor

Peqlab/VWR

Merck Millipore
Eppendorf

Siemens

ThermoFisher Scientific
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2.1.8 Software
Table 12. Software.

Name Supplier Version
Excel Microsoft 2016
GraphPad Prism GraphPad Software 8.3.1
Image Studio Lite Li-Cor 5.25
LightCycler 480 Software Roche 1.5.0
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2.2 Methods

2.2.1 Ethical approval and informed consent.
The Ethical Committee of the Tiibingen University Medical Department approved of the study and all

donors gave informed written consent.

2.2.2 Human subjects and isolation of primary cells

Cells were isolated by the team at the university hospital in Tiibingen as described in (Hoffmann et
al., 2018). Briefly, percutaneous needle biopsies were performed on vastus lateralis muscle of
humans. Collagenase digestion was performed to release cells from tissue. Cells were seeded in six to
eight GelTrex coated 15 cm plates, grown to 50% confluency and detached by incubation with
trypsin/EDTA at 37°C. Detached cells were passed through a 30 pm cell strainer to remove clumps,
washed, and enriched for CD56-positive myoblasts using MACS (magnetic-activated cell sorting)
microbeads and LS-columns. The flow-through contained fibroblasts while the eluate contained the
myoblast fraction. The manufacturer’s protocol was followed except for an increase of bead
incubation time to 30 minutes. Cells were kept in liquid nitrogen. Percentage of CD56 positive cells

was checked by flow cytometry. Only cells with more than 90% CD56 positive cells were used.

2.2.3 Cell culture

2.2.3.1 Culture of primary human myoblasts

Cells were cultured as described in (Hoffmann et al., 2018). Cells were proliferated in cloning
medium (39% o-MEM, 39% Ham’s F-12, 20% FBS, 1% chicken extract, 100 U/ml penicillin, 100
pg/ml streptomycin and 0.5 pg/ml amphotericin B) on GelTrex coated (1:300) 6-well plates. Upon
confluence, differentiation was induced by serum withdrawal in fusion medium (a-MEM, 100 U/ml
penicillin, 100 pg/ml streptomycin, 0.5 pg/ml amphotericin B) containing BSA-coupled fatty acids
(final concentrations: 50 pM palmitate, 50 pM oleate, 1.67 mg/ml BSA, 0.05% ethanol, and 100 pM
carnitine) or with 2% FBS without additional fatty acids and carnitine. TGFB1 stimulation was
performed by diluting TGFB1 (2 pg/ml stock in 2 mg/ml BSA in 4 mM HCI solution) to 1 ng/ml in
the required amount of medium, aspirating old medium from cell culture plates and pipetting 2 ml of
TGFp1 containing medium to each well of a 6-well plate. The same applies for the TGFB1 inhibitor
SB431542 (solved to 10 mM in DMSO (dimethyl sulfoxide)), which was diluted in medium to 10
PM. As vehicle control, the respective amount of 2 mg/ml BSA in 4 mM HCI or DMSO was diluted
in medium. For example, in an experiment with four different treatments, vehicle, TGF[1 alone,
TGFf1 and inhibitor SB431542, and inhibitor SB431542 alone, all four treatments would end up
containing 1 pg/ml BSA, 2 nM HCI and 0.1% DMSO. This means that to the vehicle control, we
added 1:2000 2 mg/ml BSA in 4 mM HCI solution and 1:1000 DMSO. To the TGFf1 solution, only
1:1000 DMSO was added, to the inhibitor solution only 1:2000 2 mg/ml BSA in 4 mM HCI solution
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was added and to the solution containing TGF31 and the inhibitor no additional vehicle was added. In

experiments without inhibitor, no DMSO was used in any stimulating solution.

2.2.3.2 Coupling of fatty acids to BSA

Palmitate and oleate were solved in ethanol at 200 mM. 300 pl of the solution were added to 9.7 ml
10% BSA in DPBS (Dulbecco's phosphate-buffered saline) and incubated over night at 37 °C in a
shaking incubator, yielding a solution containing 6 mM fatty acid and 3% ethanol. Carnitine was
dissolved at 500 nM in water and filtrated with 20 pm filters for sterilization. Solutions were

aliquoted and stored at —20 °C until use. For each fatty acid, a separate stock solution was generated.

2.2.3.3 Transfections of miRNA mimics

Cells were transfected for 24 h using viromer blue according to the manufacturer’s instructions. We
used the 0.2x transfection scale to achieve a final concentration of 5 nM for the experiments with a
mix of miRNA mimics and the 0.4x transfection scale for a final concentration of 10 nM for the
transfection of single miRNAs. For experiments requiring a mix of miRNA mimics, a mix of miR-
133b, miR-206, miR-208b and miR-499a mimics, each at a concentration of 1.25 nM, leading to a
total concentration of 5 nM, was used. Negative control mimic in this experiment was also transfected

at 5 nM.

2.2.3.4 Culture of C2C12 cell line

The group of Cora Weigert (University Hospital Tiibingen) kindly provided an aliquot of C2C12 cell
line (DSMZ, ACC565) in passage 3. Cells were proliferated in DMEM (4.5 g/L. glucose with L-
glutamine) supplemented with 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM glutamine and
10% FBS. For passaging, myoblasts were washed once with warm PBS and detached by incubation in
trypsin/EDTA at 37 °C for a maximum of 10 minutes. Trypsin activity was stopped by adding twice
the volume of proliferation medium. The cell suspension was centrifuged at 160 g for 4 minutes, the
supernatant was discarded, and the cell pellet was resuspended in fresh proliferation medium. Cells
were counted using the Scepter cell counter and diluted to 50,000 to 500,000 cells/ml. Only cells of
passage 8 or lower were used. For differentiation, serum was reduced to 2% FBS. Cells were

differentiated to myotubes for 5 days.

2.2.4 Protein isolation and quantification

For protein isolation, cells were washed once with cold PBS, RIPA was added directly to the cell
culture dish, and cells were detached using a cell scraper. The RIPA-cell mixture was transferred to
reaction tubes and kept at -80°C at least overnight. For protein extraction, the cell-RIPA mixture was
thawed on ice and shaken at 4°C for 15 minutes. Afterwards, this lysate was centrifuged (15 min, 4°C,
13000 g) to pellet debris. The supernatant, containing the extracted proteins, was transferred to a new

reaction tube.
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Protein content was quantified using the DC Protein Assay Kit II using the microplate assay protocol
according to the manual’s instructions. For the BSA standard, a 1:2 dilution series from 2 mg/ml to

0.06 mg/ml was prepared. Absorbance at 750 nm was read in the Varioskan plate reader.

2.2.5 Western blotting

Two different systems were used for western blotting; either with self-cast sodium dodecyl sulfate
polyacrylamide (7.5%-15%) gradient gel electrophoresis followed by semi-dry electroblotting on a
nitrocellulose membrane, or with the precast bolt plus polyacrylamide gels and using the iBlot 2 dry

blotting system.

2.2.5.1 Gel electrophoresis

For the self-cast gels, the gradient was casted using a gradient mixer and the following recipe per gel:

15% gel 7% gel stacking gel

Ultrapure H20 [ml] 1.42 4.92 3.21
Resolving gel buffer [ml] 2.5 25 0
Stacking gel buffer [ml] 0 0 1.25
Glycerol [ml] 1 0 0
Acrylamid solution [ml] 5 2.5 0.5
TEMED [ul] 17 17 8
APS [ul] 67 67 33

The reagents for the respective parts of the gel were combined in one reaction tube each, not adding
APS until directly before casting the gel. The gradient was achieved by using the gradient mixer.
After casting the separation gel, gels were covered with isopropanol during polymerization (30
minutes). Subsequent to successful polymerization, the isopropanol layer was disposed thoroughly,
APS was added to the stacking gel tube, the stacking gel was casted, and the comb carefully pushed

into the stacking gel. The stacking gel was left for polymerization for 1 h.

2.2.5.2 Semi-dry electroblotting

Two gel blotting papers and one piece of nitrocellulose membrane were cut into the same size as the
gel (usually 6 cm x 18 cm for a full gel) and soaked in transfer buffer. The gel from electrophoresis
was prepared by cutting off and discarding the stacking gel and soaking the separating gel in transfer
buffer. The first gel blotting paper was put onto the bottom electrode of the blotting apparatus,
followed by the nitrocellulose membrane, the gel and a second blotting paper. With a roller,
remaining air bubbles were rolled out of the stack. The transfer took place for 3 h at 0.8 mA per cm?.
After transfer, gel and papers were discarded. The membrane was blocked and incubated with

antibodies as described below.
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2.2.5.3 Precast gels and iBlot dry blotting system

The bolt plus gels and iBlot 2 dry blotting system were used according to the manufacturer’s
instructions. Only gradient gels (4%-12%) were used. Samples were adjusted to the required
concentration either by diluting with the respective amount of RIPA buffer and LSD sample buffer
and reducing buffer to a total volume of 15 pl or by acetone precipitation. For acetone precipitation,
the required volume of sample was mixed with the same volume of cold acetone and incubated
at -20°C for at least 20 minutes. Subsequently, the mixture was centrifuged at 7500 g for 10 minutes
at 4°C and the supernatant discarded. The pellet was reconstituted in 15 pl 1x LSD sample buffer
containing reducing buffer. The samples were loaded, run, and blotted according to the

manufacturer’s protocols.

2.2.5.4 Blocking, incubation with antibodies

To control for even loading, membranes were stained with ponceau solution. Membranes were
washed and blocked in NET-G buffer (150 mM NaCl, 50 mM Tris/HCI, pH 7.4, 5 mM EDTA, 0.05%
Triton X-100, and 0.25% gelatin) for 3 x 10 minutes. The primary antibodies were incubated in NET-
G over night at 4°C. After washing thrice, secondary antibodies in NET-G were incubated for 1 h at
room temperature. Detection was performed after washing 3 times, first with Net-G, second wash

with TBST, and third wash with TBS, on an Odyssey scanner.

2.2.6 RNA isolation

Total RNA was isolated using the NucleoSpin miRNA kit. After washing cells once with warm PBS,
the lysis buffer “Buffer ML” was applied directly into the wells, incubated for 5 minutes, and then
scratched from the plates, transferred to reaction tubes, and stored at -80°C. After thawing, the column
kit was used according to the manufacturer’s instructions for the total RNA protocol, adding an extra
washing step with 80% ethanol in a new collection tube before eluting with 50 pl of RNase free

water. RNA was quantified using a Nanodrop spectrophotometer and stored at -80°C.

For reverse transcription in experiments not looking at miRINAs, the Transcriptor cDNA Synthesis Kit
was used with anchored-oligo(dT):s and random hexamer primer as described in the kit’s protocol
using 500 — 1000 ng input. Obtained cDNA was diluted 1:5 by adding 80 ] RNase free water to 20 pl
reaction volume. For all experiments concerning miRNAs, the miScript II RT kit was used according
to the manufacturer’s instructions using 500 ng RNA input and choosing HiFlex buffer if not stated
otherwise. For qPCR (quantitative real-time PCR), miScript cDNA was diluted by adding 100 pl
RNase free water to 20 pl reaction volume. Incubation steps of both kits were conducted in an

Eppendorf Mastercycler gradient.

2.2.7 Quantitative real-time PCR
Quantitative real-time PCR (qPCR) was performed in a Roche LightCycler 480 using 384 well plates.
Standards for targets for all experiments were generated by purifying PCR product with the MinElute
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PCR npurification kit for each primer, measuring the concentration using a Nanodrop
spectrophotometer, and diluting it to a 5 ng/pl stock which was stored in aliquots at -20°C. From this
stock, a 1:10 dilution series ranging from 5 pg/pl to 0.5 ag/ul of the specific amplificate was prepared
for each plate run with the respective primer. For each reaction, 2.5 pl diluted cDNA or standard was
used in a 10 pl gPCR reaction volume and put into the wells first. The remaining 7.5 pl constituted of
mastermix, primers and PCR grade water. The components were mixed in a tube for all wells and
dispensed into the wells. Depending on the transcript of interest, different mastermixes were used:

Quantifast for mRNAs and Quantitect Mastermix for miRNAs.

2.2.7.1 gPCR for mRNA and precursor miRNA

To detect mRNA transcripts, 5 pl Quantifast Mastermix and 1 pl of Quantitect primer assay were
used per reaction. In the LightCycler, the first step was the initial activation of the polymerase at 95°C
for 5 minutes. Next, 40 cycles of denaturation at 95°C for 10 s and the combined annealing and
extension step at 60°C for 30 s with collection of fluorescence data were performed. At the end, the
melting curve was recorded from 62 °C to 98 °C with a ramp rate of 0.11 °C/s and continuous

acquisition of fluorescence.

It is also possible to detect mRNA transcript using Quantitect Mastermix, however, the run protocol in
the LightCycler takes about twice the amount of time. In some cases, it was still useful to use
Quantitect Mastermix for mRNA primers in order to detect mRNAs and miRNAs on the same plate
and thereby save time. In this case, the run protocol for Quantitect as described below was used in the

LightCycler.

2.2.7.2 gPCR for miRNA

For miRNA detection, 5 pl Quantitect Mastermix, 1 pl miScript primer and 1 pl universal reverse
primer were used for each 10 pl reaction. The LightCycler run protocol for Quantitect Mastermix
starts with an initial activation step of 15 minutes at 95°C to activate the DNA polymerase.
Subsequently, samples underwent 45 cycles of denaturation at 94°C for 15 s, annealing at 55°C for
30 s, and extension at 70°C for 30 s with collection of fluorescence data. Finally, the melting curve
was detected by increasing the temperature with a ramp rate of 0.11 °C/s up to 95 °C and continuous

fluorescence acquisition.

2.2.8 Preparation of libraries and sequencing

Peter Huypens from the group for gene regulation and epigenetics at our institute (Institute of
Experimental Genetics) prepared libraries and flow cells for us. For sncRNAs, he used the NEBNext
Small RNA Library Prep Set for Illumina. For long RNAs, he used the Ovation RNA-Seq System V2
for cDNA synthesis, amplification and purification. Next, cDNA was fragmented to a size of 200 bp

using the Covaris system. Finally, libraries were generated using the NEBNext Ultra DNA Library
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Prep Kit for Illumina. Libraries were tested during processing with a Nanodrop spectrophotometer

and bioanalyzer. The same controls of quality and quantity were used for final product.

