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Abstract

Abstract

Timely detection of complex chronic diseases like cancer or obesity, emerging in
consequence of the interplay between genetic and environmental factors, is of great
importance in patient therapy, since late diagnosis still correlates with aggravated
prognosis. Therefore, technologies offering early detection, monitoring of disease
progression or response to treatment are urgently required. Among all, the “omics”
technology metabolomics provides a new perspective in the field of complex diseases
due to its sensitivity in depicting responses of living systems to the environmental or
pathophysiological stimuli. However, the metabolic profile of whole organisms, tissues or
body fluids can be often influenced by several factors e. g. health conditions, aging, or
life habits, and therefore metabolic studies in cell culture model could be a beneficial
alternative to complement human studies.

In this work, novel applications of existing analytical methods were introduced in
metabolomics to study apoptosis and adipogenesis, extending present knowledge in the
field of cancer and obesity.

Apoptosis, one of the frequent targets in cancer therapies, was examined in
several cancer cell lines to facilitate drug development for potential treatment. Three
different pro-apoptotic agents were applied. Apoptosis was validated with detection of
Caspase 3/7, known hallmark of apoptosis. The newborn screening (NBS) assay,
originally used in the clinics to screen infants for inherited disorders, was adapted in this
study for metabolite measurements in cell culture. Among all 42 measured metabolites,
only alanine and glutamate were regulated independent of the pro-apoptotic agent used
and in this study are introduced as potential novel biomarkers of apoptosis. Furthermore,
changes in these metabolites may be biologically relevant because they can be
connected to taurine metabolism, known to be strongly affected in apoptosis. In
conclusion, novel implementation of the NBS assay for metabolomics studies in cells
may provide promising strategies to improve drug screening and development,
especially regarding its robustness and simplicity facilitating further application beside
studies in human biofluids.

Differentiation from preadipocytes to fat cells known as adipogenesis, was
analyzed in the mouse 3T3-L1 cell culture model, using transcriptomics and




Abstract

metabolomics, to learn about the fundamental mechanisms of adipogenesis
development and to determine potential biomarkers for obesity risk. In the study,
accumulation of lipid droplets as well as a strong regulation of the transcription factors
promoting adipogenesis (C/EBPa, C/EBP and PPARYy) was observed and proofed the
adipogenic differentiation process. In the course of adipogenesis, several metabolites
affiliated to different metabolic classes were found to be significantly regulated.
Moreover, significantly regulated metabolites correlated with significantly regulated
genes, and exhibited characteristic patterns for different stages of adipogenesis.
Features with highest score were further analyzed and were linked to glycolysis, citrate
cycle, steroid biosynthesis as well as the metabolism of branched chain amino acids
(BCAAS), fatty acids and glycerophospholipids. Decrease of BCAAs was connected to
increased expression of genes involved in the BCAA catabolic pathway. Valine and
isoleucine degradation products were linked to the citrate cycle and the products of
leucine catabolism to cholesterol synthesis. Among examined total fatty acids, a majority
of odd chain fatty acids were found and it was hypothesized to be due to an excess of
propionyl-CoA or enhanced alpha-oxidation. Fatty acid chains are further incorporated
into phosphatidylcholines (PCs). Data suggested an incorporation of fatty acids chains
into PCs characterized by increasing saturation levels in case of acyl-acyl side chains or
by increased chain length in case of acyl-ether side chains. Decrease in
phosphatidylcholines and lysophosphatidylcholines containing very long unsaturated
fatty acids were connected with mead, arachidonic, and eicosapentaenoic acid, which
are known as precursors of fatty acids that mediate inflammatory responses. In
conclusion, metabolic pathways and molecules highlighted in this thesis, as
characteristic for adipogenesis, might be potential biomarkers for obesity development
and drug targets for its prevention. Moreover, identification of obesity risk in early stages

of human life and it effective treatment may reduce subsequent health complications
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Zusammenfassung

Die frihzeitige Erkennung komplexer chronischer Krankheiten, wie Krebs oder
Fettleibigkeit, die aus dem Zusammenspiel genetischer Faktoren und Umweltfaktoren
hervorgehen, ist fur die Therapie von Patienten von grof3em Interesse. Nicht zuletzt da
eine spate Diagnose immer noch mit einer schlechten Prognose einhergeht. Deswegen
sind Technologien, die eine Friherkennung zulassen oder eine Kontrolle des
Krankheits- oder des Behandlungsverlauf beobachten lassen, dringend notwendig.
Dabei stellen die “omic’-Technologien einen neuen Ansatz im Bereich chronischer
Erkrankungen dar und dabei insbesondere die Metabolomik aufgrund ihrer Sensitivitat
beziuglich Umwelt- oder pathophysiologischen Stimuli in lebenden Organismen.
Allerdings kann das metabolische Profil eines gesamten Organismus durch
verschiedenste Faktoren verfalscht werden, wie Dbeispielsweise durch den
Gesundheitszustand, das Altern oder die Lebensgewohnheiten, weswegen die Studie
des Metabolismus in einem Zellkulturmodell eine nitzliche Alternative zu
komplementéaren Studien im Menschen bietet.

In dieser Arbeit wurden neuartige Anwendungen existierender Analysemethoden in der
Metabolomik eingefihrt, um Apoptose und Adipogenese zu untersuchen. Auf diese
Weise wird der derzeitige Kenntnisstand in den Bereichen Krebs und Fettleibigkeit
erweitert.

Um beispielsweise die Entwicklung eines Medikaments flr eine potentielle
Krebstherapie zu ermoglichen, wurde die Apoptose, eine inzwischen haufige
Therapieform, in mehreren Krebszelllinien untersucht. Drei verschiedene pro-
apoptotische Agenzien wurden eingesetzt. Apoptose wurde mit dem Caspase 3/7-
Assay, einem anerkannten Test auf Apotose, bestimmt. Das “newborn screening”
(NBS), das in der Klinik zum Screening fur Erbkrankheiten bei Kindern genutzt wird,
wurde in dieser Studie dafir verwendet, um Metabolitenmessungen in der Zellkultur
durchzufihren. Unter allen 42 gemessenen Metaboliten, waren nur Alanin und
Glutaminsdure unabhangig vom pro-apoptotischen Agenz reguliert. Verdnderungen in
diesen Metaboliten kénnten biologisch relevant sein, da sie mit dem Taurinstoffwechsel
verbunden werden kdnnen, welcher in der Apoptose beeintrachtigt wird. Alanin und
Glutaminsaure, konten somit als potentielle Kandidaten fir metabolische Biomarker in
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der Apoptoseerkennung dienen.

