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Summary

Background: Physical activity can prevent or delay many obesity-associated diseases. Even
though reduction in fat mass clearly is health promoting, beneficial effects of physical activity
are also observed regardless of weight change. This suggests additional mechanisms linking
physical activity and health status. The recent discovery that contracting muscles secrete
peptides (named myokines) has put forward a hypothesis suggesting that working muscles
regulate the systemic metabolism through humoral signaling. This may be an important
mechanism involved in the beneficial health effects of physical activity. To investigating
physical activity on molecular levels, in vitro models of exercise, such as cell cultures of
skeletal muscles, is greatly beneficial.

Objectives: This thesis had two major objectives. The first objective was to optimize a
protocol for differentiation of human skeletal muscle cells in culture by manipulating
experimental conditions, and subsequently evaluate cell morphology and molecular aspects. |
aimed to investigate which serum type (HS, FBS, UG) and concentrations that provided
highest degree of differentiation, and also to investigate the effect of dexamethasone and
insulin. Additionally, | aimed to characterize molecular aspects of cells differentiating in the
most promising media. The second objective was to identify and characterize expression of
myokines during in vitro myogenic differentiation. | aimed to investigate mMRNA expression

and secretion of both known and potential myokines.

Results: 1) Romanowsky staining was established and used to calculate a fusion index in
order to determine the degree of differentiation in the muscle cell cultures. 2) HS at
concentration of 0.5 and 1.0 % showed the best differentiation, but with no statistically
significant difference from the other media. 3) Dexamethasone in higher doses inhibited
differentiation, whereas increasing concentration of insulin in SFM promotes a tendency
towards lower differentiation. 5) mMRNA expression of PAX7 was reduced during
differentiation of myoblasts in 1.0 and 2.0 % HS, while myogenin, myosin, alpha-actin,
PGCla and GLUT4 were increased. There was no differences between these concentrations
of HS, but in SFM and the proliferation medium the gene profile was substantially different.
Protein content of myosin and actin increased with differentiation, reaching the highest level
on day 7 of differentiation. 6) mMRNA expression of the myokines FNDC5, ANGPTL7 and

PEDF strongly increased during differentiation, whereas PLAU decreased. Expression of IL-8
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showed a minor change, and adiponectin was not detected. Secretion of PLAU and PEDF

proteins in to the medium corresponded well with the mRNA expression pattern.

Conclusions: I have found that myoblasts differentiated for 7 days in 1.0 % HS result in well-
differentiated muscle cell cultures, exhibiting at best 67 % of all nuclei inside of
multinucleated myotubes. All serum-reduced media showed MRNA expression pattern
corresponding to the expected changes during differentiation, but it is not possible to draw
any conclusions regarding differences between 1.0 and 2.0 % HS. Furthermore, mRNA and
protein expression kinetics of myosin and actin reached highest level on day 7, suggesting the
cell culture to be most muscle-like at this stage. Finally, | observed distinct mRNA expression
dynamics of several myokines during differentiation, and secretion of PLAU and PEDF in to

the medium.



Abbreviations

ACTAl Alpha actin 1
AMPK AMP-activated protein kinase

ANGPTL Angiopoietin-like protein

AUC Area under the curve

BCA Bicinchoninic acid

CD Cluster of differentiation

CDK Cyclin-dependent kinase

CKI CDK inhibitor

DMEM Dulbecco’s modified eagle medium

(h)EGF (human) Epidermal growth factor

ELISA Enzyme-linked immunosorbent assay
EPS Electric pulse stimulation

F12 Ham’s F12 nutrient mix

FBS Fetal bovine serum

(hb)FGF (human basic) Fibroblast growth factor

FNDC5 Fibronectin type Il domain containing 5
GLUT4 Glucose transporter 4

HS Horse serum

IGF Insulin-like growth factor

IL Interleukin

LDH Lactate dehydrogenase

LIF Leukemia inhibitory factor

MAPK Mitogen-activated protein kinase
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MGB Minor groove binder

MRF Myogenic regulatory factor

MYH Myosin heavy chain

MYOG Myogenin

PAGE Polyacrylamide gel electrophoresis

PAX Paired box

PEDF Pigment epithelium-derived factor (also known as SERPINF1)
PGCla Peroxisome proliferator-activated receptor gamma coactivator 1o
PLAU Plasminogen activator urokinase (also known as uPA)

pPRb Retinoblastoma protein

PVDF Polyvinylidine fluoride

RPLPO Human large ribosomal protein PO

SDS Sodium dodecyl sulfate

SERPINF1  Serpin peptidase inhibitor F1 (also known as PEDF)
SFM Serum-free medium
SIX1/4 Homeobox protein SIX1/4

SLC2A4 Solute carrier family 2 member 4 (GLUTA4)

SPARC Secreted protein, acidic and rich in cysteine

TBS Tris-buffered saline

TCA Tricarboxylic acid

TF Transcription factor

UG Ultroser G

uPA Urokinase-type plasminogen activator (also known as PLAU)
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1 Introduction

1.1 Health in the modern society

The global increase in overweight (BMI > 25 kg/m?) and obesity (BMI > 30 kg/m?) is one of
the main health related problems of modern societies (1). As infections were the main causes
of death in the year 1900, heart disease and cancer rise to be the main causes of death in the
21 century, partly because of great developments in treating infectious diseases, and partly
because of the overweight and obesity epidemic (2). Weight gain due to expansion of fat mass
is a result of energy intake in excess of energy expenditure, and abdominal as well as
subcutaneous adipose depots seem to enhance in response to energy surplus (3). Many
environmental factors affect the risk of developing overweight and obesity, such as
availability of tasty and energy dense foods, and low physical activity due to mechanization
and digitalization of modern life (4-7). Knowledge of body function, health in relation to risk
factors, and education and financial background also affects this risk (8). Excess body fat
increases the risk of having metabolic syndrome, type 2 diabetes, hypertension,
cardiovascular disease, different types of cancer, respiratory problems, gall bladder disease,
musculoskeletal disorders, gout, infertility, complications during labor and surgery, non-
alcoholic fatty liver disease, depression and other mental disorders, as well as enhanced total
mortality (9, 10). Obesity possibly mediates these effects via adipose tissue-derived factors
(i.e. increased plasma levels of intracellular adhesion molecule (ICAM)-1, leptin, interleukin
(IL)-6, tumor necrosis factor (TNF)-a and resistin, and lower levels of adiponectin) (11).
These signaling molecules may influence body weight homeostasis as well as insulin
resistance, lipid levels, blood pressure, coagulation, fibrinolysis and endothelial function (11).

There are no updated obesity prevalence data in Norway available, but it is assumed that
around 15-20 % of all adults in Norway classify as being obese, with an increasing trend (8).
However, the incidence of coronary heart disease in Norway has declined by > 70 % the past
40 years. This suggests a change in other risk factors, like dietary fatty acid pattern and
smoking (12). Similar developments are observed in other countries as well (13, 14).



1.2 Health effects of physical activity: the myokine
concept

Physical activity is any form of body movement caused by muscle work, and that results in
increased energy expenditure (15). Physical activity can metabolically be devided into
exercise and non-exercise activity thermogenesis (16). The latter includes common activity
such as walking, sitting and labor, and constitutes between 10 and 50 % of the total energy
expenditure, while exercise can constitute between 0 and 75 % of the total energy expenditure
(16, 17). Reduced level of physical activity without a complementary reduction in energy
intake has been suggested to be the major cause of the progressive obesity epidemic the last
15-20 years (18). Modern objective methods (accelerometer) of measuring physical activity
level have shown that approximately 20 % of the adult population in Norway meets the
recommended 30 minutes daily moderate physical activity, with a clear socioeconomic trend
(8, 19). Moreover, there is a steep decline in the level of physical activity from 9 to 15 years
old children, which in future perspective potentially will exacerbate the obesity prevalence in
Norway (8, 20).

Physical activity can offer one of the most extreme situations the organism ever has to cope
with (21), and there are major physiological changes occurring upon initiating activity, such
as a 10-25 times increase in oxygen consumption within minutes, reflecting severe metabolic
adjustments in the body (15). Depending on intensity and duration, physical activity will
affect most organ systems in the body (15). For this adaptation to occur, many organ systems
have to adjust to increasing demands as intensity progresses. The metabolic and hormone-
secreting tissues are central coordinators in this matter. For example, there are vast changes in
hormone concentrations in blood, suggesting a coordinated involvement of all the classical
and non-classical endocrine organs (15, 22-24). Importantly, the catecholamines are well-
characterized with respect to roles during physical activity, as they contribute to most of the
described physiological changes (21, 24, 25). This includes circulatory and metabolic
alterations, mediated by intensity-related secretion from the adrenal glands, and tissues-
specific receptor distribution (a1, a2, P1, B2 and B3 receptors). Catecholamines increase the
hearts contraction force and rate of beating, and regulate the peripheral vasoconstriction. In
liver, catecholamines stimulate glycogenolysis, whereas this requires simultaneous

contraction (increased [Ca?*] and [Pi]) in muscle. Catecholamines stimulate lipolysis in



adipose tissue, and both inhibit and stimulate glucose uptake and utilization in skeletal muscle
(21, 24, 25).

Importantly, physical activity can prevent or delay many obesity-associated diseases,
regardless of weight status (15, 26-32). There are numerous potential reasons for this,
including improvements in heart function, muscle function, lipid profile, blood pressure,
blood glucose control, coagulation regulation, bone remodeling, cartilage and connective
tissue synthesis, lung function, and gastrointestinal and liver function (15). However, the
precise molecular basis for these improvements is not clarified, but there are several
hypotheses. Firstly, a reduction of fat mass may be one explanation, with subsequent changes
in circulating cytokines and adipokines. Secondly, regularly occuring physical activity-related
known endocrine changes, such as catecholamine spikes, may also explain a vast amount of
the health effects. Thirdly, as the brain operates in packages, an increase in physical activity
may also increase the motivation and willingness to eat healthy. Fourthly, the increased flux
of metabolites through the organism, such as periodically depletion of local glycogen and fat
stores in muscle and liver, may explain some of the health effects. The latter may have several
spillover effects, such as AMP-activated protein kinase (AMPK) activation, improved insulin
signaling, better glucose tolerance, and better regulation of energy storage. Importantly, as
muscle tissue is responsible for about 70-90 % of insulin-stimulated glucose uptake (33), a
slight increase in insulin sensitivity has profound effects on blood glucose regulation. Finally,
secreted factors from muscle tissue may be of importance for the observed health
improvements. Muscle is not a specialized (classical) endocrine organ, but similar to adipose
tissue, the liver, the gastrointestinal tract, the heart, and the kidneys, skeletal muscle is a
potentially major source of blood-circulating substances (34). Skeletal muscle is a highly
dynamic tissue, and comprises approximately 30-50 % of the adult human body mass (34,
35). Physical activity and inactivity may result in muscle hypertrophy and atrophy,
respectively, which might be followed by an acute or chronic change in circulating muscle-
derived signals. Signaling peptides secreted from muscle cells are known as myokines (36).
Myokines may act in an endocrine, autocrine or paracrine manner (36). In view of the
previous discussion, myokines probably complement and supplement the well-known
physical activity-related humoral factors, such as adrenaline, cortisol and others. Moreover,
acute and chronic physical activity probably alters the secretion of myokines to meet the
changing demands for power and support, and also for muscle cells to maintain their fine-

tuned balance with other cells and organs. The observed health effects may therefore be a side
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effect in this matter. For example, if the muscle experiences an energy crisis (i.e. increasing
intensity and duration of the activity), it will signal to surrounding tissues that it craves more
substrates for ATP regeneration. The general signal will therefore be: reduce your metabolic
activity and/or direct all available energy towards the working muscle. If this signal were to
be transferred efficiently, it would have to circulate the blood stream, exposing all cells and
tissues with receptor expression to the same (or somewhat modified, depending on other
circulating substances) signal. Such a signal could potentially inhibit energy- and mitogen-
dependent proliferation elsewere in the organism, such as in the colon. Such a signal could
also potentially remove accumulated glucose and fatty acids (and toxic derivatives) from non-
storage organs and tissues, such as the liver. Hence, the inhibition of colon tumorigenesis, and
increase in insulin sensitivity and glucose tolerance may be side effects of energy redirection
during physical activity.

Whereas myostatin was the first protein fulfilling the criteria as a myokine, IL-6 is most
extensively studied (36). Myostatin inhibits muscle hypertrophy, and its expression is
inhibited by hepatic follistatin during exercise (36). Thus, myostatin is important for
inhibiting skeletal muscle to become very big compared to other tissues. IL-6 is important for
inflammation, lipid and glucose metabolism, muscle hypertrophy, and for the compensatory
increase in insulin secretion during insulin resistance (36). Leukemia inhibitory factor (LIF),
IL-4, IL-7 and IL-15 are also potentially important for muscle hypertrophy, whereas brain
derived neutrotrophic factor (BDNF) and myonectin (CTRP15) are important for energy
metabolism (36, 37). Insulin-like growth factor (IGF)-1 and fibroblast growth factor (FGF)-2
contribute to bone remodelling, and follistatin-like protein (FSTL)-1 promotes endothelial
revascularization (36). Irisin promotes a shift from white to brown adipose tissue in mice (36).
Secreted protein, acidic and rich in cysteine (SPARC) is important for extracellular matrix
remodelling, and possibly for inhibition of tumorigenesis (38-40). Matrix proteins such as
lumican, collagen and metalloproteinases have also been identified as myokines (41). In
addition, other potential myokines include FGF-21, IL-8, chemokine (C-X-C motif) ligand-1
(CXCL1) and pigment epithelium-derived factor (PEDF) (36). The changes in secretion of
myokines may explain health effects of physical exercise, either through improvements in

known physiological systems, or yet undiscovered pathways.



1.3 Muscle tissue

To fully appreciate the complexity of muscle physiology, it is important to have detailed
knowledge of the embryonical development of muscle tissue. Skeletal muscle tissue is of
mesodermal origin (42, 43). Mesoderm buds off repeated structures called somites alongside
the neural tube. The somites form a number of structures, such as the sclerotome, the
syndetome, and the dermomyotome. The dermomyotome segregates to give rise to the
dermatome and myotome, and the latter is the embryonic region where muscle differentiation
first occurs. The transcription factors (TFs) Paired box (PAX) 3 and PAX7 are the first known
markers that label myogenic precursors, and the expression is regulated by signals from
surrounding tissues. Other TFs are also important in early myogenesis, such as Dachshund
homolog (DACH) 2, homeobox protein SIX (SIX) 1 and Eyes absent homolog (EYA) 2
proteins. PAX3 and 7 are regulators of muscle development and are upstream of myogenic
genes in somites, limb muscles and satellite cells. PAX3 and 7 control the expression of
myogenic regulatory factors (MRFs), which are TFs that support the proliferation and
survival of myoblasts before differentiation. Cells migrating from the myotome are the main
source of proliferating myoblasts, important for myogenesis in different anatomical regions of
the body. Differentiation starts when cells exit the cell cycle and start to express muscle-
specific markers, while the PAX genes are down-regulated. Myogenic factor (MYF) 5 is the
earliest known marker of determined muscle cells, closely followed by Myogenic
differentiation 1 (MYOD). The major adult muscle stem cells are called satellite cells. They
are derived from migrating cells from the central dermomyotome and reside between the basal
lamina and sarcolemma in adult skeletal muscle. The various anatomical regions of vertebrate
muscle tissue develop slightly differently. This is to large extent controlled by signals from
the surrounding tissue, such as the neural tube, notochord, overlaying ectoderm and lateral
mesoderm. Important examples include wingless ints (WNTSs), sonic hedgehog (SHH), bone
morphogenetic proteins (BMPs) and Noggin. MYF5 and MYOD, together with MRF4 and
myogenin, are the core network of TFs important for activating myogenesis. When
experimentally overexpressed in non-muscle cells, these MRFs can override the existing
cellular program, determining the cells for a myogenic fate. There is also a pronounced
redundancy between the MRFs, shown by knock-out models. Moreover, the MRFs can
activate the expression of each other. The exception to this is MYF5, which seems to act on
top of the transcription cascade. Regarding redundancy, myogenin appear to be the only MRF

absolutely required for myogenesis (42, 43). MRFs heterodimize with members of the

5



myocyte enhancer factor (MEF)-2-family of TFs and bind DNA motifs called E boxes in the
genome (43). Chromatin immunprecipitation combined with sequencing analyses (ChlIP-seq)
have revealed that MyoD bind lots of these E boxes (43). Muscle-specific promoters often
contain both MRF and SIX1/4 complex-binding motifs, which has led to the hypothesis that a
cooperation between these modules may be required for transcriptional activation of muscle-
specific genes (43, 44). Furthermore, evidence is accumulating showing the existence of a
higher order regulation involving miRNA (43, 45-48). For example, it has been showed that
miRNA associate with and degrades mRNA for PAX7 (45, 47). This is an important feature
of miRNAs, as transcripts important in previous cell cycle phase may be abundant in the cell,
and potentially delay the transition to GO phase if not degraded. Thus, this mechanism results
in an efficient switch from a proliferative state to differentiation (45). In summary, a small
number of TFs (the MRFs) are important for muscle development, and diverse embryonic

starting point converge on these TFs to activate the myogenic apparatus.

Although muscle fibers only develop until last period of fetal life, satellite cells in adult
skeletal muscle are important in muscle regeneration and hypertrophy (42, 49). These
quiescent cells reside beneath the basal lamina (42). Satellite cells in vivo are under strickt
control by the stem cell niche, which can be thought of as a specific location in a tissue where
stem cells can reside for an indefinite period of time and produce progeny cells while self-
renewing (50, 51). Factors influencing satellite cell activity in their niche have been
investigated, and probably comprise location (between sarcolemma and basal lamina, i.e. sub-
laminarly), polarization (basal and apical side), partner cells (myocytes or other stem cell
populations), vasculature (endothelial cells and endocrine factors), ECM (and factors bound
to ECM components), neural activity, and autocrine factors. Hence, the activity of satellite
cells is probably determined by both direct cell-cell contacts (i.e. integrin a7B1-laminin and
M-cadherin-myofiber contacts) and secreted factors from cells. Important examples of
regulators are nitric oxide (NO), IGFs, epidermal growth factors (EGFs), hepatocyte growth
factors (HGFs), FGFs, transforming growth factor (TGF)-B, platelet-derived growth factor
(PDGF), vascular endothelial growth factor (VEGF), endothelial-derived growth factor
(EDGF), members of the IL-6 family (i.e. IL-6, LIF), and testosterone (42, 51). Interestingly,
30 % of all sub-laminar nuclei in murine muscle at birth are satellite cell nuclei, whereas only
3-7 % of all sub-laminar nuclei in murine adult skeletal muscle are satellite cells (42, 52). In
adult skeletal muscle, other cell types also contribute to myogenesis, including
mesoangioblasts (vessel-associated stem cells), the poorly defined muscle side population
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stem cells, muscle-derived stem cells, pericytes (microvasculature sub-laminar localization),
and CD133" cells (circulating the blood stream) (51, 53). However, satellite cells are
considered to be the most important cell population in muscle regeneration, which upon
stimuli are activated and differentiate to fuse with existing fibers.

In adult skeletal muscle tissue, the muscle fiber is regarded as the functional unit (also named
muscle cell or myocyte) (49). The muscle fibers are arranged in bundles (called fascicles), and
whole muscles are comprised of numerous such bundles (fig. 1.1). In a muscle, connective
tissues called epimysium, perimysium and endomysium surround the whole muscle, the
fascicles, and the fibers, respectively. The intertwined connective tissue is tightly bound to the
skeleton via tendons. Each muscle fiber contains large amounts of structures called
myofibrils. They are 1-2 um thick and stretch longitudinally in the muscle fiber. The
myofibrils are again composed of repeating sections of contractile units called sarcomeres.
These are comprised mostly of actin and myosin molecules, and are responsible for the
dynamic movement. Additional proteins building up the sarcomeres are troponin C, | and T,
tropomyosin, titin filaments, desmin and alpha-actinin. The sarcomeres are attached to the
sarcolemma (plasma membrane of the muscle fiber) via dystrophin. Thin perpendicular
invaginations of sarcolemma form the T-tubuli, which are in close connection with the
sarcoplasmic reticulum (sarco-tubuli). Upon contraction, action potentials propagate to the
motor end plate where they induce release of acetylcholine in to the synaptic cleft, which
binds to the nicotinic acetylcholine receptor on the muscle fiber. A post-synaptic action
potential is generated, which flows along the sarcolemma and down the T-tubuli. This causes
a conformational change in the T-tubuli-bound dihydroxypyridin receptor, which by
interaction with the sarcoplasmic reticulum-bound ryanodine receptor cause calcium ion
efflux from the sarcoplasmic reticulum to cytosol. Calcium ions bind to troponin C inducing
changes in the troponin tropomyosin complex exposing myosin’s binding site on actin,
initiating the contraction cycle (49). Contraction of these functional units results in shortening
of the muscle, and because tendons of most muscles attach on either side of at least one joint,

this causes bodily movement.



A FROM MUSCLE TO MYOFILAMENTS B MODEL OF A SARCOMERE
& Aband ————— 1 band —,
inin Z1 : «—H band—> : :
a-Aqlnln ing | ' Mband

\/ i |

Nebulin Titin

Fascicle
M line

Actin

¢« One sarcomere ————————————————>'

Myosin

- Muscle cell
or fiber

Sarcomere = 0.0.0,0.0,0)

Thick and“~
thin filaments
(myofilaments)

Figure 1.1. Structure of skeletal muscle. Illustration taken with permission from (54).

1.3.1 Muscle cells in culture

A cell culture model can be an important tool in investigating muscle physiology on a
molecular level. Cell culture research has been the reason for several major scientific
breakthroughs in history, suggesting its potential for future discoveries. Cell culture can be
used in basic studies of molecular biology, biochemistry, genomics and proteomics (55).
There are many types of cell cultures, but the term cell culture is here used to describe
disaggregated tissue that forms monolayers at solid-liquid interphase, or as suspension in the
culture medium (55). When initiating a cell culture, the primary culture is the first in a serie
of passages, and from the second passage, the culture is known as a cell line (56). Both animal
and human cells can be cultured, and for the former several immortal (cancerous) cell lines
exists, such as murine C2C12 and SOLS8 cells, and rat L6 cells. These cell lines have avoided

senescence, which normally occurs after a time in culture (weeks, months), and given rise to
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continuous cell lines. Genetic instability is a trademark of continuous cell lines, as the
transformation to immortalization is dependent on genetic variation, which can be seen as
chromosome abberations. Primary cultures and cell lines can be more difficult to culture,
possibly because they are not as well characterized as continuous cell lines, and hence

introduce more variation (56).

To establish a primary muscle cell culture satellite cells are isolated from a skeletal muscle
biopsy (57). Each muscle biopsy has a relatively low output of satellite cells, which needs to
be amplified for efficient utilization. Satellite cells are seeded on plastic or glass plates and
the first culture is termed passage 0. The dividing cells are now defined as myoblasts. Before
the cells reach confluency, trypzination and subculturing can be performed, yielding passage
1 myoblast cultures. Pre-coating the solid surface with extracellular matrix proteins, such as
collagen, fibronectin and/or laminin, is done to help cells attach to the surface, but also to
mimic the in vivo microenvironment supporting a myogenic nature (58). Furthermore, the first
period of muscle cell culture is called the proliferation period, in which myoblast numbers
increase. During proliferation, growth curves often show an exponential phase, a linear phase,
and a saturation phase. The next period is called the differentiation period, in which confluent
myoblasts fuse to form multinucleated syncytial myotubes. However, cells in culture are often
said to be in a state of balance between proliferation and differentiation (56). The position of
this balance depends on culture conditions. Some culture conditions will favor cell
proliferation, while others will promote differentiation. Dedifferentiation of cells back to a
multipotent state, or stem cell state, can be forced by various factors, such as growth factors
or cytokines (i.e. by inducing a more proliferative phenotype) (58). Woods et al. have
elegantly illustrated proliferation and differentiation as two independent but intertwined
periods (59). They show proliferation of myoblasts, quantified by higher content of DNA, and
differentiation, quantified by higher content of myogenic markers (such as creatine kinase)
(59). After (myogenic) differentiation is achieved, over-differentiation and senescence may
result. Myotubes may spontaneously contract, which in combination with improper
attachment and other factors, may result in detachment from the well surface and innevitable
cell culture death. Both during the proliferation and differentiation periods cell cultures
require specific media. There is no definition of what these are, but high and low serum

content for proliferation and differentiation, respectively, is standard.



2 Objectives

This thesis has two major objectives:
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1. Optimize a protocol for differentiation of human skeletal muscle cells in culture.