Christine Wurmser from the Technical University Munich performed the sequencing on a HiSeq2500
(Ilumina). She used the kits HiSeq PE Rapid Cluster Kit v2, HiSeq Rapid SBS Kit v2 (200) and
HiSeq Rapid SBS Kit v2 (50 cycles), all from Illumina for the 2 x 125 bp paired-end sequencing
analysis of long RNAs. For small RNAs, she used the HiSeq Rapid SR Cluster Kit v2 and HiSeq
Rapid SBS Kit v2 (50 cycles) for single-read 1x 50 bp sequencing. Fastq files were generated with
CASAVA BCL2FASTQ Conversion Software.

2.2.9 Analysis of sequencing data

All sequencing data were analyzed using R by two bioinformaticians, Tim Jeske and Max Hastreiter
from Helmholtz Zentrum Miinchen. Small RNA sequencing data was analyzed as published (Jeske et
al., 2019). Briefly, two pipelines were used; as shown in Figure 3, in the classical pipeline, sequences
were annotated to the genome before comparing testing conditions. In the DEUS (differential
expression of unique sequences) analysis, raw sequences of testing conditions were compared prior to
annotation to the genome. Thus, also sequences that cannot be annotated but are differentially
expressed can be discovered. The annotation to the known sncRNAs is still performed afterwards, for

easier analysis.

classical pipeline USB analysis

sequencing results

LUALNAHANARLNA

: kU AL
annotation analysis

.

MIR-X s s FC mnsnunsoung
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_ in Treatment A vs control
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FC miR-X, FC miR-Y l _ _
_ annotation (if possible)
in Treatment A vs control

Figure 3. Two approaches to analyze small RNA sequencing results.

Left side: classical pipeline. Individual sequences were annotated to the genome prior to comparison
of treatment groups. Right side: DEUS (differential expression of unique sequences) analysis. First
individual sequences were compared between treatment groups. Next, sequences were annotated to
the genome where possible.
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2.2.10 Isolation of DNA

DNA was extracted from cell culture using the Nucleospin Tissue kit. Briefly, cells on 10 cm-dishes
were washed with warm PBS once, followed by adding the kit components 200 pl T1 and 200 pl B3
as well as 25 pl proteinase K directly onto the cell culture dish. With a cell scraper, cells were
detached and gathered and then transferred after careful mixing by pipetting to a reaction tube. Until
further processing, the reactions tubes were stored at -20°C. After thawing, 20 pl RNase A (10
mg/ml) was added and the mixtures was incubated for 5 minutes at room temperature. From here on,
the manufacturer’s protocol was followed, beginning with the step to adjust DNA binding conditions

(adding ethanol). Samples were quantified using the Nanodrop spectrophotometer.

2.2.11 Promoter methylation analysis
In a cooperation with Jennifer Kriebel from the Institute of Epigenetics, promoter methylation of
known PPARGCIA promoters was analyzed. Primers were designed using EpiDesigner and Primer3

web application.

For bisulfite conversion, she used the EZ DNA Methylation Kit. The obtained bisulfite converted
DNA was amplified using PCR, followed by in vitro RNA transcription and T-specific cleavage by
RNase A. The obtained products were dispensed to a SpectroCHIP using the Mass ARRAY
Nanodispenser. For detection with MADLI-TOF MS, chips were ran on a MassARRAY workstation
compact with MassCLEAVE settings. Methylation degree was analyzed with EpiTYPER software

and exported for further processing.

In Excel, we excluded methylation sides for which one or more positive controls a methylation degree
of 0.7 or less was detected. After this additional quality control step, we calculated the mean of all

CpG sites for each sample and each promoter.

2.2.12 Data processing and statistics

Immunoblots were analyzed with Image Studio Lite. Results of qPCR experiments were analyzed
with the LightCycler480 software using the function for absolute quantification with in-run standard
curve. From both programs, data were exported for further processing. For all data, normalization and
sorting was performed in Excel and GraphPad Prism was used for further processing such as statistics

and creating graphs.

2.2.12.1 Statistical multiple comparison tests in two-way ANOVAs

In our data, we often compared two sets (e.g. myoblasts and differentiated myotubes or TGF[1-
treated and vehicle-treated) that both underwent one or several treatments (in this paragraph called
groups). An example is shown in Figure 4A. In two-way ANOVA (analysis of variance), we used
Sidak’s multiple comparison test when comparing sets within treatment groups, e.g. comparing

vehicle-treated myoblasts and vehicle-treated myotubes (Figure 4B). However, for the comparison of
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different treatment groups, Tukey’s multiple comparison test was used (e.g. comparing negative
control, treatments 1 and treatment 2. Figure 4C). In case of more than two sets or groups, and only
the comparison to the one option is relevant, Dunnett’s multiple comparison test was used. For
example, Dunnett’s multiple comparison test was used when various treatments were only compared

to negative control and not to each other.

A C Tukey

Neg ctrl Treatment1l | Treatment 2 Neg ctrl Treatment1 | Treatment 2
Myoblasts Myoblasts
d d r Meah Meah l -r Meaan ]
Myotubes Myotubes L J. 1 J. 1 J
. Neg ctrl Treatment1 | Treatment 2
B Sidak

Myoblasts | [ Mdan % Mean j<% Mdan |

Neg ctrl Treatment1 | Treatment 2 Myotubes “~» >

1 1 1

Myoblasts | Mean |
) ¥ ¥
Myotubes Mdan Neg ctrl Treatment 1

Myoblasts @ an —FE@

Figure 4. Options for multiple comparison in two-way ANOVA.

(A) Example of data formation in table. Sets in rows, groups in columns. (B-C) Schematic display of
two-way ANOVA multiple comparison options. (B) Sidak’s multiple comparison is used to compare
sets within treatment groups, e.g. comparing myoblasts and myotubes both treated with negative
control. (C) Tukey’s multiple comparison test is used to compare different treatment groups to each
other. It is applied for comparing the mean of all sets within one treatment group but also for
comparing the individual means of sets within each treatment group to other treatment groups.
Whenever all comparisons are only done in relation to a specific mean (e.g. negative control or
myotubes), Dunnett’s multiple comparisons test is performed.

30



Results

3 Results
3.1 TGFp1 persistently downregulates PPARGC1A transcript

Based on the reducing effects of TGFB1 on insulin signaling and mitochondrial regulators and
enzymes in differentiated human myotubes (Bohm et al., 2016a), we aimed to elucidate the
mechanism behind these effects. Firstly, we studied the time course of this effect. We stimulated
primary human skeletal muscle cells preconfluently with vehicle control, 1 ng/ml TGFf1 or 10 pM
Inhibitor (SB431542). Subsequently, we differentiated the cells for 5 days without TGFB1. Strikingly,
we still found PGCla (gene name PPARGCI1A) transcript expression downregulated in differentiated
myotubes (Figure 5) 5 days after ending TGFB1 stimulation. This effect was abrogated in the presence
of TGFf1 inhibitor.
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Figure 5. TGFB1 treatment leads to persistent downregulation of PPARGC1A transcript.
Undifferentiated human myoblasts were treated with 1 ng/ml TGFB1, inhibitor (10 uM SB431542), or
vehicle control for 48 h. Subsequently, myoblasts were differentiated in the presence of 2% FBS for 5
days to myotubes. Shown values were normalized to TBP as reference gene and to individual donors
and are displayed as symbols for individual values with means + SD (myoblasts n = 6, myotubes n =
11). Grey circles symbolize vehicle-treated samples; red squares TGF(1-treated; grey triangles
TGFB1 and inhibitor-treated. Two-way ANOVA with Tukey’s multiple comparisons test comparing all
means was used. * p-value of the comparison to vehicle samples within the group of myoblasts or
myotubes. T p-value of the comparison to TGF(1 treated samples within the group of myoblasts or
myotubes. # p-value of the comparison of vehicle samples in myoblasts and myotubes. One symbol p
< 0.05; two symbols p < 0.01; four symbols p < 0.0001.
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3.2 Effects of TGFB1 on transcriptional level

To explore this prolonged effect of TGFB1 on gene expression in an unbiased manner, we
investigated long RNA expression after 5 days of myo-differentiation by RNA sequencing. In
addition, we quantified the small RNAs by sequencing to analyze the TGFB1-induced changes of
these potential regulators of transcription and translation. We preconfluently stimulated primary
skeletal muscle cells with 1 ng/ml TGFB1, or 10 pM SB431542, a TGF[1 inhibitor, or vehicle control
for 48 h, and subsequently differentiated them in 2% FBS for 5 days (Figure 6). The isolated total
RNA underwent long and small RNA sequencing.

ll ng/mlI TGFB1 lwashing

proliferation stimulation differentiation

48 h 5d

Figure 6. Timeline of TGFB1 stimulation in myoblasts for RNA sequencing.

Primary human myoblasts were proliferated and preconfluently stimulated with 1 ng/ml TGF(B1 or
vehicle control for 48 h before differentiation to myotubes for 5 days. Subsequently, total RNA was
harvested.

In long RNA sequencing, we found 1116 transcripts differentially regulated (p < 0.05, FC > |1.3]) in
TGFp1-treated samples compared to vehicle-treated control samples. 682 of those transcripts showed
an opposite regulation in samples treated with TGFf1 and the inhibitor. In this condition, 1102

transcripts were differentially regulated compared to vehicle-treated samples (Figure 7A).

Small RNA sequencing data underwent two different analysis approaches as described in methods and
shown in Figure 3. In the classical approach, the comparison of vehicle- and TGFp1-treated cells led
to 57 differentially regulated sncRNAs (p < 0.05, FC > |1.3|). Of these, 49 sncRNAs showed an
opposite regulation in TGFB1 and inhibitor treated cells, with a total number of 93 sncRNAs regulated
in this group in comparison to control cells (Figure 7B). In contrast, the DEUS analysis readouts are
unique sequences, which however share identical regions with other unique sequences. Consequently,
several sequences can cover one annotated sncRNA. Thus, the DEUS analysis leads to higher
numbers of differentially expressed hits. The comparison of vehicle- and TGF31-treated samples in
the DEUS analysis gave 1168 differentially regulated unique sequences (p < 0.05, FC > [1.3|), the
overlap with opposite regulated unique sequences in the TGFf31- and inhibitor-treated condition was
991 unique sequences and the total number of differentially regulated unique sequences in this
condition compared to control was 2423 (Figure 7C). About 60 % of unique sequences from DEUS

analysis could be annotated.
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Figure 7. Overview of differentially regulated transcripts after TGFp1 treatment.

Undifferentiated human myoblasts (n = 5) were treated with 1 ng/ml TGFB1, inhibitor (10 uM
SB431542), or vehicle control for 48 h. Subsequently, myoblasts were differentiated in the presence
of 2% FBS for 5 days to myotubes. Shown are numbers of differentially regulated transcripts with padij
< 0.05 and FC > |1.3]. (A) Differentially regulated long RNAs. (B-C) Differentially regulated sncRNAs
after analysis using (B) the classical pipeline and (C) DEUS analysis as described in methods.

3.2.1 TGFp1 represses mitochondrial proteins and regulators and mitochondrially
encoded transcripts
For the analysis of long RNA sequencing, we had a closer look on the differentially regulated
transcripts (p < 0.05 and FC > |1.3|), and generated an overlap list of the two comparisons TGFf31 vs.
vehicle (1116 differentially regulated transcripts) and TGFB1 vs. TGFB1 and inhibitor (1102
differentially regulated transcripts). This overlap list of 682 transcripts contained only oppositely
regulated transcripts. By careful manual investigation of this list and results from Ingenuity pathway
analysis, we encountered that the results of long RNA sequencing were in line with previous findings.
TGFp1 led to upregulation of extracellular matrix proteins, as well as downregulation of PGCla,
differentiation markers, and mitochondrial proteins and regulators (Figure 8). In specific, almost all

mitochondrial encoded genes were downregulated (Figure 9).
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Figure 8. Groups of transcripts differentially regulated by TGFB1 stimulation.

Myoblasts (n = 5) underwent 48 h of 1 ng/ml TGF(1, 10 nM SB431542 (TGFp1 inhibitor), or vehicle
stimulation prior to 5 days of differentiation in the presence of 2% FBS. Tables were created by
generating an overlap of the comparison of TGFB1-treated vs. vehicle-treated samples with the
comparison of TGFB1-treated vs. TGFB1 and inhibitor (SB431542) treated samples (padgj < 0.05 and
FC >|1.3|). From this overlap, long RNA transcripts that were enriched in specific pathways (based on
manual annotation and Ingenuity pathway analysis) are shown. The first column shows the gene
name, the second column the fold change of the comparison of vehicle vs. TGFp1-treated samples,
and the third column the fold change of the comparison of TGFB1 vs. TGFB1 and inhibitor
(SB431542) treated samples. The opposite regulation in the second and third column shows the
reversibility of TGFB1's effect by addition of the inhibitor.
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Figure 9. TGFB1 treatment reduces mitochondrially encoded transcripts.

Scheme of mitochondrial DNA. Myoblasts (n = 5) were stimulated preconfluently for 48 h with 1 ng/ml
TGFB1 or vehicle control prior to 5 days of differentiation in the presence of 2% FBS. RNA of
myotubes underwent RNA sequencing and bioinformatical analysis. Boxes next to genes show the
linear fold change of TGFB1-treated in comparison to vehicle control samples, p < 0.05.

When analyzing our dataset (1116 differentially regulated transcripts in the comparison of TGFf31 and
vehicle treated samples as shown in Figure 7A, FC > |1.3], p < 0.05) with the Ingenuity pathway
analysis software, TGFB1 was the top hit for potential upstream regulators, which confirms that our
experiment worked (Figure 10A). Among the other activated upstream regulators received in the IPA
analysis, as shown in Figure 10A, are known pathway members of TGFB1, namely SMAD4 and
SMAD?2, as well as PI3K (Phosphoinositide 3-kinase) which is a well-known downstream target of
TGFB1 (Derynck and Zhang, 2003). Within the downregulated upstream regulators, we found
components of extracellular matrix, FBN1 (fibrillin 1), COL18A1 (collagen type XVIII alpha 1
chain), and COL6A1 (collagen type VI alpha 1 chain). Reflecting the suppression of
myo-differentiation by TGFf1, several muscle specific transcription factors (MYOD1, MEF2C
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(myocyte enhancer factor 2C), MYOG, PAX3 (paired box 3)) were also predicted as downregulated

upstream regulators.