Die neuartige Anwendung des NBS-Tests fur metabolische Studien in Zellen, zeigt
vielversprechende Strategien auf, um ein Medikamentenscreening und die Entwicklung
eines Medikamentes zu verbessern, insbesondere im Bezug auf die leichte, spatere

Anwendung in menschlichen biologischen Flussigkeiten.

Die Differenzierung von Praadipozyten zu Fettzellen, die sogenannte
Adipogenese, wurde in der Mauszellinienmodell 3T3-L1 analysiert. Um fundamentale
Mechanismen der Adipogenese zu erforschen und potentielle Biomarker fur
Fettleibigkeit zu identifizieren wurden transkriptomische und metabolische Technologien
verwendet, Durch Nachweis der Anreicherung von Fetttropfchen sowie eine starke
Regulation der Transkriptionsfaktoren C/EBPa, C/EBPB und PPARy, wurde die
Adipogenese verifiziert. Wahrend der Adipogenese wurden signifikant regulierte
Metabolite identifiziert, die zu unterschiedlichen metabolischen Klassen gehdren.
DarUberhinaus konnten diese Metabolite mit signifikant regulierten Genen korreliert
werden. und wiesen charakteristische Muster fir unterschiedliche Stadien der
Lipogenese auf. Befunde mit hochster Signifikanz wurden ndhergehend analysiert und
mit der Glykolyse, dem Zitronensaurezyklus, der Steroidbiosynthese oder dem
Metabolismus verzweigtkettiger Aminosauren (BCAA), gesattigter Fettsduren und
Glykophospolipiden in Zusammenhang gebracht. Die Abnahme verzweigtkettiger
Aminosauren korrelierte mit ansteigender Expression von Genen, die in den BCAA-
Katabolismus eingebunden sind. Des Weiteren konnten die Abbauprodukte von Valin
und Isoleucin mit dem Zitronensaurezyklus, und das Produkt des Leucinabbaus mit der
Cholesterinsynthese in Verbindung gebracht werden. Unter den gesattigten Fettsduren
wurde ein Grol3teil ungerader Fettsauren gefunden und es wird angenommen, dass
diese durch einen Uberschuss an Propionyl-CoA oder durch Alpha-Oxidation
resultieren. Fettsaureketten werden dariber hinaus in Phosphatidycholinen (PCs)
eingebaut. Die Daten lie3en vermuten, dass sich im Laufe der Adipogenese PCs mit
niedrig gesattigten Acyl-acyl-Seitenketten und PCs mit Acylether-Seitenketten hdherer
Kettenlange  anreichern. Eine  Abnahme von  Phophatidylcholinen  und

Lysophosphatidylcholinen, die sehr lange ungeséttigte Fettsaure enthalten, wurden mit
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Mead-, Arachidon- und Eicosapentaensaure in Verbindung gebracht, die als Vorstufen
solcher Fettsauren gelten, die den Entziindungsprozess vermitteln. Zusammenfassend
lasst sich sagen, dass die metabolischen Signalwege und Molekile, die in dieser Arbeit
als Charkteristika fur die Adipogenese erarbeitet wurden, als potentielle Biomarker bei
der Entstehung von Fettleibigkeit gesehen werden konnen, ebenso wie sie als
Medikamentenzielscheiben genommen werden konnen, um vor Fettleibigkeit zu
schitzen. Die Feststellung des Risikos von Fettleibigkeit in frihen Stadien und deren

effektive Behandlung kénnte helfen, Folgeschaden zu reduzieren.




Introduction

1 INTRODUCTION

1.1 Complex diseases: obesity and cancer — twenty-first

century issue

Condition of human health is a consequence of several factors including not only
discrete genetic and environmental effects but also the interplay between them. The
multifactorial etiology of diseases like cancer (Knox 2010), Alzheimer (Williamson,
Goldman et al. 2009), obesity or type 2 diabetes (Bell, Finer et al. 2010), mostly caused
by interactions between genes and factors, e.g. poor diet, lack of exercise, smoking or
hazardous chemicals (Schork 1997), allows to define them as complex diseases (Schork
1997).

1.1.1 Obesity

Obesity, defined by the World Health Organization (WHO) as abnormal or excessive fat
accumulation that represents a risk of health (Consultation 2000), recently reached an
epidemic level by affecting nearly half a billion of the world’s population (Rossner 2002),
and becomes a challenge of the twenty-first century. The body mass index (BMI) is the
most widely used weight-for-height measure (function of body mass and body height)
(Calle and Thun 2004) for classifying and reporting human fatness (fat mass). Standard
values described by the WHO, defining underweight, normal weight range, overweight,
and obesity are presented in Table 1. Generally, overweight, obesity, and morbid
obesity, characterized by the BMI ranges 25-29.9, 30.0-39.9, and = 40, respectively, are
consequences of chronic imbalance between energy (calories) intake and
expenditure/consumption leading to increased fat mass. The fat mass is regulated by
the change of fat cell (adipocyte) size (hypertrophy) and/or number (hyperplasia). In the
past, obesity was ignored as a medical issue and minimalized to aesthetic and cosmetic

difficulties.
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Table 1 Human fatness specified in BMI described by WHO.

m WHO classification

18.5 Underweight
18.5-24.9 Normal range
25.0-29.9 Overweight
30.0-39.9 Obesity

=40.0 Morbid obesity

However, recent studies uncover obesity as a major risk factor of chronic diseases like
cardiovascular disease, hypertension, dyslipidemia, hyperglycemia, (Lavie, Milani et al.
2009) type 2 diabetes, insulin resistance (Flier 2004), (Guilherme, Virbasius et al. 2008),
some cancers (Calle and Thun 2004) (colon cancer (Ma, Yang et al. 2013), breast
cancer (Ligibel 2011), prostate cancer (Amling 2005)) as well as increased risk of early
death (Calle, Thun et al. 1999). The epidemic of obesity was frequently connected with
an “obesogenic lifestyle” based on high-energy diet and reduced physical activity.
However, Stunkard et al. demonstrated already in 1986 in an adoption study that obesity
can be also determined by genetics (Stunkard, Sorensen et al. 1986). Their study was
based on 540 Danish adopted children, which were divided into four weight classes:
thin, median weight, overweight and obese. The authors found strong correlation
between the body-mass index of the biological parents and the children in contrast to
their adoptive parents, where body-mass index relation was not observed (Stunkard,
Sorensen et al. 1986). Those studies demonstrated significant contribution of genetics
and marginal impact of environment to human fatness in adults. Moreover, those
findings were supported by a twin study on human obesity which also showed
correlation between human fatness and genetics (Stunkard, Foch et al. 1986). To
summarize, obesity is caused by a disrupted energy balance determined by both genetic
predisposition and environmental factors like nutrition, life style or social factors which

place it into the complex diseases family (Yang, Kelly et al. 2007).
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1.1.1.1 Regulation of adipogenesis — a step toward obesity