Establish a method to evaluate morphologically by nuclei count the degree of

differentiation in a muscle cell culture.

e Investigate effects of different concentrations of HS, FBS and UG on

morphological degree of differentiation.

e Investigate effects of dexamethasone and insulin on morphological degree of

differentiation.

e Evaluate the myogenic development of the differentiating cells by dynamically

characterizing mRNA and protein expression.

2. Characterize mRNA expression and protein secretion of known and potential

myokines during myogenic differentiation.



3 Materials

Chemicals

Azure B (Prod no A4043)

Eosin Y (Prod no E4382)

DMSO (Prod no D4540)

HEPES (Prod no H4034)
TagMan® Gene Expression Master
Mix (Part No 4369016)

RNase AWAY™ Reagent

(Cat no 10328011)

Methanol (Prod no 1070189026)
Acetone (Prod no 1000142500)
BSA standard (Prod no UP36859A)
XT MOPS Running Buffer 20X
(Cat no 161-0788)

XT Sample Buffer 4X

(Cat no 161-0791)

XT Reducing Agent 20X

(Cat no 161-0792)

Restore Plus Western Blot Stripping
Buffer (Cat no 46430)

Amersham ECL Plus Western
Blotting Detection Reagents

(Prod no RPN2132)

100 % Ethanol (Prod no 601557)
Skim Milk Powder (Prod no 70166)
Trizma Base (Prod no T6066)
Glycine (Prod no G7126)

SDS (Prod no L5750)

Trizma HCI (Prod no T5941)
NaOH (Cat no 106498)

NaCl (Cat no 106404)

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Applied Biosystems

Applied Biosystems

Merck

Merck

Uptima, Interchim
Bio-Rad

Bio-Rad

Bio-Rad

Thermo Scientific

GE Healthcare

Biosciences

Kemetyl
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck

Merck

St Louis, MO, USA
St Louis, MO, USA
St Louis, MO, USA
St Louis, MO, USA
Foster City, CA, USA

Foster City, CA, USA

Darmstadt, Germany
Darmstadt, Germany
Montlucon, France
Hercules, CA, USA

Hercules, CA, USA

Hercules, CA, USA

Waltham, MA, USA

Pittsburgh, PA, USA

Vestby, Norway

St Louis, MO, USA
St Louis, MO, USA
St Louis, MO, USA
St Louis, MO, USA
St Louis, MO, USA
Darmstadt, Germany

Darmstadt, Germany
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Cell culture reagents and supplements

PBS (Prod no D8537)

Collagen Coating Solution

(Prod no C3867)

Ham’s F12 Nutrient Mixture w/
NaHCO3, w/o glutamine

(Prod no N4888)
Penicillin/Streptomycin

(Prod no P4458)

FBS (Prod no F7524)

HS (Prod no P5552)

Insulin (Cat no CC-4025N), part of
Clonetics SkGM BulletKit

(Cat no CC-3160)

hEGF (Prod no E9644)

hbFGF (Prod no F5392)
Dexamethasone (Prod no D2915)
GlutaMAX (Cat no 35050038)
DMEM w/o glucose, w/o glutamine
(Prod no MED-252)

Primers and antibodies
Monoclonal Anti-Myosin (Skeletal,
Fast) Mouse Antibody

(Cat no M1570)

Polyclonal Anti-Actin (Skeletal

muscle specific, alpha and beta actin)

Rabbit Antibody (Cat no A2103)
Monoclonal Anti-PLAU Mouse
Antibody (Prod no MON U-6-02)
Monoclonal Anti-alpha Tubulin
Mouse Antibody (Cat no T5168)
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Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich
Lonza Walkersville, Inc.

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Gibco

Seralab

Sigma-Aldrich

Sigma-Aldrich

Thermo Scientific

Sigma-Aldrich

St Louis, MO, USA
St Louis, MO, USA

St Louis, MO, USA

St Louis, MO, USA

St Louis, MO, USA
St Louis, MO, USA
Walkersville, MD, USA

St Louis, MO, USA

St Louis, MO, USA

St Louis, MO, USA
Renfrew, Paisley, UK
Haywards Heath, West
Sussex, UK

St Louis, MO, USA

St Louis, MO, USA

Waltham, MA, USA

St Louis, MO, USA



Monoclonal goat anti-mouse 1gG
(H+L)-HRP conjugated antibody
(Cat no 1031-05)
Monoclonal goat anti-rabbit 19G
(H+L)-HRP conjugated antibody
(Cat no 4050-05)

Equipment

MicroAmp® 96-Well Reaction Plate
(Cat no N8010560)

MicroAmp® Optical Adhesive Film
(Cat no 4311971)

Criterion™ Blotter system
Immobilon-P PVDF membrane
(Cat no IPVH00010)

Pipet tips w/ and wo/ filter
Serological pipet tips

Culture tissue plate 6 wells

(Cat no 087721B)

Culture tissue plate 12 wells
(Cat no 0877229)

15 mL Conical Centrifuge Tubes
(Cat no 1495949B)

50 mL Conical Centrifuge Tubes
(Cat no 1443223)

Cell Scraper (Cat no 087711B)

Micro pipets

PCR strips (Cat no AB-0266)
Finnpipette Novus Single-Channel
Pipetters (1-10 pl: Part no 46200100;
10-100 pl: Part no 46200400)

Southern Biotech

Southern Biotech

Applied Biosystems

Applied Biosystems

Bio-Rad
Millipore

Biotix

Becton Dickinson
Biosciences
Becton Dickinson
Biosciences
Becton Dickinson
Biosciences
Becton Dickinson
Biosciences
Becton Dickinson
Biosciences
Becton Dickinson
Biosciences
Thermo Scientific
Thermo Scientific

Thermo Scientific

Birmingham, AL, USA

Birmingham, AL, USA

Foster City, CA, USA

Foster City, CA, USA

Hercules, CA, USA
Billerica, MA, USA

San Diego, CA, USA
Franklin Lakes, NJ,
USA

Franklin Lakes, NJ,
USA

Franklin Lakes, NJ,
USA

Franklin Lakes, NJ,
USA

Franklin Lakes, NJ,
USA

Franklin Lakes, NJ,
USA

Waltham, MA, USA
Waltham, MA, USA
Waltham, MA, USA
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Finnpipette Novus Multichannel
Pipetter (Part no 46300000)
Stands/racks

Pipetboy Acu (serological pipet)

Countess™ cell counting chamber
slides (Cat no C10283)

Lens cleaning paper (Best no 1019)
Small vortex (Lab dancer)

(Art no 444-0004)

Spectrafuge™ Mini Centrifuge
(Prod no C1301)

Microtubes (Prod no MCT 150-A)

Instruments and larger equipment
Forme Steri-Cycle CO2 incubator
Heraens Pico 17 Microcentrifuge
(Part no 75002410)

Heraeus Multifuge 3S Plus

(Part no 75004361)

ABI Prism 7900HT SDS machine
(Serial no 279001365)

Fume Hood

Titertek Multiscan® PLUS (Multiscan
MS v4.0) (Cat no 1506260)

Inverted microscope

ColorView IlI Soft Imaging System
(CCD Camera)

Countess™ automated cell counter
(Cat no C10227)

LS6000 Nitrogen Tank

(Serial no 762-004-U1)

NanoDrop (ND)-1000

14

Thermo Scientific

Nalgene
IBS Integrated
Biosciences

Invitrogen

Assistant
VWR International LLC

Labnet International inc.

Axygen

Thermo Scientific
Thermo Scientific

Thermo Scientific

Thermo Scientific

Kojair

Labsystems

Leica DMIL
Olympus Soft Imaging
Solutions GmbH

Invitrogen

Taylor-Wharton® Lab
Systems
Saveen & Werner

Waltham, MA, USA

Rochester, NY, USA
Lewisberry, PA, USA

Carlsbad, CA, USA

Bavaria, Germany
PA, USA

NJ, USA

CA, USA

Waltham, MA, USA

Waltham, MA, USA

Waltham, MA, USA

Waltham, MA, USA

Vilppula, Finland
Helsinki, Finland

Lysaker, Oslo, Norway

Munster, Germany

Carlsbhad, CA, USA

Mildstedt, Germany

Malmd, Sweden



Spectrophotometer
Vortex Mixer (Prod no L46)

Gel Logic 2200 Imaging System
Fridge, 4 °C
Freezer, -20 °C

Freezer, -86 °C (Forma 900 series)

Kits
RNeasy Mini Kit (Cat no 74104)
High Capacity cDNA Reverse

Transcription Kit (Prod no 4368814)

High sensitivity PEDF ELISA kit
(Cat no PED613)

Cytotoxicity detection Kit

(Cat no 11644793001)
Bicinchoninic Acid (BCA) Protein
Assay Kit (Cat no UP40840A)

Software

SDS software, v2.3

RQ Manager, v1.2

ImageJ (Fiji), v1.46r (v1.45b)

The program and plugin is free for
download at the NIH website:
http://rsbweb.nih.gov/ij/

Cell counter
NanoDrop (ND)-1000 software,
v3.8.1

Cell*A

Carestream Molecular Imaging

Labinco

Carestream Health, Inc
Zanussi
Electrolux

Thermo Scientific

Qiagen
Applied Biosystems

BioProductsMD, LLC

Roche Diagnostics

Uptima, Interchim

Applied Biosystems
Applied Biosystems
National Institutes of
Health (NIH)

National Institutes of
Health
Thermo Scientific

Olympus Soft Imaging
Solutions GmbH
Carestream Health, Inc

DG Breda, The
Netherlands

New Haven, CT, USA
@kern, Oslo, Norway
@kern, Oslo, Norway
Waltham, MA, USA

Hilden, Germany

Foster City, CA, USA

Middletown, MD, USA

Mannheim, Germany

Montlugon, France

Foster City, CA, USA
Foster City, CA, USA
MD, USA

MD, USA

Waltham, MA, USA

Munster, Germany

New Haven, CT, USA
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Software
SPSS Statistics v19.0 IBM Armonk, NY, USA
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4 Methods

4.1 Growth and differentiation of human skeletal
muscles in culture

Myoblast stocks were a kind gift from professor Arild Rustan at Department of
Pharmaceutical Biosciences (at the School of Pharmacy, University of Oslo). | have grown
myoblasts at 2-4000 cells/cm® in culture wells or T75 flasks with 1:1 DMEM (added
GlutaMax and penicillin/streptomycin, without glucose) and Ham’s F-12 (added GlutaMax
and penicillin/streptomycin, contains 10,0 mmol/L glucose). In addition to DMEM/F12, the
proliferation medium contained 20 % FBS, 1 pg/mL insulin, 10 ng/mL hEGF, 2 ng/mL
hbFGF, and 0.4 pg/mL dexamethasone. Every 2"- 3 day during proliferation, the media
were renewed. When cells were 80-90 % confluent, around day 3-7 depending on cell growth,
differentiation was initiated by reducing the serum concentration. For most experiments,
differentiation media were renewed daily to every 3 day. All cell cultures were incubated at
37°C and 5 % CO,. All experiments were performed using human muscle cells from two
donors: EO2 (male, aged 46 years, BMI 40.0 kg/m?, blood pressure 142/85 mmHg, fasting
blood glucose and lipids within normal range) and LD30 (male, aged 36 years, BMI 26.2
kg/m?, fasting blood glucose, lipids and blood pressure within normal range). All experiments

were performed at least three times.

4.2 Romanowsky staining

To investigate degree of differentiation, 1 used morphological (cytological) evaluation. The
cells were proliferated until 80-90 % confluency and differentiation was initiated by reducing
serum concentration in the medium. We differentiated the cultures for 7 days. The design of
each experiment is explained in detail in the results section. The main outline is visualized in

supplementary figure S1A.

On day 7 of differentiation, cultures were fixed and stained (60). Cultures were washed twice
in PBS, fixed in methanol for 5 min, and air-dried. The Romanowsky solution was prepared
by dissolving 0.3 g azure B in 40 mL of DMSO, and 0.1 g of Eosin Y in 60 mL of methanol
at 37 °C. The dyes were dissolved, and slowly the azure B-DMSO and the Eosin Y-methanol
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were mixed to produce the stock solution. 50 mL/L DMSO in 10 mmol/L HEPES buffer in
distilled water were mixed with stock solution at a ratio of 1:15 to produce the working
solution (pH 6.8). Fixed cultures were rinsed briefly in distilled water, air-dried, stained in
Romanowsky working solution for 30 min, rinsed in distilled water, and air-dried. The
Romanowsky stain promotes a broad range of colours, from purple nuclei, blue RNA rich

cytoplasm, and light blue nucleoli.

4.3 Determining the fusion index

Myotubes were defined as cells with 3 or more nuclei. Degree of differentiation in a culture
was defined as the ratio between total nuclei in myotubes and total nuclei in the culture
(fusion index). To this, 6 representative areas in each well were selected, each covering 0.57
mm?, a total of 3.44 mm? (fig. 5.1). A standardized protocol was used to select areas.
Macroscopically, 6 marks were made on a straight line from left to right in each well, 5 mm
apart (red marks). These marks were localised, and the areas just above the marks (green-
turquoise area) were photographed (blue area) using a Leica inverted microscope (20X lens)
and CellA software, and uploaded in ImageJ for counting of nuclei. The fusion index was
used to evaluate degree of differentiation between different media. Marks were made directly
on the picture on the computer screen. When in doubt if a nucleus was part of a myotube or
myoblast, the nucleus in question was localized and thoroughly observed using the 20X and
40X lenses. To maintain a cautious and conservative approach, if still in doubt, the nucleus

was defined as part of a myoblast.

4.4 Electrical pulse stimulation (EPS)

EPS is a potentially good in vitro model of exercise (61, 62). Our research group has invested
heavily in developing and validating an EPS protocol for human primary cell cultures. There
has been several difficulties with this process, including toxicity of the EPS electrodes.
Hence, | have not been able to use EPS in my thesis. However, much of the work performed,
including the use of 6 well plates and simultaneous isolation of RNA and protein, have been

performed with the intention of performing subsequent EPS experiments.

18



4.5 RNA and protein analysis

4.5.1 Isolation of RNA and protein

Only 6 samples can be harvested per EPS experiment. For maximal efficiency, | purified
MRNA and protein simultaneously from each sample and eluated separate fractions. | used
the RNeasy Mini Kit, which selectively isolates RNA molecules longer than 200 nucleotides,
according to manufacturers instructions (63). Cells were washed twice with PBS, and 350 pL
Buffer RLT, containing guanidine thiocyanate, which inhibits nucleases and proteases, was
added to lyse cells and stabilize RNA. After homogenization, 350 pL 70 % ethanol was added
to promote binding to the RNeasy membrane. The mixture was transferred to the RNeasy
Mini spin column and centrifuged 31 seconds at 13 000 rpm. The eluate fractions were
transferred to a protein low bind Eppendorf tube. Three successive washing steps, one with
700 puL RW1 and number two and three with 500 uL RPE, were conducted, and fractions
were collected in the first two. Fractions from identical samples were pooled as the washing
steps were conducted. Protein tubes were immediately frozen at -20 °C to precipitate salts and
preserve proteins. 40 pL RNase free (destilled) water was applied directly to the spin column
membrane, and RNA was eluated by centrifuging 1 min at 13 000 rpm and stored at -86 °C
(63).

4.5.2 Quantification of mMRNA by real-time RT-PCR

RNA concentration and quality were determined with the NanoDrop-1000 Spectrophotometer
and NanoDrop software. 550 ng RNA was reversely transcribed to cDNA using the High
Capacity cDNA Reverse Transcription Kit and a Gene Amp PCR 9700 thermal cycler.
Further, 12,5 ng cDNA was used in the RT-PCR reaction in a 96 well plate using a 7900HT
Fast instrument and the SDS 2.3 software, according to manufacturers protocols (41, 64, 65).
Predeveloped primers and probe sets were used to analyze mRNA levels of the following
target genes (official gene symbol in parentheses): Paired box 7 (PAX7), Hs00242962_m1;
myogenin (MYOG), Hs00231167_m1; myosin heavy chain 1 (MYH1), Hs00428600; alpha
actin 1 (ACTAl), Hs00559403 ml; peroxisome proliferator-activated receptor gamma
coactivator 1-alpha, PGCla (PPARGC1A), Hs00173304_m1; solute carrier family 2 member
4 (SLC2A4, GLUT4), Hs00168966_m1; interleukin-6 (IL6), Hs00985639_m1; interleukin-8
(IL8), Hs00174103 ml; pigment epithelium-derived factor (SERPINF1, PEDF),
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Hs01106934 m1; plasminogen activator urokinase (PLAU), Hs01547054 m1. All genes were
normalized to the endogenous control human large ribosomal protein PO (RPLPO),
Hs99999902_m1, to control for RNA loading and reverse transcription efficiency. Ct values
were set to 40 for mRNA level below the detection limit. Relative target mMRNA expression
levels were calculated as 271Ct@9eO-CtRPLPO] “therehy normalizing the data to endogenous
control RPLPO (66). All in vitro mRNA data are presented as median (min-max) fold change

in relation to a set time point (41).

4.5.3 Protein isolation and western blotting

Conditioned medium from cultured myocytes (myoblasts and myotubes) was collected for
protein analysis. Briefly, the medium was carefully mixed, 800 pL was transferred to an
Eppendorf tube and centrifuged for 10 min at 13 000 rpm at 4 °C to remove cell debris. The

supernatant was transferred to a new Eppendorf tube and stored at -20 °C.

Intracellular proteins and RNA were isolated simultaneously as decribed above. Three
successive fractions from the RNeasy column were collected and immediately precipitated
and stored at -20 °C. Before SDS-PAGE separation, protein samples were prepared according
to published reports (67, 68), with slight modifications. Shortly, guanidine thiocyanate salts
were removed by three successive washing steps, first in 500 pL acetone, then 500 pL
ethanol, then 500 pL acetone, interspersed by 15 min cooling at -20 °C and 10 min
centrifugations at 13 000 rpm and 4 °C. Supernatants were carefully removed by pipetting.
The dry protein pellet was dissolved in 55 pL buffer containing 200 mM Tris and 4 %
Sodium dodecyl sulfate (SDS) (pH 8). To ensure complete dissolution, samples were heated 5
min at 95 °C on heat block. Protein concentration was measured using the bicinchoninic acid
(BCA) Protein Assay Kit, following the manufacturer’s instructions (69, 70). For extracellular
proteins, the above-mentioned procedure was not performed. Equal amounts of total protein
(20 pg) or 5 pl conditioned medium were mixed with 20X XT Reducing Agent and 4X XT
Sample Buffer, heated for 5 min at 95 °C, and separated by SDS-PAGE using Criteron XT
Bis-tris 10 % gel and XT MOPS running buffer. No positive control was added. A Dual
colour ladder was loaded as a molecular weight standard. After separation, proteins were
electrotransferred to a methanol-activated 0,45 um Immobilon-P polyvinylidene fluoride
(PVDF) membrane. The 10X transfer buffer consisted of 30.3 g Tris base, 144 g Glycine and
1 L distilled and deionized water. The final working buffer was diluted 10X and methanol
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was added to 10 % of the final volume. Tris-buffered saline (TBS) contained 24.23 g Trizma
HCI, 80.06 g NaCl and 1 L distilled deionized water (pH 7.6), and was 10 times diluted to
TBS-T by adding distilled water and Tween-20 (1-2 ml). Membranes were incubated 1 hour
at room temperature in blocking buffer (TBS-T with 5 % skimmed milk powder), washed 6
times in TBS-T (totally 30 min), and incubated either 1 hour at room temperature or overnight
at 4 °C with primary murine or rabbit anti-human 1gG antibody diluted in blocking buffer.
Membranes were washed 6 times in TBS-T, incubated 1 hour at room temperature with
secondary goat anti-mouse or anti-rabbit IgG (H+L)-horseradish peroxidase (HRP)
conjugated antibody diluted in TBS-T, and finally washed 6 times. The non-radioactive
method of ECL Plus enhanced chemiluminescence and Gel Logic 2200 Imaging System were

used to visualize the proteins.

4.5.4 Protein quantification

The concentration of PEDF was determined in conditioned medium using a commercially
available ELISA kit according to the manufacturer’s protocol (71), described here. Samples
were not pre-treated with urea. Samples of conditioned medium were diluted 1000 times and
pipetted on 96 well plates in duplicate, along with the predetermined standard curve (100 pL
per well, in duplicate). Plate was incubated 1 hour at 37 °C (w/ plate sealer), followed by 5
consecutive wash steps in a pre-programmed ELISA wash machine, using provided Plate
Wash Buffer. 100 uL PEDF Detector Antibody Working Solution was added, and plate was
incubated 1 hour at 37 °C (w/ plate sealer), followed by 5 similar consecutive wash steps. 100
uL Streptavidin-Peroxidase Working Solution was added, plate was incubated 30 min at 37
°C (w/ plate sealer), followed by 5 similar consecutive wash steps. Wells were completely
dried after each wash. 100 uL TMB Substrate was added, and plate was incubated 20 min at
room temperature (w/o plate sealer). 100 pL Stop Solution was added, and optical density
measured spectrophotometrically at 450 nm. Concentrations were determined using Microsoft
Office Excel software. A pre-run was performed to titrate concentrations to fit within the
predetermined standard curve. Selected samples of conditioned medium (lowest and highest
expression according to mMRNA data, and start and end of differentiation period) were diluted
10, 100 and 1000 times, and 100 pL from each original and diluted sample pipetted on 96
well plate in singlicate, along with the standard curve (100 pL in duplicates). The intra-assay
coefficients of variation (CV) were between 0.4 and 10.2 %, except for one sample with 21.0
% (71).
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4.6 LDH measurements

To determine integrity of the cell cultures, release of lactate dehydrogenase (LDH) was
measured using an LDH kit. Medium was centrifuged 10 min at 13000 rpm and 4 °C to
remove cell debris, and the supernatant was stored at 4 °C a maximum of 4 days. From each
experimental medium sample collected, two reference samples were also collected (high and
background controls). Cells were lysed using Triton X-100, promoting 100 % cell death,
yielding high controls. Background controls were obtained from containers of fresh medium
(serum free medium: SFM; medium containing 1.0 and 2.0 % HS: 1.0 % HS, 2.0 % HS; or
proliferation medium: proliferation medium). All samples were pipetted in duplicate on 96
well plates (25 pL), and water was added to all wells (25 uL). Reagent A and B was mixed
(per 100 wells on plate: 250 pL of reagent A and 11.25 mL of reagent B) and added to all
wells (100 pL per well). Plate was covered with aluminium foil, incubated 30 min at room
temperature and optical density was measured spectrophotometrically at 492 nm. If the OD
was above 1.6-1.8, the actual samples were diluted 10X, and measurements were repeated.
Results from each sample are presented as percentages of these references, according to this
equation:
experimental value — background

iri 0 = 1
Cytotoxicity (%) high control — background x 100

4.7 mRNA expression in skeletal muscle biopsies

As described in (41), our research group has conducted a strength training intervention,
briefly rendered here. Note: I did not do any of the work related to this study, | only present
the results from gRT-PCR measuring plasminogen activator urokinase (PLAU) mRNA
expression before and after the strength training intervention (see discussion). Volunteers
participated in a strength-training program three times weekly for 11 weeks, and muscle
biopsies were taken before and after the intervention. Each workout included 1-3 sets of leg
press, leg extension, leg curl, seated chest press, seated rowing, latissimus dorsi pull-down,
biceps curl, and shoulder press. Elaborating information of methods and procedures can be
found in (41).
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4.8 Statistical analysis

Effect measures for fusion indices are reported as means = SEM, and for LDH measurements,
RNA data and ELISA measurements as means + SD. Exceptions to these are specified in the
text. Statistical differences were tested with IBM SPSS Statistics 19.0, and P < 0.05 were
considered significant. Differences between incubation media evaluated morphologically
were tested with one-way ANOVA. Correlations are calculated based on a linear regression
model. Area under the curve (AUC) is calculated in Microsoft Excel based on the Trapezoid
method: Area = (average height)*Width. Differences between incubation media at different
time point during differentiation (RNA data and ELISA), AUC, and fold changes in mMRNA
expression, were tested with Kruskal-Wallis test, and significant differences were explored
post hoc with pairwise Mann-Whitney tests and corresponding manual Bonferroni correction.
It should be noted that because of low n (n=3-7) and mostly inconclusive Kolmogorov-
Smirnov tests, all significant tests were performed with both parametric and non-parametric

alternatives.
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5 Results

5.1 Establishing a method to evaluate the degree of
differentiation in muscle cell cultures

| wanted to examine the degree of differentiation by counting nuclei inside myotubes and
myoblasts because theoretically, the more nuclei found inside multinucleated myotubes, the
better differentiation of the culture. However, there existed no method of counting nuclei in
our lab. Hence, 1 established a protocol for staining and photographing muscle cells in culture,
followed by software-based cell-specific counting of nuclei. The final protocol is described

below.
PROTOCOL

1. Proliferate and differentiate muscle cell cultures according to defined protocols. |

applied the protocol presented in fig. S1A to a 6 well format.