Amongst the most downregulated transcripts after TGFB1 stimulation (Figure 10B), one was
particularly interesting to us: RRAGD. Ras-related GTP-binding protein D (RRAGD) is an essential
part of the activation of mTORC1 by amino acids (Sancak et al., 2008) and therefore highly relevant
in the context of metabolic adaption to exercise. In the comparison of TGFB1 and vehicle control,
RRAGD had a fold change of -3.0 (pag; < 0.0001). PGC1la was found on position 27 of the list of most
downregulated transcripts with a fold change of -2.0 (p.gj < 0.0001) in the comparison vehicle and
TGFf1-treated. The most upregulated transcript was LDLRAD4 (Low-Density Lipoprotein Receptor
Class A Domain-Containing Protein 4, formerly C180RF1). Interestingly, LDLRAD4 was described
to inhibit TGFf signaling by competition for SMADZ2/3 binding (Nakano et al., 2014).
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Figure 10. Upstream regulators from Ingenuity pathway analysis and top regulated transcripts.
Primary human myoblasts (h = 5) were preconfluently stimulated for 48 h with 1 ng/ml TGFB1 or
vehicle control followed by 5 days of differentiation in the presence of 2% FBS. RNA samples
underwent sequencing. (A) Long RNA transcripts with a FC > |1.3| (p < 0.05) were used for Ingenuity
pathway analysis (input 1116 differentially regulated transcripts). From the IPA upstream regulator
analysis, we removed chemicals and only kept biological molecules. Inhibited (blue, z-score < -2) and
activated (red, z-score > 2.8) upstream regulators from Ingenuity pathway analysis software are
shown. Related regulators are marked with the same color. (B) The 10 top up- and downregulated
long RNA transcripts after TGF[1 treatment, sorted by fold change.
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3.2.2 TGFf1 treatment in myoblasts leads to regulation of sncRNAs in myotubes

For the analysis of sncRNA sequencing, two different bioinformatical analyses were used as
described in methods (Figure 3). The results of the classical pipeline which first annotates the detected
sequences followed by comparing different treatments, are shown as a heatmap in Figure 11A. For the
annotation in this pipeline, gene names were used. The heatmap shows all transcripts with a
significant regulation by TGFB1 vs. vehicle-treated samples (p < 0.05; no fold change cut off, all FC <
[1.14]). Many miRNAs were downregulated by TGFB1. Only a few miRNAs were upregulated by
TGFp1 treatment, the most upregulated being miR-1294 with a two-fold expression in TGFf1 treated
samples compared to vehicle control (FC = 2.09). In the samples treated with TGFB1 and the TGFf1
inhibitor SB431542, the effects induced by TGFB1 were reversed to transcript levels of control

samples.

To identify the most robust candidate miRNAs, we decided to focus on miRNAs for which the
differential expression after TGFB1 treatment was reversible with TGFf1 inhibitor treatment.
Therefore, we created an overlap of the differentially expressed small RNAs (p < 0.05, FC < |1.3|) in
the comparison of vehicle control and TGFf1 and the comparison of TGFf1 and TGFf1 and inhibitor
for both, classical pipeline and DEUS analysis. To compare the results of DEUS analysis and the
classical pipeline, we could only use miRNAs that were annotated in the DEUS analysis. As several
sequences can be annotated to the same miRNA by the DEUS analysis, we calculated the average
linear FC for each annotated miRNA in the overlap to only have a single FC for each differentially
regulated miRNA (Figure 11B). For the annotation in the DEUS analysis, the nomenclature for

mature miRNAs was used (Figure 11B).

Thus, Figure 11B shows the most robust results from sncRNA sequencing: all these miRNAs were
detected by using both pipelines, and were found to be regulated by TGFf1 treatment, and this effect
was reversed when using the TGF1 inhibitor. The four miRNAs that are most upregulated by TGF31
treatment were miR-143, miR-181a2, miR-708, and miR-31. The most downregulated miRNAs by
TGFf1 treatment in both analyses were miR-499a, miR-208b, miR146b, and miR-139. As already
seen in the heatmap (Figure 11A) for the classical analysis, the DEUS analysis also found more

miRNAs downregulated than upregulated by TGF[1 treatment.

For further experiments, we needed to decide which strand of mature miRNA we want to detect. We
therefore checked the results of the DEUS analysis, giving us more detailed information about the
regulated miRNAs. For all beforementioned miRNAs, the guide strand, meaning the more abundant
strand, of miRNA was the one significantly regulated in our results, except for miR-181a2, here we

technically investigated hsa-miR-181a2-3p, while hsa-miR-181a2-5p is the more abundant form.
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Figure 11. Small RNAs differentially regulated 5 days after TGFf31 treatment.

Primary human myoblasts (n = 5) were stimulated preconfluently for 48 h with 1 ng/ml TGF@1, 10uM
SB431542 (TGFB1 inhibitor) or vehicle prior to differentiation with 2% FBS for 5 days. Harvested RNA
underwent sequencing. Results of the bioinformatical analysis are shown here. Panel (A) shows a
heatmap of results from the classical pipeline. The classical pipeline annotates sequences from
analysis to the genome, followed by the comparison of different treatments. In this pipeline, the gene
names of sncRNAs were used. The heatmap was created with Excel and GraphPad Prism using the
t-test p < 0.05 from Excel as a cut off and sorting for fold change in the comparison TGFB1 vs.
vehicle. Colors represent log2 fold change with white being 1, blue downregulated and red
upregulated. Panel (B): In the DEUS analysis, unique sequences are compared before annotation.
This leads to several sequences annotated to the same miRNA. We created an overlap of the DEUS
analysis results of control vs. TGF1 and TGFB1 vs TGFB1 + inhibitor. From this list, we calculated
the average linear fold change (FC) for each annotated miRNA. The left side of Figure 11B shows the
results from the DEUS analysis using the nomenclature for mature miRNAs. The right side of Figure
11B shows the miRNAs from the classical pipeline that match this list of differentially regulated
mMiRNAs using the nomenclature for gene names. The colors are adapted to the colors of the heatmap
in (A).

Additionally, in the DEUS analysis, one cluster of similar sequences with the same core sequence,
which was downregulated in TGF[B1-treated samples, was notable. The cluster is comprised of 61
sequences, the core sequence is 17 bases long and the longest single sequence is 35 bases long (Figure

12). None of these sequences could be mapped to a known miRNA. The fragments origin from the
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mitochondrially encoded tRNA glutamic acid and thus, Starscan software predicted a potential target
site of these RNA sequences in the mitochondrial DNA. We therefore called it “mitosRNA” and took

it to the list of potential interesting candidates.

ATTGGTCGTGGTTGTAGTCCGTGCGA

40 61 61 61 59 60 61 61 61 61 61 61 61 61 61 61 59 59 57 50 45 42 41 37 35 31

Figure 12. MitosRNA: Cluster of 61 sequences from DEUS analysis.

In the DEUS analysis of sequencing data, this cluster of uniqgue sequences was downregulated in
TGFB1-treated compared to vehicle-treated samples. The genetic code of the base sequence is
displayed as letters, with the number of unique sequences containing the specific base at the same
position in the sequence written below. Black letters symbolize the detected core sequence with 59 or
more of the 61 unique sequences possessing the respective base at the corresponding position. Dark
grey symbolizes between 30 and 58 base pairs and light grey less than 20 of the 61 unique
sequences possessing this base at this position in the sequence.
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3.3 Influence of differentiation and differentiation medium on the effects of
TGFB1 on miRNAs, regulators of metabolism and targets of TGF(31

To validate the sequencing results, an additional experiment with the same setup was performed:
Primary human myoblasts were stimulated for 48 h with 1 ng/ml TGFf1, vehicle control or inhibitor
(10pM SB431542) and subsequently differentiated to myotubes. Furthermore, cells were harvested at
an earlier time point as myoblasts directly after the end of the 48 h-TGF[31 stimulation, before the
differentiation process began, to investigate the effect of myo-differentiation on miRNAs, regulators
of metabolism and known targets of TGFB1. Additionally, cells were differentiated with both 2% FBS
as in the experiment for sequencing and with 0% FBS to investigate the effects of different

differentiation media.

As potentially interesting miRNA candidates, we chose the top and bottom hits of the overlapping
candidates shown in Figure 11. Additionally, we decided to investigate two more upregulated
miRNAs from DEUS analysis, miR-145, miR-21, and the top hit of the classical pipeline miR-1294.
To the list of downregulated miRNAs of interest, we added miR-133b and miR-206 because of their
well described roles in skeletal muscle (Sempere et al., 2004) and appearance in our data. While miR-
133b was found both classical pipeline and DEUS analysis Figure 11B), miR-206 was only
differentially expressed in the comparison of TGFf1-treated vs. vehicle but missed significance when
comparing TGFB1 vs. TGFB1 and inhibitor-treated samples in both classical pipeline and DEUS
analysis. All miRNAs were investigated using qPCR.

3.3.1 TGFf1 regulates not all miRNAs already in myoblasts

When differentiating TGFB1-stimulated myoblasts to myotubes, we found two groups of differentially
regulated miRNAs. The first group is upregulated by TGF[1 directly after treatment in myoblasts and
still differentially expressed after differentiation in myotubes (Figure 13A-E) while the second group
has very low expression levels in myoblasts and is downregulated by TGFB1 only in myotubes
(Figure 13F-K). For miR-708 and miR-1294, we could not confirm the sequencing results (Figure
13L-M). For the mitosRNA, we only observed a weak effect of TGFf1 in myotubes and a small
difference between mitosRNA levels in vehicle samples of myoblasts and differentiated myotubes
(Figure 13N). The data shown in Figure 13 was generated from myotubes samples differentiated

without FBS.
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Figure 13. MicroRNAs differentially expressed after TGFB1 treatment before and after
differentiation.

Myoblasts were harvested directly after 48 h of 1 ng/ml TGFB1 (red squares), vehicle control (grey
circles) or Inhibitor (10 uM SB431542; grey triangles) treatment. Myotubes were differentiated for 5
days without FBS after the end of TGF(1 treatment. All data are normalized to individual donor and
endogenous controls RNU6 and miR-3615 and displayed as symbols for individual values with mean
+ SD. All statistical analyses are two-way ANOVA. The comparison within myoblasts or myotubes was
done with Tukey’s multiple comparisons test, whereas the comparison of vehicle samples of
myoblasts and myotubes was done with Sidak’s multiple comparison test. * p-value of comparison
vehicle and TGFB1; t p-value of comparison of TGFB1 + Inhibitor and TGFB1. # p-value of the
comparison of vehicle samples in myoblasts and myotubes. One symbol p < 0.05; two symbols p <
0.01; three symbols p < 0.001; four symbols p < 0.0001. (A-E) miR-21, miR-31, miR-143, miR-145
and miR-181a2 are upregulated in myoblasts and myotubes. (F-K) miR-133b, miR-139, miR-206,
miR-208b and miR-499a are downregulated by TGFB1 in myotubes and have low expression in
myoblasts. (L-M) TGFB1 has no effect on miR-708 or miR-1294. (N) mitosRNA was decreased by
TGFB1 treatment in myotubes.
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3.3.2 Influence of used differentiation medium

Next, we compared the effect of TGFf31 on myotubes differentiated in the presence of 2% FBS to
myotubes differentiated in the absence of FBS. This protocol was shown to reduce the number of non-
differentiated myocytes and to increase the abundance of muscle-specific proteins such as MYHI, 2,
and 7 (Hoffmann et al., 2018). This improved differentiation medium is also supplemented with BSA-

coupled fatty acids palmitate and oleate, and carnitine as described in methods.

When comparing transcript levels of samples differentiated with 0% FBS or 2% FBS, we found the
most striking difference in PGCla (Figure 14A) where vehicle treated myotubes differentiated
without FBS showed more than double the expression of PGCla transcript compared to myotubes
differentiated with 2% FBS as previously described in (Hoffmann et al., 2018). For the other
investigated transcripts, RRAGD, COX6A2 (cytochrome c oxidase subunit 6A2), MYH7, PRKAA2,
and LDLRAD4 no significant differences of transcript expression in vehicle treated myotubes were
detected. However, RRAGD showed a trend towards downregulation by TGFf1 with both
differentiation media. Some of the investigated TGF[31 effects appeared to be more pronounced in the
absence of FBS. For LDLRAD4 transcript, we found a difference in TGF[f1-treated myotubes

depending on the used differentiation medium.
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Figure 14. Effects of FBS content during myo-differentiation on regulators of metabolism and
differentiation markers.

Myoblasts (n = 5-11) were treated with 1 ng/ml TGFB1 or 10 uM TGFB1 inhibitor SB431542 prior to
differentiation. Two different media for differentiation were used: differentiation medium with 2% FBS
or differentiation medium without FBS (0% FBS in graphs) supplemented with coupled fatty acids
palmitate and oleate, and carnitine. All data are from qPCR, normalized to individual donors and
endogenous control TBP. Data are displayed as symbols for individual values (grey circles: vehicle;
red squares: TGFB1; grey triangles: TGFB1 and inhibitor) with mean + SD. We used two-way ANOVA
with Tukey’s multiple comparison test to compare within groups of myoblasts and myotubes. Two-way
ANOVA with Sidak’s multiple comparisons test was used to compare within respective treatment
among groups. * p-value of comparison of vehicle and TGFB1; T p-value of the comparison of TGF(31
+ Inhibitor and TGFB1. # p-value of the comparison of vehicle or TGFp1-treated samples of myoblasts
and myotubes as indicated. One symbol p < 0.05; two symbols p < 0.01; three symbols p < 0.001;
four symbols p < 0.0001.

When looking at the expression of miRNAs, differences between vehicle-treated samples were found
only in miRNAs with higher expression in myotubes than in myoblasts. Namely, miR-133b, miR-139,
miR-208b and miR-499a showed significantly higher expression in vehicle-treated samples of
myotubes differentiated without FBS compared to vehicle-treated samples of myotubes differentiated

in the presence of 2% FBS (Figure 15F, G, J, K).

Furthermore, the reduction of transcript levels caused by TGFB1 treatment appeared to be more
pronounced in myotubes differentiated without FBS for miR-133b, miR-139, miR-206, miR-208b and
miR-499a, which are all miRNAs with higher expression in myotubes than in myoblasts (Figure 15F,
G, I, J, K). For miRNAs that do not increase expression during myo-differentiation (Figure 15A-E),
miR-21, miR-31, miR-143, miR-145 and miR-181a2, the effects induced by TGFf31 were unchanged.
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Figure 15. Effect of FBS concentration during myo-differentiation after TGFB1 treatment on
miRNAs.