comprehension

Since the explosion of global epidemic of obesity, specified by excess accumulation of
white adipose tissue (WAT), has become a fact, studies on adipocyte biology began and
initiated an emerging field of research (de Ferranti and Mozaffarian 2008). The number
of fat cells present in an organism is mostly determined by adipogenesis (Camp, Ren et
al. 2002), (Hirsch and Batchelor 1976) — a process of cell transformation from
preadipocytes to fat cells. Adipogenic cell differentiation was frequently studied ex vivo
in murine cell culture models ((Green and Meuth 1974), (Casimir, Miller et al. 1996),
(Ntambi and Young-Cheul 2000)) (3T3-L1 or 3T3-F442 A) where pro-adipogenic and
anti-adipogenic molecules were determined (Rosen and MacDougald 2006). Figure 1
presents the transformation of fibroblast-like cells (preadipocytes) to mature adipocytes
containing large lipid droplets and underlying transcriptional cascade, consisting of
genes categorized into early, intermediate and late markers of adipogenesis. Generally
a hormonal mixture serves as a stimuli for adipogenic cell differentiation, starting with an
increased expression of pro-adipogenic genes including C/EBPR, C/EBPS, and Krippel-
like factors (KLF) which further induce the expression of PPARy and C/EBPa present in
the intermediate and late phase of cell differentiation (MacDougald and Lane 1995,
Rosen and MacDougald 2006), (White and Stephens 2010). WAT primarily consisting of
mature adipocytes, plays a crucial role in systemic glucose and lipid homeostasis
(Rosen and Spiegelman 2006). Moreover, WAT secretes several molecules including
cytokines (leptin, TNFa, and IL-6), enzymes involved in steroid metabolism (e.g.
hydroxysteroid dehydrogenases like 17BHSDs and 11BHSD1), molecules for lipid
metabolism or transport (e.g. lipoprotein lipase (LPL)), and cholesterol ester transfer
protein (CETP) regulating metabolism in other tissues (Kershaw and Flier 2004). Thus,
fat tissue is recently considered as endocrine organ involved in inflammation or immune
response (Saltiel 2001, Desai, Beall et al. 2013). Besides, resistin, a protein secreted by
adipose tissue, was pointed out as crosslink between obesity and diabetes (Steppan,
Bailey et al. 2001). Therefore, studies on adipogenesis and fat cells itself could be

beneficial for patients, considering development of methods for early detection of risk
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and novel therapies for obesity.

Induction Mature adipocytes
of adipogenesis @
Young adipocytes
o \\
Preadipocytes B Vi A —
L ooy a
PPARYy
- KLF 15

C/EBP's Band d

KLF's 4 and 5

Figure 1 Fat cell development - from preadipocytes to mature adipocytes. Stimulation of
preadipocytes with a hormonal mixture containing glucocorticoids and insulin (induction of
apoptosis) activates transcriptional cascade promoting adipogenesis. The transcription factors
including KLF’ (4 and 5) and C/EBP’s (B and &) are up-regulated at the early stage of
adipogenesis to activate other pro-apoptotic molecules. In turn, KLF15, PPARy and C/EBPa
once activated (at intermediate and late phase) remain expressed.

1.1.2 Cancer

Cancer is referred to as uncontrolled cell hyperproliferation with simultaneous resistance
to apoptosis, can appear in any part of the body and was denoted by the WHO as a
major  cause of death in Europe after  cardiovascular  diseases

(http://www.euro.who.int/en/what-we-do/health-topics/noncommunicable-

diseases/cancer). Trends in cancer mortality estimated for 2012 are presented in Figure

2. Lung, intestine, and prostate cancer in men and breast, lung, and intestine cancer in
women are expected to cause almost half of the total cancer deaths. Cancer
development and progression occurs in dysfunctional system corrupted through
interactions with environmental, immunologic, genetic, viral, or behavioral factors (Knox
2010). The complexity of cancer can be demonstrated by the example of lung cancer

because the risk factors are well known. In this case tobacco smoking is the
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documented factor for 90% of lung cancer incidences. However, only 10 — 15% of
current or former smokers develop lung cancer (Alberg and Samet 2003).

Males Females

. . 14% 78658  Lung
:_nliggtine :33?15?2 fg:{; 13% 73888 Intestine
Prostate 69960  10% ;g*:ﬁ gg;g; Sreast
Pancreas 39088 5% terus
Stomach 33926 5% 8% 38443 Pancreas
Leukemia 22320 3% 4% 21138 Stomach

3% 18605 Leukemia

Allcarcers 717328 [100% 100% 565703  All cancers

Figure 2 Number of predicted deaths caused by leading cancer types in the European
Union for the year 2012 (Malvezzi, Bertuccio et al. 2012).

Paradoxically, never-smokers of all lung cancer patients, about 15% of the male and
53% of the female patients, can be also affected and develop this disease. Hence, lung
cancer could be induced by other factors including “at risk” genotypes, low
socioeconomic status, poor diet, arsenic exposure, or other chemical carcinogens (Knox
2010).

The hallmarks of cancer including sustained proliferative signaling, evaded growth
suppressors, activated invasion and metastasis, enabled replicative immortality, induced
angiogenesis, resisted cell death, avoided immune destruction, and deregulated cellular
energetics, were recently reviewed by Hanahan and Weinberg (Hanahan and Weinberg
2011). Considering cancer complexity and the fact that it is a “part of the body”, it is not
surprising that drug development still remains a challenge. The anticancer drug should
ideally target between essential and non-essential cellular functions (Kamb, Wee et al.
2006) to be effective but not destructive. Compounds affecting essential functions, like
traditional cytotoxic agents, result in high efficiency but simultaneously can damage
healthy cells (Kamb, Wee et al. 2006). In contrast, drugs like the estrogen-receptor
modulator tamoxifen, are better tolerated, however, limited in their efficiency (Knox
2010). Recent strategies toward novel drug development attempt to target several
cellular processes including primarily apoptosis, angiogenesis, stress response or
metabolism (Kamb, Wee et al. 2006).
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1.1.3 Apoptosis - way to cancer treatment

Apoptosis also known as programmed cell death (PCD) or cell suicide can be induced
by several exogenous or endogenous stimuli including radiation, oxidative stress,
replication or recombination errors as well as environmental or therapeutic genotoxins
(Rastogi and Sinha 2010). The apoptotic process is required in life cycle of healthy
organisms eliminate damaged cells and to ensure diversity and unequivocal lineage
development in embryogenesis (Alberts 2008). For example, in humans in average 50 —
70 billion cells undergo apoptosis daily (Li and Martin 2009). Because failure in PCD
was pointed out as one of the hallmarks of cancer, apoptosis serves as a natural barrier
for cancer development (Hanahan and Weinberg 2011). Hence, targeted induction of
apoptosis in cancer cells, according to the phrase “the only good cancer cell is a dead
cancer cell” (Gerl and Vaux 2005), is a perspective for successful therapy. Recently,
molecules inducing apoptosis by inhibiting B-cell lymphoma-2 (Bcl-2) family member
proteins, whose expression protects cancer cells from apoptosis (Gerl and Vaux 2005,
Kang and Reynolds 2009) were applied for cancer therapies (Kang and Reynolds 2009).
However, apoptosis-inducing drugs may simultaneously provoke hyperactive mitogenic
signaling (critical for cell proliferation) and thereby prevent apoptosis (Hanahan and
Weinberg 2011).