2. Wash cultures twice in PBS, fix in methanol for 5 min, and air-dry in room
temperature. Make sure cultures are completely dry before next step. Cultures can also be

stored in room temperature for later staining.

3. Prepare the Romanowsky solution as described in methods. Briefly rinse fixed cultures
in distilled water and air dry. Stain with Romanowsky solution for 30 min, rinse in
distilled water, and air dry. Cultures can be stored for several months.

4. Underneath the culture plate, mark 6 spots on a straight line with an inc pen, 5 mm
apart, in each culture well (red marks in fig. 5.1). Using an inverted microscope with a
camera that is connected to a computer, locate the areas directly above the marks (green-

turquoise area). 20X lenses provide 0.57 mm? per visual field (per image).
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Area selected for photography

Area directly above mark
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Figure 5.1. Outline of how areas in 6 well plates were selected for evaluation. Cells were seeded on 6 well
plates, proliferated until near confluency, and differentiated for 7 days in serum reduced medium. The cell
cultures were fixed and stained with Romanowsky stain. The area marked blue was evaluated with respect to
nuclei content.

5. Camera settings: Adjust for full light transparency and no phase contrast. Open Cell*A
software. Adjust color settings to the following: red = 2.25, green = 1.69, blue = 5.92,
gamma = 0.99, saturation = 0.07. Choose manual exposure (20 ms), and select Video to

turn camera on.



6. Adjust focus on the microscope (to maximum sharpness on the computer screen) and

photograph (2576x1932 pixles) the selected areas (blue area).

7. Upload images in ImageJ, and open the CellCounter plugin. Click Initialize to start
counting, and maximize the picture for best nucleus recognition. Tick all nuclei that meet
the pre-defined criteria as myotube or myoblast nuclei. Mark the box Type 1 or Type 2 in

advance to distinguish and quantify the two different nuclei types (fig. 5.2).

8. Definition of myotube in our cultures: Cells with 3 or more nuclei. All other nuclei
were considered non-myotube nuclei. When in doubt if a nucleus is part of a myotube, the
nucleus in question can be localized and thoroughly observed using the 20X and 40X

lenses. If still in doubt, the nucleus should be defined non-myotube.
9. Calculate fusion index (degree of differentiation) according to this equation:

Myotube nuclei count

Fusion index = -
Total nuclei count

It is of utmost importance to follow the universal lab safety rules when working with stained
cultures and software equipment. The Eosin Y and Azure B dyes are toxic (irritates mucosal
surfaces), and gloves should therefore be worn when handling stained cultures. Always
remove gloves before handling door handles, mobile phones, computers or other equipment,
and wash hands before intake of food.
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Figure 5.2. Computer screenshots. Pictures are computer screenshots from the counting process, presenting
nuclei in myotubes (green marks) and myoblasts (pink marks). The Cell Counter plugin for ImageJ was used.
The program and plugin is free for download at the NIH website: http://rsbweb.nih.gov/ij/.
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5.2 Optimizing differentiation of myoblasts into
myotubes in culture

5.2.1 Effect of serum type on differentiation

Muscle cell culture differentiation is initiated by reducing serum concentration in the medium.
I wanted to investigate if different types of serum influenced differentiation with various
degree. Both HS and FBS, and also the serum substitue Ultroser G (UG), have been used by
others (72, 73). Hence, | differentiated cultures in different concentrations of HS, FBS and
UG (fig. 5.3A). | found no statistically significant difference between incubation groups (P =
0.313), although there was a clear tendency for lower differentiation with FBS. Highest fusion
index was seen with 1.0 % HS and 0.2 % UG, both with means of 0.35 (SEM 0.06 and 0.08,
respectively). We chose to exclude FBS and UG from further experiments, and the reason for
excluding the latter is briefly this. UG has unknown composition but, according to
manufacturer, contains rather large (non-physiological) quantities of insulin. In addition, UG
IS expensive and, at best, provide similar degree of differentiation as HS, at least according to
these experiments. On the other hand, UG would possibly provide more reproducable results,
as batches of HS may introduce variability. In summary, | conclude that 0.5 and 1.0 % HS
potentially provide the best differentiation after 7 days, but clearly more experiments are

necessary to prove this.

5.2.2 Effect of concentration of HS on differentiation

Next, | wanted to further elucidate which concentration of HS that provided the best
differentiation. This was performed using media with concentrations of HS ranging from 0.2
% till 2.0 % (fig. 5.3B). Also, medium starting at a low concentration (0.2 % HS) and
switching to higher (1.0 % HS), and opposite, was investigated. Again | did not find any
statistically significant differences between any of the incubation media (P = 0.766), although
a concentration of 1.0 % HS provided the highest fusion index with mean of 0.44 (SEM 0.08).
I conclude that a medium containing 1.0 % HS is most promising, and warrants further

investigations.

28



5.2.3 Effect of dexamethasone on differentiation

Incubation with low-concentration of dexamethasone (0.4 pg/L) is described to promote
differentiation of myoblasts via increased expression of myogenic mMRNASs and proteins (74).
Additionally, in view of the well-known muscle atrophy-inducing effects of glucocorticoids
(75), 1 wanted to examine the addition of dexamethasone in the differentiation medium. |
tested various concentrations (0-1000 pg/L) of dexamethasone in 1.0 % HS (fig. 5.3C). |
observed a clear reduced differentiation with increasing concentration of dexamethasone (P
for linear regression trend < 0.001). The maximum and minimum fusion index were 0.55
(SEM 0.03) and 0.33 (SEM 0.05) for 1.6 and 1000 pg/L, respectively (P = 0.027). The linear
regression coefficient was 0.696 (r? = 0.484), and the change in fusion index was -0.044 for
each increment in dexamethasone (95 % CI = -0.064, -0.023). My findings suggest that
dexamethasone may inhibit differentiation of myoblasts at higher concentrations. This is
especially evident between 1.6 and 8 pg/L. Hence, | conclude that dexamethasone can be
added to the differentiation medium at low-dose, but that high doses can have a detrimental

effect on differentiation.

5.2.4 Effect of insulin on differentiation

Dexamethasone is shown to counteract the molecular effects of insulin signaling (75). Also,
IGFs are well-known mediators of both proliferation and differentiation of muscle cells (76).
Hence, | therefore investigated the effect of adding insulin to the differentiation medium, and
I hypothesized that this would increase the fusion index. Moreover, | investigated the effect of
insulin with or without serum in the medium. Serum free medium would potentially increase
the fusion index, aided by a more rapid cell cycle exit. Again, | did not find any statistically
significant differences between incubation media (P = 0.186), but a tendency of insulin to
lower the fusion index (fig. 5.3D). The maximum and minimum mean value was 0.67 (SEM
0.03) and 0.53 (SEM 0.07) for 1.0 % HS and SFM with 1000 pg/L insulin, respectively. I
conclude that increasing concentration of insulin in SFM promotes a tendency towards lower
differentiation, and that high-concentration insulin should be omitted from our differentiation
medium. However, elucidation of insulin effects at lower dose can be focus for future

research.
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Figure 5.3. Effect of type and concentration of serum and supplements on myoblast fusion. A, confluent
myoblast cultures were differentiated for 7 days in various concentrations of HS, FBS and UG (n=4); B, in
different concentrations of HS (n=3); C, in 1.0 % HS and different concentrations of dexamethasone (n=4); D, in
1.0 % HS, SFM and different concentrations of insulin (n=3). All experiments were performed using two donors
(donors were not pooled). For all experiments, proliferation, fixation, Romanowsky staining and counting of
nuclei were performed as described in Methods. Error bars are SEM.

5.2.5 Serum concentration in the medium influence gene
transcription

In view of the initial findings, we decided to further characterize the differentiation of human
skeletal muscle cells in HS. Published reports use higher concentrations of serum, most often
2.0 % HS, when differentiating muscle cells, whereas | find that 1.0 % presumably promotes
better differentiation (59). Hence, | investigated the differentiation transcriptome kinetics of
1.0 and 2.0 % HS. Importantly, | chose to include two experimental controls, SFM and
proliferation medium (20 % FBS), as these were considered extremes. SFM had been shown
to promote differentiation previously, but I hypothesized that the proliferation medium would
show low levels of differentiation. Important muscle specific genes were investigated using
RT-gPCR. Genes (primers) were selected on basis of a role in myogenesis, PAX7 and MYOG,
importance in muscle contraction, MYH1 and ACTAL, or importance in the muscle metabolic
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phenotype, PPARGC1A (PPARYy coactivator 1a, PGCla) and SLC2A4 (Glucose transporter 4,
GLUT4).

PAX7 mRNA levels decreased throughout myogenesis for all incubation groups, as expected
(fig. 5.4A). Serum-reduced media promoted gradual reductions in expression from first day of
differentiation, with a maximum reduction after 7 days. The median (min-max) fold changes
for 1.0 % HS and 2.0 % HS on day 7 of differentiation were 0.20 (0.20-0.29) and 0.20 (0.09-
0.21), respectively. In addition, there were statistically significant differences between the
groups at almost all time points, but post hoc tests did not reveal specifically which groups
that differed. MYOG mRNA levels increased in all serum reduced incubation groups (fig.
5.4B), already from day 1. SFM and 1.0 % HS showed highest mRNA expression of
myogenin. The peak of the mRNA expression level was on day 5 for SFM and 1.0 % HS, and
on day 4 for 2.0 % HS. The highest median (min-max) fold change level for 1.0 % HS and 2.0
% HS were 67 (19-3934) and 67 (32-1569) related to day O of differentiation, respectively.

MYH1 mRNA levels increased in all incubation media (fig. 5.4C). MYH1 expression was
similar between the different conditions, except for 2.0 % HS. Elaborating figures for
comparison between incubation groups with regard to MYHL1 expression are presented in
supplemental materials (fig. S2A-D). The peak of the mRNA expression level was on day 7
for SFM and 2.0 % HS, and on day 3 for 1.0 % HS. The median (min-max) fold change level
for 1.0 % HS and 2.0 % HS were 190 (41-548) and 52 (35-6503) related to day O of
differentiation, respectively. ACTA1 mRNA expression levels showed increases in all
incubation groups, especially in 1.0 % HS (fig. 5.4D). Elaborating figures for comparison of
ACTAL mRNA expression levels between donors are presented in supplemental materials (fig.
S3A-D). The peak of the mRNA expression level was on day 6 for SFM and 1.0 % HS, and
on day 7 for 2.0 %. The median (min-max) fold change level for 1.0 % HS and 2.0 % HS
were 1273 (218-48449) and 138 (91-23038) related to day 0 of differentiation, respectively.

PPARGC1A mRNA expression level increased almost identically for all incubation groups
(fig. 5.4E). The peak mMRNA expression level was on day 5 for SFM and on day 4 for 1.0 and
2.0 % HS. The median (min-max) fold change level for 1.0 % HS and 2.0 % HS were 20 (11-
172) and 18 (10-255) related to day O of differentiation, respectively. SLC2A4 (GLUT4)
exhibited a drastic increase during differentiation, especially for SFM, which had a peak
expression level on day 5 (fig. 5.4F). 1.0 % and 2.0 % HS had their peaks on day 4. The
median (min-max) fold change level for SFM, 1.0 % HS and 2.0 % HS were 322 (110-515),
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85 (47-108) and 40 (18-162) related to day O of differentiation, respectively. There were

statistically significant differences between the groups at almost all time points, but post hoc

tests did not reveal specifically which groups that differed.
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Figure 5.4. Changes in mRNA expression during myogenesis. Confluent cultures were differentiated for 7
days in either serum free medium or medium containing either 1.0 % HS, 2.0 % HS or 20.0 % FBS + insulin,
EGF, FGF and dexamethasone (see Methods). The experiments were performed three times, once with the LD30
cells and twice with EO2 cells. All experiments were performed using cells from passage 5. Error bars represent
SD. Statistical testing have been performed by Kruskal-Wallis test between all incubation groups at each time

point during differentiation. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

32



To unreveal any cumulative differences in mRNA expression that may occur, | calculated
AUC for all expressions throughout differentiation and compared between incubation groups.
Only AUC for PAX7 and SLC2A4 mRNA expression was statistically significant between
groups (P = 0.001 and P = 0.009, respectively). Pairwise comparisons did not reveal any
differences between 1.0 and 2.0 % HS (P = 0.400 and P = 0.700 for PAX7 and GLUT4,

respectively).

Taken together, these data indicate that all serum-reduced media provide mRNA changes that
contribute to the fusion and differentiation of myoblasts to myotubes, whilst promoting
expression of muscle-specific genes. It is impossible to draw conclusions regarding
differences between 1.0 % HS and 2.0 % HS, as this would require increased strength, either

by repeating the experiments more times, including more donor cell types, or preferably both.

5.2.6 Protein expression of myosin and muscle-specific actin

According to the fusion index and mRNA data above, the muscle cell cultures differentiated
well. However, as function is related to proteins, not mRNA, this needed to be verified with
appropriate protein measurements. Also, establishing terminal differentiation of the myotube

cultures is of importance, especially for timing the subsequent EPS experiments.

Nuclear proteins (PAX, PGCla and MRFs) were excluded from protein measurements, as
they possibly would require fractioning of cellular contents, which is beyond the scope of this
Master Thesis. For the same reason, GLUT4 was not investigated, as membrane-bound
proteins possibly require specialized isolation methods. Hence, | decided to perform western
blotting of the cytosolic proteins myosin and muscle-specific actin. a-Tubulin was chosen as
reference, as it has shown applicable in similar experiments previously (77). Myosin exhibited
increased protein level from day 1, but possibly the highest protein level on day 7 of
myogenesis (fig. 5.5). The interpretation of myosin protein data must be done with caution,
because of the presence of backgroud even on day 0. Muscle-specific actin shows increased
protein level from day 2 of myogenesis, and increased steadily till day 7. Aside from day 0 of
myogenesis, a-tubulin shows insignificant changes, suggesting that it is a good loading
control. | conclude that protein levels of myosin and muscle-specific actin increase in parallel

with mRNA, and that terminal differentiation is not before day 7 of differentiation.
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Figure 5.5. Changes in protein level of intracellular structural proteins during differentiation. Confluent
cultures were differentiated for 7 days in medium containing 2.0 % HS. Equal amounts (20 pg) of protein were
separated by SDS-PAGE, transferred to an activated PVDF membrane, and visualized. Anti-myosin antibodies
were incubated in block buffer overnight at 4 °C, while anti-actin and anti-tubulin antibodies were incubated in
block buffer at room temperature for 1 hour. Similar results was observed in a second western blot (separate
donor and experiment).

5.3 Myokine expression kinetics during myogenesis

5.3.1 Myokine mRNA expression

Myokines may be important in paracrine communication between precursor myoblasts and
differentiated myotubes and myofibers, and in autocrine communication. This communication
may be especially important when there are great changes in the myoblast-myotube
populations, such as during the differentiation process. To evaluate the transcription of known
and potential myokines during differentiation in 1.0 % HS, RT-qPCR was performed. Genes
(primers) were selected on basis of work published by other groups, such as IL6, IL8 and
Fibronectin type 111 domain containing 5 (FNDC5), or work done by our research group, such
as Angiopoietin-like protein 7 (ANGPTL7), PEDF and PLAU.

IL6 mRNA expression shows a time-dependent increase from day 4, and reaches max
expression level on day 7 of myogenic differentiation (fig. 5.6A). Median (min-max) fold
change of IL6 on day 7 was 8 (1.6-14) compared to day O of differentiation. I found no
particular pattern of mMRNA expression for IL8 (fig. 5.6B). The highest value of expression is
on day 7, with a fold change of 1.8 (1.0-3.3) compared to day O of differentiation. Moreover,
FNDCS5 shows a rapid fold increase in mRNA expression of 5.0 (4.6-10.0) from day 0 to day
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Figure 5.6. Changes in mRNA expression of known and potential myokines during myogenesis. Confluent
cultures were differentiated for 7 days in medium containing 1.0 % HS. A, IL6; B, IL8; C, FNDC5; D,
ANGPTLY7; E, PEDF; F, PLAU. The experiments were performed three times, once with LD30 cells and twice
with EO2 cells. All experiments are performed using cells from passage 5. Error bars represent SDs. Statistical
testing has been performed by Kruskal-Wallis test between each time point during differentiation.
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1 of differentiation, declines till day 2, and slowly increases and stabilises at 5.5 (3.1-18.8)-
fold on day 5, compared to day O of differentiation (fig. 5.6C). I also found that PPARGC1A
and FNDC5 mRNA expression levels have a correlation coefficient of 0.383 (r* = 0.147)
during differentiation, which is a rather weak but significant (P = 0.007) correlation (data not
shown). Furthermore, | found that ANGPTL7 steadily increase in mRNA expression level
(fig. 5.6D). There is a 134 (41-641)-fold increase in mMRNA expression on day 7 of
differentiation, compared to day 0. Moreover, | found that PEDF shows a 5.0 (5.1-6.3)-fold
increase in MRNA expression by day 3 of differentiation, then decreases and stabilises at a
2.5 (2.2-3.3)-fold increase compared to day O of differentiation (fig. 5.6E). Finally, PLAU
shows a decrease in mMRNA expression already at day 1 of differentiation, and this continues
to a 0.07 (0.07-0.10)-fold decrease (7 % of day 0), where it stabilises (fig. 5.6F).

I conclude that well-known and potential myokines are transcribed during myogenesis. My
experiments show that FNDC5 (P < 0.001), ANGPTL7 (P < 0.001) and PEDF (P = 0.001) all
increase during differentiation, whereas PLAU decrease (P < 0.001). IL6 appeared to increase,
but did not change expression statistically significantly (P = 0.286), and IL8 showed no
particular pattern, but increased expression statistically significantly (P < 0.001). I also tested

adiponectin expression, but no transcripts were detected throughout differentiation.

5.3.2 Secretion of PLAU and PEDF from differentiating muscle cell
cultures

I found the mMRNA expression kinetics of PEDF and PLAU to be especially interesting.
Hence, | chose to analyze the potential secretion of PEDF and PLAU. SDS-PAGE separation
and immunoblotting was performed on equal amounts of medium (fig. 5.7). PLAU is clearly
detected in medium from the undifferentiated culture (day 0), but not in the consecutive days

of differentiation.
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Figure 5.7. Changes in protein content of PLAU in the medium during differentiation. Confluent cultures
were differentiated for 7 days in medium containing 2.0 % HS. Equal amounts (5 ul) of conditioned medium

36



were separated by SDS-PAGE, transferred to a P\VDF membrane, followed by incubation with antibodies against
PLAU. The experiment was repeated once using a separate donor, with similar results.

To quantify the amount of PEDF in the medium from cultured myoblasts and myotubes,
ELISA for PEDF was performed (fig. 5.8). Means (SD) PEDF concentrations in conditioned
medium were 135 (74) and 83 (36) ng/mL on day O and day 1, respectively. The
concentration increased steadily until day 5 of differentiation, reaching max at 293 (4) ng/mL.
PEDF concentration declined at the end of differentiation, with 217 (69) ng/mL on day 7.
There is a significant difference between all timepoint during differentiation (P = 0.008), and

post hoc calculations show a significant difference between day 1 and day 5 of differentiation
(P =0.020).

Taken together, these data indicate that both PLAU and PEDF are expressed on mRNA and
protein level during differentiation. PLAU seems to be secreted mainly when there is an
abundance of myoblasts (i.e. early in differentiation), whereas PEDF secretion seems to
increase until late mid-differentiation.
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Figure 5.8. Concentration of PEDF in medium during differentiation. Confluent cultures were differentiated
for 7 days in medium containing 1.0 % HS. Conditioned medium was collected each day, as described in
methods. Each day 50 % of medium in all wells were substituted for fresh medium. The experiment was
performed three times, once with LD30 and twice with EO2. All experiments are performed using passage 5.
Error bars represent SD. Statistical testing has been performed using one-way ANOVA test between each time
point during differentiation, with post hoc Bonferroni comparisons. *, P < 0.05.
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5.4 LDH release

To evaluate integrity of the cell cultures used in experiments, LDH was measured in
conditioned medium. All values of LDH are related to values of 100 % cell lysis within one
culture well. On day 1 of myogenic differentiation, all serum-reduced media had almost no
LDH accumulation (fig. 5.9), whereas the proliferation medium exhibited higher LDH
accumulation (P < 0.001). On day 4 of differentiation all groups were almost identical with
respect to LDH accumulation, albeit with statistical significant differences (P < 0.05). On day
7 of differentiation SFM had 9.1 (SD 5.8) % LDH accumulation, indicating an increase in cell

death, whereas the other media remained at a low percentage (P = 0.013).

In conclusion, these data suggest that serum-reduced media, not serum-free medium, serve as

healthy differentiation media with respect to cell culture integrity, at least when differentiating

7 days.
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Figure 5.9. LDH release at day 1, 4 and 7 of differentiation in different media. Confluent cultures were
differentiated for 7 days in either serum free medium or media containing 1.0 % HS, 2 % HS or 20.0 % FBS +
insulin, EGF, FGF and dexamethasone (see Methods). The experiments were performed four times, twice with
LD30 and twice with EO2 donor cells. All experiments were performed using passage 5. Error bars represent
SD. Significance stars are between groups at each time point. *, P < 0.05; *** P < 0.001.
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6 Discussion

6.1 Methodology

The following sections discuss methodological issues relevant to this thesis. | start by
discussing the use of cell cultures in biomedical research, and compare this with in vivo
physiology. Next, | discuss Romanowsky staining and mechanisms of action, and the use of
nuclei count as a method of evaluating degree of differentiation. Next, | discuss RT-qPCR for
mMRNA quantification, western blotting and ELISA for protein visualization and quatification,

respectively, and finally LDH measurements for culture integrity.

6.1.1 The cell culture model system

Cell and tissue culture have, as a vital part of biological and medical research, gone through a
massive evolution the last century (55). Since Harrisons frog embryo nerve fiber outgrowth in
vitro in 1907 (78), major developments in cell and tissue culture research have occurred, such
as trypsinization and subculture (79), the use of antibiotics (80), the realization of
mycoplasma infections (81, 82), the development of laminar flow cabinets (83), the use of
growth factors (84), the confirmation of cross-contamination of many cell lines (85), and
many other major breakthroughs (55). As the human genome has been sequenced (86, 87),
cell culture research opens for genomic, proteomic and metabolomic understanding of cells,
tissues, organ systems, and whole organisms. Recently, reprogramming of somatic cells to
(induced) pluripotent stem (iPS) cells has been topical (88, 89), also emphasized in 2012,
when sir John B. Gurdon and Shinya Yamanaka shared The Noble Prize in Physiology or
Medicine for their research in stem cell biology in tadpoles and mice, respectively, even
though their work were done 40 years apart (90, 91). Yamanaka’s group has since the
revolutionary discoveries in 2006, replicated the main findings in mammalian cells as well
(92). Central to their research methods are cell culture, combined with advanced experimental
procedures, such as plasmid construction and transfection, virus production and infection,
immunocytochemistry, immunohistochemistry, classical staining techniques, sequencing,
luciferase assays, and DNA, RNA and protein measurements (92). Cell culture can be used to
investigate intracellular signaling and flux, and genomics, proteomics and metabolomics, and

cell-cell interactions. This basic knowledge of cell functionality is important for applied
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science, such as biotechnology, immunology, pharmacology, tissue engineering and
toxicology (55). | believe this emphasizes the usability, importance and potentially

scientifically propulsive force of cell culture research.

The term cell culture comprises many scientific methods, including organ culture, explant
culture, cell culture and organotypic culture (55). The different methods possess different
advantages and limitations. Organ culture, with the main architecture characteristic of the
tissue retained, may be used for histological studies of embryonic organs and adult tissue
fragments. In primary explant culture, cells migrate from fragments of tissue, and are used for
cytology. Organotypic cultures are recreations of in vivo organs in an in vitro setting, with
different cells cocultured with or without matrix. These cultures have a wide variety of
applications, and are very future oriented. Cell cultures, as | work with in this thesis, are
disaggregated tissue that forms monolayers at solid-liquid interphase. Some cell types can be
cultured in suspension in the culture medium. It is relatively easy to perform, compared to
organ culture, explant culture and organotypic culture, and there are many molecular

techniques available for characterization (55).