Human myoblasts (n = 6-11) were treated with vehicle control, 1 ng/ml TGFB1 or 10 uM TGF(1
inhibitor SB431542 for 48 h and subsequently differentiated to myotubes either without FBS,
supplemented with coupled fatty acids palmitate, oleate and carnitine or with 2% FBS. All data were
normalized to donor and endogenous controls RNU6 and miR-3615. Data are displayed as symbols
for individual values (grey circles: vehicle; red squares: TGFB1; grey triangles: TGFB1 and inhibitor)
with mean + SD. Two-way ANOVA with Tukey's multiple comparison test was used to compare
different treatments within groups of myotubes differentiated with or without 2% FBS. Two-way
ANOVA with Sidak’s multiple comparisons test was used to compare within respective treatment
among groups. * p-value of the comparison of vehicle and TGFB1; T p-value of comparison of TGF31
+ Inhibitor and TGFB1. # p-value of the comparison of vehicle-treated myoblasts and myotubes as
indicated. One symbol p < 0.05; two symbols p < 0.01; three symbols p < 0.001; four symbols p <
0.0001.
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3.4 Effect of myo-differentiation on miRNAs, regulators of metabolism and
targets of TGF1

Since some of the investigated miRNAs and other TGF[31 targets were upregulated after 5 days of
differentiation and this might play a role in their response to TGFB1 stimulation, we additionally
studied the time course during myo-differentiation. Cells were cultured until confluency, subsequently
differentiation was initiated by switching to the fusion medium without FBS (= day 0) as it resulted in
higher degree of differentiation. Samples were taken on days 0, 1, 3 and 5 of differentiation. For
protein samples, cells were additionally stimulated with 10 pM insulin for 10 minutes before

harvesting.

3.4.1 MiRNAs during myo-differentiation

As expected from the results shown in Figure 13, the miRNAs already regulated by TGFpB1 in
myoblasts, miR-21, miR-31, miR-143, miR-145, and miR-181a2, did not show higher expression with
advanced differentiation (Figure 16A-E). The miRNAs not clearly changed by TGFf1 treatment in
Figure 13, miR-708, and miR-1294, also did not increase expression levels with advance
differentiation (Figure 16F-G). Two of the mentioned miRNAs, miR-31 and miR-1294, even
decreased throughout differentiation (Figure 16B and G). The regulation of miRNAs that increased
expression with myo-differentiation (Figure 13) was confirmed: miR-133b, miR-139, miR-146b,
miR-206, miR-208b, and miR-499a increased during differentiation (Figure 16H-M). Lastly, we did
not observe changes in expression level during myo-differentiation for mitosRNA (Figure 16N), in

contrast to the difference observed in Figure 13N in vehicle-treated samples.
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Figure 16. Differentiation of myoblasts increases some miRNAs but not all.

Myoblasts were differentiated without the presence of FBS after confluency. Day 0 equals the start of
differentiation by serum withdrawal. Expression of mature miRNAs was detected in qPCR. All gPCR
data were normalized to individual donors and reference sncRNAs RNU6 and miR-3615. Data are
displayed as symbols for individual values with mean + SD. All data were analyzed using one-way
ANOVA with test for trend. (A-G) miRNAs showing no upregulation during differentiation. (H-M)
mMiRNAs increasing during differentiation. (N) mitosRNA does not change during differentiation. * p <
0.05; *** p < 0.001; **** p < 0.0001.
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3.4.2 Regulators of metabolism and targets of TGF[31 during myo-differentiation

Next, we analyzed mRNA levels of the regulators of metabolism that were influenced by TGFf1
treatment as described in (Bohm et al., 2016a) and (Hoffmann et al., 2018). Additionally, we studied
RRAGD, which was one of the top downregulated transcripts in the sequencing analysis (Figure 10B)

and is a member of the mMTOR (mammalian target of rapamycin) pathway.

We observed an increase in mRNA expression with differentiation for all investigated transcripts

CPT1B, RRAGD, PGCla, MYH1, and MYH?2 (Figure 17).
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Figure 17. Myo-differentiation increased CPT1B, RRAGD, PPARGC1A, MYH1l, and MYH2
expression.

Myoblasts were differentiated without the presence of FBS after confluency. Day 0 equals the start of
differentiation by serum withdrawal. Expression of transcripts was detected using gPCR. All gPCR
data were normalized to the individual donor and reference genes TBP and RPS13. Data are
displayed as symbols for individual values with mean + SD. All data were analyzed using one-way
ANOVA with test for trend. ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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On protein level, we observed an increase in the insulin-induced phosphorylation of serine-473 of
AKT during myo-differentiation (Figure 18A). In non-insulin stimulated samples, we observed an
increase with myo-differentiation in ATP5A (Figure 18B), but no change in AMPKoa?2 (Figure 18C)
protein (test for trend p = 0.1361).
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Figure 18. Differentiation of myoblasts increased phosphorylation of AKT and abundance of
ATP5A protein.

(A-C) Quantification results of western blot data. All western blot data were normalized to donor. Data
are displayed as symbols for individual values with mean + SD. (A) Insulin-induced phosphorylation of
threonine 308 of AKT relative to total AKT increased during differentiation. One-way ANOVA with test
for trend only looking at insulin-stimulated samples. (B-C) Only data from non-insulin stimulated
samples was used for quantification. Data normalized to endogenous control GAPDH. One-way
ANOVA with test for trend. (B) ATP5A protein increased during differentiation. (C) AMPKa2 protein
level did not increase during differentiation. (D) Representative western blots of ATP5A, AMPKa2,
GAPDH, AKT, and p-AKT (Thr308). Only data of non-insulin stimulated cells are shown in
quantification of ATP5A and AMPKa2.
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3.5 Finding a model to overexpress or repress miRNAs
After the identification of TGFB1-regulated miRNAs, we next wanted to look at functional
application of these candidate miRNAs. We therefore needed a suitable model in which we could

overexpress or repress miRINAs to see what functional role each miRNA has.

3.5.1 Transfecting miRNA mimics into primary human myotubes
To stay as close as possible to the human system, we wanted to continue working with primary human
myotubes. We first settled for locked nucleic acid (LNA) stabilized miRNA mimics, which are also

widely used to study miRNA functionality (Gottmann et al., 2018; Noguchi et al., 2013).

We decided to use viromer blue as transfection tool, as the group had previously used it successfully
to transfect siRNA in primary human myoblasts and differentiated myotubes (Ingerslev et al., 2017;
Klingler et al., 2016). In our establishing experiments, we saw the best results when leaving the cells
for 24 h with the transfection solution. When using longer transfection times, we had no better

transfection rate (data not shown).

3.5.1.1 Concentration of miRNA Mimics

A common issue with miRNA mimics is toxicity by RNA-overloading of the cells (Karbiener et al.,
2014). We therefore wanted to use moderate amounts of miRNA mimics and first tested transfecting
1 nM and 10 nM miRNA mimics. With both concentrations, we clearly detected higher amounts of
miRNA in qPCR (Figure 19). For single miRNA transfections, we therefore settled for 10 nM, to not
loose effects when working with too low concentrations. For transfections of a mix of miRNAs, we

used a total concentration of 5 nM assuming that synergistic effects will enhance effects.
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Figure 19. Establishing of used miRNA mimics concentrations.

Primary human myoblasts (n = 4) were preconfluently transfected with 1 nM or 10 nM LNA stabilized
mMiRNA mimic miR-143-3p or with negative control mimic for 24 h prior to differentiation to myotubes
for 5 days. Mature miRNA levels were quantified in gPCR. Data were normalized to donor and to
reference gene RNU6. Graph is displayed with logarithmic y-axis. Data are displayed as symbols for
individual values (grey: negative control mimic; red: miR-143 mimic) with mean * SD.
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3.5.1.2 Controls

Analog to a vehicle control for TGFf31 or insulin stimulation, we used a negative control miRNA
mimic, containing an RNA sequence that will not affect human cells but consists of a LNA stabilized
RNA sequence like the used miRNA mimics. Additionally, we used an untreated medium-only
control, and we introduced an optical positive control, a Cy3-tagged nonsense miRNA that can be
imaged in life cells. Furthermore, we wanted to control for functionality of miRNA mimics.
Therefore, we decided to use miR-122 mimic and looked at ALDOA (aldolase, fructose-bisphosphate
A) transcript as readout as a positive control. MiR-122 has been described to decrease ALDOA
transcript levels (Fabani and Gait, 2008) and is commercially sold as a positive control (Dharmacon,

CP-004000-01).

Thus, our control workflow would be firstly, to check cell growth by bright field microscopy, and
secondly control transfection efficiency by looking at Cy3 staining in cells in culture. After
harvesting, we would control miRNA levels in qPCR, always comparing to untreated and negative
mimic control. As a positive control, we would lastly check mRNA levels of ALDOA in miR-122
treated samples. In the graphs of this thesis, the untreated control is not shown, as the comparison to

the negative control mimic is more relevant.

3.6 A mix of mMiIRNA mimics fails to compensate TGF[31 effects

To examine whether the suppression of miRNAs by TGFB1 during differentiation leads to the
observed inhibition of differentiation, PPARGCI1A expression, ATP5A protein and phosphorylation of
AKT, we treated cells with TGFf1 as before but added a 5 nM miRNA mimics mix of miR-133b,
miR-206, miR-208b, and miR-499a on day 1 of differentiation (Figure 20A) to compensate for the
downregulation of these miRNAs. The choice of miRNAs was based on the top two regulated
candidates, miR-499a and miR-208b, complemented with the well-described myo-miRNAs miR-133b
and miR-206.

While the treatment with TGFB1 reduced the endogenous expression level of these miRNA in
myotubes on day 5 as expected, the abundance of the miRNAs in the transfected cells was strongly
increased and not influenced by TGFB1 (Figure 20B-E). Transfection efficiency was good as
observed by the fluorescence signal of the Cy3-labeled miRNA mimic negative control. On day 5 of
differentiation, which equals to 3 days after washing the cells after transfection, cells transfected with
the respective mimic were still clearly showing Cy3 fluorescence (Figure 20F). In our positive
control, we found a clear decrease of ALDOA transcript after transfection with miR-122 mimic in all

independent experiments, but it was not statistically significant (Figure 20G).
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Figure 20. Transfection of miRNA mimics mix after TGFB1 stimulation.

Primary human myoblasts (n = 4) were stimulated with vehicle control or 1 ng/ml TGFB1 for 48h
before confluence. Subsequently, differentiation without FBS was initiated. On day 1 of differentiation
(approximately 24h after start of differentiation), a mix of 4 miRNA mimics (miR-133b, miR-206,
miR-208b and miR-499a) at a total concentration of 5 nM (1.25 nM per miRNA) or 5 nM of controls
(negative control, Cy3-tagged transfection control or positive control) were transfected into the cells.
(A) Schematic display of the timing of the experiment. (B-E) Relative miRNA expression obtained
using gPCR. All data were normalized to individual donor and endogenous controls RNU6 and miR-
3615. Data are displayed as symbols for individual values (grey: negative control mimic; purple:
MiRNA mimic mix) with mean + SD. Y-axis is in logarithmic scale. * Unpaired, two-tailed t-test
comparing negative control mimic to mimics mix transfected samples; # unpaired, two-tailed t-test
comparing TGFB1 and vehicle only in negative control mimic transfected samples. One symbol p <
0.05; two symbols p < 0.01; three symbols p < 0.001. (F) Microscope images of Cy3 control and
negative control on day 5 of differentiation. Scale bars 200 um. From left to right: Phase contrast in
bright field; Cy3 fluorescence; merged image of phase contrast and Cy3 fluorescence. (G) Relative
ALDOA expression from gPCR. Data normalized to donor and to endogenous controls TBP and
RPS13. Statistically not significant in t-test or Welch’s test. Indicated decrease shows difference
between means (bars).

As additional positive control, also controlling for functional activity of the transfected miRNA
mimics, we further tested MEOX2 (mesenchyme homeobox 2) transcript as it is described to be
regulated by miR-206 in the C2C12 skeletal muscle cell line (Goljanek-Whysall et al., 2012) and it
showed a slight upregulation in our sequencing results (vehicle vs. TGFB1-treated fold change of 1.6
with pag = 0.0079). However, in cells treated with miRNA mimic mix containing 1.25 nM miR-206

mimic, we could not detect a reduction of MEOX2 transcript compared to negative control (Figure
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20H). On the other hand, TGFp1 treatment increased MEOXZ2 expression in vehicle-treated samples
but not in samples treated with miRNA mimic mix. Thus, the addition of miR-206 mimic (1.25 nM in
the miRNA mimics mix) might compensate for the inhibition of miR-206 due to TGFf1 treatment
when looking at MEOX2 expression. Additionally, we tested samples from a different experiment,
where 1 nM or 10 nM miR-206 mimic was transfected preconfluently and alone instead of in a mix of
miRNA mimics. In those samples, there is a trend of a reduction of MEOX?2 transcript in 10 nM miR-
206 mimic treated samples compared to 10 nM negative control treated samples. In samples treated

with only 1 nM miR-206 mimic we could not see this trend (Figure 20I).
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Figure 21. MEOX2 expression levels as functional control for transfection of miR-206 mimic.
Relative mRNA concentration of MEOX2 from gPCR. Data normalized to donor and to endogenous
controls TBP and RPS13. Data are displayed as symbols for individual values (grey: negative control
mimic; purple: miRNA mimic mix or miR-206 mimic) with mean + SD. (A) Primary human myoblasts (n
= 4) were stimulated with vehicle control or 1 ng/ml TGFB1 for 48h before confluence. Subsequently,
differentiation without FBS was initiated. On day 1 of differentiation (approximately 24h after start of
differentiation), a mix of 4 miRNA mimics (miR-133b, miR-206, miR-208b and miR-499a) at a total
concentration of 5 nM (1.25 nM per miRNA) or 5 nM of negative control mimic were transfected into
the cells. Two-way ANOVA with Sidak’s multiple comparisons test comparing vehicle-treated samples
and TGFB1-treated samples. * p < 0.05 (B) In a different experiment without TGF@1 stimulation,
myoblasts were transfected with 1 nM or 10 nM miR-206 mimic or negative control mimic
preconfluently for 24 h and subsequently differentiated for 5 days. No statistically significant
differences between controls and miR-206 mimic (unpaired t-test 10 nM neg ctrl vs. 10 nM miR-206 p
= 0.059).