1.2 Omics technologies toward rapid detection and

successful prevention of complex diseases

Despite increased knowledge in complex disease etiologies, early detection and
effective treatment of these diseases remain 21st-century issues. Cancer pharmacology
get weakest records for investigational drugs in clinic development (Kamb, Wee et al.
2006). Moreover, obesity and its co-morbidities burden the health care budgets with 2 —
8 % of the costs, which could be avoided by early detection (Zimmet, Alberti et al. 2001).
Thus prospective strategies should involve technologies which could focus not only on
the single gene or pathway but on the global context. Recent significant increase in
development of omics technologies, referred to as large scale screening for molecules

including genes (genomics), proteins (proteomics) and metabolites (metabolomics),
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serves to facilitate medical science and clinical pharmacology in understanding of
disease complexity, its early detection and proper treatment. A schematic general

overview on omics coverage is presented in Figure 3.

[cenoTvee]

| cenomics | [ TRANSCRIPTOMICS | | PROTEOMICS | | METABOLOMICS |
v Gene-expression profiling Proteomic profiling Metabolite profiling
DNA sequencing MicroRNA-expression Phosphoproteomic Non-targeted
profiling profiling Targeted
@—.| RNA | -/ PROTEIN |2 - meTaBOLITE

: Y Y

— \
[ |
vt ENVIROMENT l

Figure 3 Coverage of omics technologies. Influence of environment on different molecule
classes (DNA, RNA, protein and metabolite) is proportional to the green arrow intensity.
Methods of detection required for each of the molecules are presented in the big boxes and the
technologies enabling detection of a large number of these molecules are depicted above. The
relation of “omics” levels is represented by colors. For example genomics is stronger related to
genotype (depicted in orange) and metabolomics to phenotype (depicted in yellow).

Genomics, a systemic study of the genome (total DNA of a given species), addresses
analyzes of gene functions, relationships and their combined influence on the
organism’s growth and development (Griffiths 2000). DNA sequencing, a technology
used by genomics, enables the identification of gene sequences but can be used also to
find genetic variations between people (copy number variation (CNV), deletions and
insertions (indels) and single nucleotide polymorphisms (SNP’s) (Adamski 2012)),
associated with diversity in population and different predisposition to diseases. The
SNP’s are most frequently implemented for homogeneity testing, pharmacogenetic
studies, or detection of diseases (Shastry 2002, Altshuler, Daly et al. 2008). However,
genomics is mostly limited by a fixed genome (except mutations) and identical genetic
information presented by each cell composing an organism independent of physiological
and developmental conditions (static nature of the genome). In turn transcriptomics, the
study on the transcriptome (complete set of RNA transcripts in the organism), enables

monitoring of actively expressed genes (gene expression patterns) under given

12



Introduction

conditions. Transcriptomics, until lately preliminary based on microarray technology, is
broadly implemented to study gene functions, regulatory pathways and disease
mechanisms crucial for the determination and validation of novel drug targets (Schena,
Shalon et al. 1995, Asyali, Colak et al. 2006). Nevertheless, the mRNA is not the final
product and it's further translated into proteins. Furthermore, each transcript can be
differently spliced and lead to various proteins. Hence, the proteins, key structural and
functional compounds of each living system, can provide additional information on the
state of an organism. Comprehensive analyzes of proteins concerning their chemical
modifications (phosphorylation, acylation or methylation) after synthesis, can be
achieved with proteomics, the study on the proteome (complete set of proteins in the
examined system) (Yanagida 2002). Proteomics facilitated by X-ray crystallography,
nuclear magnetic resonance (NMR), mass spectrometry or two-dimensional gel
electrophoresis can determine proteins structure, networks and functions (Liebler 2002).
Small molecule composition (metabolites below 1500 Da) of biological system is
determined by the sum of its genetic features, regulation of gene expression, protein
abundance and environmental influence (Artati, Prehn et al. 2012). Therefore,
metabolomics (global study on metabolites) has its value in the proximity to the
molecular phenotype of a biological sample (Fiehn, Kopka et al. 2000). Metabolomics
enables metabolic characterization of an organism due to the monitoring of variable
biochemical pathways under specific conditions (Roux, Lison et al. 2011, Imaizumi
February 10, 2012). Its implementation in clinical setups for the identification of disease
states or for monitoring of therapy efficiency was found to be beneficial (Hunter 2009,
Spratlin, Serkova et al. 2009).

Nucleic acids as well as proteins and metabolites could be used to determine conditions
of an organism and therefore can serve as biomarkers indicating disease progression or
response to the treatment (Goodacre 2005). Implementation of omics technologies has
so far beneficial impact on the understanding and monitoring of complex diseases.
Genome wide association studies (GWAS), profitably contributing in the complex
diseases field since 8 years (Ku, Loy et al. 2010), enables determination of hundreds of
disease risk loci (Hindorff, Sethupathy et al. 2009). However, gene-environment

interactions are poorly detected by GWAS and in consequence result in a gap between
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a genotype and a phenotype (Gieger, Geistlinger et al. 2008). Recently, Adamski
(Adamski 2012) suggested to overcome the limitations of GWAS by adding
metabolomics information to the studies (MGWAS). Genomics, proteomics and
metabolomics were implemented in medical practice regarding diagnosis, prevention
and perspectives. For example, proteomics was successfully implicated in
neurodegenerative diseases like Alzheimer (Rodolfo, Ciccosanti et al. 2010) or breast
cancer (Misek and Kim 2011). In the recent years, metabolomics alone reached a strong
position in diagnosis and prevention through its involvement in infants screening for
inborn errors with more than 3 million infants screened worldwide and 500 confirmed
disorders (Chace, Kalas et al. 2003). Moreover, recent studies suggest distinct
relevance of metabolomics in type 2 diabetes (Ferrannini, Natali et al. 2012) and obesity
(Wabhl, Yu et al. 2012) research.