Cell and tissue culture have many advantages in research (55). One can easily control the
physiochemical environment, including pH, temperature, osmotic pressure and CO, and O,
tension. This is of utmost importance when working with live cells, which responds to even
the slightest shift in surroundings. Hormone, growth factor and nutrient concentrations can
also be controlled, especially if using the same batch of serum (horse serum, fetal bovine
serum) in all experiments. This allows for control of concentration (dose) and time exposure
of individual molecules and substances. One can also, to some extent, control the
microenvironment, including cell-cell and cell-matrix interactions. Further, homogeneity of
cultures can be achieved and contamination can be prevented by selective flow cytometry and
selective growth conditions. All of these advantages contribute to the low variability seen in
cell culture research, compared to animal research. Further, the cell cultures can easily be
characterized, for example by cytology, DNA profiling or immunostaining. Importantly, the
stocks can be preserved for long periods if stored in liquid nitrogen, and the experiments are

relatively cheap considering reagents, scale, time saving and reduction in animal use (55).

Just as any other scientific method, cell and tissue culture has limitations (55). The need for
expertise and environmental control is high. This includes strict sterile technique, avoidance
and detection of chemical and microbial contamination, and awareness and detection of
40



misidentification. Also, automated routines for isolation and cleanliness of the workplace,
incubation and pH control, containment and disposal of biohazards are of utmost importance.
As continous cell lines are cancerous, changes in chromosome numbers frequently occur. This
may introduce both instability, dedifferentiation, adaptation and selective overgrowth. This
may especially occur when serum concentrations are high (possibly because of high growth
factor content). Also, these genetic changes may introduce undesirable heterogeneity and
variability, confirming the definite needs for frequent chromosome analyses in work with
continous cell lines. This is not a problem when working with primary cell cultures (55).

6.1.2 Differences between in vitro and in vivo

It is favorable that any in vitro measurement can be interpreted in terms of the in vivo
response of the same or similar cells, or at least that the differences that exist between in vitro
and in vivo measurements are clearly understood (55). Firstly, the tissue specific three
dimentional structure is not present in cell cultures. This means that the ECM-cell and cell-
cell signaling, both input and output, is lost. Even though we are attempting to achieve
homogenous cultures, this comes at the prize of loss of paracrine signaling between different
cell types. Further, hormonal and nervous input are also lost. Scientists have met this problem
by adding hormones to their cultures, a trend that continues to evolve. As there is no
haemoglobin (or RBC’s for that matter) present in the cultures, oxygen concentration may be
different from in vivo. This means that preferred substrates for oxidation may be different
than in vivo (55).

Generally, results from in vitro studies must be interpreted with caution, and should
preferably be verified by other kind of studies, such as animal and human experiments. To
illustrate the importance of maintaining a cautious approach when interpreting results,
discussing the use of cultured satellite cells is appropriate. In adult skeletal muscle, quiescent
satellite cells occupy a sublaminar position, squeezed between existing myofibers (42). The
transcriptional machinery of satellite cells is also quiescent, as high proportions of
heterochromatin is a key morphological feature of this cell population. Upon injury (such as
chemical or mechanical damaging, strength training, myopathy or pathological dystrophy),
these cells become activated, increasing their cytoplasmic content, proliferating,
differentiating and migrating for myofiber fusion. The myofiber is then regenerated with
hypertropic potential. However, adult skeletal muscle is not the sole proprietor of muscle-
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forming precursor cells. Primary muscle fibers are derived from embryonic myoblasts,
whereas secondary muscle fibers are derived from fetal myoblasts. Hence, three distinct
muscle-cell precursors were until rather recently known to contribute to muscle tissue
development and maintenance: embryonic and fetal myoblasts, and satellite cells (42). Today,
additional cell populations have been identified with potential for contributing to muscle
generation, such as the side population cells (SP cells), mesoangioblasts (vessel-associated
stem cells), muscle-derived stem cells, pericytes and CD133" stem cells (51). The
contributions of these cell populations is yet not fully mapped, but they are, however, very
interesting for their potential in transplantation and basal medical science research. However,
based on this knowledge, it is tempting to ask: What do | (and others) actually study using
satellite cells from adult skeletal muscle in muscle differentiation experiments?
Organogenesis of muscle tissue? Development of primary or secondary myofibers? Or do we
study the fusion of precursor cells as they would behave in adult skeletal muscle? Are the
precursor cells still satellite cells, or do they possess characteristics of post-natal myoblasts?
Interestingly, studies show that asymmetric mitosis gives rise to two types of satellite cell
populations in adult muscle: the self-renewing (satellite stem cells) and the muscle progenitor
satellite cells (myoblasts) (93). Bareja and Billin suggests that the satellite cells harvested
from biopsies and cultured in the laboratory begin to exit the quiescent state soon after
seeding, producing mostly myogenic progenitors and rarely dividing to self-renew (93). To
summarize, in view of the discussion above, the myoblasts in culture may be very different
from the satellite cells from which they originated. Hence, depending on application, it is of
utmost importance to characterize the cell cultures. The process of characterizing muscle cell

cultures is a vast part of this master thesis, and | review this in detail later.

6.1.3 Romanowsky staining

The state of differentiation in the muscle cell cultures was evaluated by nuclei content of the
cells. To be able to distinguish between various parts of the cell cultures, such as nuclei,
cytoplasm, different cells, and overlapping cells, a cytological stain was applied — the
Romanowsky stain. Even though Ernst Malachowski deserved to be recongnized as the co-
founder of this stain, the current name stands (94). The Romanowsky stain has a long and
impressive history, as its components were originally used for cytopathological stain of blood
smears, important for detecting Mycobacterium tuberculosis and malaria parasites (94). Its

components, methylene blue, azure B and eosin, are the predecessors of Giemsa-type and
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Hematoxylin and Eosin (H+E)-type stains, which are important stain methods in modern
cytology and cytopathology (94). To date, Romanowsky stain allow better estimation of
relative cell and nuclear sizes, and superior visualization of cytoplasmic details, smear
background elements and intercellular matrix components than other stains (95). A
combination of the less-invasive fine needle aspirates and cytological evaluation provide a
good, in some cases the best, if not the only, method of diagnosing certain diseases (95).
Common practice dictates that more than one type of stain should be used to evaluate
cytopathological specimens (95), but this is not really necessary in the case of my cell
cultures. Romanowsky stain is especially valuable in case of detecting microorganisms and
diagnosis of hematolymphoid neoplasms, and with the Diff-Quik stain, Romanowsky stain is
commercially available in a rapid on-site diagnosis format (95). Limitations to Romanowsky
stain include the loss of nucleoli identification and distict nuclear outlines, and inability to
stain keratinized or uneavenly distributed cells (95).

| have used the Romanowsky stain as described by the Expert Panel for Stains and Staining
Method, established by the International Committee for Standardization in Haematology
(ICSH) in 1976 (60). The procedure is based on a two-dye mixture of azure B plus eosin Y.
Mechanistically, the azure B and eosin Y partly replace the mobile inorganic cations and
anions that surround nucleic acids and proteins, respectively (96). This explaines some of the
effects seen with the stain, including affinity and selectivity, and impact of pH changes (96).
Still, this does not fully explain three potentially importance biological phenomenon. First,
there may be dye-biopolymer attractive forces such as those occuring between the polarizable
aromatic rings of dyes and of the bases of nucleic acids. Second, the hydrophobic effects that
arise in aqueous milieu when both dye and biopolymer have hydrophobic regions can come in

contact. Third, the dye-biopolymer effect may be modified by dye-dye complex formation.

Biologically, the color purple should appear at chromatin, granules of neutrophils and
platelets in blood smears and tissue sections, in the bands of G/banded chromosomes, and in
collagenous connective tissue and mucus granules of tissue sections (96). Further, eosin Y is
almost three times the size of azure B, indicating that penetrating tissue may require more
time. Hence, the first step involves basic dyeing of DNA by azure B. Next, the blue staining is
coverted to purple as an azure B/eosin complex is formed. This color is then intensified by a
template effect, suggested to happen when azure B and eosin Y salts precipitate and deposit

near the biopolymer (96).
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My main motivation for using Romanowsky stain was to be able to distinguish between
nuclei and cytoplasm, and to identify distict membranes. This was accomplished without
significant difficulties (fig. 5.2). Nuclei were consistently purple-pink (deep indigo), whilst
cytoplasm was blue and pink. The nucleic color is satisfactory, according to published reports
(96). The variation in cytoplasmic color is probably caused by variation in cytoplasmic

content of ribosomes, RNA and protein.

6.1.4 Nuclei counting as a method of evaluating degree of
differentiation

Following Romanowsky staining of muscle cell cultures, sections were selected and
photographed, and an evaluation of differentiation was performed by counting nuclei inside
myotubes and myoblasts. The ratio (fusion index) was used as a measure of differentiation.
To standardize the selection of areas to be evaluated, 6 photographs were taken on a straight
line (5 mm apart) across the culture wells (fig. 5.1). Other groups have used similar but
slightly different approaches. Ozawa and Kohama drew a coordinate system underneath
culture wells, and numbers were allocated distinct points (97). Next, they used a random
number table to select 20 areas in the wells which were to be evaluated (97). Ogihara et al.
wanted to overcome the possibility of biased cells located centrally and peripherally, and
chose to randomly select 5 areas between the center and edges to be evaluated (98). Although
they used endothelial cells, the same bias could be discussed in muscle cell cultures. Improper
seeding technique can result in myoblasts attaching to the collagen coating centrally rather
than evenly distributed. Moreover, | chose areas covering 0.57 mm? comprising a total of
3.44 mm? per well. This is in line with a report by Hausman and Poulos, who selected 6-8
areas in each well, comprising a total of 3.5 mm? (99).

In my initial experiments, the serum experiments (fig. 5.3A and B), differentiation was
initiated too late. This resulted in overgrown cultures, as evidenced by nuclei count of 9000-
12000 (data not shown). In the dexamethasone and insulin experiments (fig. 5.3C and D), the
nuclei count was lower, about 3000-5000 nuclei (data not shown). Other researchers have
chosen to randomly select up to 10 areas, and to count 400-1000, and more than 1000 nuclei
per experiment (59, 100, 101). During my counting, myotubes were classified as a syncytial
fiber-like cells with 3 or more nuclei. Cells with one or two nuclei were classified as

myoblasts. This is in line with many published reports (59, 101, 102). Some researchers
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choose to sub-classify myotubes as myotubes with 2, 3 or 4 and more nuclei (74).
Summarized, my evaluation method of choice is a conservative approach, limiting the
possibility of false positives. Furthermore, | calculated a fusion index based on nuclei inside
myotubes and total amount of nuclei (mt-nuclei:total-nuclei), which is also a much used
method in the literature (59, 100, 101). Alternative fusion indices are applicable, such as
nuclei inside myotubes and inside myoblasts (mt-nuclei:mb-nuclei), or amount of myoblast
nuclei per 100 myotube nuclei (103). My findings show there are large differences between
mt/t nuclei ratio of 1.0 % HS from different experiments (fig. 5.3A-D): 0.35, 0.44, 0.53 and
0.67. This probably results from many things, of which the following reasons are most
important. First, as the absolute number of nuclei increase, more cells overlap in the collagen-
coated plastic wells, resulting in measurement errors and misclassificating of myotube nuclei
as myoblast nuclei. The total number of nuclei is related to overgrowth and over-proliferation,
and late-onset differentiation. Secondly, as the counting progressed, | developed a skill for
better distinguishing myotube and myoblast nuclei from each other. This is presented in
supplemental material, illustrated with experiments with HS, FBS and UG (fig. S4A and B).
Experiment number 4 appeared to have greatest impact on the final result (even if not
statistically significantly different). Fig. S4A shows fusion indices for the separate
experiments, of which experiment 4 stands out. Fig. S4B shows the absolute number of nuclei
for the serparate experiments. Here, experiment 1-3 present decreasing nuclei count, but no
appearant differences between groups. Also, experiment 4 presents as decisive for the final
result (fig. 5.3A).

In retrospect, | believe the subjective part of this evaluation would have been overcome if
staining of cultures had been done with immunohistochemistry. Many researchers use
antibodies to myosin or desmin for muscle cell visualization, and often also Hoechst, DAPI or
Bromodeoxyuridine (BrdU) for DNA (nuclei) visualization (74, 104). This way, specificity
could be achieved, and results from subsequent quantification (counting) would have been
more reliable. Alternative methods to evaluate fusion also exists. Laarse and coworkers
quantified muscle cell numbers by measuring content of two LDH isoenzymes and DNA
(105). They concluded that the ratio of LDH to DNA content can be used to assess cellular
composition (105). A similar approach was used by Ruas et al., in which the ratio of
protein:DNA content of cell cultures was used to evaluate cellular hypertrophy, a phenotypic

trait of differentiated muscle cells (106).
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6.1.5 RNA isolation and quantification

RNA and protein was isolated simultaneously using the RNeasy kit, cDNA synthesized with
the High Capacity cDNA Reverse Transcription Kit, and mRNA levels were quantified by
RT-gPCR using the TagMan MGB system, as described in Methods.

The RNeasy Mini kit procedure is a well-established easy-to-follow technology that
selectively isolates RNA molecules longer than 200 nucleotides (63). It is based on a
combination of selective binding properties of a silica-based membrane and microspin
technology. The biological samples are lysed and homogenized in the presence of a highly
denaturing guanidine-thiocyanate-containing buffer, which immediately inactivates RNases to
ensure purification of intact RNA. Ethanol is added to provide appropriate binding conditions,
and the sample is then applied to an RNeasy Mini spin column, where the total RNA binds to
the membrane and contaminants are efficiently washed away. High-quality RNA is then
eluted in RNase-free water. All bind, wash, and elution steps are performed by centrifugation
in a microcentrifuge. This procedure is an enrichment of mRNA since most RNAs <200
nucleotides (such as 5.8S rRNA, 5S rRNA, and tRNAs, which together comprise 15-20 % of
total RNA) are selectively excluded (63). Phenol-chloroform and ethanol precipitation is an
alternative technique to isolate DNA, RNA and protein (107). Albiet more comprehensive,
this technique often provides isolation of higher quality (107). One must always remember
that RNA isolation is somewhat difficult to evaluate. Differences in isolation yield between
native mMRNA molecules may arise from differences in mRNA length, folding, localization in
the cell, complexation to proteins and other factors (108). Still, as long as protocol for

isolation is similar between samples and experiments, reproducibility should be maintained.

The High Capacity cDNA Reverse Transcription Kit is a well-established four-step
technology for generating single-stranded cDNA from all RNA molecules present in a sample
(64). First, the sample is heated to 25 °C for 10 min. Next, the sample is heated to 37 °C for
120 min to conduct RT-mediated cDNA synthesizing using deoxyribonucleotides (ANTPs).
Next, the sample is heated to 85 °C for 5 min to inactivate the reverse transcriptase (RT)
enzyme, and finally cooled to 4 °C for temporary storage (maximum 24 hours). All steps are
performed in an aqueous buffer solution containing RNase inhibitor. cDNA not immediately
used in the RT-gPCR reaction is stored at -20 °C (64). Importantly, because numerous
random oligonucleotide primers anneal to one single RNA molecule, the resulting cDNA is

correspondingly fragmented (109). An alternative primer, the oligo-dT primers, selectively
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reverse transcribes RNA with intact polyadenylation (poly-A tail) (108). This is especially
important for cloning of cDNA. Also, polyadenines do not fold into higher order structures,
increasing the efficiency of the reverse transcription. Still, because the transcription may not
reach its PCR target sequence, oligo-dT primers may introduce bias for amplicons located
near the poly-A regions. Also, RNA lacking the poly-A tail are not transcribed and therefore
not possible to detect in the downstream PCR reaction. Another alternative primer is the gene
specific primers for reverse transcribing specific gene sequences in which a limited number of
RNAs shall be analyzed. The advantage to this is that the two-step procedure of cDNA
synthesis and RT-gPCR may be reduced to a single reaction, albeit with lower sensitivity
(108). Still, to maintain the diversity and frequency distribution of all RNA in a complex
population when reverse transcribed to cDNA, random primers are used instead of oligo-dT
primers and gene specific primers. This is also important since the RT enzyme tends to detach
from the RNA template, possibly resulting in an incomplete reverse transcription of RNA
sequences (109). Because the random primers are hexamers of random deoxyribonucleotides
(adenine, A; guanine, G; cytosine, C; thymine, T), the total number of different primers/oligos
are (4° =) 4096.

The RT-gPCR using TagMan MGB system is a highly reputable and sensitive system for
detecting and quantifying specific cDNA molecules present in a sample (65). The RT-gPCR
method was developed in 1992, and is a refined technique of the original polymerase chain
reaction (PCR) developed in the 80’s (108, 110, 111). The RT-gPCR reaction is performed by
temperature cycling. First, the temperature is raised to approximately 95 °C to separate the
strands of the cDNA, then temperature is lowered to about 50 °C to let primers anneal to the
template, and finally the temperature is set to around 60-72 °C,which is optimum for the DNA
polymerase that extends the primers by incorporating the dNTPs. The first cycle produces
double-stranded DNA from cDNA, and as of the second cycle new DNA molecules are being
synthesized (108). The TagMan MGB probe system allows real-time monitoring of product
accumulation, and contain a reporter dye (FAM) at the 5 end, and a minor groove binder
(MGB) and a nonfluorescent quencher (NFQ) at the 3" end (65). The TagMan MGB probes
anneal specifically to a complementary sequence between the forward and reverse primer
sites (fig. 6.1, 1% image). When the probe is intact, the proximity of the reporter dye to the
quencher dye results in suppression of the reporter fluorescence (fig. 6.1, 1% and 2" image).
The DNA polymerase cleaves only probes that are hybridized to the target. Cleavage
separates the reporter dye from the quencher dye, promoting increased fluorescence by the
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reporter (fig. 6.1, 3" image). Polymerization of the strand continues, but because the 3" end of
the probe is blocked, no extension of the probe occurs during PCR (fig. 6.1, 4™ image) (65).
During the initial cycles the signal is weak and cannot be distinguished from the background
(108). As the amount of product accumulates a signal develops that initially increases
exponentially. Thereafter the signal levels off and saturates due to the reaction running out of
critical components, such as primers, the reporter, the dNTPs or the polymerase. The response
curves are separated in the growth phase of the reaction, reflecting the difference in their
initial amounts of template molecules. The difference is quantified by comparing the number
of amplification cycles required for the samples’ response curves to reach a particular
threshold fluorescence signal level. The number of cycles required to reach threshold is called
the certain threshold (Ct) value. Threshold can be set manually, but computer software can
also do it automatically. For example, threshold can be automatically set by algorithms
calculating the average exponential level, i.e. the level with an average perfect doubling of
fluorescence. Because of the arbitrariness of this threshold, affected by instrument software

and settings, one should avoid comparing individual Ct values between experiments (108).
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Figure 6.1. The TagMan MGB probe system. Illustration taken with permission from (65).

PCR efficiency is assumed to be 100 %, even though this is rarely the case (108). PCR
efficiency should be estimated by serial dilution of a standard (purified PCR product or target
sequence-containing plasmid), a biological sample, or addition of standards. Determing PCR
efficiency is important for quantifying the relative expression pattern of genes more
accurately. Furthermore, the TagMan MGB probes used by our groups is only one of many
fluorescence reporters used in RT-gPCR. Other reporters use similar technology, such as
guench and release of light before or after binding the target sequence. Sequence non-specific
dyes, such as SYBR Green, hybridize with double stranded DNA, and emits light only when
bound. This may introduce measurement errors, as samples may contain double stranded
primer-dimer products. In fact, primer-dimer products should be adjusted for by performing a
melting curve. Also probe-based PCRs may be affected by primer-dimer products, and high
Ct values should be suspected as possible results of primer-dimer product presence. The
BOXTO dye has been developed to directly measure presence of competing primer-dimers,
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used in combination with standard probes for simultaneous target sequence amplification
(108).

Quantification of MRNA is an extremely sensitive technique, possibly distinguishing a single
MRNA molecule difference between two samples. Still, this requires high level of laboratory
expertise as most steps from isolation to quantification can introduce measurement errors. In
the case of my samples, | believe differences between samples may have been affected largely
by variation in the RT step. Complete cDNA synthesis is an absolute prerequisite for accurate
measurements, as this reflects the presence of mRNA initially. Comparing the technical
reproducibilities of the RT reaction and the PCR it was found that the RT reaction contributes
with most of the variation to the experimental determination of mMRNA quantities (108). It
was concluded that substantially higher experimental accuracy is obtained when performing
replicates starting with the RT reaction compared to splitting the samples after the RT step to
perform real-time PCR replicates only (108).

Two different methods of presenting quantitative gene expression exist: absolute and relative
gene expression (66). Absolute quantification calculates the copy number of the gene usually
by relating the PCR signal to a standard curve. Relative gene expression presents the data of
the gene of interest relative to some calibrator or internal control gene. A widely used method
to present relative gene expression is the comparative Ct method also referred to as the 2744
method. Absolute quantification is required when a precise quantity of amplicon is desired.
The disadvantage of absolute quantification includes the increased effort to generate standard
curves. Furthermore, it is often unnecessary to present data as absolute copy number and
relative expression will suffice (66). The importance of estimating the PCR efficiency for
correct measurements is discussed above. All mMRNA data are calculated according to these

equations:

27AACt — (27ACt 27ACt

Fold change = sample A) / ( sample B)
ACtsampie x = (Ct gene of interest — Ct internal control)

AACt = (Ct gene of interest — Ct internal control)sampie A — (Ct gene of interest — Ct internal
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6.1.6 Western blotting

High quality protein isolation and sample preparation is critical for correct protein
measurements. | used the combined RNA and protein isolation method for intracellular
proteins, which has been validated by other groups (67, 68). Generally, different proteins
prefer different isolation methods, so there is no guarantee for good isolation of all proteins
present. The RNeasy protocol uses a guanidine thiocyanate-containing buffer for lysis and
RNase inhibition. No specific protease inhibitors are added to the lysis solution, but since the
mechanism of action of guanidine thiocyanate is protein denaturation, this buffer also
potentially inhibits proteases, DNases, lipases, phospholipases and other catabolic enzymes
(112). As described in Methods, proteins were thoroughly washed and dried prior to
dissolving in the SDS-Tris buffer. We chose to use this SDS-Tris buffer for protein
solubilization due to an appearantly better Coomassie staining after SDS-PAGE separation, as
shown in fig. S5 in supplemental materials. To completely dissolve the proteins heating was
required, and we chose to standardize this heating to 5 min at 95 °C. Immediately after
heating, protein concentration was measured using the BCA method. This method is based on
a two-step reaction, in which Cu® is first reduced to Cu'* forming a complex with protein
amide bonds (Biuret reaction). Secondly, BCA forms a purple complex with Cu'* in a 1:2
ratio which is detectable at 562 nm (69). The BCA method is a fast, sensitive and accurate
way of measuring protein concentration. Alternatives to the BCA method is the Bradford
method, absorbance at 280 nm, Biuret method and the Lowry method (107). The Bradford
method utilizes the dye Coomassie blue G-250, which is red-brown at a pH below 1 but turns
blue when binding to protein, causing a shift in the pKa of the bound dye. This is a fast,
sensitive, accurate and time-independent method of measuring protein concentration.
Absorbance at 280 nm is a fast measure of presence of the aromatic amino acids, especially
tryptophan, as they absorb light strongly at 280 nm, but is not very accurate. The Biuret
method rapidly measures peptide bonds, but is not very accurate for low protein
concentrations. The Lowry method works similarly to BCA and need even less material, but
depends on the presence of tyrosine in the sample. The presence of detergents will interfere
with most of these methods including the BCA method, and the standard curve was therefore
prepared with equal amounts of SDS-Tris buffer for the protein concentration measurements
(107).
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Before applying samples to the gel, they were mixed with reducing agent and loading buffer
and diluted. The reducing agent break the disulfide bonds, promoting complete unfolding of
protein primary structure. The loading buffer contains an anionic detergent and Tris base for
optimized conditions for the SDS-PAGE separation of proteins. Also, the loading buffer
contains glycerol and a blue dye (bromophenol blue) for increased density and visualizing of
the samples, facilitating accurate loading and monitoring of the migration front during SDS-
PAGE. We used commercially available reducing agent and sample buffer, but could have
used alternatives. Most western blotting protocols include the use of either f-mercaptoethanol
(B-ME) or dithiothreitol (DTT) as reducing agent, whereas the commercial variant we used
probably contains the relatively odorless TCEP-HCI. The Laemmli buffer is probably most
widely used for the purpose of SDS-PAGE separation of proteins (113, 114).