Despite the high levels of miRNA mimics in our transfected cells and at least partially successful
positive controls, we could not observe a compensation of the effects of TGFB1 on the investigated
parameters by the miRNA mimics mix. All observed differences persisted after treatment with
miRNA mimics mix (Figure 23). TGFf1 treated cells showed the same level of PPARGCI1A, MYH1,
and MYH?2 transcript with or without miRNA mimics mix (Figure 23A-C).
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Figure 22. miRNA mimics mix did not compensate TGFB1 effects on mRNA level.

Primary human myoblasts (n = 4) were stimulated with vehicle control or 1 ng/ml TGF@1 for 48h
before confluence. Subsequently, differentiation without FBS was initiated. On day 1 of differentiation
(approximately 24h after start of differentiation), a mix of 4 miRNA mimics (miR-133b, miR-206,
miR-208b and miR-499a) at a total concentration of 5 nM (1.25 nM per miRNA) or 5 nM of negative
control mimic were transfected into the cells. Relative mMRNA expression data from gPCR. Data
normalized to donor and endogenous control GAPDH. Data are displayed as symbols for individual
values (grey: negative control mimic; purple: miRNA mimic mix) with mean + SD. Two-way ANOVA
with Tukey’s multiple comparisons test comparing all groups to each other. * p < 0.05; ** p < 0.01. (A)
PPARGCI1A, (B) MYH1 and (C) MYH?2.

On protein level, miRNA mimics mix also failed to change levels of ATP5A, AMPKa2,
phosphorylation of AKT or MYH1/2 in TGF[1 treated samples (Figure 23). Concluding these results,
the downregulation of differentiation-dependent miRNAs was maybe not key for the observed effects

of TGFfB1 on PGCla, phosphorylation of AKT and ATP5A.
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Figure 23. miRNA mimics mix did not compensate TGFB1 effects on protein level.

Primary human myoblasts (n = 4) were stimulated with vehicle control or 1 ng/ml TGF@1 for 48h
before confluence. Subsequently, differentiation without FBS was initiated. On day 1 of differentiation
(approximately 24h after start of differentiation), a mix of 4 miRNA mimics (miR-133b, miR-206,
miR-208b and miR-499a) at a total concentration of 5 nM (1.25 nM per miRNA) or 5 nM of negative
control mimic were transfected into the cells. Cells for protein samples were stimulated with 10 uM
insulin or control prior to harvesting. Data are displayed as symbols for individual values (grey:
negative control mimic; purple: miRNA mimic mix) with mean £ SD. (A) ATP5A and (B) AMPKo2
guantification of protein expression. Data were normalized to individual donor and loading control
GAPDH. Two-way ANOVA Tukey’'s multiple comparisons test comparing all cell means. (C)
Representative blot of ATP5A and AMPKa2 protein expression as well as loading control GAPDH. (D)
Quantification phosphorylation of threonine 308 of AKT relative to total AKT protein. Two-way ANOVA
with Sidak’s multiple comparisons test comparing negative control and mimics mix for each treatment.
(E) Representative blot of AKT, p-AKT (Thr308) and loading control GAPDH. (F) Quantification of
MYHZ1/2 protein expression. Data normalized to individual donor and endogenous control GAPDH.
Two-way ANOVA with Tukey's multiple comparisons test comparing all cell means. (G)
Representative blot of MYH1/2 and GAPDH. Values of Cy3 control transfected cells were not used for
quantification in F. * p < 0.05; ** p < 0.01.
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3.7 Effect of single miRNAs upregulated by TGFp1
As we could not compensate the effects of TGFB1 by supplementing with TGFf1-reduced miRNAs,

the miRNAs independent of myo-differentiation became increasingly interesting. In order to
investigate if any of the differentiation-independent upregulated miRNAs alone could induce the same
effects on regulators of metabolism as TGF(1, we treated cells preconfluently with 10 nM miRNA
mimics. Subsequently, differentiation was initiated, and cells were harvested on day 5 of
differentiation (Figure 25A). We decided to focus on miR-31, miR-143, and miR-145, because miR-
31 and miR-143 showed very clear upregulation by TGFf1 and have been described to have roles in
insulin signaling (Gottmann et al., 2018; Jordan et al., 2011) or glucose homeostasis (Fang et al.,
2012). We added miR-145 because it is in the same miRNA cluster as miR-143 and they are co-
expressed, originating from the same host gene CARMN (cardiac mesoderm enhancer-associated non-

coding RNA, also MIR143HG, miR-143 host gene).

All miRNA expression levels were clearly increased after transfection with the respective miRNA
mimics (Figure 24B-D). The Cy3-tagged miRNA mimic control showed good transfection efficiency
in the optical control (Figure 24G). However, the positive control miR-122 did not clearly reduce
ALDOA transcript (Figure 24E). As an additional positive control, we investigated IGFBP5 (insulin
like growth factor binding protein 5) transcript, since miR-143 is described to reduce IGFBP5 mRNA
and protein abundance in muscle (Soriano-Arroquia et al., 2016). On transcript level, we could not

find a difference in IGFBP5 levels after transfection of miR-143 (Figure 24F).
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Figure 24. Transfection of miRNA mimics miR-31, miR-143, and miR-145.

Primary human myoblasts (n = 4-8) were transfected with 10 nM miR-31, miR-143, miR-145 or control
mimics (negative control, positive control, and Cy3-tagged control) for 24 h before confluence and
subsequently differentiated for 5 days. Cells for protein samples were stimulated with 10 uM insulin or
control prior to harvesting (results in Figure 25). (A) Schematic plan of experiment. (B-F)
Quantification of qPCR results after differentiation. Data are displayed as symbols for individual
values with mean = SD. (B-D) Levels of mature miRNAs. MiRNA data were normalized to individual
donor and RNUG6 as endogenous control. Results of Mann-Whitney test are indicated in graphs. ** p <
0.01; **p < 0.001. (E) Positive control ALDOA. gPCR data normalized to individual donor and
reference genes TBP and RPS13. (F) IGFBP5 normalized to donor and endogenous controls TBP
and RPS13. (G) Microscope images of Cy3 control and negative control on day 5 of differentiation.
Scale bars 200 um. From left to right: Phase contrast in bright field; Cy3 fluorescence; merged image
of phase contrast and Cy3 fluorescence.

MYH1 and MYH?2 as markers of differentiation were not suppressed by miR-31, miR-143 or miR-145
mimic treatment, however, we observed a slight increase in MYHZ2 by miR-143 mimic (Figure 25A-B)
in comparison to the negative control mimic. PPARGCI1A transcript was not reduced by miRNA
mimic treatment, in contrary, we found miR-31 mimic to upregulate PPARGCIA expression
compared to control mimic (Figure 25C). Insulin-stimulated phosphorylation of AKT as a marker for
insulin signaling in skeletal muscle was decreased by miR-31 mimic treatment, but not by transfection

of miR-143 or miR-145 (Figure 25D-E).

Jordan et al. described a mechanism of miR-143 suppressing phosphorylation of AKT via ORP8
(Jordan et al.,, 2011). We did not find effects on ORP8 protein by miR-143 mimic or other
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investigated miRNA mimics (Figure 25M-P). We further did not observe effects of the transfected
miRNA mimics on MYH1/2 protein levels (Figure 25H-1).
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Figure 25. Effects of miR-31, miR-143, and miR-145 mimics on markers of differentiation and
regulators of metabolism.

Primary human myoblasts (n = 4-8) were transfected with 10 nM miR-31, miR-143, miR-145 or control
mimics for 24 h before confluence and subsequently differentiated for 5 days. Cells for protein
samples were stimulated with 10 uM insulin or control prior to harvesting. (A-C) miR-31, miR-145, and
miR-143 mimic do not suppress MYH1 (A), MYHZ2 (B) or PPARGC1A (C) transcript. All mRNA data
normalized to donor and reference genes TBP and RPS13. One-way ANOVA with Dunnett’s multiple
comparisons test comparing to negative control mimic. (E) Representative western blot of p-AKT
(Thr308) and AKT. (D, G, I) Quantification of western blot analysis shown in E, F, and H. (D) Insulin
induced phosphorylation of threonine 308 of AKT compared to total AKT. Two-way ANOVA with
Dunnett's multiple comparisons test comparing to negative control mimic within the insulin or control-
stimulated group. (F) Representative western blot of ORP8 and GAPDH. (G) ORPS8 protein level
normalized to donor and GAPDH as loading control. (H) Representative western blot of MYH1/2 and
GAPDH. (I) MYH1/2 protein level normalized to donor and endogenous control GAPDH. For all * p <
0.05; * p < 0.01.
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3.8 TGFp1 did not lead to the same effects in C2C12 cells

Since we detected only minor effects of transfected miRNA mimics in the human skeletal muscle
cells and we did not observe the reported regulation of ORP8 and IGFBP5 by miR-143, we decided to
use an alternative model to study the effect of our miRNA candidates. We assume that transfecting
mimics into primary myoblasts could not adequately model the in vivo situation. Jin et al. showed that
transfection of vectors containing the miRNA stem loop are superior to transfecting mature miRNAs
like the mimics we used in primary myoblasts (Jin et al., 2015). In order to be able to transfect vectors
without viral transduction, we changed the model system to the most common skeletal muscle cell

line, C2C12, a murine immortalized cell line.

To be able to compare the results to our results from human myoblasts, we repeated the TGF(1
stimulation experiment on the C2C12 cell line to see if the miRNAs are naturally regulated the same
way in C2C12 cells as in primary human myoblasts. Thus, we stimulated C2C12 cells preconfluently
for 48h with 1 ng/ml TGFB1 or vehicle control before initiating differentiation by switching to
differentiation medium for C2C12 cells. Additionally, we stimulated cells with 1 ng/ml TGFf1 or
vehicle control at a later time point, on day 3 of differentiation, for the last 48h before harvesting in

order to be able to see acute effects.

Surprisingly, we did not see the effects observed in primary human myoblasts. We could not detect a
difference in Ppargcla transcript (Figure 26A) which is a highly constant and reproducible result we
consistently see in primary human myoblasts. We also did not find a measurable reduction of
differentiation markers Myh2 or Myh7. Transforming growth factor beta induced (Tgfbi) was not
increased in TGFpB1 stimulated samples. Further, we did not observe effects on any of our miRNA
candidates (Figure 26B-L). Some of the miRNAs that are only expressed with differentiation in
human myoblasts showed a trend to a reduction by TGFf1 but none of them was statistically

significant (e.g. Figure 26J).

Thus, using transient transfection of vectors in C2C12 cells does not appear to be a comparable model

to investigate overexpression of TGFf1-regulated miRNAs.
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Figure 26. TGFB1 effects in C2C12 cells.

C2C12 cells were stimulated either preconfluently or acutely (starting on day 3 of differentiation) for
48h with 1 ng/ml TGFB1 or vehicle control and differentiated upon confluency for 5 days. All shown
data were obtained by gPCR and normalized to batch. Data are displayed as symbols for individual
values (grey: vehicle-treated; red: TGFB1-treated) with mean + SD. Two-way ANOVA with Sidak’s
multiple comparison test comparing within preconfluently or acutely stimulated samples did not find
significant differences. Statistical comparison to myoblasts was not performed. (A-D) Ppargcla, Myh2,
Myh1 and Tgfbi transcript normalized to endogenous control TBP. (B-L) microRNAs normalized to
endogenous controls RNU6 and miR-3615.
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3.9 PPARGCI1A promoter methylation was not affected by TGF[31 stimulation
Another possible explanation for the prolonged effect of TGFB1 on PGCla expression, apart from
miRNAs, could be a methylation of the PGCla promoter after TGFf1 stimulation. We therefore
teamed up with Jennifer Kriebel from the Institute of Epidemiology at the Helmholtz Zentrum

Miinchen who used DNA from my experiment for analyses of the PPARGC1A promoter.

There are four known promoters for the PPARGCI1A gene, two of them are used for gene expression
in skeletal muscle (Popov et al., 2015). In the following, the classical, canonical promoter is called
canonical promoter, the second promoter commonly expressed in skeletal muscle is called alternative
promoter, and the two other promoters are called liver promoter and brain promoter named after the

tissues they are described to be specific for (Felder et al., 2011; Soyal et al., 2012).
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Figure 27. PPARGC1A promoters.

Schematic display of the PPARGCI1A gene, its promoters, and 6 published CpG sites. The
PPARGC1A gene has four described promoters, marked as green boxes: the canonical promoter
(CP), the alternative promoter (AP), the liver promoter (LP), and the brain promoter (BP). Exons are
displayed as grey boxes. Six described CpG sites, upstream of the transcription start site (TSS) of the
canonical promoter are schematically displayed in the zoom-in. Part of this figure is based on the
figure of (Martinez-Redondo et al., 2015) showing PPARGC1A promoters.

We analyzed 294 CpG sites in total using 37 primer pairs. Of these CpG sites, 54 CpG sites were
located in the canonical promoter, 16 in the alternative promoter, 25 in the liver promoter, and 199 in
the brain promoter. TGFB1 did not affect promoter methylation at any PPARGC1A promoter, not
acutely and not after 5 days of differentiation (Figure 28). After applying stricter quality control
measures (all CpG sites with values of 0.7 or less methylation in the positive controls excluded), there
were still 48 CpG sites included for the canonical promoter, 8 in the alternative promoter, 18 in the
liver promoter, and 132 in the alternative promoter. When calculating the mean of all CpG sites for
each promoter (using the cut-off of 0.7 in the positive control and not distinguishing treatments), we
can compare the grades of methylation of each promoter. Interestingly, the lowest grades of
methylation (less than 10%) were found for the canonical promoter and the brain promoter, while

alternative promoter and liver promoter were methylated around 20% and 40% respectively.

The most investigated CpG sites of the PPARGCI1A promoter are all located in the canonical
promoter. Using the TSS 23,891,700 on chromosome 4 they namely are -841, -816, -783, -652, -617
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and -260 (Brons et al., 2010; Gillberg et al., 2013; Ling et al., 2008; Xie et al., 2015). None of these
CpG sites was differentially methylated after TGFB1 treatment or differentiation to myotubes in our

samples (data not shown).