1.3 Metabolomics — an overview

The term metabolome (Oliver, Winson et al. 1998) covers all low molecular mass
compounds (metabolites) in a biological system (cell, tissue, and organism). The
dynamic changes in metabolome composition, a result of environmental stimuli or
pharmaceutical treatment, are studied by metabolomics. For metabolite detection and
guantification several technologies were applied. In the early stages, metabolite
measurements were performed without previous fractionation (direct analysis) with
nuclear magnetic resonance (NMR), Fourier transform infrared (FT-IR) spectroscopy,
Raman spectroscopy or mass spectrometry (MS) (Artati, Prehn et al. 2012). However,
direct analysis provide low resolution and was later improved by implementation of
separation steps including gas chromatography (GC), multidimensional gas
chromatography (GC x GC), liquid chromatography (LC), high performance liquid
chromatography (HPLC) or ultra-high performance liquid chromatography (UPLC).

Metabolomics can be variously applied to target the aim of the studies. Metabolic
profiling provides insight into metabolite composition with simultaneous identification of
novel compounds. This approach, based mostly on GC-MS, NMR, LC-FT-ICR or UPLC-
MS techniques, results in a very high mass resolution but low sample throughput
(Griffiths, Karu et al. 2007). The non-targeted metabolomics, frequently based on both
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GC-MS and LC-MS, provides information on the global metabolic composition. High
sample throughput with relative large number of quantified metabolites can be achieved
(Artati, Prehn et al. 2012). In turn, targeted-metabolomics, reaching very high sample
throughput, is applied to determine and quantify changes in pre-selected metabolites
(Griffiths, Koal et al. 2010). Targeted-metabolomics can be specified toward the study of
particular component classes like lipids (lipidomics) (Wenk 2005, Griffiths and Wang
2009), glycome (carbohydrates in cells) (glycomics) (Ajit, Richard et al. 2009, Service
2012, Fujitani, Furukawa et al. 2013) or steroids (steromics) (Ceglarek, Shackleton et al.
2010). This approach is used preliminary in diagnostics and is based on LC-MS, GC-MS
or flow injection analysis (FIA)-MS (Weljie, Newton et al. 2006).

1.3.1 Significance of ex vivo metabolic studies

Despite successful implementation of metabolomics in human population studies
(Beckonert, Keun et al. 2007), (Wang-Sattler, Yu et al. 2008), (Suhre, Meisinger et al.
2010) resulting in the discovery of novel biomarkers for numerous diseases (Sreekumarr,
Poisson et al. 2009), (Tukiainen, Tynkkynen et al. 2008), several questions regarding
properties and functions of different cell types under different conditions, remain open.
This issue cannot be solved solely by metabolic analysis of human bio fluids (urine,
plasma or serum) due to their complexity and therefore ex vivo experiments are required
(Cuperlovic-Culf, Barnett et al. 2010). Metabolomics of cultured cells is essential for
comprehensive understanding of cellular processes. For example metabolite monitoring
of adipogenesis can be beneficial for understanding development of obesity, or
analyzing apoptotic and necrotic cells can be valuable for anti-cancer drug development.
Moreover, cellular metabolomics complement human studies in term of understanding
the mechanism of many diseases and enables appropriate pharmacology for their
treatment (Khoo and Al-Rubeai 2007). The advantages of the implementation of cultured
cells as models for metabolic studies are presented Figure 4 (Cuperlovic-Culf, Barnett
et al. 2010)).
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Cell culture study Human study

VS.

Easier to control

Less expensive

Easier to interpret

No variant in subject

Constant background

Low level of ethics consideration

Figure 4 Advantages of implementation of cell culture as model for metabolomics
studies.

1.3.2 Challenges of metabolomics in cell culture model

Metabolomics of human bodily fluids have to deal with determination of indicative
metabolites (biomarkers) for given process, analysis and prediction of metabolic
pathways and cross-talks between them as well as determination of drug action and
mechanisms of diseases (Artati, Prehn et al. 2012). Studies on cell culture metabolism
should additionally reflect cell quenching (Sellick, Hansen et al. 2009), (Teng, Huang et
al. 2009), harvesting (Danielsson, Moritz et al. 2010), extraction (Ritter, Genzel et al.
2008), variability of growth medium and differential rates of cell proliferation (Cuperlovic-
Culf, Barnett et al. 2010). Cell quenching (arresting of cellular metabolic activity) is
essential for both evaluation of cellular background and distinguishing between samples.
Hence, optimal quenching methods should rapidly stop the cellular process without
affecting of cellular metabolites at the same time. Cell harvesting is more complex in

case of adherent growing cells, where cell detachment is a challenging issue.
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Application of trypsin as a standard method results in cell membrane damage and
leakage of metabolites (Danielsson, Moritz et al. 2010). Furthermore, the appropriate
selection of extraction solvents creates difficulties concerning their selectivity towards
certain molecule classes like, e.g. polar solvents badly extract lipids. Thus, all of those
factors have influence on the variance in the parameters of interest and therefore are
fundamental considerations for each experimental design using cell culture for

metabolomics study (Cuperlovic-Culf, Barnett et al. 2010).

1.4 Aim of the thesis

The overarching aim of this thesis was to extend the knowledge in the research area of
complex diseases like cancer and obesity by studying metabolic pathways affected
during apoptosis and adipogenesis, which are crucial cellular processes in the
pathogenesis of referred diseases. To reach the aim, a specific assay for studying
metabolomics in cell culture should be developed in the first step. Subsequently, the
assay should be used to analyze the metabolic patterns of apoptotic cancer cell lines to
determine novel biomarkers of apoptosis. In another aim, the process of adipogenic cell
differentiation should be examined by combining metabolomic and transcriptomic
techniques to find characteristically regulated metabolic pathways, which may lead to
understanding of an interplay between adipogenesis, obesity and its co-mortalities and
facilitate their prevention. A more detailed description of the single aims is given in the
following text.

1.4.1 Development of protocols for metabolite measurements in

adherently growing cells

Although sample preparation is crucial for metabolomics, little is known about the
processing of adherently growing cells for the study of small molecules composition with
LC/MS techniques. The main objective of this part of the work was therefore to develop
and standardize an affordable system for studying metabolomics in adherently growing
cells. The harvesting and extraction protocols should be developed and optimized to be
compatible with two different targeted metabolomics assays, the newborn screen (NBS)
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assay of Chromsystems and the Absolute IDQ kit assays of Biocrates. Both, the NBS
assay, originally used in diagnostics for metabolite measurements in blood spots
samples (Rashed, Bucknall et al. 1997, Baumgartner, Bohm et al. 2004), as well as the
Absolute IDQ p180 kit, up to now used for metabolites measurement in human bodily
fluids and tissues (Gieger, Geistlinger et al. 2008, Romisch-Margl, Prehn et al. 2012),
should be applied on cell culture samples.