The SDS-PAGE was performed using commercially available gel and running buffer at 200 V
(constant) for approximately 1 hour. Proteins solubilised in SDS bind the detergent uniformly
along their length to a level of 1.4 g SDS/g protein. This creates a mass/charge ratio which is
consistent between proteins. For this reason, separation on a polyacrylamide gel in the
presence of SDS occurs by mass alone, and protein molecular weight can be determined
within 5-10 % accuracy. | wanted to visualize proteins with broad range of molecular weight,
and decided to use 10 % gels for all SDS-PAGE separations. Other gel percentages could
have been used as well, but 10 % separated 42 (actin) and 50 (a-tubulin) kDa fairly distinct,
as well as 200 (myosin) and 37 (PLAU) kDa. PLAU was run on a separate gel which also was
10 %. | used pre-cooled MOPS running buffer for the SDS-PAGE, but could just as well have
used a standard Running buffer. To verify the presence of proteins after separation, over night
Coomassie staining of a dedicated gel was performed, showing protein bands similar to the
two columns at far right in fig. S5 in supplemental materials. The separation of proteins on
SDS-PAGE allows for downstream analyses, such as proteomics, but | only applied the

method for further transfer of proteins to membrane (western blotting) (114).

Electro transfer of proteins to the methanol-activated PVDF membrane (positively-charged
nylon) was performed at 0.6 A (constant) for about 1 hour. The 10X Transfer buffer was
prepared manually. The working buffer was prepared at least a day in advance by adding 10
% methanol, diluting with distilled and deionized water and cooling to 4 °C over night.
During the run, ice bags were applied to prevent overheating. Transfer efficiency was

determined by evaluation of remaining protein standard color on the gel, which was not
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observable. To further evaluate the transfer | could have Coomassie stained the gel, but the
gel was discarded directly after use. Anther method of evaluating transfer efficiency is to stain
the membrane with Ponceau Red, which allows for non-specific visualization of all protein

bands present on the membrane.

Membranes were cut into separate pieces and blocked in TBS-T and 5 % non-fat milk to
prevent downstream non-specific binding of antibodies, but this could also have been done
using BSA. Milk is generally better for preventing background signals, but BSA allows for
visualization of proteins with lower expression. Primary antibody was diluted in block buffer
and incubation was performed overnight (about 10 hours) at 4 °C for myosin and PLAU, but 1
hour in room temperature for actin and tubulin. The reason for this was that the anti-actin and
anti-tubulin antibodies were expected to have greater specificity for their respective epitopes
than the anti-myosin and anti-PLAU antibodies. All incubations were performed with gentle
agitation. Anti-myosin and anti-PLAU was diluted 1:1000, whereas anti-actin and anti-tubulin
was diluted 1:10 000 and 1:20 000, respectively. This provided good bands when 10-20 pg
protein per lane was loaded. Secondary antibody was diluted 1:10 000 in TBS-T for low
unspecific detection (background), but this could possibly have been even more diluted. | did
not reuse primary antibodies, but could have done this by adding 0.5 % NaN3 (sodium azide)
directly to the primary antibody solution to prevent bacterial growth, which then would be
usable 3-5 times if stored at 4 °C. Regarding washing of membranes, | chose a regimen with 2
quick washes, then 15 min and 3 times 5 min washes with gentle agitation. 3 times 10 minutes
would probably do just as well. After the final wash, membranes were exposed to substrate
for the chemiluminesence reaction. As we used the HRP conjugated secondary antibodies,
ECL Plus solution was applied, and light was detected on film. In the process of adapting this
protocol to my needs, | started off using too much primary and secondary antibody for actin
and tubulin, resulting in rapid depletion of the substrate. This appeared as a transparent band
within a black band on the film. Myosin and PLAU, on the other hand, did not turn up until at
a rather high antibody concentration (i.e. low dilution). Still, most of the problems I
encountered working with western blotting was related to the isolation protocol, which
required pedantic work skills. There was great uncertainty to how big amount of protein
needed to be loaded onto the gel and how to best dissolve the proteins before BCA
measurements were performed. To increase the protein concentration available for gel
separation, | chose to dissolve precipitated proteins in about 55 pl SDS-Tris buffer, which is
quite low. This resulted in difficulties in dissolving the proteins, which we resolved by pre-
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BCA heating, as mentioned. However, we did not know how processing (heating, cooling,
and repeated thaw-freezing cycles of samples) affected protein stability. To avoid excessive
repeated freeze-thaw cycles, | decided to perform precipitation, dissolution, SDS-PAGE
separation, membrane transfer, blocking and incubation with primary antibody on same day,
and incubation with secondary antibody and processing on the following day. Membranes not

incubating overnight were stored in a small amount TBS-T at 4 °C.

In retrospect | realize that specificity of the antibodies used for protein detection should have
been confirmed properly for my protocol, similar to the stepwise procedure used in published
reports (115). This would possibly be required for publication-quality work. Firstly and
relatively effortless, | could have loaded manufacturer-provided recombinant protein directly
onto the SDS-PAGE gel, followed by immunoblotting and detection. Secondly but slightly
more demanding, | could have transiently transfected cells (such as C2C12 cells) with FLAG-
tagged human genes of interest, followed by proliferation, differentiation, RNeasy-based
protein isolation, SDS-PAGE and immunoblotting. Finally and even more challenging, |
could have knocked down these transfected (in the case of C2C12 cells) or endogenous (in the

case of human primary skeletal muscle cells) gene products by siRNA.

The membranes were cut into separate pieces according to the protein ladder prior to
blocking. Following membrane developing (processing) lane bands visualized were compared
to the protein ladder, and approximate molecular weight was estimated. This method is not
perfect but possibly sufficient for my use. | could also have non-specifically stained the gel or
membrane, and physically measured the migration distance of each standard band in relation
to the migration front. These numbers could I then in a graphing program have plotted against
the log (molecular weight, MW) for generating a standard curve. Using the same procedure
for unknown bands, these could have been extrapolated using the standard curve. This method
would probably be more accurate for publication-quality work. However, according to
antibody datasheets from manufacturers, actin, myosin, a-tubulin and PLAU migrate at 42,
200, 50 and 37 kDa, respectively. a-tubulin and PLAU therefore migrate similar to bands
present in the standard and hence, are easy to identify. Actin and myosin, on the other hand,
are identified more or less on visual comparisons with nearby standards (37 and 50 for actin,
and 150 and 250 for myosin).

It is important to emphasize the great advantage of isolating proteins using a combined RNA
and protein isolating method as I have done, as the experimental design of EPS experiments is
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greatly limiting, and the reason is briefly this. Time curve experiments are the most relevant
experiments, as they provide information about dynamics rather than before-after effects.
Similar to pharmacologists who want to explore the cellular effects of a chemical compound,
we want to explore the cellular effects of EPS in the short and long term, and hence need to
excecute experiments with time manipulations. Only 6 wells can be stimulated
simultaneously, which means that 6 different samples (5 if the zero timepoint control is
excluded) are available for analysis in time curve experiments. The application of EPS in
studying for example dynamics in energy metabolism, cell signalling, gene regulation and
protein production and secretion is a potentially valuable tool for investigating myocellular
molecular effects of physical exercise. Importantly, this tool is even more valuable as RNA
and protein data from exact same samples can be evaluated. Although this may be true, | am
fully aware of the shortcomings of the protein isolation method. Individual proteins usually
require individually tailored western blotting protocols for optimal results, i.e. for nuclear
proteins, mitochondrial proteins, cytoplasmic proteins and membrane bound proteins.
Fractioning of cellular concent and increasing concentration of certain proteins is just one of
several optimalizations for better and more easily reproducable results. Hence, as discussed
for RNA isolation, we do not know if our method selectively isolates proteins with certain

properties and subcellular localizations.

6.1.7 ELISA

ELISA is a protocol-based technique and relatively easy to perform compared to western
blotting. The PEDF-ELISA was performed according to manufacturers instructions, as
described in methods, and there were no practical difficulties related to the procedure, much
thanks to helpful coworkers.

Fig. 5.8 shows the concentration of PEDF in conditioned medium during myogenic
differentiation, measured with ELISA. The concentration is a result of secretion from cells
and removal related to medium renewal. As for LDH, serum may already contain PEDF, and
also, membrane damage may cause release of PEDF. However, the greatest influence on
medium PEDF concentration does secretion and removal have. When initiating
differentiation, | replaced 100 % of the proliferation medium with fresh differentiation
medium, and then | changed 50 % of the medium the remaining days of differentiation. This

was done primarily to prevent variations in nutrient availability, but probably affects PEDF
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concentration as well. If no medium was changed for 2-3 days, which is standard for many
differentiation experiments, PEDF would probably accumulate during this time and introduce
measurement errors. | believe that changing 50-100 % of the medium daily provides the most
easily interpretable results. This argument is strengthened by the fact that RT-gPCR and
ELISA data show similar results for PEDF.

It should be emphasized that ELISA measurements does not provide the same degree of
specificity that western blotting, as different Kkits contain different epitope-recognizing
antibodies. For example, the proteins measured can be only certain post-translationally
modified forms, or all forms. Hence, unless thoroughly characterized, this might introduce

uncertainty to the interpretation of the results.

6.1.8 Cell integrity: LDH measurements

Unlike the complexity of in vivo toxicity, cell culture in vitro toxicity is mainly a cellular
event (116), and can be quantified by measuring LDH in conditioned medium (117). LDH is
an cytoplasmic enzyme found in all cells in humans, important for the interconversion of
pyruvate and lactate (118). The enzyme is especially important for anaerobic muscle work.
Cellular hypoxia results in blockage of the last step in the electron transport chain and
subsequent NADH+H" and FADH, accumulation. This results in tricarboxylic acid (TCA
cycle) inhibition and glycolytic NAD" regeneration, including the redirection of pyruvate to
lactate, which is released from the cell. This lactate molecule can be taken up by cells with
sufficient oxygen supply, converted to pyruvate, and redirected where needed. In
cardiomyocytes, this pyruvat may be completely oxidised via the TCA cycle and electron
transport chain for ATP regeneration, whereas hepatocytes may activate gluconeogenesis for
glucose production and release (118).

Cell damage results in release of intracellular content into the blood stream, including release
of enzymes. LDH is normally found in serum, and the concentration of LDH in serum
increases when there is cell and organ damage present, such as following a myocardial
infarction or during hepatic steatosis (119). Similarly, cultured cells release LDH upon
membrane damage, increasing the LDH concentration in the medium. This was measured
with an LDH Kkit, as described in Methods.
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The LDH in samples must still possess enzymatic properties (120). LDH-containing
conditioned medium is incubated with the reaction mixture from the kit. In the first step
NAD" is reduced to NADH+H" by the LDH-catalyzed conversion of lactate to pyruvate. In
the second step the catalyst (diaphorase) transfers H+H* from NADH+H" to the yellow-
colored tetrazolium salt INT, which is reduced to red-colored formazan (fig. 6.2). An increase
in the amount of dead or plasma membrane-damaged cells results in an increase of the LDH
enzyme activity in the culture supernatant. This increase in the amount of enzyme activity in
the supernatant directly correlates to the amount of formazan formed during a limited time
period. Therefore, the amount of color formed in assay is proportional to the number of lysed
cells. The formazan dye formed is water-soluble and shows a broad absorption maximum at
about 500 nm, whereas the tetrazolium salt INT shows no significant absorption at these
wavelengths (120).

1. Step:

Ccoor coo”
I LDH |

HO — C—H i cC=0
I I
CHs CHs

lactate pyruvate
+
NAD NADH + H*

N=N: Catalyst

formazan salt (red) tetrazolium sak (pale yellow)

Figure 6.2. LDH kit: mechanism of action. Illustration taken with permission from (120).

There were significant differences between incubation groups at all measurement days. After
adjustment, the proliferation media still showed larger LDH release on day 1 and 4. The
tendency of SFM to release more LDH on day 7 was visually confirmed during daily
inspections of the cell cultures, as large amounts of myotubes were detached from the surface.
However, none of the groups present LDH release above 10 %, which can be viewed as a

tolerable upper limit for cell culture integrity. To make sure the optical density of samples fell
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within the range of capacity of the spectrophotometer, a dilution of the samples of interest
was often required. In the case of my samples, | performed a 10X dilution of all samples used
for 100 % reference values, and also samples of proliferation medium, but not samples of
SFM, 1.0 % HS or 2.0 % HS. This could result in the changes seen between incubation
groups on day 1 (the high LDH levels in the proliferation medium), but it is unlikely. | would

expect this to be consistent for the remaining days as well, but it is not.

Researchers use a variety of methods for evaluating cell culture integrity. Other arabitrarily
used names include cell survival, cell killing, cytotoxicity, toxicity and viability (117).
Methods to measure cell culture integrity include permeability assays, functional assays,
morphological assays and reproductive assays (117). The LDH measurement used in this
thesis is a permeability assay, measuring the cellular membrane integrity. This enzyme assay
is relatively easy to perform and, because LDH is highly expressed, more usable than
enzymes with lower expression level (120). Other assays include uptake or exclusion of dyes,
and labelling of cells with radioactive isotopes or fluorescent dyes (117, 120). Disadvantages
to the use of these assays include use of radioactivity and the need for labelling of cells. Also,
staining and counting of cells are time consuming and inefficient, and not usable with large
sample numbers. Kato I. et al. have used cellular creatine kinase (CK) activity as a measure of
cell injury in an in vitro system for measuring muscle cell toxicity of antibiotics (121),
showing that CK release is also good for cell culture integrity measurements. Nikolic N. et al.
evaluated cell culture integrity during EPS by a combination of protein content, LDH
measurements, live imaging for nuclei counting, and staining with tryptan blue (62). In
summary, a combination of different methods is probably best for evaluating integrity of cell

cultures.

6.2 Differentiation of human skeletal muscle cells

One of the main objectives of this thesis is to characterize and evaluate the degree of
differentiation in the primary cell cultures used in our laboratory. In terms of understanding
the mechanisms underlying differentiation, new insight has emerged the last decade.
Differentiation is no longer regarded as irreversible, as we now know that dedifferentiation
may be induced both by genetic and chemical manipulation (88, 89). Research in amphibian
muscle regeneration has shown that muscle cells in culture can be dedifferentiated (122, 123),
and that this dedifferentiation is mediated, at least in part, through phosphorylation of
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retinoblastoma protein (pRb) (104). Differentiation is a complex process connected with other
core processes in the cell, such as proliferation and growth, apoptosis and senescence, tightly
controlled via the cell cycle machinery (56). In my work, | have used the ratio between nuclei
inside myotubes and total number of nuclei to evaluate differentiation. In addition to methods
discussed earlier, other morphological indices of differentiation could be number of nuclei
within each myotube, number of myotubes with visual striation or number of myotubes with
contractile force generation (upon stimuli) (124). Technically, my method of choice is
probably easiest to perform. However, distinguishing single myotubes can be borderline
impossible, especially when cells are overlapping in large spider webs (see fig. 5.2).
Quantifying the contractile ability of myotubes requires special equipment, such as an electic
pulse stimulator and detector equipment (125). Hence, the morphological evaluation, despite
its subjective bias discussed earlier, is possibly sufficient for visual evaluation of
differentiation. It goes with the story that researchers often evaluate the myotube nuclei-
accumulation with phase contrast light microscopy of live cells. We, on the other hand, chose
to stain cultures with Romanowsky stain to highlight membranes and nuclei to overcome the
problem of potentially not discriminating nuclei in myoblasts from nuclei in myotubes.
Moreover, | found that proliferating myoblasts until 80-90 % confluency, followed by 7 days
of differentiation resulted in formation of multinucleated syncytial myotubes. The highest
fusion index was consistently observed with 1.0 % HS. Hence, | concluded that a
differentiation medium consisting of DMEM and F12 (1:1 ratio) with 1.0 % HS provided
better or equally good differentiation of cultured human myoblasts than FBS (0.5-1.0 %) or
UG (0.2-0.4 %). | have not managed to find any reports that has compared addition of
different types of serum on in vitro human muscle differentiation. Moreover, although low
concentration of dexamethasone has been shown to promote differentiation (74), I did not find
better differentiation with addition of high concentration of dexamethasone. This is in line
with the well-known muscle-atrophy effects of glucocorticoids. Unexpectedly, adding insulin
to HS or SFM did not increase the fusion index, and | have not found any similar reports on
cultured human skeletal muscle cells. Interestingly, at most 67 % of all nuclei in the cultures

were located within myotubes.

In order to evaluate the dynamics of differentiation, | investigated the mRNA expression of
PAX7 and myogenin. They were chosen because of their early and late expression pattern
(43). As expected, | found that PAX7 decreased during differentiation for all cells grown in
serum-reduced differentiation media. However, the proliferation medium had higher PAX7
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MRNA expression levels throughout differentiation, also as expected. The initiate decrease in
PAX7 mRNA expression (and possibly protein levels) activate pathways that converge in
activation of myogenin and the initiation of the myogenic apparatus (43). Further, there is a
major increase in MYOG in all serum-reduced media, evidence for a strong activation of the

myogenic apparatus in the cell cultures.

Furthermore, | investigated expression of the archetype muscle-specific proteins myosin and
actin (126). MYH1 shows a remarkable expression level between incubation treatments, as
also shown in fig. S2 in supplemental materials. It seems as if 2.0 % HS provides a higher
MRNA expression of MYH1, especially at day 7 and 8. This might indicate that serum
concentration of the differentiation medium contributes to the fiber type of the culture, but it
could also be due to methodological errors. Note that day 8 of differentiation in SFM was not
applicable because of lack of RNA due to cell detachment and cell death, this time point was
removed for all other incubation groups as well, and hence not shown here (fig. S2). To
further investigate the possible phenomenon of muscle fiber type switch, | could have
measured MYH2 and MYH7 on the same samples, to see if the opposite occurred (i.e. that 2.0
% HS had markedly decreased, and that SFM and 1.0 % HS increased levels of MYH7). This
was not done because of shortage of time. It should be mentioned, however, that follow-up
investigations of pipetting skills revealed no obvious mistakes or outliers for 2.0 % HS (fig.
S6). Moreover, actin is, in cooperation with the myosins and numerous other proteins,
important for the contractile ability of skeletal muscle cells. The increase in mMRNA
expression of ACTA1 seen during differentiation is promoting a build-up of contractile
proteins. Both the fast twitch type myosin and the muscle-specific isoform of actin is
confirmed on protein level, strengthening the mMRNA data greatly. This is good evidence for
claiming that the cell cultures are well differentiated to the muscle tissue phenotype. The
loading control a-tubulin also shows a remarkable pattern, with only a weak band on day 0 of
differentiation, followed by identically powerful bands day 1-7 of differentiation. The result
var repeated several times, and it is unexpected, as tubulin is shown to be equally expressed
on all days of differentiation in similar experiments (77). This discrepancy may be a result of

different isoforms of tubulin.

Finally, I wanted to investigate transcription of genes important in muscle-specific metabolic
activity, such as the coactivator PGClo and glucose transporter GLUT4, and | found

increases during differentiation. Even the proliferation medium, with close-to-zero visible
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myotube formation, had a 100-times increase in PPARGC1A mRNA expression. However,
this was delayed 1-2 days compared to SFM, 1.0 % HS and 2.0 % HS. All differentiation
media increased to a peak expression level, and then decreased. SLC2A4 (GLUT4) increased
drastically when differentiated in SFM, with a peak at day 5. The other differentiation media,
including the proliferation medium, showed a slow but steady increase in SLC2A4 mRNA
expression. The reason for this result is probably that cells grown in serum free conditions
have to rely on ATP regeneration from glucose and amino acid oxidation alone, as there is no
supply of fatty acids from serum (i.e. carrier proteins, such as albumin). There is also no
insulin present in SFM, so the induction of SLC2A4 transcription must be insulin independent,
possibly initiated by AMPK activation, Ca*" influx, nuclear receptor activation or repression,
or other mechanisms. Metabolism probably shifts towards glucose and amino acid
metabolism during this fatty acid “famine”, partly by induction of genes for glucose and
amino acid catabolism, and partly by post-translationally modifying proteins of the
intermediary metabolism, such as Pyruvate Dehydrogenase kinase (PDK4), which is an

important regulator of pyruvate entry into the TCA cycle (127-129).

Taken together, these data indicate that all serum-reduced media strongly activate
myogenesis, including mRNA transcription and translation of the muscle specific contractile
apparatus, and mRNA transcription of myogenic markers and muscle specific metabolic
genes. Differentiation of human muscle cells may therefore be done by proliferating until
about 80-90 % confluency, with subsequent reduction of the serum concentration. The use of
1.0 and 2.0 % HS will both provide satisfactory differentiation within 7 days. SFM seems to
promote similar changes (both morphologically and on mRNA expression level), but appear
to cause a faster differentiation. However, LDH analyses on day 7 revealed, as seen
morphologically, a toxic effect on the cultures. Hence, control of the cell culture integrity and
differentiation is probably best achieved by 1.0-2.0 % HS.

As | here present one method of differentiating muscle cells, it is appropriate to mention in
vitro differentiation in a general setting. Freshney proposes a six step procedure to general
cell culture differentiation: 1) select correct cells by specialized isolation and selective media;
2) choose appropriate matrix (coating), and proliferate cultures to high density; 3) change to
media designed for differentiation, i.e. serum or Ca®* concentration; 4) add agents known to
induce differentiation, i.e. retinoids, DMSO or cytokines; 5) add interacting cell types, i.e. add

fibroblasts isolated from same tissue, and; 6) elevate cells in a filter well to provide nutrients
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from all sides (58). The sequence which these are presented may not be similar for all cells,
and not all steps may even be required. Furthermore, the scheduling of events can be
important. For example, some hormones may be effective in short exposures, also dependent
on the cell density and cell interactions (58).

Finally, to illustrate the complexity of the differentiation process, | have summarized a vast
amount of mechanisms into an integrated image (fig. 6.3). Most published reports (that | have
been able to locate) focus mainly on TFs, and MRFs in particular, as important in different
parts of the myogenic differentiation. However, less interest has been on elucidating the
signalling pathways resulting in transcriptional activation of the myogenic machinery. The
signalling pathways involved in early and late myogenesis probably have important
immediate (i.e. post-translational modifications), intermediate (i.e. cellular behavior) and
long-term effects (i.e. gene regulation). Knight and Kothary have reviewed what they call the
myogenic kinome — protein kinases critical to mammalian skeletal myogenesis (76), and
signalling pathways that should be mentioned in relation to early myogenesis include the
PKA (WNT-Frizzled) signalling pathways, MAP-kinase pathways, Akt (insulin/IGF)
pathways and cyclin/CDK (cell cycle regulation) pathways. These are particularly important
at embryonic migration and for priming of cells for a myogenic fate, and also for driving the
cell cycle. In later myogenesis many of the same signalling pathways have important roles,
such as the MAP-kinase pathway, which gets input both from cell-cell interactions and other
extracellular signals. The Akt pathways also has many important roles in differentiation.
Knight and Kothary conclude with the need for further investigations, as there are many other
potentially important signaling pathways (76). Furthermore, the resulting change in gene
expression will transcribe important regulators for cell cycle exit. MyoD is important for
transcription of Cyclin D3, pRb and p21. Collectively, these will push the cell in favor of
differentiation. Additionally, efficient shift from proliferation to differentiation is promoted
via miRNA feed-forward mechanisms. However, | have not been able to locate specific roles

for myokines, but they may possess roles at several sites, as indicated.
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Figure 6.3. Some mechanisms important in myogenic differentiation (Adapted from several references).
Upper left quadrant: MYF5, MRF4, MYOD and MYOG are the core network of TFs (MRFs), influenced by
PAX3/7 and SIX1/4 in adult skeletal muscle (43). MYOG is the initiator of myogenesis and is therefore under
regulatory control of upstream MRFs, which exhibit a great deal of redundancy. MYOD is well characterized
(MYOD is further described in the centre and lower panels), and MYOD" cells are considered activated or
commited to a myogenic fate. Much research is focused on MYOD, but other MRFs probably have similar
functions. Other upstream signals (WNT, BMP, etc) are also important in embryonic development (43). Upper
centre quadrant: Signalling pathways important in early myogenesis, resulting in migration, proliferation,
activation and determination (76). Wnt-Frizzled signalling activates PKA which phosphorylates and activates
CREB, resulting in MyoD, Pax3 and Myf5 transcription. At the same time MEF2 is inhibited, leaving the MRFs
with no dimerization partner (see below). Cyclins activate CDKs which phosphorylate and inhibit pRb, resulting
in MyoD inhibition and degradation, and E2F release and subsequent transcriptional activation (proliferation).
Growth factors such as FGF and IGF activate the MAP-kinase and IRS-PI3K-Akt signalling pathways, both
promoting proliferation (76). Upper right quadrant: Signalling pathways important in late myogenesis, resulting
in cell cycle exit and myogenic differentiation (76). Cell-cell contacts and extracellular factors activate the MAP-
kinase pathways, which in a network communication-manner, including CDK and Akt signalling pathways,
activate MRF-mediated gene transcription. IGF-activated Akt also phosphorylate and activate mTOR and inhibit
FOXO, collectively resulting in increased protein synthesis, differentiation and hypertrophy. The GSK3p-
mediated inhibition of B-catenin and NFATC3 is inhibited upon Akt-mediated phosphorylation, which, together
with RSK2/NFAT3 activation by the MAP-kinase pathway result in transcription of genes involved in
differentiation, fusion and cell cycle exit (76). Centre and right centre panel: The basic helix-loop-helix MRF-
TFs, such as MyoD, heterodimize with members of the MEF2 family at the E box motifs on DNA (43, 44).
Protein complexes form, including coactivators (i.e. CDK?9), histone modifiers (i.e. p300) and RNA polymerase
(76). Via their homeodomain (HD), SIX1/4 TFs bind nearby motifs and contribute to MRF-mediated
transcriptional activation of MRFs, miRNA, cyclins D3, pRb, p21 (and other CDK inhibitors, CKIs) and other
muscle-specific genes (43-45, 130, 131). Lower left quadrant: MyoD-mediated transcription of cyclin D3, pRb
and p21 is an important event in myogenic differentiation (131). Akt-mediated inactivation of GSK3p, combined
with CKI-mediated inactivation of CDKs, rescue cyclin D3 and pRb from phosphorylation, inactivation and
degradation, resulting in cyclin D3-pRb complex-formation and subsequent stabilization in relation to the
nucleoskeleton (130-132). As also shown in upper centre quadrant, actions of MyoD and E2F are now reversed.
Stabilization of the cyclin D3-pRb complex results in a remodelling of the nuclear lamina and myogenin
induction (130). The upstream events result in cell cycle exit (to GO phase) and subsequent myogenesis. Lower
right quadrant: miRNA promote efficient shift from proliferation to differentiation (45). MyoD-mediated
transcription of miRNAs result in inhibition of HDAC4, PAX7 and MyoR, promoting silencing and degradation
of these transcripts (45, 47, 48). As indicated, myokines possibly have important roles at several steps during
activation, proliferation and differentiation of myoblasts.