As we did not see any differences in region averages or individual methylation sites, we concluded

that methylation of the PGC1la promoter is not the cause for the effects we observed.
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Figure 28. Analysis of the methylation of different promoters of PPARGC1A.

Human myoblasts (n = 5) were stimulated with 1 ng/ml TGFB1 or vehicle control for 48 h before
confluency and either directly harvested as myoblasts or differentiated without FBS to myotubes for 5
days. The graphs show percent methylation in the specific promoter regions: (A) canonical
PPARGCI1A promoter, (B) alternative PPARGC1A promoter, (C) liver PPARGC1A promoter, and (D)
brain PPARGC1A promoter. (A-D) Two-way ANOVA with Sidak’s multiple comparison test comparing
within groups was used. Grey circles: treated with vehicle-control; red squares: treated with TGF(1.
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4 Discussion

To understand the role of TGFfB1 in the metabolic adaption to exercise, the mechanisms by which
TGEFp1 influences metabolic regulators and insulin signaling need to be elucidated. We aimed to
identify TGFp1-regulated genes and regulating RNAs to uncover the underlying mechanisms of
TGFf1 in skeletal muscle. Based on our finding that the transcript of PGCla, an important metabolic
regulator, is persistently downregulated when stimulating myoblasts with 1 ng/ml TGFp1 before
differentiation for 5 days without TGFf1, we investigated the molecular mechanism of this prolonged
effect. We aimed to identify miRNAs that are regulated by TGFB1 5 days after stimulation by
sequencing and to investigate their role in the effects of TGFf31 on metabolic regulators and insulin

signaling.

4.1 TGFB1-regulated miRNAs in human skeletal muscle and other organs

Since we observed a prolonged effect of TGF31 on PGCla 5 days after end of treatment, which can
be mediated by epigenetic regulation via miRNAs, sequencing of sncRNAs as potential regulators for
this extended impact was performed. For the analysis of sncRNA sequencing data, two different
approaches were used as described in methods (Figure 3). The main advantage of the DEUS analysis
is the direct use of unique sequences. In the case of our dataset, about 60% of the unique sequences
could be annotated to known sncRNAs. Consequently, the information on 40% of our unique
sequences would have been lost when only using the classical pipeline. However, we only made use
of this advantage for the mitosRNA cluster of unique sequences, which we could not confirm
consistently regulated by TGF[B1 in further experiments. Nevertheless, the use of two pipelines and
subsequent analysis with a combination of both results, validated our results. Two qPCR-confirmed

regulated miRNAs, miR-21 and miR-145, were only found by DEUS analysis.

All miRNAs we found most upregulated after TGF[1 treatment, namely miR-21, miR-31, miR-143,
miR-145, and miR-181a2, have been described to be regulated by TGFf1 in other tissues (see Table
13 for references). The miRNAs we found downregulated by TGF1, miR-133b, miR-139, miR-146b,
miR-206, miR-208b, and miR-499a, all have been described in skeletal muscle differentiation or

development (see Table 13 for references).

On the other hand, miRNAs and the miRNA machinery have been described to influence TGF[
signaling (Mishra et al., 2014; Suzuki, 2018; Yu et al., 2012). Out of our list of TGFB1 regulated
candidates, miR-21 has been shown to downregulate TGFBR2 in colon cancer and prostate cancer
cells (Mishra et al., 2014; Yu et al., 2012). Hence, a negative feedback loop of miR-21 on TGFf
signaling is likely. However, in our samples, TGFSR2 transcript was not statistically significantly

regulated 5 days after the end of TGF1 stimulation.
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Furthermore, some of the miRNAs we found regulated originate from host genes which were also
regulated by TGFf1 treatment. The first example is miR-21 which is located within VMP1 (vacuole
membrane protein 1). VMP1 showed a trend for upregulation in TGFf1 treated samples (FC = 1.3, pagj
= 0.0753), while miR-21 was clearly upregulated (Figure 11). The second example is miR-139,
located within PDE2A (phosphodiesterase 2A), both downregulated after TGFf1 treatment (PDE2A
FC = -1.5, pagj = 0.0094). The origin of two other intragenic miRNAs lies in MYH genes: miR-208b is
located within MYH7 and miR-499a in MYH7B. In TGFp1-treated samples, both miRNAs were
downregulated, the regulation of MYH7 was not significant (FC = -1.5, pag = 0.1084) in the
comparison TGFf1-treated vs. vehicle-treated but reached clear significance in the comparison of
TGFB1 with TGFf1 inhibitor compared to TGFf1 alone (FC = 1.9, pag = 0.0011), and MYH7B was
also downregulated (FC = -1.7, pagy = 0.0029). It is not uncommon to find intragenic miRNAs, they
are usually expressed with their host gene (Rodriguez et al., 2004) and can work supporting or
antagonizing their host gene (Liu et al., 2018). In mice, it was shown that intragenic myosin miRNAs
miR-208b and miR-499a are co-expressed and control myosin expression and muscle fiber type by
repressing a variety of transcriptional repressors for slow myofiber genes (van Rooij et al., 2009).
Thus, the fact that a miRNA is not expressed independently does not mean that it has no distinct

function.

Additionally, there are miRNAs that are co-expressed with other miRNAs, in our case for example
miR-206 and miR-133b. Located in an intergenic region the two miRNAs are separated by 4.5k bp,
they are most likely co-expressed (Nohata et al., 2012). Another cluster of miRNAs, relevant in this
thesis, is the cluster covering miR-143 and miR-145. Their locations in the genome are only separated
by approximately 1500 bp and they lie within the same long non-coding RNA MIRI143HG
(microRNA-143 host gene) and are co-transcribed (Vacante et al., 2019). Synergistic effects of miR-
143 and miR-145 were described in bladder cancer looking at the repression of PI3K/AKT and
MAPK pathways (Noguchi et al., 2013). On the other hand, it has been shown in liver of mice that
miR-143 and miR-145 don’t have the same regulatory functions, as miR-143 inhibits insulin
stimulated AKT activation but miR-145 does not (Jordan et al., 2011). In the case of the miR-143/145

cluster, a tissue specific function is likely.
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Table 13. Overview of miRNAs regulated by TGFB1 in different experiments.
Myoblasts underwent 1 ng/ml TGFB1 stimulation for 48 h prior to differentiation for 5 days with 0% or 2% FBS to myotubes. Right column: Publications of
other groups of the respective miRNA. 1/ significantly up-/downregulated by TGFB1 treatment, (1)/(1) trend for regulation, - no regulation by TGF{31.

miRNA Sequencing PCR
Myoblasts Myotubes Myotubes
(0%FBS) (2%FBS)
miRNAs regulated in myoblasts and myotubes Regulated by TGFB1 in other tissues
miR-21 ) 1 (1) 1 (Ong et al., 2017) human, lung fibroblasts
miR-31 ) 1 1 1 (Hu et al., 2015) rat, liver cells
miR-143 1 1 1 1 (Cheng et al., 2014; Long and Miano, 2011)
Human, lung cancer cell line; human, smooth muscle cells
miR-145 1 1 (1) 1 (Long and Miano, 2011) human, smooth muscle cells
miR-181a2 1 1 1 1 (Wang et al., 2011) human, breast cancer cell lines

miRNAs regulated only in myotubes (low expression level in myoblasts) Described function in skeletal muscle

miR-133b | o ! ! (Chen et al., 2006) C2C12 and Xenopus laevis embryo

miR-139 l . ! l (Zhou et al., 2018) cattle

miR-146b l . ! l (Khanna et al., 2014) mouse

miR-206 l . ! l (Goljanek-Whysall et al., 2012; Kim et al., 2006; Winbanks et al., 2011)
C2C12; C2C12; C2C12 and primary mouse skeletal muscle cells

miR-208b l . ! 1) (Drummond et al., 2009; McCarthy et al., 2009) human; rat

miR-499a l . ! l (Liu et al., 2016; McCarthy et al., 2009) mouse; rat

miRNAs not confirmed in qPCR

miR-708 1 o o 1 -

miR-1294 1 - - - -

mitosRNA ! - l o -
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4.2 Influence of differentiation and differentiation medium on the effects of

TGFB1 on miRNAs, regulators of metabolism and targets of TGF1
As we used samples from myoblasts and differentiated myotubes for confirmation of sequencing data,
we quickly realized, that myo-differentiation has an impact on some of the observed effects of
TGEFp1. To thoroughly investigate the influence of differentiation on TGFf1 effects, we additionally

tested two differentiation media, with 2% FBS and without FBS.

4.2.1 Differentiation-dependent and -independent regulation of miRNAs by TGF[31

When comparing the effect of TGFf31 on miRNAs in myoblasts and myotubes differentiated without
FBS, the investigated miRNAs can be divided into three groups (Table 13): miRNAs regulated
directly in myoblasts and persistently regulated in myotubes; miRNAs with low expression levels in
myoblasts are repressed by TGFf1 in myotubes; and miRNAs of which we could not confirm
regulation by TGFB1 in gPCR. We did not find miR-708 and miR-1294 regulated in myoblasts or
myotubes. For the mitosRNA, we saw a slight downregulation in myotubes differentiated without
FBS, but not with 2% FBS, and the levels of samples treated with TGFf1 and inhibitor did not differ
from those treated with TGFB1 alone. This left us with two groups of miRNAs regulated by TGFf1:
the differentiation-independent miRNAs miR-21, miR-31, miR-143, miR-145, and miR-181a2 which
were upregulated by TGFf1; and the differentiation-dependent miRNAs miR-133b, miR-139,
miR-146b, miR-206, miR-208b, and miR-499a which are downregulated in myotubes after TGF[31

treatment in myoblasts.

To gain a clear picture of differentiation effects on regulated miRNAs and other targets of TGFf1, we
investigated the time course of differentiation without treatment with TGFB1. Differentiation-
independent miRNAs were confirmed to not increase during differentiation (Figure 16A-E). In
contrary, miR-31 showed a decrease throughout differentiation (Figure 16B). Differentiation-
dependent miRNAs were confirmed to increase expression throughout differentiation (Figure

16H-M).

Interestingly, all differentiation-independent miRNAs have been described to be upregulated by
TGEFp1 in other tissues, while all differentiation-dependent miRNAs have described roles in skeletal

muscle development or differentiation (reference in Table 13).

4.2.2 Effects of myo-differentiation

Differentiation of myoblasts and fusion to myotubes is a highly regulated process, as e.g. reviewed in
(Abmayr and Pavlath, 2012; Rochlin et al., 2010). It leads to an increase in myosins, e.g. MYH1 and
MYH?2 as shown in Figure 17, which can thus be used as transcriptional markers to follow the degree

of differentiation.
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Not only miRNAs, but also regulators of metabolism and targets of TGFp1 showed clear changes
during myo-differentiation. PGCla, CPT1B, and RRAGD increased with the differentiation markers
MYH1 and MYH?2 (Figure 17). It has been shown that PGC1la expression is increased in differentiated
myotubes in C2C12 cells (Fortini et al., 2016; Remels et al., 2010; Sin et al., 2016) and primary
human myoblasts (Hoffmann et al., 2018). Since it is known, that mitochondrial capacity and activity
increase during myo-differentiation (Fortini et al., 2016; Hoffmann et al., 2018; Sin et al., 2016) and
PGCla is a regulator of mitochondrial biogenesis, it is likely, that PGCla is regulating increasing
mitochondrial function during myo-differentiation (Duguez et al., 2002; Remels et al., 2010; Sin et
al., 2016). PGCla has further been shown to co-activate Cpt1b promoter in skeletal muscle of mice
(Lau et al., 2004). Upregulation of CPT1B in myo-differentiation, supported by PGC1a, contributes to
increasing mitochondrial substrate oxidation as CPT1B is an essential enzyme in 3 oxidation of fatty
acids. RRAGD plays a critical role in the activation of mTOR1 by amino acids (Sancak et al., 2008).
An increase of RRAGD thus could mean an increase in mTOR1 signaling which is needed for

myoblast fusion (Kikani et al., 2019).

On protein level, we observed an increase of insulin-induced phosphorylation of threonine 308 of
AKT relative to total AKT, as well as an increase in ATP5A with differentiation. In line with these
results, it was shown that constitutive activation of AKT increases muscle mass in mice (Lai et al.,
2004). Further, AKT has been shown necessary for skeletal muscle differentiation in vitro (Fujio et
al., 1999; Rotwein and Wilson, 2009; Tureckova et al., 2001). The observed increase in ATP5A
expression in differentiated myotubes is a measure of increased mitochondrial capacity, which is, as
already mentioned above, also increasing during myo-differentiation (Fortini et al., 2016; Hoffmann

et al., 2018; Sin et al., 2016).

Overall, an upregulation of AKT and mTOR pathways is in line with literature, as the IGF-AKT-
mTOR pathway is known to positively regulate protein synthesis (Schiaffino et al., 2013), and protein
synthesis is needed in restructuring differentiating cells towards contractile myotubes (Devlin and

Emerson, 1978).

4.2.3 TGFB1 and myo-differentiation

The inhibition of myo-differentiation by TGFf1 was first described in 1986 (Massague et al., 1986;
Olson et al., 1986). Since then, several mechanistic aspects of this inhibition have been elucidated.
Vaidya et. al described reduced levels of MyoD1 transcript, and demonstrated, that the loss of MyoD1
is not the sole cause for inhibition of differentiation, as constitutive MyoD1 expression could not
compensate the effects (Vaidya et al., 1989). Later this finding was confirmed, showing that the
TGFf1 effector SMAD3 directly represses MyoD1 expression by DNA binding (Liu et al., 2001). In
contrast, it was shown that TGF [} receptors are necessary for successful differentiation, independent of

SMAD2 and SMAD3 molecules (Droguett et al., 2010). On the other hand, it was shown that
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TGFBR2 misfunction also inhibits myo-differentiation (Filvaroff et al., 1994) and TGFf1 is needed in
high mitogen environment to induce differentiation (Zentella and Massague, 1992). Zentella and
Massague used very low concentrations of TGFf1 (0.06 ng/ml (5 pM) in contrast to 1 — 5 ng/ml used
in all other mentioned studies), thus a dose-dependence as demonstrated in (Olson et al., 1986) where
creatine kinase activity was higher in the lowest TGFB1 concentration (0.125 ng/ml estimated from
graph) than in control cells, is very plausible. In this case, the half-maximal repression of TGFf31 was
reported at 0.5 ng/ml and the maximal repression at 1 ng/ml (Olson et al., 1986). Hence, low
concentrations of TGFf31 might be necessary for myo-differentiation, however, high concentrations of

TGFp1 (1 ng/ml and higher) inhibit differentiation in murine, porcine, and human myoblasts.