1.4.2 Metabolic biomarkers of apoptotic cancer cell lines

Considering the mortality rate caused by cancer and the poor records of drugs in clinical
development (Kamb, Wee et al. 2006), the evaluation of novel diagnostic tools for drug
screening in cell culture, based on metabolomics, should be investigated. Because
programed cell death is one of the frequent targets in cancer therapies, the main goal of
this project was to determine novel biomarkers of apoptosis using robust analytical
assays to facilitate cancer diagnostic and drug treatment monitoring. To find metabolic
alterations indicative for apoptosis, known pro-apoptotic drugs (staurosporine, etoposide
and 5-fluorouracil), commonly used in cancer therapies, should be applied to induce
apoptosis in different cell lines. Changes in small molecules levels should be monitored
with the NBS assay.

1.4.3 Adipogenesis “pathfinding” - first step toward novel

biomarkers in development of obesity

Up to now, obesity is diagnosed post factum, when the patient's body mass index is
already higher than 30 kg/m?. Development and adipogenesis progression cannot be
monitored with present technologies. Therefore, to prevent overweight, biomarkers
indicating obesity risk already at an early stage are desired. This part of the study aimed
to examine adipogenesis processes in a cell culture model by applying metabolomics
and transcriptomics as analysis tools. Combining the data of both omics technologies
in the data evaluation should lead to new findings on adipogenesis pathways

and finally to identification of biomarker candidates for patients with obesity risk.
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2 MATERIALS AND METHODS

2.1 Chemicals and reagents

0.5% Trypsin EDTA

GIBCO Invitrogen

3-Isobutyl-1methylxanthine (IBMX)

Sigma

5-Fluorouracil

Sigma

Agarose Biozym Scientific
DAPI Sigma
Dexamethasone Sigma
DMEM High Glucose (4.5 g/L) PAA
Ethanol Merck
Ethylenediaminetetraacetic acid (EDTA) Promega
Etoposide Sigma
Fetal Bovine Serum (FBS) PAA
Formaldehyde 37% Sigma
Glycerol Applichem
Insulin Sigma
Isopropanol Merck
Methanol Merck
MgClI2 Roth
Milchpulver Roth
MilliQ H20 Millipore
Oil Red O Sigma
Penicillin/Streptomycin GibcoBRL

Power SYBR Green PCR Mastermix

Applied Biosystems

RPMI

PAA

SDS

Serva
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Staurosporine Sigma
TEMED Sigma
Thiazolylblau (MTT) Roth

Tris AppliChem
2.2 Kits

5500 MassChro® (NBS assay)

Chromsystems

Absolute IDQ P150 & P180

Biocrates Life Science AG

Caspase 3/7 Promega
Expression BeadChip MouseRef-8 v2.0 lllumina
First strand cDNA synthesis Fermentas
RNeasy Mini kit Qiagen
2.3 Equipment

API 4000 Qtrap AB Sciex
Filter paper Whatman
10% TGX Precast gel Bio-Rad
BioVision gel documentation system PeglLab
Cell scraper Sarstedt
Centrifuge Rotolavit
CO2 incubator SANYO
Cryolys, cooling system PeqLab
DGU-20A3 degasser Shimadzu
DGU-20A5 degasser Shimadzu
FCV-12AH switching valve Shimadzu

Fusion FX7
GENiosPro plate reader

VilberLourmat
Tecan
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Hamilton ML Star robotics system Hamilton Bonaduz AG
HiScan reader [llumina

Horizontal electrophoresis system Bio-Rad

Laminar flow safety cabinet Microflow

Microscope Axiovert 40 CFL Zeiss

Mini PROTEAN Il electrophoresis cell Bio-Rad

NanoDrop ND-1000 spectrophotometer PegLab

Plate reader SAFIRE I Tecan

Plate Rotors Centrifuge Rotana 46 RSC Hettich

Precell lysing kit glass VK01 PegLab

Precell lysing kit glass/ceramic SK38 PegLab

Precellys24 homogenizer PegLab

SIL-20AC autosampler Shimadzu

TagMan 7900HT cycler Applied Biosystems
Trans-Blot SD - Semi Dry Transfer Cell Bio-Rad

Ultravap nitrogen evaporator Porvair Sciences
Uniequip speed-vac Laborgeratebau Martinsried
UV/Vis spectrophotometer DU530 Beckman Coulter

2.4 Cell culture

All cultured cells were grown at 37°C and 5% CO, in a humidified atmosphere in
SANYO Electric Biomedical incubators. All laboratory works involving cell cultures was
performed in a laminar flow safety cabinet. HEK 293 (human embryonic kidney) and
HepG2 (human hepatocellular carcinoma) cells purchased from the German collection of
microorganisms and cell culture (DSMZ), and 3T3-L1 (murine preadipocytes) from the
American Type Culture Collection (ATCC) were grown in DMEM medium supplemented
with 10% fetal bovine serum (FBS), 100 IU / mL penicillin and 100 pg / mL streptomycin.
Human prostate adenocarcinoma PC3 (DSMZ) and human breast adenocarcinoma
MCF7 cells (kindly provided by Dr. T. Penning, Department of Pharmacology, University
of Pennsylvania, Philadelphia, USA) were cultivated in growth medium RPMI 1640
supplemented with 10% fetal bovine serum (FBS), 100 IU / mL penicillin and
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100 pg / mL streptomycin. Cells sub-cultured not higher than passage 12 were used for

all experiments.

2.5 Preparation of cell culture samples for mass

spectrometry (MS)

2.5.1 Cell preparation for new born screening assay

HEK 293, HepG2, PC3 and MCF7 cells were seeded at a density of 2x10° cells/ well in
12-well plates. Adherent cells were washed twice with phosphate-buffered saline (PBS)
and scraped off the plate wells (floating cells were collected from medium by
centrifugation and washed as well twice with PBS. For quenching and metabolite
extraction combined cells were mixed with 300 pL of 20% MetOH at -20 °C, pipetted into
4 °C precooled vials containing glass beads (Precellys) and homogenized three times
for 20 s at 5500rpm with the homogenizer Precellys24 (PeqgLab) at 4 °C. Procedures for
metabolite extraction from tissue samples were previously described (Rémisch-Margl,
Prehn et al. 2012). Homogenized samples were further centrifuged for 10 min at 10 °C
at 18,000 x g and the supernatants were used for determination of metabolite

composition with the Newborn Screen (NBS) assay (see subsection 2.6.1)

2.5.2 Cell preparation for Absolute IDQ assay

The Absolute IDQ assay (Biocrates AG) was used for both: optimization of protocols for
metabolite measurements in cultured cells (p150) and metabolomics studies of
adipogenesis (p180). The optimization of protocols was carried out after cells were
seeded at a density of 1x10° cells/ well in 6-well plates, grown for indicated periods and
harvested by trypsinization or scraping off the plate wells.