6.3 Expression of myokines during myogenesis

Signaling peptides secreted from muscle cells are known as myokines (36). Interest in
myokine research has grown following and parallel to the mapping of secretomes of
conventionally considered non-secretory organs (organokines), such as the liver and adipose
tissue (133, 134). Researchers hypothesize that myokines may mediate the health promoting
effects of exercise, at least in part by counterbalancing the detrimental effects of many

adipokines (36). Some proteins, such as IL-6, may be secreted from adipose as well as muscle
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tissue, suggested to be known as adipo-myokines (135). Also the arche-adipokine adiponectin
is shown to be secreted from skeletal muscle, at least in various mouse and rat models (136). |
did not, however, detect adiponectin mRNA in my human primary cell cultures (data not

shown).

Researchers have used primary cultures to identify novel myokines during 7 days myogenic
differentiation (34, 41). Haugen et al. concludes that their cell culture model may be used to
identify novel myokines on the basis of production of IL-6, although the mRNA expression
level is unchanged during differentiation (34). Norheim et al. consider their cell culture to be
a model of resting, non-contracting muscle cells, but do not identify IL-6 with their
proteomics approach (41). However, none of these investigators discuss the usability of the
differentiating muscle cell culture system in an embryonical-regeneration-physiological
setting. Myokines may clearly be important during myogenesis. In view of the above
discussion, differentiating primary cell cultures and cell lines are not directly skeletal muscle.
It can be argued that they may be thought of as an intermediate between embryonic muscle
tissue development and regenerating adult skeletal muscle. Importantly, the process of
forming myotubes during in vitro differentiation and fusion of myoblasts closely resemble
embryonic development of muscle tissue. Muscle fibers are namely formed before birth, and
not in adult skeletal muscle. Satellite cells, on the other hand, fuse with existing fibers in adult
skeletal muscle. Furthermore, Norheim and coworkers identified 17 new proteins potentially
secreted via the classical secretory pathway in media from cultured human skeletal muscle
cells (33). Most of the identified proteins are important in muscle tissue remodelling, and
possess extracellular matrix degradation or synthesis function (33). SPARC is not only shown
to have anti-tumor activity, but is a matrix scavenger chaperone (38-40). Also, collagen alpha-
1 chain, lumican, fibronectin 1, extracellular matrix protein 1 and several members of the
peptidase Al family (cathepsin B, D, H and L1) were identified, all important for matrix
remodelling. Hence, | speculate that the secretome identified during differentiation of
myoblasts to myotubes (with standard conditions: normal glucose and fatty acid supply, etc)
are predominantly auto- and paracrine myokines and matrix proteins, important for
development of muscle tissue, and not endocrine myokines. Hence, in order to detect and
investigate function of endocrine myokines during activity-related muscle contraction, an
exercise model of differentiated myotube cultures is more appropriate. Researchers should use
EPS alone, or in combination with addition of exercise substances. These can be
physiological substances such as cathecholamines, glucocorticoids and pancreatic hormones,
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or pharmacological modulators such as ionomycin (increase [Ca®'] intracellularly), AICAR
(AMPK activator), forskolin (increase [cCAMP] intracellularly), PPARS and o activators,
PGCla and PGClo4 activators (61, 62). A carefully designed cocktail of such substances can
possibly also be beneficial.

In view of the previous discussion, | wanted to examine the mMRNA expression on extablished
and potential myokines during differentiation. Of course, | had to measure IL-6. IL-6 is not
only a pro-inflammatory cytokine in acute and chronic disease, but a well-established
myokine in everyday physiology (137). Summarized, IL-6 is important in metabolic
regulation of lipid and glucose homeostasis, muscle hypertrophy, and also the compensatory
increase in insulin secretion during insulin resistance (36). | show that IL6 increases in a time-
dependent manner from day 4 to 7 of differentiation. As the glucose, fatty acid and amino
acid concentrations are relatively physiological in 1.0 % HS, there is no obvious reason for
the cells to crave extra supply of either macronutrient. Also, there is no obvious reason for the
cells to be insulin resistant. Hence, | speculate that the increase in IL6 MRNA expression seen
here represent its role in hypertrophy (autocrine and paracrine signalling), rather than its
metabolic and hormonal (endocrine) roles. Next, | wanted to examine IL-8. As discussed,
there is yet no definite answer to what role I1L-8 plays in muscle physiology (135), but it is
tempting to speculate. Human IL-8 has, as its murine homologue CXCL1, been linked to the
local angiogenic effects of exercise (137). IL-8 can bind to chemokine (C-X-C motif) receptor
(CXCR) 1 and -2 on endothelial cells, and in case of the latter receptor, induce angiogenesis.
Still, conclusions on this issue is yet to be made. | found no particular pattern of mRNA
expression of IL8 during myogenic differentiation, neither a decrease nor increase. Still,
MRNA is detectable, and it is very likely that this is being translated to secretory IL-8 protein,

which is an important observation.

As the research community has welcomed the discovery of FNDC5 with discussions and
criticizm (138, 139), | wanted to investigate the pattern of FNDC5 mRNA expression during
differentiation. FNDC5 was originally discovered as a PGCla-dependent transmembrane
protein in skeletal muscle cells (138). This protein was shown to be posttranslationally
cleaved upon physical exercise, releasing Irisin, which enters the bloodstream. The
researchers presented evidence for this protein to activate the thermogenic programme in
white adipose tissue (WAT) through peroxisome proliferator-activated receptor (PPAR)-a

activation (138). Currently, there is an ongoing debate regarding the serum concentration of
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Irisin in relation to acute and chronic exercise (139). | found that the mRNA expression of
FNDCS5 rapidly increased when initiating differentiation, which thereafter declines and slowly
increases and stabilises at approximately 5.5-fold of day O of differentiation. As this protein is
probably not directed for secretion immediately, the increase in mMRNA expression may
represent a myogenic stock up of protein for membrane storage. FNDC5 might also have
unknown important roles in myogenesis, such as myoblast activation or fusion. As FNDC5
activates peroxisome proliferator-activated receptor (PPAR)-a in adipocytes, the same may
possibly occur in myocytes. This may implicate FNDC5 and its posttranslationally modified
variants (cleavage, glycosylation, glycation, etc) as regulators of fatty acid metabolism in
myocytes, and should be elucidated in future cell culture experiments. Furthermore, the last
year, several published reports have presented evidence of circulating Irisin levels to be
important in obesity, energy expenditure and diabetes type 2, as well as being secreted from
adipocytes (140-143). Also, interestingly, myostatin knockout mice, which exhibit both
increased muscle mass and leaner body composition, have been showed to activate the

AMPK-PGC1la-Fndc5 pathway in muscle, suggesting a myostatin-Irisin crosstalk (144).

ANGPTL proteins are regulators of fatty acid metabolism, important in regulation of
lipoprotein lipase activity, and hence important for circulating levels of triacylglycerol (145-
147). 7 different ANGPTLs are described, and more potential family members are being
discovered, such as Lipasin (148). To date, ANGPTL2, -3 and -4 are best known. Tissue
panels show that ANGPTL?7 are expressed in skeletal muscle (149), and may therefore be
important in local triglyceride clearance. | found that ANGPTL7 steadily increases 134-fold in
MRNA expression during differentiation. This observation may represent an increasing
demand for fatty acids as fuel source as differentiation progresses, but may also be a result of
many other processes, such as membrane synthesis. Again, the increase might be a build up of
the ANGPTLY protein stores, if there are any, or ANGPTL7 might have a role in myogenesis
that is yet to unreveal. The drastic increase in mMRNA expression is nevertheless interesting,

and verifies ANGPTLY7 as a potential important protein in muscle physiology.

Serpins are a superfamily of conserved proteins that, in most cases, inhibit serine proteases of
the chymotrypsin family, and are involved in a broad range of bodily functions, including
hormone metabolism, immune regulation, blood pressure regulation, apoptosis and
angiogenesis (150). PEDF (SERPINF1) is a potent anti-angiogenic and growth promoting

factor (151). Because of its role in anti-angiogenesis, among other things, it has been linked to
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antitumor activity (152). Also, PEDF has been shown to be secreted from adipocytes, liver
and other cells, and is associated with obesity and insulin resistance (153, 154). Norheim et al.
has previously shown that PEDF is a novel myokine (41). | found that PEDF mRNA
expression increases 5-fold by day 3 of differentiation, decreases, and stabilises at a 3-fold
increase compared to day O of differentiation. This result was also confirmed on protein level
by measuring PEDF concentrations in conditioned medium using ELISA for PEDF. Mean
PEDF concentrations increased to 293 ng/mL on day 5 of differentiation, then declined,
indicating a lag time compared to the mRNA expression curve. This result is in accordance
with a recent paper (77). Here, in vitro PEDF secretion is inhibited by brefeldin incubation,
which suggests classical secretion, as opposed to non-classical secretory pathways (i.e.
shedding from cell membrane, such as FNDC5-Irisin) (77). My PEDF expression results are
definitely compatible with the idea of muscle as a organ that regulate angiogenesis both by
activation and inhibition, given that angiogenesis is PEDF major role in human skeletal
muscle. This is comparable with the above-mentioned myokine myostatin, which inhibits
muscle hypertrophy, hindering undesirable levels of muscle mass. PEDF might also, indicated

by the serpins diverse roles in humans, have yet unknown roles in muscle physiology.

PLAU (commonly known as uPA) is a serine protease important in plasminogen activation,
and hence for fibrinolysis (155). The receptor for PLAU (UPAR) exists in several forms,
including various cleaved soluble forms, collectively abbreviated SUPARSs (155). Serum levels
of suPARs reflect inflammation and elevated levels are found in several diseases, such as
cancer and HIV (155). PLAU has been implicated in muscle regeneration after damage and in
muscle hypertrophy related to strength training (156, 157). This implication of PLAU is
independent of its membrane-bound receptor. | found that PLAU mRNA expression decreased
drastically on initiation of differentiation, and that this continued to stabilise at a 10-fold
decrease compared to day O of differentiation, which was still a high expression level. This
result was also confirmed on protein level by western blots of conditioned medium. PLAU
levels in conditioned medium were high on day 0 of differentiation, but undetectable day 1-7
of differentiation. This suggests that PLAU is primarily present in the medium when there is
no differentiation (myoblast fusion), indicating that it may have myoblast specificity. This
should, in future studies, be confirmed using immunohistochemistry. Studies have previously
shown that PLAU mRNA expression is FGF-2 and serum-dependent, also indicating that the
serum withdrawal used in cell culture studies, may be the cause of these results (158). Still,
inhibition of PLAU abrogates myogenesis in vitro (159). In addition to these in vitro results,
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our group have mRNA in vivo results from before and after an 11 weeks strength training
intervention (fig. 6.4). PLAU mRNA expression increases from 0.16 till 0.45. This joins the
already presented data on PLAU, changing the picture somewhat. It seems as if mMRNA
expression of PLAU during in vitro differentiation of myocytes decreases, whereas strength
training increases its expression. Interestingly, MYH1 mRNA expression levels stabilised at a
higher Ct value than PLAU, indicating lower expression. It is very probable that PLAU plays
important roles in myoblast activation or recruitment. Studies with PLAU-KO and
Plasmin(ogen)-KO mice have shown similar phenotypes, exhibiting fibrin accumulation after
muscle damage, reduced infiltration of myoblasts (satellite cells), and reduced tissue
regeneration (156). Similar studies have shown reduced muscle hypertrophy (157). This
implicates PLAU as an important player in muscle physiology, and future studies should be
done to evaluate the exact localization of PLAU intracellularly (immunhistochemistry), its
potential matrix remodelling roles, and its roles when binding to its receptor(s). A good model

would be a muscle-specific PLAU-KO mouse.

0.8+
o P =0.056
>
= 0.6+
o
%]
(73]
L 0.4+
[oR
>
@
< 0.2- e
@
£
0.0 1 1
Before After

Figure 6.4. PLAU mRNA expression levels before and after a 11 weeks strength training intervention.
Biopsies were obtained from the upper part of musculus trapezius from untrained male subjects (n=13) before
and after an 11 weeks strength training intervention, as described in (41). mRNA expression is related to the
endogenous control RPLPO. Error bars represent SEM. Data presented with permission from the investigators.
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6.4 Future perspectives I. culturing human skeletal
muscle cells

Human muscle cell cultures used in research should be investigated for experimental
applicability. As mentioned previously, well-characterized continuous muscle cell lines are
easy to culture, whereas human primary and cell line cultures can be more difficult. Hence, |
here present steps that can increase the control and reliability of human skeletal muscle cell
cultures. This can increase both the reproducibility and trustworthiness of the results produced

in the subsequent experiments.

1. Following isolation of satellite cells from biopsies, isolate a pure satellite cell fraction
with fluorescence-activated cell sorting (FACS) using both positive and negative selection
markers. In humans, positive selection for cell surface molecules M-cadherin® and CD56"
detects satellite cells (93, 160). Negative selection for cell surface molecules CD34",
CD144 and CD45 removes residual contamination of haematopoietic, endothelial and
white blood cells, respectively (41). In mice, many more markers exists, extensively
reviewed in (93, 160). Alternatively, purity of cultures used in experiments can be tested

using flow cytometry of random samples.

2. Establish proliferation and differentiation media. High growth factor content typically
promote proliferation, and low content promote differentiation. Potential factors include
the HGFs, FGFs, insulin, IGFs, members of the IL-6 family, NO, PDGF, EDGF, EGF,

testosterone and dexamethasone (42, 51, 74).

3. Characterize the satellite cell activation Kinetics (161). Yablonka-Reuveni et al
double-stained cultures using antibodies for MyoD*/Pax7" cells, and related this to total
amount Pax7" cells (161). After FACS, all cells seeded should be Pax7 positive, and most
cells should be in a state of myogenic activation (MyoD™) or determination within a few
subsequent days. Determining kinetics using RT-qPCR and western blotting of MRFs and

progenitor markers are applicable alternatives.

4. Characterize the proliferation kinetics of the culture (161). Besides counting cells,
many methods are available, including the [*H]thymidine or BrdU incorporation assays
which measures rate of DNA synthesis (42, 161). The proliferation and differentiation

media can constitute positive and negative experimental controls, respectively.
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Alternatively, genomic DNA and total protein content are examples of indirect cell
number measurements (162). These are frequently used for normalization of biological
samples. Importantly, growth curves can be determined, which might provide information
of how long cultures should be proliferated before initiating differentiation.

5. Characterize the differentiation kinetics of the culture (161). Yablonka-Reuveni et al
double-stained cultures using antibodies for CyclinD3*/MyoD" cells, and related this to
total amount MyoD" cells (161). Cyclin-dependent kinases (CDKs), CDK inhibitors
(CKl), CyclinD3 and pRb protein control terminal myogenic differentiation by regulating
cell-cycle withdrawal (into GO phase) and expression of genes encoding for structural
proteins, and may present as potentially good markers of differentiation status of cultures
(55, 161). Determining kinetics using RT-gPCR and western blotting of these gene
products and proteins are also applicable alternatives.

6. Differentiated cultures should exhibit phenotypic traits of muscle cells in vivo. Tube-
and fiber-like structures should appear as myoblasts fuse and differentiation progresses.
Expression of the transcriptional coactivator PGCla and the muscle-specific insulin-
dependent glucose transporter GLUT4 should increase both on mRNA and protein level.
Expression of myosins, actin, dystrophin, troponins and other muscle-specific proteins
should increase both on mRNA and protein level. Upon low-frequency EPS stimulation,
contraction may be visible in a microscope. Furthermore, the the muscle cell cultures can
be evaluated with respect to muscle size. Ruas et al. used the ratio between total protein
and genomic DNA to evaluate muscle hypertrophy between cell cultures with increased
expression of splice variants of PGCla (106). Fiber type dominance of the cultures can
also be determined on basis of the myosin and ATP-dependent sodium-potassium channel
variants (49, 163, 164).

In summary, future work with human skeletal muscle cell cultures should, at least to some

extent, be investigated for experimental applicability. This might increase both the

reproducibility and trustworthiness of subsequent experiments. The presented protocol is very

comprehensive, and | am aware that high-quality research can be performed with far less

characterization.
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6.5 Future perspectives II: how to study myokines

The myokine research was long dominated by a few scientists, like Bente Klarlund Pedersen
in Denmark, who has written most of the reviews in the field (36, 165-168). Exercise was
associated with health benefits, and the idea of an exercise factor had been in focus (169).
Early research showed that electrical stimulation of muscles of paralyzed individuals induced
many similar physiological changes as individuals with intact nervous signaling, suggesting
that humoral factors secreted from contracting muscle may mediate some exercise-related
changes (36, 170, 171). Interestingly, Steensberg et al. measured arterial-femoral venous IL-6
concentrations and blood flow, and showed a muscle-specific increase in IL-6 release with
time (172). The arterial concentration was 17 times higher than the amount that accumulated

in plasma (172). Since this study, other methods have mainly been used in scientific studies.

6.5.1 Controlled trials, animals studies, cell cultures and systems
biology

Contolled exercise intervention studies may be performed on humans and animals, and blood
and tissue samples can be collected, in addition to imaging of skeletal muscle, liver and
pancreas, adipose tissues and other organs. Beyond the above-mentioned arterial-femoral
venous differences, in vivo measurements in humans may involve microdialysis for
measurement of interstitial concentrations of myokines, which may reveal local (autocrine
and paracrine) and systemic (endocrine) distribution differences (36). Infusion of recombinant
human myokines in combination with organ function testing may provide important in vivo
results, especially if performed during various types and intensities of exercise. An example is
to measure endogenous glucose production from liver during infusion of recombinant human
IL-6, or to measure hepatic and adipose tissue clearance of free fatty acids during infusion of
recombinant myonectin (37, 173). Blood samples should be collected at time points during
and after exercise to investigate the dynamics of endocrine myokines. Also, in large
epidemiological datasets where objective measurements of physical activity level and fasting
blood samples may be available, myokines can be investigated as markers of physical activity
(chronic exercise). This approach requires validation with experimental studies. Furthermore,
tissue samples can be collected as biopsies. This may provide large amounts of biological
data, such as mRNA and protein expression, which can be related to blood samples. Also,

visualization of proteins in tissue sections using in situ hybridization or
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immunohistochemistry may give valuable information about presence and localization of
myokines. Tissue samples can also be important for determining distribution of specific

myokine receptors.

Animal exercise interventions can also be performed, providing valuable molecular
understanding and evidence. Myokine knockout mice, general or tissue-specific, may be good
models when investigated at rest and during physical activity. These should be supplied with
myokine knockdown studies, preferentially organ-specific, using SiRNA or antibodies.
Moreover, injections and osmotic pump delivery of myokines may allow in vivo investigation
of biological effects. Such animal studies should be performed before human studies.
Furthermore, mice with overexpressed genes, such as muscle-specific Akt overexpression

may provide informative results (174).

Cell culture studies can be performed using primary cells isolated from human biopsies. As
they are easier to culture, animal cell culture studies are also important, although human cells
provide a more direct understanding of human physiology. Cell culture is used for multiple
molecular biology research areas, such as mRNA and protein expression, and protein
secretion investigations. Also, cultures can be stained using immunohistochemistry to
visualize the presence and localization of proteins in relation to exposures in a time-dependent
manner. One important use of cell culture is the characterization of molecular mechanisms.
By using an arsenal of techniques, including gene knock-down with siRNA/shRNA, protein
knock-down using antibodies, gene up-regulation by introducing expression vectors with
constitutively active promoters, and addition of recombinant protein, molecular effects can be
revealed and characterized. Signaling pathways can be characterized using molecular
inhibitors and modulators such as brefeldin, cyclosporine A, cycloheximide and forskolin.
Cell cultures also allow single-cell measurements (n=1 investigations) by using single-cell
gRT-PCR (108). Cell culture studies also may be used to investigate molecular differences
between cells isolated from phenotypically different individuals, for example myocytes
isolated from healthy vs diabetic individuals. This can include differences in proliferation and
differentiation, myokine secretion during differentiation, response to EPS and response to use

of exercise mimetics, among others.