An increase in MyoD degradation and decrease of myogenin expression was shown by Schabort et al.
who further showed that TGF[B treatment prevents cell cycle exit and thus blocks myoblast
differentiation (Schabort et al., 2009). Another study concerning the inhibition of cell cycle arrest has
shown continued expression of TWIST2 after TGFB1 treatment (Murakami et al.,, 2008). In our

samples TWIST2 expression was not significantly different in TGFB1 treated samples.

Another described mechanism is the upregulation of myostatin (MSTN) by TGFB1 (Budasz-
Rwiderska et al., 2005) which in turn leads to downregulation of MyoD and inhibits differentiation
(Langley et al., 2002). In our experiments, MSTN transcript was upregulated (FC = 1.5, pag = 0.0016)
5 days after end of TGFfB1 stimulation. Myostatin is a profound inhibitor of muscle growth
(McPherron et al., 1997).

Lastly, Winbanks et al. showed, that TGF[1 inhibits myo-differentiation via miR-206 and miR-29
both also downregulating HDAC4 independent of TGFB1 (Winbanks et al., 2011). HDAC4 transcript
was slightly decreased in TGFf1-treated samples in our experiments, 5 days after end of TGFp1
stimulation (Figure 8). As TGFB1 seems to lead to a broad range of differentially regulated transcripts
potentially responsible for the inhibition of myo-differentiation, the regulation is most likely very
complex and depends on many variables. In contrast to most studies, we investigated the effects of
TGFpB1 5 days after induction of myo-differentiation, which, however, still leads to clearly reduced

expression of differentiation markers (Figure 7).

4.2.4 TGFB1-regulated miRNAs and myo-differentiation

As described before, differentiation-dependent miRNAs are all described skeletal muscle miRNAs
(references in Table 13). Thus, we hypothesized, that TGFB1 suppresses differentiation-dependent
miRNAs that are necessary for myo-differentiation. In this case, supplementing TGFp1-treated
myoblasts with the missing miRNAs during differentiation can potentially compensate the effects if

they are caused by inhibited differentiation.
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To test if the effects of TGFB1 on regulators or metabolism are regulated via the downregulation of
differentiation-mediated miRNAs, we transfected miRNNA mimics on day 1 of differentiation to
simulate the endogenous increase during myo-differentiation (Figure 16) and give enough time for
miRNA mimics to act. However, we could not recover any of the effects induced by TGFB1 by

supplementation with a mix of miRNA mimics (Figure 22, Figure 23).

As discussed above, miR-206, one of the miRNAs used in the miRNA mimics mix, has been shown
to be downregulated by TGFB1 (Winbanks et al., 2011) and the inhibition of myo-differentiation
caused by TGFf1 stimulation could be counteracted by supplementing with miR-206 mimics by
Winbanks et al.. The study investigated acute effects, while we investigated effects on day 5 of
differentiation. Furthermore, experimental conditions, such as the concentration of used miRNA
mimics and the use of controls, differed from our investigations. This will be discussed in more detail

in chapter 4.4.1 Importance of controls.

On the other hand, inhibition of myo-differentiation could be caused by miRNAs upregulated by
TGEFp1. Elevation of miR-31 by miRNA mimics has been shown to inhibit differentiation in C2C12
cells (Liu et al.,, 2017). This is in line with decreasing miR-31 expression throughout myo-
differentiation in our results. Thus, the effects of TGF31 on differentiation could also be regulated via
miR-31. In this case, transfection of miR-31 mimics would lead to the same effects as TGFp1
stimulation regardless of direct effect of miR-31 on regulators of metabolism or an indirect effect due

to decreased differentiation.

However, when transfecting miRNA mimics preconfluently, before differentiating for 5 days, we did
not find inhibitory effects of miR-31, miR-143 or miR-145 on differentiation (measured by MYH1 and
MYH?2 transcript and protein levels). These findings are in contrast to (Liu et al., 2017), who showed
inhibition of differentiation by miR-31 mimics in C2C12 cells. Then again, Liu at al. investigated
effects 48 h after transfection with miR-143 mimics while we looked at cells after 5 days of
differentiation. We cannot exclude that we would have seen an inhibition of differentiation by miR-31

mimics 48 h after transfection.

Summarizing, we did not find an influence of any of the used miRNA mimics on myo-differentiation,
not by compensation of TGFB1-downregulated miRNAs, nor by transfection of TGFp1-upregulated
miRNAs.

4.2.5 Influence of used differentiation medium
As described in (Hoffmann et al., 2018), differentiation without FBS reduces the number of non-
differentiated myocytes and increases the abundance of muscle-specific proteins such as MYHI, 2,

and 7 more efficiently than differentiation with 2% FBS. Thus, differentiation without FBS lead to a
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cleaner culture than differentiation with 2% FBS, containing nearly no undifferentiated cells

(Hoffmann et al., 2018).

When comparing the expression of miRNAs in myotubes differentiated with 2% FBS or without FBS,
differentiation-independent miRNAs did not differ in their response to TGFB1. Whereas the
differentiation-dependent miRNAs showed more pronounced downregulation by TGFf1 (smaller
p-value TGFB1 vs. vehicle-treated) with the FBS-free medium (Figure 15). With the exception of
miR-146b (Figure 15H), it seems, that the cause for the changes in p-value when differentiating with
or without 2% FBS depend on changes of expression levels of the miRNAs during myo-
differentiation. The miRNAs miR-133b, miR-139, miR-208b, and miR-499b were more abundant
after differentiation without FBS (Figure 14). This is well in accordance with the cleaner

differentiation observed when differentiating without FBS as published in (Hoffmann et al., 2018).

In conclusion, the RNA expression pattern comparing the two differentiation media (Figure 14, Figure

15) confirmed the published improved differentiation method from (Hoffmann et al., 2018).

4.3 Regulation of PGCla and other metabolic regulators by TGFp1

4.3.1 Is the effect of TGFB1 mediated by miRNAs?

If the effects of TGFB1 on regulators of metabolism are regulated via the upregulation of miRNAs,
transfecting these miRNAs alone should induce the same effects on regulators of metabolism as
TGEFp1. To test this hypothesis, we transfected cells preconfluently with 10 nM miRNA mimics of
miR-31, miR-143, and miR-145, which were all upregulated by TGFf1 treatment. Subsequently,
myoblasts were differentiated to myotubes for 5 days. We saw clear Cy3 expression in cells
transfected with Cy3 control and detected strongly (>> 100x) increased miRNA levels in transfected
cells. However, the positive control miR-122 did not lead to a reduction in ALDOA transcript levels,
neither did we find a reduction of IGFBP5 by miR-143 (Figure 24) as described in (Soriano-Arroquia
et al., 2016). The most described pathway of miRNA action involves degradation of mRNA and
thereby preventing translation (Jonas and Izaurralde, 2015). It is thus possible, that the effects of the
investigated miRNAs mainly affect translation and the effects are therefore not visible on
transcriptional level. We tested three commercially available antibodies against IGFBP5 without a
clear signal corresponding success and were therefore not yet able to test the effects of miR-143 on

IGFBP5 on protein level.

We did not find inhibitory effects of miR-31, miR-143 or miR-145 on PGCla transcript or ORP8
protein. As clear effects of overexpression of miR-143 on insulin-induced phosphorylation (Thr308
and Ser473) of AKT were demonstrated in liver cells of mice (Jordan et al., 2011), and vascular
smooth muscle cells (Blumensatt et al., 2014), and a mechanism via ORP8 was described (Blumensatt

et al., 2014; Jordan et al., 2011), we were surprised to not find effects of miR-143 mimic on ORP8 or
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p-AKT(Thr308). In our experiment, ORP8 protein levels were very stable. In contrast to (Jordan et
al., 2011), who found nearly no expression of ORP8 in skeletal muscle in mice, ORP8 was clearly

expressed in primary human myotubes in our experiments.

In contrast to the negative results using miR-143 mimics, we found a significant reduction of insulin-
induced phosphorylation of threonine 308 of AKT in cells transfected with miR-31 mimic. As
demonstrated in (Gottmann et al., 2018), miR-31 mimic decreases expression of transcripts of insulin
signaling, e.g. IRS1 (insulin receptor substrate 1) and GLUT4 in human adipocytes. This is in line
with our finding of a decrease in insulin-induced phosphorylation of AKT (Thr308) in myotubes
transfected with miR-31 mimics. In their experiments, (Gottmann et al., 2018) used 20 nM, while we
used 10 nM miR-31 mimics for transfection. It is possible, that the effect would be clearer if we

increased the concentration of transfected miRNA mimics.

10 pM insulin was used to stimulate cells in all experiments, a concentration above the physiological
concentration, which is expected to maximally stimulate insulin receptor-mediated downstream
signaling events (Sarabia et al., 1992). It is possible, that the used concentration was too high to detect
sensitive differences between samples. Further experiments will compare lower insulin concentrations
in the submaximal range. Nevertheless, we did not find ORP8 regulated, thus, the pathway suggested
by (Jordan et al., 2011) is, as discussed above, not affected in our experiments, independent of the
used insulin concentration. With regard to the effects of other tested miRNA mimics on the insulin-

dependent phosphorylation of AKT, it is possible that we might have missed some effects.

4.3.2 Regulation of PGC1la and other metabolic regulators by TGFp1

When looking at the results of long RNA sequencing, mitochondrial proteins and regulators, as well
as mitochondrially encoded transcripts were decreased in TGF[p1-treated cells. The effects were
reversible by additional introduction of the TGFf1 inhibitor SB431542 (10 nM). These results are in
line with previous publications of our group (Bohm et al., 2016a) where TGF[1 stimulation decreased
PGCla expression and expression of other regulators of metabolism such as HADHA (hydroxyacyl-
CoA dehydrogenase trifunctional multienzyme complex subunit alpha), CTP1B, TFAM (transcription
factor A, mitochondrial) or PRKAAZ2. Here we showed that the effects on PGC1a expression persist 5
days after the end of TGFf1 stimulation.

Additionally, we found all transcripts of mitochondrially encoded subunits of the respiratory chain
downregulated in TGFf1 treated cells. In (Bohm et al., 2016a), it was shown that TGFB1 suppresses
mitochondrial regulators and enzymes such as ATP5A. Moreover, published in (Hoffmann et al.,
2018), we showed that TGFf1 leads to a lower mitochondrial content in myoblasts and possibly more
important, that myo-differentiation increases mitochondrial content. Thus, by inhibiting
differentiation, TGFf1 will inhibit the increase of mitochondrial content accordingly, additional to the

direct reduction of mitochondrial content due to TGFf1 treatment of myotubes.
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These results are in line with studies by other groups, all investigating acute effects of TGFp1 on
different cells, tissues, or organisms. In the comparison of cells from various tissues of murine and
human origin, It was shown that the KEGG pathway “metabolic pathways” is commonly
downregulated by TGFB1 (Abnaof et al., 2014). The necessity of mitochondrial regulation for fibrotic
effects of TGFB1 has been discussed in (Jain et al., 2013), showing that reactive oxygen species
(ROS) generated from complex III of the mitochondrial respiratory chain are needed for TGFf1-

induced gene expression in fibroblasts.

Tiano et al. demonstrated a mechanism of TGFf1 to inhibit PGCla via SMAD3 in myotubes (Tiano
et al., 2015). SMAD3 directly occupies promoter regions of PGCla and the irisin precursor FNDC5
(fibronectin type III domain containing 5). In their experiments, they either examined acute effects of
TGFB1 in C2C12 cells differentiated for 3 days before initiating 48 h of TGFf1 stimulation or
continuous stimulation during differentiation for 4 days (Tiano et al.,, 2015). In contrast, we
investigated effects when only stimulating in undifferentiated myoblasts prior to differentiation for 5
days and used primary human skeletal muscle cells. Since binding of SMAD3 to the promoter regions
of PGCla requires the TGFB1-dependent phosphorylation of SMAD3, which is an acutely regulated
transient mechanism, this might not explain the observed effects in our study, but only the shorter-
term effects of TGF[31 after 24 — 48 h.

4.3.3 PPARGC1A promoter methylation is not affected by TGFB1 stimulation

Most CpG sites in the mammalian genome are methylated except for CpG islands, which are usually
localized upstream of transcription start sites of genes. When CpG islands of promoter regions are
methylated, transcription can be suppressed (Weber et al., 2007). Therefore, we investigated promoter
methylation of the PPARGC1A gene in TGF[1-treated myotubes, to examine whether the prolonged
effect of TGFB1 on PGCla was due to hypermethylation of the PGC1a promoter.

We studied 229 CpG sites in four different promoter regions of the PPARGCIA promoter.
Methylation sites of the PPARGC1A promoter that are frequently discussed to be regulated und to
influence transcription of the gene are all located in the canonical promoter as described in results.

They were all unchanged by TGFf1 treatment in our samples.

We detected a low methylation grade in the canonical and brain promoter (5.7% and 5.2%
respectively) and a higher overall percentage of methylation in alternative (22.4%) and liver promoter
(39.6%). This is surprising, since a low grade of methylation generally equals to a high use of the
respective promoter for transcription, and the brain promoter is not described to be commonly used in
skeletal muscle cells (Popov et al., 2015). Furthermore, while the canonical promoter is continuously
active in skeletal muscle, the alternative promoter is the promoter described to be most influenced in
skeletal muscle, e.g. by acute exercise, (Popov et al., 2015) and showed a methylation grade of about

22% in our samples, unaffected of TGFf31 treatment.
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Changes in promoter methylation of the canonical PPARGCI1A promoter in skeletal muscle in humans
have been described in several conditions, e.g. acute exercise (Barres et al., 2012), in high fat feeding
in humans with normal birth weight compared to low birth weight (Brons et al., 2010), and in first
degree relatives of type 2 diabetics (Gillberg et al., 2013). However, Brons et al. and Gillberg et al.
(Brons et al., 2010; Gillberg et al., 2013) both did not find a correlation of PPARGCIA transcript
expression and PPARGCIA promoter methylation in skeletal muscle of humans, allowing the
speculation, that PPARGCI1A promoter methylation is not as central in the regulation of mRNA
expression in vivo as others have suggested. (Popov et al., 2015) describe a constant “basal”
expression by the canonical promoter and a variable expression, e.g. induced by acute exercise, by the

alternative promoter, not looking at methylation but only at expressed isoforms of PGCla.