Trypsinized cells: after growth medium was removed from the well, cells were washed
twice with PBS and incubated for 1 min with 0.5 mL trypsin / well at 37 °C. Detached
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cells were resuspended in 1.5 mL of growth medium and centrifuged. The supernatant
was removed and cell pellet was washed twice with 2 mL PBS. After PBS was aspirated,
the cell pellet was mixed with 350 pL of ice-cold extraction solvents (water or 40%
MeOH or 80% MeOH). Extraction and homogenization procedures were carry out in
homogenizer Precellys24 (PeqglLab) at 4 °C (cells homogenized three times for 20 s at
5500 rpm) after cells were placed into precooled vials containing glass - ceramic beads
(Precellys). Homogenized samples were further centrifuged for 10 min at 10 °C at
18,000 x g and the supernatant was used for determination of metabolite composition

with Absolute IDQ assay (see subsection 2.6.2).

Scraped cells: after growth medium was removed from the well, cells were washed twice
with PBS. The PBS was aspirated and cells were scraped of the well with 350 pL of ice
cold extraction solvent (water or 40% MeOH or 80% MeOH) and transferred into
precooled vials containing glass - ceramic beads (Peglab). Extraction and

homogenization procedure was performed like in case of trypsinized cells.

Metabolomics studies of adipogenesis were performed after cells were seeded at a
density of 0.8x10° cells/ well in 6-well plates in 2 mL medium and grown for indicated
periods. Cell quenching and extraction was performed subsequently by cell scrapping
with 350 pL of 80% MeOH (at -20 °C) after conditioned medium was removed and cells
were washed twice with PBS buffer (37 °C). The suspension was transferred into
precooled vials containing glass - ceramic beads (Peglab) and were subsequently
extracted and homogenized in homogenizer Precellys24 (PeqgLab) at 4 °C (cells
homogenized three times for 20 s at 5500 rpm). After homogenization samples were
centrifuged for 10 min at 10 °C at 18,000 x g and the supernatant was used for
determination of metabolite composition with Absolute IDQ assay (see subsection
2.6.2).
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2.6 Implementation of mass spectrometry-based methods

for cell culture

2.6.1 Adaptation of newborn screening assay for cell culture

The Newborn screening (NBS) assay kit from Chromsystems, developed for the
quantification of 42 metabolites (amino acids and acylcarnitines) from blood samples
was adapted for cell culture approaches. The optimization procedures were performed
using cell culture growth medium DMEM, for which amino acid concentrations were
declared by manufacturer. In the first experiment, according to the standard NBS assay
procedure, 1 mL of DMEM was spotted onto filter paper (Whatman 10538018) and left
until dry. Disks with diameter of 3 mm (corresponds to about 3.5 puL of sample) were cut
out of the spot center and placed into 96 well plate cavities. In simultaneous experiment,
blank filter paper disks (with diameter of 3 mm) were placed into the 96 well plates. 3.5
puL of DMEM samples were applied directly onto the blank filter papers and left until dry.
Monitoring of metabolite composition in cell extracts was performed with the NBS assay
after 3.5 pL of the extracts (prepared as described in subsection 2.5.1) were applied
onto blank filter paper spots in 96 well plates as previously described. This procedure is
already published (Halama, Moller et al. 2011).

Metabolite detection was performed according to the 5500 MassChro® (NBS assay)
instructions. Briefly, the dried filter paper spots were extracted for 20 minutes with 200
uL MeOH containing isotopically labeled amino acids and acylcarnitines as internal
standards. The extraction solvent was evaporated at 60 °C and samples were
derivatized for 18 minutes at 72 °C with 60 pL of derivatization reagent. The
reconstitution solvent (100 pL) was added, after evaporation of derivatization reagent,
and mixed with samples for 10 minutes at room temperature (RT). The concentration of
amino acids and acylcarnitines was measured using FIA - MS/MS on a 4000 QTRAP,
(AB Sciex). The reconstituted samples were directly injected (10 pL) using flow injection
analysis (FIA) into the mass spectrometer and 42 metabolites were assayed in total

analysis time of 1.7 min per sample. Derivatized amino acids were assayed by neutral
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loss scan. Other amino acids include glycine, ornithine, arginine and citrulline were
detected by multiple reaction monitoring (MRM) and the carnitines by precursor ion (m/z
= 85+) scan. All metabolites were analyzed in positive ion mode. Data evaluation was
performed with ChemoView software (AB Sciex). Concentration of metabolites in cell

extracts is given in pM.

2.6.2 Absolute IDQ assay for metabolite measurements in cells

Adaptation of the Absolute IDQ assay, originally developed for metabolite
measurements in human plasma (Griffin and Kauppinen 2007, Altmaier, Ramsay et al.
2008, Bogumil, Koal et al. 2008), for metabolite measurements in cells was performed
by applying different volumes (20 pL, 40 pL and 60 pL) of 3T3-L1 cell extracts (prepared
as described in subsection 2.5.2) into a Absolute IDQ p150 kit plate.

Metabolite alteration during adipogenesis was monitored with Absolute IDQ p180 after
application of 20 pL of cell extracts (obtained after 80% MeOH extraction) or 10 pL of
conditioned medium onto the kit plate. Sample preparation and metabolite detection was
performed according to the Absolute IDQ assay kit instructions (Biocrates AG) as
previously described (Romisch-Margl, Prehn et al. 2012). Briefly, samples (cellular
extracts and conditioned medium) were manually pipetted onto the kit plate and the all
further steps including: a) sample drying under a nitrogen stream, b) amino acid
derivatization with derivatization reagent contain 5% phenylisothiocyanate (PITC), c)
second sample drying under a nitrogen stream, d) metabolite and internal standards
extraction using 5mM ammonium acetate in methanol, e) filtration by centrifugation, and
f) dilution with running solvent were performed on a Hamilton ML Star robotics system
(Hamilton Bonaduz AG). Metabolite detection was performed by FIA — MS/MS (for
carnitines and lipids) and LC — MS/MS (for amino acid and biogenic amines) on an API
4000 (AB Sciex). Data evaluation was performed with MetIDQ software package
(integral part of the Absolute IDQ assay). The intracellular and conditioned medium
metabolite concentrations are given in uM. The Absolute IDQ p180 assay enables the
detection of 186 metabolites including: 40 acylcarnitines (free carnitine — CO and

acylcarnitines — Cx:y), 21 amino acids, 19 biogenic amines, 90 glycerophospholipids
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including lysophosphatidylcholines (LysoPC a Cx:y) and phosphatidylcholines with acyl
(PC aa Cx:y) or ether (PC.ae.Cx:y) side chain, 1 hexose (sum of hexoses — H1) and 15
sphingolipids (SM.Cx:y). As previously described (Rémisch-Margl, Prehn et al. 2012),
the nomenclature used for lipid metabolites refers to the Lipid Maps comprehensive
classification system (Fahy, Sud et al. 2007). This method enables only the detection of
the total carbon number of the fatty acid chains in case of LysoPCs and PCs without the
information regarding the exact side chain composition, chain saturation, substitutions,
or region- and stereochemistry. The nomenclature for lipids is as follows: Cx:y, where “x”
denotes the number of carbons (C) and “y” represents the number of double bonds

(ROmisch-Margl, Prehn et al. 2012).