Physical activity and exercise can offer one of the most extreme situations the organism ever
has to cope with (21). The reductionistic research approach has provided great progress in
understanding physical activity and other physiological and patophysiological phenomenon,
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but fail to completely appreciate organism complexity (175). Understanding the systems
biology (the integrated interpretation of complex physiology of cells, organs and organ
systems) is necessary for a complete view. The reductionistic research, such as my own, can
only contribute with an insignificant proportion of this view (exemplified in fig. 6.5). The
systems biology approach can be used to study complex molecular effects of exercise, and
specifically: to identify and characterize myokines. MacLellan and coworkers reviewed the
system-based approaches to cardiovascular disease (33, 175). They present five main steps,
which can be transferred to the myokine field: 1) define the system to investigate, i.e.
exercising human muscle tissue; 2) decide which information that should be obtained, i.e.
gene expression data; 3) determine interactions between components, i.e. co-variation
between genes; 4) investigate dynamics in the system, i.e. time-dependent gene-interactions;
5) validate the findings with experimental perturbations, i.e. in vitro or animal research (33,
175). Norheim et al. used a proteomics approach to identify 236 secreted proteins in
conditioned medium from cultured human myocytes (41). Furthermore, they found that 15 of
these myokines altered mRNA expression in muscle biopsies after 11 weeks of strength
training (41). Other researchers have found large secretomes in human muscle cells, rat L6

and murine C2C12 muscle cells using similar methodology (36).
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Figure 6.5. Systems biology and the central dogma of biology. Systems biology is the integrated interpretation
of complex physiology of cells, organs and organ systems. Scientific discoveries must be interpreted in this
context. DNA is replicated to DNA and modified by protein interactions (histones and others), histone
modifications, and DNA methylation. Various RNA transcripts are produced, and mRNA can be post-
transcriptionally modified by spleicing, stabilization and degradation, silencing and transportation. Translation of
MRNA produces polypeptides with primary structure, which subsequently assume secondary, tertiary and
quatenary structure and are post-translationally modified (PTMs). The biological effect (function) of the protein
can be changed by PTMs. Whereas mRNA, rRNA and tRNA are important for protein synthesis, other RNAs
and proteins have a wide range of biological effects, including regulation cycles (feedback/forward). The flux of
metabolites through cells, organs and organ systems are controlled by such regulation cycles in order to maintain
homeostasis. Short term regulation include reversible covalent modifications of proteins (such as
phosphorylation and UDP-GIcNAcylation/glycosylation), intermediate regulation include changes in cellular
behavior (such as traffic and mRNA stability), and long-term regulation include genome modification and gene
transcription (induced both directly, and by upstream signalling, such as phosphorylation). The epigenomics,
genomics, transcriptomics, proteomics and metabolomics are comprehensive analyses (characterization and
quantification) of the epigenome and genome, transcriptome, proteome and metabolome in cells or tissues.
Novel state of the art-techniques are available for data collection, and advanced bioinformatics can be used to
gain insight into a complex understanding of the systems biology. Note that the stars designate the areas of the
molecular biology which | have investigated in my thesis, and that there are many more areas that could be
explored. Adopted from (33).
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6.5.2 EPS and co-culture

The focus of the myokine research field has changed from endocrine myokine function to all
potential functions of myokines, including paracrine, autocrine and others (such as
extracellular matrix components, i.e. collagen). Regardless of how biologically interesting this
may be, in my view, it is important to narrow the search, and identify those myokines with
important endocrine (systemic) function. This can be done by performing in vitro system-
based investigations of the myokinome under strickly defined exercise conditions. EPS is
such an example, alone or in combination with co-culture. As stated, EPS experiments are of
main interest to our research group, and published reports have already shown several uses for
EPS. In March 2013 PhD student Marit Hjort summarized the evidence for use of EPS in
myotube cell culture to increase sarcomere assembly (176), myokine production that
resembles physical activity (177-180), a shift towards oxidative metabolism (Hjort M,
unpublished results) and increase insulin sensitivity (Eckardt K, unpublished results). New
applications for EPS will probably be discovered as research progresses. For example, EPS
has also been used to unravel the molecular basis for IL-6 release during contraction-related
glycogen depletion in muscle cells (178). This was an important finding, as IL-6 otherwise
have been associated with obesity and insulin resistance. Similarly, other low-grade chronic
inflammation-related circulating myokines, such as PEDF and PLAU, needs to be
characterized on a molecular level to understand the physiological roles as myokines. A
potentially good in vitro model of exercise is that of combined EPS and co-culture. Much
research is focused on the detrimental effects of adipokines on insulin sensitivity, especially
in adipocytes, hepatocytes and myocytes. For example, adding conditioned medium from one
cell type, such as adipocyte conditioned medium, into cultures of hepatocytes or myocytes,
with subsequent investigation of molecular effects of EPS, might be a good model.
Researchers in Jurgen Eckels group in Dusseldorf are currently executing such pioneer
experiments, with results confirming its applicability. Shortly, using western blotting to map
signal transduction (such as anti-pIRS, anti-pAkt, anti-GSK3), they show that combining
conditioned medium from adipocytes with myocyte cultures decrease activity of downstream
insulin signaling. Application of EPS to the cultures restored insulin signaling to normal
levels (Eckardt K, unpublished results). Other interesting combinations would be to
investigate the hepatokinome in relation to muscle insulin sensitivity. For example, does the
hepatokinome influence the muscle insulin resistance when adipokine dysregulation (as in

obesity) is present? Does the exercise myokinome affect insulin sensitivity in hepatocytes?
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How much overlap do the various secretomes exhibit? A model of EPS in combination with

co-culture could help answering some of these questions.
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7

Conclusion

In this thesis | have examined the process of differentiating cultured human myoblasts to

multinucleated myotubes, with purpose of developing an in vitro human skeletal muscle

model of exercise. My main results are:
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1. Romanowsky staining and subsequent fusion index determination is an easy and cheap
method of evaluating differentiation. Initiating differentiation before complete confluence
is required to prevent overgrowth, and to be able to distinguish between nuclei in
myotubes and myoblasts.

2. There is no statistically significant difference in degree of differentiation between
various concentrations of serum and between different types of serum. Both 0.5 and 1.0 %
HS result in well-differentiated muscle cell cultures, exhibiting at best 67 % of all nuclei
inside multinucleated myotubes.

3. Dexamethasone inhibit differentiation in a dose-dependent manner.

4. Increasing concentration of insulin in SFM promotes a tendency towards lower

differentiation, but in HS insulin does not influence differentiation.

5. Differentiating in both 1.0 and 2.0 % HS gives reduction in mRNA expression of
PAX7, and increase in expression of myogenin, myosin, alpha-actin, PGCla and GLUT4
throughout differentiation. However, there are no statistical significant difference between
the serum concentrations. Protein expression of myosin and actin increase during

differentiation, reaching highest expression on day 7.

6. mMRNA expression of FNDC5, ANGPTL7 and PEDF all increase during
differentiation, whereas PLAU decrease. Expression of 1L-8 shows a minor increase, and

adiponectin is undetectable.

7. PLAU and PEDF proteins are secreted to the medium in a pattern corresponding to the
MRNA expression. PLAU decreases, whereas PEDF increases throughout differentiation.



Reference list

10.

11.

12.

WHO. Global health risks - Mortality and burden of disease attributable to selected
major risks. WHO Press, Geneva, Switzerland: 20009.

Jones DS, Podolsky SH, Greene JA. The burden of disease and the changing task of
medicine. The New England journal of medicine. 2012 Jun 21;366(25):2333-8.

Caesar R, Manieri M, Kelder T, Boekschoten M, Evelo C, Muller M, et al. A
combined transcriptomics and lipidomics analysis of subcutaneous, epididymal and
mesenteric adipose tissue reveals marked functional differences. PloS one.
2010;5(7):e11525.

Jebb SA. Dietary determinants of obesity. Obesity reviews : an official journal of the
International Association for the Study of Obesity. 2007 Mar;8 Suppl 1:93-7.

Nielsen SJ, Popkin BM. Patterns and trends in food portion sizes, 1977-1998. JAMA :
the journal of the American Medical Association. 2003 Jan 22-29;289(4):450-3.

Hill JO, Wyatt HR, Reed GW, Peters JC. Obesity and the environment: where do we
go from here? Science. 2003 Feb 7;299(5608):853-5.

Poston WS, 2nd, Foreyt JP. Obesity is an environmental issue. Atherosclerosis. 1999
Oct;146(2):201-9.

Blomhoff R, Andersen LF, Iversen PO, Johansson L, Smeland S. Norwegian Food-
based Dietary Guidelines. Oslo: National Nutrition Council, The Norwegian
Directorate of Health., 2011 1S-1881.

Shils ME, Shike M. Prevention and Management of Disease. In: Shils ME, Shike M,
editors. Modern nutrition in health and disease. 10th ed. Philadelphia: Lippincott
Williams & Wilkins; 2006. p. 861-1622.

Drevon CA, Blomhoff R, Bjgrneboe G-EA. Overvekt og fedme. In: Drevon CA,
Blomhoff R, editors. Mat og medisin: nordisk leerebok i generell og klinisk ernaering.
5th ed. Kristiansand: Hgyskoleforlaget; 2007. p. 576-603.

Van Gaal LF, Mertens IL, De Block CE. Mechanisms linking obesity with
cardiovascular disease. Nature. 2006 Dec 14;444(7121):875-80.

Pedersen JI, Tverdal A, Kirkhus B. [Diet changes and the rise and fall of
cardiovascular disease mortality in Norway]. Tidsskrift for den Norske laegeforening :
tidsskrift for praktisk medicin, ny raekke. 2004 Jun 3;124(11):1532-6.

79



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

80

Bjorck L, Rosengren A, Bennett K, Lappas G, Capewell S. Modelling the decreasing
coronary heart disease mortality in Sweden between 1986 and 2002. European heart
journal. 2009 May;30(9):1046-56.

Laatikainen T, Critchley J, Vartiainen E, Salomaa V, Ketonen M, Capewell S.
Explaining the decline in coronary heart disease mortality in Finland between 1982
and 1997. American journal of epidemiology. 2005 Oct 15;162(8):764-73.

Bahr R, Karlsson J, Stahle A, Tranquist J, Aadland AA. The Activity Handbook -
Physical activity in prevention and treatment. Oslo: The Norwegian Directorate of
Health, 2008. 1S-1592.

Levine JA. Non-exercise activity thermogenesis (NEAT). Nutrition reviews. 2004
Jul;62(7 Pt 2):582-97.

Garthe 1. Energi. In: Garthe I, Helle C, Raastad T, editors. ldrettsernaring. Oslo:
Gyldendal; 2011. p. 27-34.

Eisenmann JC, Bartee RT, Wang MQ. Physical activity, TV viewing, and weight in
U.S. youth: 1999 Youth Risk Behavior Survey. Obesity research. 2002
May;10(5):379-85.

Anderssen SA, Hansen BH, Kolle E, Steene-Johannessen J, Bgrsheim E, Holme 1.
Physical activity among adults and elders in Norway: results from a survey in 2008
and 2009. Oslo: The Norwegian Directorate of Health 2009 1S-1754.

Anderssen SA, Kolle E, Steene-Johannessen J, Ommundsen Y, Andersen LB. Physical
activity among children and adolescents in Norway: a survey of physical activity level
and physical fitness among 9 and 15 year olds. Oslo: The Norwegian Directorate of
Health 2008 1S-1533.

Frayn KN. Coping with Some Extreme Situations. In: Frayn KN, editor. Metabolic
regulation: a human perspective. 3rd ed. West Sussex, United Kingdom: Wiley-
Blackwell 2010. p. 235-74.

Goto K, Ishii N, Kizuka T, Kraemer RR, Honda Y, Takamatsu K. Hormonal and
metabolic responses to slow movement resistance exercise with different durations of
concentric and eccentric actions. European journal of applied physiology. 2009
Jul;106(5):731-9.

Hodgetts V, Coppack SW, Frayn KN, Hockaday TD. Factors controlling fat
mobilization from human subcutaneous adipose tissue during exercise. Journal of
applied physiology (Bethesda, Md : 1985). 1991 Aug;71(2):445-51.



24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Frayn KN. Important Endocrine Organs and Hormones. In: Frayn KN, editor.
Metabolic regulation: a human perspective. 3rd ed. West Sussex, United Kingdom:
Wiley-Blackwell 2010. p. 144-68.

Frayn KN. The Nervous System and Metabolism. In: Frayn KN, editor. Metabolic
regulation: a human perspective. 3rd ed. West Sussex, United Kingdom: Wiley-
Blackwell 2010. p. 213-34.

Martinsen EW. Physical activity and depression: clinical experience. Acta psychiatrica
Scandinavica Supplementum. 1994;377:23-7.

Lautenschlager NT, Cox KL, Flicker L, Foster JK, van Bockxmeer FM, Xiao J, et al.
Effect of physical activity on cognitive function in older adults at risk for Alzheimer
disease: a randomized trial. JAMA : the journal of the American Medical Association.
2008 Sep 3;300(9):1027-37.

Gass M, Dawson-Hughes B. Preventing osteoporosis-related fractures: an overview.
The American journal of medicine. 2006 Apr;119(4 Suppl 1):S3-S11.

Thompson R. Preventing cancer: the role of food, nutrition and physical activity. The
journal of family health care. 2010;20(3):100-2.

Catenacci VA, Wyatt HR. The role of physical activity in producing and maintaining
weight loss. Nature clinical practice Endocrinology & metabolism. 2007 Jul;3(7):518-
29.

Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin JM, Walker EA, et
al. Reduction in the incidence of type 2 diabetes with lifestyle intervention or
metformin. The New England journal of medicine. 2002 Feb 7;346(6):393-403.
Thompson PD. Exercise and physical activity in the prevention and treatment of
atherosclerotic cardiovascular disease. Arteriosclerosis, thrombosis, and vascular
biology. 2003 Aug 1;23(8):1319-21.

Norheim F, Gjelstad IM, Hjorth M, Vinknes KJ, Langleite TM, Holen T, et al.
Molecular nutrition research: the modern way of performing nutritional science.
Nutrients. 2012 Dec;4(12):1898-944.

Haugen F, Norheim F, Lian H, Wensaas AJ, Dueland S, Berg O, et al. IL-7 is
expressed and secreted by human skeletal muscle cells. American journal of
physiology Cell physiology. 2010 Apr;298(4):C807-16.

Sherwood L. Muscle Physiology. In: Adams P, editor. Human physiology: from cells
to systems. 7th ed. Belmont: Brooks/Cole; 2007. p. 252-97.

81



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

82

Pedersen BK, Febbraio MA. Muscles, exercise and obesity: skeletal muscle as a
secretory organ. Nature reviews Endocrinology. 2012 Aug;8(8):457-65.

Seldin MM, Peterson JM, Byerly MS, Wei Z, Wong GW. Myonectin (CTRP15), a
novel myokine that links skeletal muscle to systemic lipid homeostasis. The Journal of
biological chemistry. 2012 Apr 6;287(15):11968-80.

Chen J, Wang M, Xi B, Xue J, He D, Zhang J, et al. SPARC is a key regulator of
proliferation, apoptosis and invasion in human ovarian cancer. PloS one.
2012;7(8):e42413.

Chlenski A, Guerrero LJ, Salwen HR, Yang Q, Tian Y, Morales La Madrid A, et al.
Secreted protein acidic and rich in cysteine is a matrix scavenger chaperone. PloS one.
2011;6(9):e23880.

Aoi W, Naito Y, Takagi T, Tanimura Y, Takanami Y, Kawai Y, et al. A novel
myokine, secreted protein acidic and rich in cysteine (SPARC), suppresses colon
tumorigenesis via regular exercise. Gut. 2012 Nov 16.

Norheim F, Raastad T, Thiede B, Rustan AC, Drevon CA, Haugen F. Proteomic
identification of secreted proteins from human skeletal muscle cells and expression in
response to strength training. American journal of physiology Endocrinology and
metabolism. 2011 Nov;301(5):E1013-21.

Hawke TJ, Garry DJ. Myogenic satellite cells: physiology to molecular biology.
Journal of applied physiology (Bethesda, Md : 1985). 2001 Aug;91(2):534-51.

Mok GF, Sweetman D. Many routes to the same destination: lessons from skeletal
muscle development. Reproduction. 2011 Mar;141(3):301-12.

Liu Y, Chu A, Chakroun I, Islam U, Blais A. Cooperation between myogenic
regulatory factors and SIX family transcription factors is important for myoblast
differentiation. Nucleic acids research. 2010 Nov;38(20):6857-71.

Chen JF, Tao Y, Li J, Deng Z, Yan Z, Xiao X, et al. microRNA-1 and microRNA-206
regulate skeletal muscle satellite cell proliferation and differentiation by repressing
Pax7. The Journal of cell biology. 2010 Sep 6;190(5):867-79.

Crist CG, Montarras D, Pallafacchina G, Rocancourt D, Cumano A, Conway SJ, et al.
Muscle stem cell behavior is modified by microRNA-27 regulation of Pax3
expression. Proceedings of the National Academy of Sciences of the United States of
America. 2009 Aug 11;106(32):13383-7.



47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

S7.

58.

Dey BK, Gagan J, Dutta A. miR-206 and -486 induce myoblast differentiation by
downregulating Pax7. Molecular and cellular biology. 2011 Jan;31(1):203-14.

Gagan J, Dey BK, Layer R, Yan Z, Dutta A. MicroRNA-378 targets the myogenic
repressor MyoR during myoblast differentiation. The Journal of biological chemistry.
2011 Jun 3;286(22):19431-8.

Geneser F, Dgrup J. Muskelvav. In: Geneser F, Dgrup J, editors. Histologi: pa
molekylerbiologisk grundlag. Kebenhavn: Munksgaard; 1999. p. 313-40.

Ohlstein B, Kai T, Decotto E, Spradling A. The stem cell niche: theme and variations.
Current opinion in cell biology. 2004 Dec;16(6):693-9.

Ten Broek RW, Grefte S, Von den Hoff JW. Regulatory factors and cell populations
involved in skeletal muscle regeneration. Journal of cellular physiology. 2010
Jul;224(1):7-16.

Burdzinska A, Gala K, Paczek L. Myogenic stem cells. Folia histochemica et
cytobiologica / Polish Academy of Sciences, Polish Histochemical and Cytochemical
Society. 2008;46(4):401-12.

Otto A, Collins-Hooper H, Patel K. The origin, molecular regulation and therapeutic
potential of myogenic stem cell populations. Journal of anatomy. 2009
Nov;215(5):477-97.

Moczydlowski EG, Apkon M. Cellular Physiology of Skeletal, Cardiac, and Smooth
Muscle. In: Boron WF, Boulpaep EL, editors. Medical physiology: a cellular and
molecular approach. 2nd ed. Philadelphia: Saunders Elsevier; 2012. p. 237-63.
Freshney RI. Introduction In: Freshney RI, editor. Culture of animal cells: a manual of
basic technique and specialized applications. Hoboken, New Jersey: John Wiley &
Sons, Inc.; 2012. p. 1-10.

Freshney RI. Biology of Cultured Cells. In: Freshney RI, editor. Culture of animal
cells: a manual of basic technique and specialized applications. Hoboken, New Jersey:
John Wiley & Sons, Inc.; 2012. p. 11-23.

Henry RR, Abrams L, Nikoulina S, Ciaraldi TP. Insulin action and glucose
metabolism in nondiabetic control and NIDDM subjects. Comparison using human
skeletal muscle cell cultures. Diabetes. 1995 Aug;44(8):936-46.

Freshney RI. Differentiation. In: Freshney RI, editor. Culture of animal cells: a manual
of basic technique and specialized applications. Hoboken, New Jersey: John Wiley &
Sons, Inc.; 2012. p. 269-78.

83



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

84

Woods TL, Smith CW, Zeece MG, Jones SJ. Conditions for the culture of bovine
embryonic myogenic cells. Tissue & cell. 1997 Apr;29(2):207-15.

Wittekind D, Bentley S, Halie M, Horobin R, Lewis S, Lopes Cardozo P, et al. ICSH
reference method for staining of blood and bone marrow films by azure B and eosin Y
(Romanowsky stain). International Committee for Standardization in Haematology. Br
J Haematol. 1984 Aug;57(4):707-10.

Nedachi T, Fujita H, Kanzaki M. Contractile C2C12 myotube model for studying
exercise-inducible responses in skeletal muscle. American journal of physiology
Endocrinology and metabolism. 2008 Nov;295(5):E1191-204.

Nikolic N, Bakke SS, Kase ET, Rudberg I, Flo Halle I, Rustan AC, et al. Electrical
pulse stimulation of cultured human skeletal muscle cells as an in vitro model of
exercise. PloS one. 2012;7(3):e33203.

Qiagen. RNeasy Mini Handbook. 4th ed. Hilden, Germany: : Qiagen; September 2010.
p. 1-80. Ref Type: Catalog.

Biosystems A. High Capacity cDNA Reverse Transcriptase Kit: Protocol. California,
USA: Applied Biosystems; June 2010. p. 1-18. Ref Type: Catalog.

Biosystems A. TagMan Gene Expression Assays: Protocol. California, USA: Life
Technologies Corporation; November 2010. p. 1-69. Ref Type: Catalog.

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative CT
method. Nature Protocols. 2008;3(6):1101-8.

Morse S, Shaw G, Larner S. Concurrent mMRNA and protein extraction from the same
experimental sample using a commercially available column-based RNA preparation
kit. BioTechniques. 2006;40(1):54-8.

Tolosa J, Schjenken J, Civiti T, Clifton V, Smith R. Column-based method to
simultaneously extract DNA, RNA, and proteins from the same sample.
BioTechniques. 2007;43(6):799-804.

Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, et al.
Measurement of protein using bicinchoninic acid. Analytical biochemistry. 1985
Oct;150(1):76-85.

Pierce. Pierce BCA Protein Assay Kit. Thermo Fisher Scientific Inc.; 2011. p. 1-7. Ref
Type: Catalog.

BioProductsMD LCC. Human PEDF ELISA Kit. 1st. ed. Middletown, USA: 2011,
March. p. 1-16. Ref Type: Catalog.



72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

Freshney RI. Serum-Free Media. In: Freshney RI, editor. Culture of animal cells: a
manual of basic technique and specialized applications. Hoboken, New Jersey: John
Wiley & Sons, Inc.; 2012. p. 115-32.

Freshney RI. Defined Media and Supplements. In: Freshney RI, editor. Culture of
animal cells: a manual of basic technique and specialized applications. Hoboken, New
Jersey: John Wiley & Sons, Inc.; 2012. p. 99-114.

Belanto JJ, Diaz-Perez SV, Magyar CE, Maxwell MM, Yilmaz Y, Topp K, et al.
Dexamethasone induces dysferlin in myoblasts and enhances their myogenic
differentiation. Neuromuscular disorders : NMD. 2010 Feb;20(2):111-21.

Schakman O, Gilson H, Thissen JP. Mechanisms of glucocorticoid-induced myopathy.
The Journal of endocrinology. 2008 Apr;197(1):1-10.

Knight JD, Kothary R. The myogenic kinome: protein kinases critical to mammalian
skeletal myogenesis. Skeletal muscle. 2011;1:29.

Raschke S, Eckardt K, Bjorklund Holven K, Jensen J, Eckel J. Identification and
validation of novel contraction-regulated myokines released from primary human
skeletal muscle cells. PloS one. 2013;8(4):e62008.

Harrison RG. Observations on the living developing nerve fiber. Proc Soc Exp Biol
Med. 1907;4:140-3.

Rous P, Jones FS. A METHOD FOR OBTAINING SUSPENSIONS OF LIVING
CELLS FROM THE FIXED TISSUES, AND FOR THE PLATING OUT OF
INDIVIDUAL CELLS. The Journal of experimental medicine. 1916 Apr 1;23(4):549-
55.

Keilova H. The effect of streptomycin on tissue cultures. Experientia 1948;4:483.
Coriell LL, Tall MG, Gaskill H. Common antigens in tissue culture cell lines. Science.
1958 Jul 25;128(3317):198-9.

Rothblat GH, Morton HE. Detection and possible source of contaminating
pleuropneumonialike organisms (PPLO) in cultures of tissue cells. Proc Soc Exp Biol
Med. 1959 Jan;100(1):87-90.

Kruse RH, Puckett WH, Richardson JH. Biological safety cabinetry. Clinical
microbiology reviews. 1991 Apr;4(2):207-41.

Gospodarowicz D, Moran JS. Growth factors in mammalian cell culture. Annual
review of biochemistry. 1976;45:531-58.

85



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

86

Nelson-Rees WA, Flandermeyer RR. Inter- and intraspecies contamination of human
breast tumor cell lines HBC and BrCa5 and other cell cultures. Science. 1977 Mar
25;195(4284):1343-4.

Venter JC, Adams MD, Myers EW, Li PW, Mural RJ, Sutton GG, et al. The sequence
of the human genome. Science. 2001 Feb 16;291(5507):1304-51.

Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, et al. Initial
sequencing and analysis of the human genome. Nature. 2001 Feb 15;409(6822):860-
921.

Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, et al.
Induced pluripotent stem cell lines derived from human somatic cells. Science. 2007
Dec 21;318(5858):1917-20.

Huangfu D, Osafune K, Maehr R, Guo W, Eijkelenboom A, Chen S, et al. Induction of
pluripotent stem cells from primary human fibroblasts with only Oct4 and Sox2.
Nature biotechnology. 2008 Nov;26(11):1269-75.

Gurdon JB. The developmental capacity of nuclei taken from intestinal epithelium
cells of feeding tadpoles. Journal of embryology and experimental morphology. 1962
Dec;10:622-40.

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic
and adult fibroblast cultures by defined factors. Cell. 2006 Aug 25;126(4):663-76.
Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction
of pluripotent stem cells from adult human fibroblasts by defined factors. Cell. 2007
Nov 30;131(5):861-72.

Bareja A, Billin AN. Satellite cell therapy - from mice to men. Skeletal muscle.
2013;3(1):2.

Krafts KP, Hempelmann E, Oleksyn BJ. The color purple: from royalty to laboratory,
with apologies to Malachowski. Biotech Histochem. 2011 Feb;86(1):7-35.

Krafts KP, Pambuccian SE. Romanowsky staining in cytopathology: history,
advantages and limitations. Biotech Histochem. 2011 Apr;86(2):82-93.

Horobin RW. How Romanowsky stains work and why they remain valuable -
including a proposed universal Romanowsky staining mechanism and a rational
troubleshooting scheme. Biotech Histochem. 2011 Feb;86(1):36-51.

Ozawa E, Kohama K. Muscle trophic factor: 1. Assay of a muscle trophic factor by
measurement of muscle cell nuclei. Muscle & nerve. 1978 May-Jun;1(3):230-5.



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Ogihara K, Zubkov AY, Bernanke DH, Lewis Al, Parent AD, Zhang JH.
Oxyhemoglobin-induced apoptosis in cultured endothelial cells. Journal of
neurosurgery. 1999 Sep;91(3):459-65.

Hausman GJ, Poulos S. Recruitment and differentiation of intramuscular
preadipocytes in stromal-vascular cell cultures derived from neonatal pig
semitendinosus muscles. Journal of animal science. 2004 Feb;82(2):429-37.