As we could not find differences in methylation status in our samples, we conclude that the observed
prolonged effect of TGF1 on PGCla is not transmitted by PPARGCI1A promoter methylation in our

experiments.

4.4 Experimental consideration about transfecting miRNA mimic into skeletal

muscle cells

4.4.1 Importance of controls

In the positive control MEOX2, which is described to be regulated by miR-206, we saw a decrease of
expression level in TGF[1-treated cells in negative control mimic-treated but not in miRNA mimic
mix treated cells (Figure 21). When transfecting only miR-206, the concentration seemed pivotal:
1 nM miR-206 had no effect on MEOX2, 10 nM miR-206 showed a trend of reduction of MEOX2.
The 5 nM mimics mix contained 1.25 nM miR-206 mimic, thus, possibly not enough to reduce
MEOX?2 expression directly, but enough to compensate the negative effect of TGF1 on MEOX?2. It is
therefore likely, that the used concentration of miRNA mimics mix was too low to detect effects on
the investigated transcripts and proteins. (Winbanks et al., 2011) successfully compensated effects of
TGFB1 on HDAC4 by substituting with miR-206 mimic. They used a concentration of 200 nM
miRNA mimic and stimulated primary murine cells or C2C12 cells with 5 ng/ml TGFB1. However,
they did not investigate prolonged effects and found differences only on protein level. One major
drawback of their study is the lack of negative control mimics, all reported data are compared to
untreated controls. It is likely, that a treatment with 200 nM miRNA mimic, regardless of the specific
sequence, will lead to changes in cells including cell death (Jin et al., 2015) or influence myo-
differentiation. As shown in Figure 29, transfecting 10 nM miRNA mimics or negative control

miRNA reduces the abundance of MYH1 irrespective of the used miRNA.

We used a mix of miRNA mimics as we wanted to compensate for the broad suppression of miRNAs
by TGF[1. The choice of miRNAs was based on the two top downregulated miRNAs, miR-499a (FC
= -4.42 in DEUS analysis) and miR-208b (FC = -3.51 in DEUS analysis), plus the two miRNAs well
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described in skeletal muscle and regulated by TGFp1 treatment, miR-133b (FC = -1.84 in DEUS
analysis) and miR-206 (FC = -1.38 in DEUS analysis). Alternatively, or additionally, we could have
used more top downregulated miRNAs, e.g. the next two in the list, miR-146b (FC = -2.34 in DEUS
analysis) and miR-139 (FC = -2.13 in DEUS analysis). The complex regulations of myo-
differentiation, and especially the involvement of regulatory miRNA networks, are not fully
uncovered. However, using the most regulated miRNAs and supplementing with two miRINAs that
were also regulated and have essential roles in development and regeneration of skeletal muscle, is
likely to include relevant miRNAs. In the future, experiments with a miRNA mimics mix containing
six miRNAs, the four we used here, plus miR-146b and miR-139, will be investigated. Furthermore, a
higher concentration of miRNA mimic mix will be evaluated, of course carefully keeping unspecific

effects in mind and always in comparison to the same load of negative control mimic.

4.4.2 C2C12 vs. human skeletal muscle cells: TGFP1 does not lead to the same
effects
Overall, the results of our experiments transfecting miRNA mimics into primary cells were not as
clear as hoped for. Several effects of investigated miRNAs were described by other groups, but we
could not reproduce them in primary skeletal muscle cells as discussed above. As another approach,
we aimed to use a pre-miRNA-containing vector to circumvent potential limitations of transfecting
high concentrations of miRNAs. For transfection of vectors without the need to use viral transduction,
we decided to change model system to the most common skeletal muscle cell line, C2C12, a murine

immortalized cell line.

To investigate, whether C2C12 cells express the same miRNAs and if TGF[1 will lead to a regulation
of these miRNAs, we stimulated C2C12 cells with TGFf31. We expected effects on Ppargcla and
differentiation markers Myh2 and Myh?7, like the reduction we observed in human primary myotubes
and expected similar effects on miRNAs. However, we did not find a clear regulation. Ppargcla,
Myh2 or Myh7 expression levels did not significantly differ between TGFf31 and vehicle-treated
samples. Tgfbi was not increased by TGF[1 stimulation. The lack of increasing Tgfbi levels in C2C12
cells was observed in our lab before by other investigators (unpublished data). Nevertheless, we saw
increases of PGCla transcript, Myh2, Myh7 with myo-differentiation as expected. Furthermore, all

differentiation-dependent miRNAs showed very low expression in myoblasts (Figure 26).

We used human TGFf1, as the mature protein shares 99% identity with murine Tgf1. Recombinant
human TGFf1 has been used in stimulation studies in C2C12 cells or murine primary cells (Figueroa
and Hayman, 2004; Murakami et al., 2008; Winbanks et al., 2011) and it is unlikely that the use of

human recombinant TGFf1 is the reason for a lack of observed effects in our experiment.

Other groups that have stimulated C2C12 cells with TGFB1 and found an inhibition of differentiation

markers like the one we observed in primary human cells. For example, (Figueroa and Hayman, 2004)
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stimulated C2C12 cells with 1 ng/ml TGB1 and saw a clear reduction in MYH1/2 protein. However,
they simultaneously changed to differentiation medium and started TGFB1 stimulation, while we
either first stimulated with TGFf1 before differentiation start or only started TGFB1 stimulation on
day 3 of differentiation, when most cells are already fused to myotubes. In a similar experiment,
(Winbanks et al., 2011) also induced differentiation at the same time as TGFf1 treatment. They
stimulated C2C12 cells for 48 h with 5 ng/ml TGFf1, compared to 1 ng/ml in our experiments. They
showed decreased levels of miR-206 and miR-133b in TGFf1-treated compared to control-treated
cells, in line with our observations in primary human myotubes (Figure 13F, I). Tiano et al. stimulated
C2C12 cells as myotubes after 3 days of differentiation with TGFf1 for 24 h and showed a clear
reduction of PGCla transcript in TGFfB1 treated cells (Tiano et al., 2015). Their experiment is
comparable to ours, we also differentiated C2C12 cells for 3 days before stimulating them with 1
ng/ml TGFf1 for 48 h, but we observed only a trend for less PGCla transcript in TGFf1-treated
samples (Figure 26A).

We currently have no explanation why C2C12 cells do not show prolonged effects on PGCla as
expected. First transfection experiments using vectors containing pre-miRNAs did not show effects on
the investigated transcripts and proteins and were not pursued further after identifying the lack of

prolonged inhibition of PGC1la transcript in C2C12 cells to TGFB1 treatment.

4.4.3 miRNA mimics - opportunities and weaknesses
As explained earlier, we wanted to transfect primary human myoblasts with miRNAs without using
viral transduction of vectors. Thus, we used miRNA mimics, which possess the sequence of the

respective mature miRNA.

To circumvent overload with RNA species, we aimed to use low miRNA concentrations. In the
manufacturer’s protocol, 50 nM miRNA mimics are recommended (Qiagen). Using 5 nM and 10 nM
miRNA mimics, we assumed to work well under the limit for toxic side effects, as many groups use

higher concentrations, and we still detected plain increases of miRINA levels in cells (Figure 19).

The use of miRNA mimics has been criticized to lead to unspecific effects, meaning miRNA mimics
with a random sequence could also cause effects, and the use of lentiviral transduction of pre-miRNA-
containing plasmids was shown to affect targets at much lower measurable concentrations of mature
miRNA (Jin et al., 2015). The main difference between the two systems is the maturity state of the
delivered miRNA. In lentiviral transductions pre-miRNAs, in the form of stem loop miRNAs, are
used, while miRNA mimics are built of the mature miRNA sequence complemented by a passenger
strand that is usually chemically stabilized. The processing of stem loop miRNAs to functional mature
miRNAs involves several steps and enzymes as reviewed in (Creugny et al., 2018). It is thus possible,
that the processing of miRNAs already plays a role for their effects and the transfection of mature

miRNAs, like miRNA mimics, would bypass parts of the miRNA machinery.
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Furthermore, passenger strands of miRNA mimics accumulate in the cells and potentially lead to
unspecific effects (Jin et al., 2015; Sokilde et al., 2015). Additionally, biologically inactive miRNA
mimics could explain the lack of clear effects, expected from a robust biological activity of the
transfected miRNA mimics. It is possible, that big parts of miRNA mimics are not active in the
cytoplasm but packed into cellular vesicles and thereby inactivated (Thomson et al., 2013). To
exclude unspecific effects, all our results were studied in relation to control miRNA mimic and not
untreated control. Comparing to untreated control would often have led to misleading effects as

shown in Figure 29.

MYH1 Figure 29. Transfection of mIiRNA mimics leads to
unspecific effects.

c °7 This is the same graph as shown in Figure 25A but with the
5—’, additional dataset of untreated control (buffer). Primary human
9_“3 “1 ¢ myoblasts (n = 8-12) were transfected with miR-31, miR-143,
g miR-145 or negative control mimics for 24 h before confluence
j(’ and subsequently differentiated for 5 days. Quantification of
. *k*k * gPCR results. Data are displayed as symbols for individual
o o0°® *k%k JokKk values with mean + SD. miR-31, miR-143, miR-145 mimic, and
-% ® : t % * negative control mimic suppress MYH1 transcript when
© f comparing to untreated control. Al mMRNA data normalized to
0 donor and reference genes TBP and RPS13. One-way ANOVA
{\Qp Q\«\ Q:b'\/ /\/g?a /\/&9 with Dunnett’s multiple comparisons test comparing to

& (89 N &9 @Q untreated control.

Taking this together with the results of the transfection with miRNA mimics mix discussed above, the
concentration of miRNA mimics we used might have been too low to induce significant effects. It
could therefore be worthwhile to try higher miRNA mimic concentrations, e.g. 20 nM as used in
(Gottmann et al., 2018), or even 50 nM as recommended by Qiagen. It was our aim to use as little
miRNA mimic as possible, and we did find strongly increased levels of miRNAs in our cells. On the
other hand, if the bulk of miRNA mimics is inactivated inside vesicles, a higher concentration might
lead to more active miRNA in the cell. It would be useful to test higher concentrations, always

cautiously comparing to cells treated with negative control mimics.
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4.5 Outlook and conclusion

Interestingly, many of the miRNAs we found regulated by TGFf1 have been described to be affected
by exercise, including differentiation-independent and differentiation-dependent miRNAs. Described
circulating microRNAs in exercise that were regulated by TGFB1 in our experiments are miR-21,
miR-133b, miR-143, miR-145, miR-146, miR-206, and miR-499 (Sapp et al., 2017). However, the
evidence is contradictory, underlining the complexity of the issue. For example, circulating miR-21
levels in blood of healthy males with low aerobic fitness (measured as VOopeax) were increased
compared to healthy males with high aerobic fitness (Bye et al., 2013). On the other hand, circulating
miR-21 was shown to increase after acute bouts of exercise (Baggish et al., 2011; Xu et al., 2016), but
be decreased 30 minutes after the end of exercise (Kilian et al., 2016). Furthermore, increases in
circulating miR-21 after an acute bout of exercise were shown to be higher in obese subjects than in
lean controls (Bao et al., 2018). Looking at the differentiation-dependent miR-133b as an example, a
study comparing uphill (concentric) and downhill (eccentric) running found circulating miR-133b
upregulated only in early recovery of downhill running (Banzet et al., 2013). Contrasting, circulating
miR-133b was shown decreased after high intensity cycling (Cui et al., 2015) and increased after high
intensity running (Cui et al., 2016).

We do not know the origin of the published circulating miRNAs, but there is a possibility that they
origin from muscle tissue, maybe induced by TGFB1. The fact that these miRNAs circulate in the
blood stream opens new possibilities for the mechanism how TGFf1 inhibits insulin sensitivity in
non-responders. Possibly, circulating miRNAs influence other tissues, for example liver or adipose
tissue. It has been shown, that miR-143 impairs insulin signaling in liver, more precisely the
phosphorylation of AKT after insulin stimulation (Jordan et al., 2011), and in fat, miR-31 mimics
suppressed important transcripts of insulin signaling IRS1 and GLUT4 (Gottmann et al., 2018). Thus,
one very speculative hypothesis is that impaired response in insulin sensitivity after a training
intervention is the result of an interplay between organs, caused by circulating miRNAs which
possibly originate from dysregulated TGFf1 signaling in skeletal muscle after exercise. In smooth
muscle, the role of TGFf1 seems to be very different. TGF[1 is needed for differentiation of smooth
muscle cells (Coletta et al., 2018; Valcourt et al.,, 2005) and this process involves miR-143 and
miR-145 (Avalle et al., 2017). This could be part of a beneficial TGF1 response after exercise, since
training improves cardiac output (Ellison et al., 2012), possibly supported by TGFf1 induced
cardiomyocyte differentiation. Thus, complete inhibition of TGFB1 signaling would not be a perfect

solution as it might have side effects, e.g. inhibited cardiomyocyte differentiation.

Another angle is to look at investigated animal models. Amongst full body miRNA mouse knock-out
models of the miRNAs we found regulated by TGFf1, only miR-143 has a published phenotype.

Homozygous miR-143 knock-out was lethal while heterozygous mice did not show a significant
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phenotype in any of the screened parameters (International Mouse Phenotyping Consortium, 2020).

Thus, one intact allele most likely can compensate the loss in heterozygous mice.

To name another animal study, in pigs, comparing animals with high lean mass to animals with lower
lean mass within three different breeds, several differentiation-dependent miRNAs were detected
differentially regulated, namely miR-146b, miR-206, and miR-499a. Furthermore, TGFf1 signaling
was deregulated in the comparison (Ropka-Molik et al., 2018). This is in line with our hypothesis that
dysregulated TGFB1 signaling affects muscle tissue negatively, and likely contributing to non-

response in exercise.

To summarize, TGFf1 regulates miRNAs in skeletal muscle and their role in regulating metabolism is
possible but the mechanisms remain unknown. Based on research from other fields and laboratories, a
role of miRNAs in non-response to exercise is possible. With our results of TGFf1-induced miR-31
suppressing phosphorylation threonine 308 of AKT, we contribute another small part to the

understanding of this complex regulation.
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