O'Neill MC, Stockdale FE. A kinetic analysis of myogenesis in vitro. The Journal of
cell biology. 1972 Jan;52(1):52-65.

Rumsey JW, Das M, Kang JF, Wagner R, Molnar P, Hickman JJ. Tissue engineering
intrafusal fibers: dose- and time-dependent differentiation of nuclear bag fibers in a
defined in vitro system using neuregulin 1-beta-1. Biomaterials. 2008 Mar;29(8):994-
1004.

Kong J, Anderson JE. Dynamic restoration of dystrophin to dystrophin-deficient
myotubes. Muscle & nerve. 2001 Jan;24(1):77-88.

Ustanina S, Carvajal J, Rigby P, Braun T. The myogenic factor Myf5 supports
efficient skeletal muscle regeneration by enabling transient myoblast amplification.
Stem cells (Dayton, Ohio). 2007 Aug;25(8):2006-16.

Tanaka EM, Gann AA, Gates PB, Brockes JP. Newt myotubes reenter the cell cycle
by phosphorylation of the retinoblastoma protein. The Journal of cell biology. 1997
Jan 13;136(1):155-65.

van der Laarse A, Hollaar L, van der Valk EJ, Hamers S. A method to quantitate cell
numbers of muscle cells and non-muscle cells in homogenised heart cell cultures.
Cardiovascular research. 1989 Nov;23(11):928-33.

Ruas JL, White JP, Rao RR, Kleiner S, Brannan KT, Harrison BC, et al. A PGC-
lalpha isoform induced by resistance training regulates skeletal muscle hypertrophy.
Cell. 2012 Dec 7;151(6):1319-31.

Barker K. DNA, RNA, and Protein. In: Barker K, editor. At the Bench: A Laboratory
Navigator. New York, USA: Cold Spring Harbor Laboratory Press; 2005. p. 279-311.
Kubista M, Andrade JM, Bengtsson M, Forootan A, Jonak J, Lind K, et al. The real-
time polymerase chain reaction. Molecular aspects of medicine. 2006 Apr-Jun;27(2-
3):95-125.

Van Ness J, Hahn WE. Sequence complexity of cDNA transcribed from a diverse
MRNA population. Nucleic acids research. 1980 Sep 25;8(18):4259-70.

87



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

88

Higuchi R, Dollinger G, Walsh PS, Griffith R. Simultaneous amplification and
detection of specific DNA sequences. Bio/technology (Nature Publishing Company).
1992 Apr;10(4):413-7.

Saiki RK, Scharf S, Faloona F, Mullis KB, Horn GT, Erlich HA, et al. Enzymatic
amplification of beta-globin genomic sequences and restriction site analysis for
diagnosis of sickle cell anemia. Science. 1985 Dec 20;230(4732):1350-4.

Mason PE, Neilson GW, Dempsey CE, Barnes AC, Cruickshank JM. The hydration
structure of guanidinium and thiocyanate ions: implications for protein stability in
aqueous solution. Proceedings of the National Academy of Sciences of the United
States of America. 2003 Apr 15;100(8):4557-61.

Abcam. Western Blotting - A Beginner's Guide. Cambridge, UK: Abcam; 2012. p. 1-
13. Ref Type: Catalog.

Bio-Rad. A Guide to Polyacrylamide Gel Electrophoresis and Detection. California,
USA: Bio-Rad Laboratories, Inc.; 2011. p. 1-47. Ref Type: Catalog.

Anthonisen EH, Berven L, Holm S, Nygard M, Nebb HI, Gronning-Wang LM.
Nuclear receptor liver X receptor is O-GIcNAc-modified in response to glucose. The
Journal of biological chemistry. 2010 Jan 15;285(3):1607-15.

Freshney RI. Cytotoxicity. In: Freshney RI, editor. Culture of animal cells: a manual
of basic technique and specialized applications. Hoboken, New Jersey: John Wiley &
Sons, Inc.; 2012. p. 365-81.

Cook JA, Mitchell JB. Viability measurements in mammalian cell systems. Analytical
biochemistry. 1989 May 15;179(1):1-7.

Frayn KN. Organs and Tissues. In: Frayn KN, editor. Metabolic regulation: a human
perspective. 3rd ed. West Sussex, United Kingdom: Wiley-Blackwell 2010. p. 92-143.
Omland T. Biokjemiske Hjertemarkarer. In: Stokke O, Hagve T-A, editors. Klinisk
biokjemi og fysiologi. 4th ed. Oslo: Gyldendal akademisk; 2011. p. 145-50.

Roche AS. Cytotoxicity Detection Kit (LDH). 8th ed. Mannheim, Germany: 2011,
February. p. 1-20. Ref Type: Catalog.

Kato I, Harihara A, Mizushima Y. An in vitro model for assessing muscle irritation of
antibiotics using rat primary cultured skeletal muscle fibers. Toxicology and applied
pharmacology. 1992 Dec;117(2):194-9.

Straube WL, Brockes JP, Drechsel DN, Tanaka EM. Plasticity and reprogramming of
differentiated cells in amphibian regeneration: partial purification of a serum factor



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

that triggers cell cycle re-entry in differentiated muscle cells. Cloning and stem cells.
2004;6(4):333-44.

Brockes JP, Lo DC. Reversibility of the mononucleate-to-multinucleate myogenic
transition during amphibian limb regeneration. Eye (London, England). 1994;8 ( Pt
2):151-4.

Freshney RI. Specialized Cells. In: Freshney RI, editor. Culture of animal cells: a
manual of basic technique and specialized applications. Hoboken, New Jersey: John
Wiley & Sons, Inc.; 2012. p. 383-432.

Fujita H, Shimizu K, Nagamori E. Novel method for measuring active tension
generation by C2C12 myotube using UV-crosslinked collagen film. Biotechnology
and bioengineering. 2010 Jun 15;106(3):482-9.

Osterlund C, Lindstrom M, Thornell LE, Eriksson PO. Remarkable heterogeneity in
myosin heavy-chain composition of the human young masseter compared with young
biceps brachii. Histochemistry and cell biology. 2012 Oct;138(4):669-82.

Pilegaard H, Neufer PD. Transcriptional regulation of pyruvate dehydrogenase kinase
4 in skeletal muscle during and after exercise. The Proceedings of the Nutrition
Society. 2004 May;63(2):221-6.

Frayn KN. Cellular Mechanisms Involved in Metabolic Regulation. In: Frayn KN,
editor. Metabolic regulation: a human perspective. 3rd ed. West Sussex, United
Kingdom: Wiley-Blackwell; 2010. p. 27-52.

Frayn KN. Longer-Term Regulation of Metabolism. In: Frayn KN, editor. Metabolic
regulation: a human perspective. 3rd ed. West Sussex, United Kingdom: Wiley-
Blackwell; 2010. p. 77-91.

Gurung R, Parnaik VK. Cyclin D3 promotes myogenic differentiation and Pax7
transcription. Journal of cellular biochemistry. 2012 Jan;113(1):209-19.

De Santa F, Albini S, Mezzaroma E, Baron L, Felsani A, Caruso M. pRb-dependent
cyclin D3 protein stabilization is required for myogenic differentiation. Molecular and
cellular biology. 2007 Oct;27(20):7248-65.

Cenciarelli C, De Santa F, Puri PL, Mattei E, Ricci L, Bucci F, et al. Critical role
played by cyclin D3 in the MyoD-mediated arrest of cell cycle during myoblast
differentiation. Molecular and cellular biology. 1999 Jul;19(7):5203-17.

Haugen F, Drevon CA. The interplay between nutrients and the adipose tissue. The
Proceedings of the Nutrition Society. 2007 May;66(2):171-82.

89



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

90

Stefan N, Haring HU. The role of hepatokines in metabolism. Nature reviews
Endocrinology. 2013 Mar;9(3):144-52.

Trayhurn P, Drevon CA, Eckel J. Secreted proteins from adipose tissue and skeletal
muscle - adipokines, myokines and adipose/muscle cross-talk. Archives of physiology
and biochemistry. 2011 May;117(2):47-56.

Liu Y, Chewchuk S, Lavigne C, Brule S, Pilon G, Houde V, et al. Functional
significance of skeletal muscle adiponectin production, changes in animal models of
obesity and diabetes, and regulation by rosiglitazone treatment. American journal of
physiology Endocrinology and metabolism. 2009 Sep;297(3):E657-64.

Pedersen BK, Febbraio MA. Muscle as an endocrine organ: focus on muscle-derived
interleukin-6. Physiol Rev. 2008 Oct;88(4):1379-406.

Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, et al. A PGCl-alpha-
dependent myokine that drives brown-fat-like development of white fat and
thermogenesis. Nature. 2012 Jan 26;481(7382):463-8.

Timmons JA, Baar K, Davidsen PK, Atherton PJ. Is irisin a human exercise gene?
Nature. 2012 Aug 30;488(7413):E9-10; discussion E-1.

Choi YK, Kim MK, Bae KH, Seo HA, Jeong JY, Lee WK, et al. Serum irisin levels in
new-onset type 2 diabetes. Diabetes research and clinical practice. 2013 Jan 28.
Roca-Rivada A, Castelao C, Senin LL, Landrove MO, Baltar J, Crujeiras AB, et al.
FNDC5/Irisin Is Not Only a Myokine but Also an Adipokine. PloS one.
2013;8(4):e60563.

Staiger H, Bohm A, Scheler M, Berti L, Machann J, Schick F, et al. Common Genetic
Variation in the Human FNDC5 Locus, Encoding the Novel Muscle-Derived
'‘Browning' Factor Irisin, Determines Insulin Sensitivity. PloS one. 2013;8(4):e61903.
Swick AG, Orena S, O'Connor A. Irisin levels correlate with energy expenditure in a
subgroup of humans with energy expenditure greater than predicted by fat free mass.
Metabolism: clinical and experimental. 2013 Apr 8.

Shan T, Liang X, Bi P, Kuang S. Myostatin knockout drives browning of white
adipose tissue through activating the AMPK-PGC1lalpha-Fndc5 pathway in muscle.
FASEB journal : official publication of the Federation of American Societies for

Experimental Biology. 2013 Jan 29.



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Kitazawa M, Nagano M, Masumoto KH, Shigeyoshi Y, Natsume T, Hashimoto S.
Angiopoietin-like 2, a circadian gene, improves type 2 diabetes through potentiation of
insulin sensitivity in mice adipocytes. Endocrinology. 2011 Jul;152(7):2558-67.
Lichtenstein L, Kersten S. Modulation of plasma TG lipolysis by Angiopoietin-like
proteins and GPIHBPL1. Biochimica et biophysica acta. 2010 Apr;1801(4):415-20.
Mattijssen F, Kersten S. Regulation of triglyceride metabolism by Angiopoietin-like
proteins. Biochimica et biophysica acta. 2012 May;1821(5):782-9.

Fu Z, Yao F, Abou-Samra AB, Zhang R. Lipasin, thermoregulated in brown fat, is a
novel but atypical member of the angiopoietin-like protein family. Biochemical and
biophysical research communications. 2013 Jan 18;430(3):1126-31.

AndrewGNF. Gene expression pattern of the ANGPTL7 gene. Wikimedia Commons:
Wikipedia; Feb 2008 [updated Feb 2010; cited 2013 21. May]. Tissue panel of
ANGPTLY7]. Available from: http://commons.wikimedia.org/wiki/
File:PBB_GE_ANGPTL7_206423_at_fs.png.

Silverman GA, Bird PI, Carrell RW, Church FC, Coughlin PB, Gettins PG, et al. The
serpins are an expanding superfamily of structurally similar but functionally diverse
proteins. Evolution, mechanism of inhibition, novel functions, and a revised
nomenclature. The Journal of biological chemistry. 2001 Sep 7;276(36):33293-6.
Simonovic M, Gettins PG, Volz K. Crystal structure of human PEDF, a potent anti-
angiogenic and neurite growth-promoting factor. Proceedings of the National
Academy of Sciences of the United States of America. 2001 Sep 25;98(20):11131-5.
Crawford SE, Stellmach V, Ranalli M, Huang X, Huang L, Volpert O, et al. Pigment
epithelium-derived factor (PEDF) in neuroblastoma: a multifunctional mediator of
Schwann cell antitumor activity. Journal of cell science. 2001 Dec;114(Pt 24):4421-8.
Famulla S, Lamers D, Hartwig S, Passlack W, Horrighs A, Cramer A, et al. Pigment
epithelium-derived factor (PEDF) is one of the most abundant proteins secreted by
human adipocytes and induces insulin resistance and inflammatory signaling in muscle
and fat cells. International journal of obesity (2005). 2011 Jun;35(6):762-72.
Moreno-Navarrete JM, Touskova V, Sabater M, Mraz M, Drapalova J, Ortega F, et al.
Liver, but not adipose tissue PEDF gene expression is associated with insulin
resistance. International journal of obesity (2005). 2013 Jan 15.

Thuno M, Macho B, Eugen-Olsen J. suPAR: the molecular crystal ball. Disease
markers. 2009;27(3):157-72.

91



156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

92

DiPasquale DM, Cheng M, Billich W, Huang SA, van Rooijen N, Hornberger TA, et
al. Urokinase-type plasminogen activator and macrophages are required for skeletal
muscle hypertrophy in mice. American journal of physiology Cell physiology. 2007
Oct;293(4):C1278-85.

Lluis F. Urokinase-dependent plasminogen activation is required for efficient skeletal
muscle regeneration in vivo. Blood. 2001;97(6):1703-11.

Miralles F, Ron D, Baiget M, Felez J, Munoz-Canoves P. Differential regulation of
urokinase-type plasminogen activator expression by basic fibroblast growth factor and
serum in myogenesis. Requirement of a common mitogen-activated protein kinase
pathway. The Journal of biological chemistry. 1998 Jan 23;273(4):2052-8.
Munoz-Canoves P, Miralles F, Baiget M, Felez J. Inhibition of urokinase-type
plasminogen activator (UPA) abrogates myogenesis in vitro. Thrombosis and
haemostasis. 1997 Mar;77(3):526-34.

Boldrin L, Muntoni F, Morgan JE. Are human and mouse satellite cells really the
same? The journal of histochemistry and cytochemistry : official journal of the
Histochemistry Society. 2010 Nov;58(11):941-55.

Yablonka-Reuveni Z, Day K, Vine A, Shefer G. Defining the transcriptional signature
of skeletal muscle stem cells. Journal of animal science. 2008 Apr;86(14 Suppl):E207-
16.

Freshney RI. Quantitation. In: Freshney RI, editor. Culture of animal cells: a manual
of basic technique and specialized applications. Hoboken, New Jersey: John Wiley &
Sons, Inc.; 2012. p. 335-64.

Bottinelli R. Functional heterogeneity of mammalian single muscle fibres: do myosin
isoforms tell the whole story? Pflugers Archiv : European journal of physiology. 2001
Oct;443(1):6-17.

Pette D, Staron RS. Myosin isoforms, muscle fiber types, and transitions. Microscopy
research and technique. 2000 Sep 15;50(6):500-9.

Pedersen BK, Fischer CP. Beneficial health effects of exercise--the role of IL-6 as a
myokine. Trends Pharmacol Sci. 2007 Apr;28(4):152-6.

Pedersen BK, Akerstrom TC, Nielsen AR, Fischer CP. Role of myokines in exercise
and metabolism. Journal of applied physiology (Bethesda, Md : 1985). 2007
Sep;103(3):1093-8.

Pedersen BK. Muscles and their myokines. J Exp Biol. 2011 Jan 15;214(Pt 2):337-46.



168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Pedersen BK. Exercise-induced myokines and their role in chronic diseases. Brain
Behav Immun. 2011 Jul;25(5):811-6.

Pedersen BK, Steensberg A, Fischer C, Keller C, Keller P, Plomgaard P, et al.
Searching for the exercise factor: is IL-6 a candidate? J Muscle Res Cell Motil.
2003;24(2-3):113-9.

Kjaer M, Secher NH, Bangsbo J, Perko G, Horn A, Mohr T, et al. Hormonal and
metabolic responses to electrically induced cycling during epidural anesthesia in
humans. Journal of applied physiology (Bethesda, Md : 1985). 1996 Jun;80(6):2156-
62.

Mohr T, Andersen JL, Biering-Sorensen F, Galbo H, Bangsbo J, Wagner A, et al.
Long-term adaptation to electrically induced cycle training in severe spinal cord
injured individuals. Spinal cord. 1997 Jan;35(1):1-16.

Steensberg A, van Hall G, Osada T, Sacchetti M, Saltin B, Klarlund Pedersen B.
Production of interleukin-6 in contracting human skeletal muscles can account for the
exercise-induced increase in plasma interleukin-6. The Journal of physiology. 2000
Nov 15;529 Pt 1:237-42.

Febbraio MA, Hiscock N, Sacchetti M, Fischer CP, Pedersen BK. Interleukin-6 is a
novel factor mediating glucose homeostasis during skeletal muscle contraction.
Diabetes. 2004 Jul;53(7):1643-8.

Blaauw B, Canato M, Agatea L, Toniolo L, Mammucari C, Masiero E, et al. Inducible
activation of Akt increases skeletal muscle mass and force without satellite cell
activation. FASEB journal : official publication of the Federation of American
Societies for Experimental Biology. 2009 Nov;23(11):3896-905.

MacLellan WR, Wang Y, Lusis AJ. Systems-based approaches to cardiovascular
disease. Nature reviews Cardiology. 2012 Mar;9(3):172-84.

Fujita H, Nedachi T, Kanzaki M. Accelerated de novo sarcomere assembly by electric
pulse stimulation in C2C12 myotubes. Experimental cell research. 2007 May
15;313(9):1853-65.

Broholm C, Laye MJ, Brandt C, Vadalasetty R, Pilegaard H, Pedersen BK, et al. LIF
is a contraction-induced myokine stimulating human myocyte proliferation. Journal of
applied physiology (Bethesda, Md : 1985). 2011 Jul;111(1):251-9.

93



178.

179.

180.

94

Farmawati A, Kitajima Y, Nedachi T, Sato M, Kanzaki M, Nagatomi R.
Characterization of contraction-induced IL-6 up-regulation using contractile C2C12
myotubes. Endocrine journal. 2013;60(2):137-47.

Gorgens SW, Raschke S, Holven KB, Jensen J, Eckardt K, Eckel J. Regulation of
follistatin-like protein 1 expression and secretion in primary human skeletal muscle
cells. Archives of physiology and biochemistry. 2013 Feb 19;119(2):75-80.

Whitham M, Chan MH, Pal M, Matthews VB, Prelovsek O, Lunke S, et al.
Contraction-induced interleukin-6 gene transcription in skeletal muscle is regulated by
c-Jun terminal kinase/activator protein-1. The Journal of biological chemistry. 2012
Mar 30;287(14):10771-9.



95



Supplemental materials

A Differentiation for 7 days
Incubation 1 >
Incubation 2 >
Seeding ——> Confluency Evaluation
Incubation 4 >
Incubation 5 > >
Differentiation for4 + 3 days
Incubation 6 > >

B fffffsfz;

Day0-1-2-3-4 -5 -6 -7 ofdifferentiation
SFM >
Day0—-1-2-3-4-5-6 -7 of differentiation
0, 5
Proliferation 1.0% HS -
Seeding —— Confluency f f f f /l f f /l
Day0-1-2-3-4 -5 -6 -7 ofdifferentiation
2.0% HS >
~ Day0-1-2-3-4-5-6-7 ofdifferentiation
Proliferation >
medium

f = Collection of RNAand protein from cells and medium

/l = Collection of RNAand protein from cells and medium
+ collection of LDH from medium

Figure S1. Design of experiments. A, general outline of the 4 experiments performed to visually evaluate
differentiation, results presented in figure 5.3. Cells were seeded on collagen-coated 6 well plates, proliferated
until confluency, and differentiated for 7 days in serum reduced medium. Exact composition of the
differentiation media is specified in figure 5.3. The cell cultures were fixed and stained with Romanowsky stain,
and evaluated by manual nuclei counting. B, outline of the differentiation kinetics experiments, results presented
in figures 5.3-5.9. Cells were seeded on collagen-coated 12 well plates, proliferated until confluency,
differentiated in 4 different media: DMEM/F12 (1:1 ratio) without any added serum (SFM), DMEM/F12 (1:1
ratio) with 1.0 % HS (1.0 % HS), DMEM/F12 (1:1 ratio) with 2.0 % HS (2.0 % HS), or DMEM/F12 (1:1 ratio)
with 20.0 % FBS, 1 pg/mL insulin, 10 ng/mL hEGF, 2 ng/mL hbFGF, and 0.4 pg/mL dexamethasone
(proliferation medium). Biological material was collected daily, as indicated by blue and red arrows, and stored
as described in Methods.
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Figure S2. Variation in MYH1 mRNA expression between groups. Confluent cultures were differentiated for
7 days in either serum free medium or medium containing 1.0 % HS, 2.0 % HS or 20.0 % FBS, 1 pg/mL insulin,
10 ng/mL hEGF, 2 ng/mL hbFGF, and 0.4 pg/mL dexamethasone. The experiments were performed three times,
once with LD30 and twice with EO2. All experiments were performed using passage 5. Error bars represent SD.
Note: large differences between incubation groups on the y axis — 2.0 % HS seem to provide increased MYH1

MRNA expression.
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Figure S3. Variation in ACTAL1 mRNA expression response of two donors (LD30 and EO2). Cultured
myoblasts were differentiated for 7 days in DMEM/F12 (1:1 ratio) + 1.0 % HS. The experiments were
performed three times, once with LD30 (B) and twice with EO2 (C and D). All experiments were performed
using passage 5. Error bars represent SD. Note: large individual differences in levels of expression results in
large standard deviations.
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Figure S4. Variation in counting within four similar experiments. A and B, myoblasts were proliferated until
confluence, then cells were differentiated for 7 days in 0.5 % HS, 1.0 % HS, 0.5 % FBS, 1.0 % FBS, 0.2 % UG
or 0.4 % UG. Cells were fixed, stained and counted as described in Methods. Results are shown as four
individual experiments. All experiments were performed using two donors (EO2 and LD30). Myot = Myotube;
Tot = Total. Note the decisive differences in experiment 4, compared to experiment 1-3.
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Figure S5. Validation of a Tris-SDS buffer and the RNeasy Mini Kit RNA and protein isolation procedure
as compatible for SDS-PAGE. Cells were seeded, proliferated until confluence, and differentiated for 7 days in
1.0 % HS. Intracellular proteins were isolated and prepared by collecting flow through from spin columns,
followed by washing and precipitating of the protein fractions, and dissolving in different buffers. The RIPA
buffer consisted of 150 mM NacCl, 1.0 % Triton X-100, 0.5 % Na-deoxycholate, 0.1 % SDS and 50 mM Tris (pH
8.0). The Tris-Urea buffer consisted of 100 mM Tris and 8 M Urea (pH 8.0). The Tris-Urea-SDS buffer
consisted of 100 mM Tris, 8 M Urea and 2.0 % SDS (pH 8.0). The Tris-SDS buffer consisted of 100 mM Tris
and 4.0 % SDS (pH 8.0). APL is the AllPrep RNA/Protein kit (Qiagen, cat. no. 80404), which is a double-
column based isolation procedure, and proteins were dissolved according to manufacturers instructions. Protein
concentration was measured using BCA assay. Equal amounts of protein was loaded onto SDS-PAGE for
separation, and visualized with Coomassie gel staining. A standard protein ladder was added for molecular
weight recognition. Note: | participated in the work of this validation, but did not have the main responsibility.
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Figure S6. Variation in pipetting and RPLPO. A and B: Variation in pipetting between technical duplicates. A,
Ct values; B, 2" values. This is a randomly selected dataset from the processing of RT-qPCR data, comprising 8
individual samples and 8 different primers on two 96 well plates (a total of 192 values). Note that the deviation
from mean between technical duplicates is not above 0.5, indicating that the pipetting variation is low. This
dataset has a mean (min-max) coefficient of variation (CV) of 0.36 (0.02-1.36) % for Ct values and 2.33 (0.34-
33.56) % for 2°" values. C-F: Variation in the endogenous control RPLPO during differentiation. Confluent
cultures were differentiated for 7 days in either serum free medium or medium containing 1.0 % HS, 2.0 % HS
or 20.0 % FBS, 1 pg/mL insulin, 10 ng/mL hEGF, 2 ng/mL hbFGF, and 0.4 pg/mL dexamethasone. The
experiments were performed three times, once with LD30 and twice with EO2. All experiments were performed
using passage 5. Error bars represent SD. Statistical testing have been performed using Kruskal-Wallis test
between each time point during differentiation.
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