2.7 Studies on apoptosis

2.7.1 Stimulation of apoptosis or necrosis

HEK293, HepG2, MCF7 and PC3 cells were seeded at a density of 2x10° cells / well in
12-well plate in ImL medium for examinations of apoptosis on the metabolite level (see
2.7.4) and at 0.2x10° cell / well in 96 well plate in 100 uL medium for MTT assays (see
2.7.2) and Caspase 3/7 assays (see 2.7.3). Apoptosis or necrosis was induced 24 hours
after cells were seeded at a confluence of the cells of ~80 %. Apoptosis was induced by
replacement of growth medium for fresh one containing pro-apoptotic agent:
staurosporine (4 or 2 pM) in all used cell lines and etoposide or 5-fluorouracil “5-Fu
experiment” (100 and 500 uM) in HEK293 and HepG2. The whole experimental setups
(containing control, vehicle treated, apoptotic and necrotic cells) were nominated
according to pro-apoptotic agents: staurosporine - “stauro experiment”, etoposide - “eto
experiment” and 5-fluorouracil - “5-Fu experiment”. In the stauro experiment necrosis
was induced by cell heating on a hot plate for 20 min at 57 °C after medium replacement
for fresh growth medium. The necrosis in the eto and 5-Fu experiments was induced by
cell heating on a hot plate for 20 min at 57 °C after medium replacement for fresh growth
medium containing DMSO (vehicle). The control group for apoptotic cells was treated

with fresh growth medium containing DMSO (vehicle) in all experimental setups. All cells
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belonging to the stauro experiment were incubated for 4, 12 and 24 hours after each
treatment. Cell belongs to the eto or 5-Fu experiments were incubated for 18, 24, 48 and
72h after treatment in all cases. After incubation times cells were harvested and stored

at -80 °C until use or further processed according the subsequent analyzes.

2.7.2 Determination of cell viability my MTT assay

Cell viability was monitored by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay based on the absorbance measurements after reduction of MTT (yellow
tetrazole) into purple formazan in the living cells (Mosmann 1983, Liu, Peterson et al.
1997). The MTT assay was performed in 96 well plates format on treated cells
(apoptotic, necrotic and control). Cells were incubated with 10 puL of MTT dissolved in
PBS buffer (5 mg /mL) for 2 h at 37 °C. After the incubation time medium was
completely removed and samples were frozen at - 80 °C for at least 1h. Plates were
removed from the freezer, thawed and to each well 100 yL of DMSO was added.
Samples were incubated for another 40 min at RT under constant shaking to dissolve
the formazan crystals. Optical absorbance was measured at 590 nm (reference
wavelength 630) using a GENiosPro plate reader (Tecan). Cell viability was expressed
relative to the MTT value for untreated cells (in stauro experiment) or DMSO (vehicle)

treated cells (in eto and 5-Fu experiments) which were taken as 100% viability.

2.7.3 Apoptosis detection by Caspase 3/7 assay

Apoptosis was determined by the measurement of caspase 3 and 7 activity, enzymes
primarily involved in apoptosis, using Caspase-Glo 3/7 assay (Promega). The activity of
caspase 3/7 was detected in cells grown in 96 well plates after complex treatment
described in chapter 2.7.1. To each well 100 puL of Caspase-Glo reagent was added
(according to manufacturer’s instruction) and samples were incubated for 30 minutes at
RT under constant shaking. Luminescence, being directly proportional to the caspase
activity, was measured using a GENiosPro plate reader (Tecan). Data were normalized
to the caspase 3/7 activity of non-treated (in case of stauro experiments) or DMSO
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treated (in case of eto or 5-Fu experiments) cells taken as controls.

2.7.4 Metabolite detection

Amino acid and acylcarnitine concentrations of intracellular extracts from apoptotic,
necrotic and control (untreated or DMSO treated) cells were performed with the NBS
assay (see 2.6.1). Cells were grown in 12 well plates and after complex treatment cells
were harvested according to procedure described in chapter 2.5.1. Briefly, cells were
washed with PBS, scraped off the plate, mixed with 350 pL of 20% MeOH and
homogenized with Precellys24 homogenizator. After centrifugation cell extracts were
applied onto blank filter paper placed in 96 well plates and the procedure according to
the NBS assay (Chromsystems) was performed (for detailed description see 2.6.1
section). For direct comparison metabolite concentrations were normalized to the cell
number (4x10°) (in case of stauro experiment) or total protein concentration (in case of
eto or 5-Fu experiments) which were determined in a parallel assay. To determine the
cell number, cells were cultivated and treated as for the metabolite analysis experiment
but harvested by trypsinization and counted with a counting chamber under the
microscope. To determine total protein concentration cells were scraped off the wells
with 300 pL of lysis buffer (Cell Signaling) contain protease and phosphatase inhibitor.
Total protein concentration was assayed by the Pierce BCA protein assay kit (Thermo
Scientific) according to the manufacturer’'s protocol using bovine serum albumin as
standard. Briefly, 50 pL of cell lysate or 50 pL of standard solution (BSA - bovine serum
albumin) was transferred into a 96-well and incubated for 30 min at 37 °C with kit
working solution containing bicinchoninic acid. Optical absorbance was determined at

562 nm (reference wavelength 590) using SAFIRE Il plate reader (Tecan).

2.8 Studies on adipogenesis

2.8.1 Stimulation of adipogenesis

Stimulation of adipogenesis was performed with the mouse cell line 3T3-L1 in three
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independent experiments. Adipogenesis was monitored at 8 different time points by
several tools including Oil Red O assay, DAPI staining, microarray based gene
expression analysis, qPCR, metabolite measurements and Western blot. The numbers

in Figure 5 reflect the 22 days of the experimental procedure.

Cells were seeded
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Figure 5 Stimulation of adipogenesis in the cell line, 3T3-L1. Cells were seeded 4 days
before the first harvesting. Numbers indicate the day of cell differentiation. Black numbers
indicate days at which cells were collected. White numbers indicate days on which no cells were
harvested. Colors of numbered boxes represent stages of adipogenesis: dark blue -
preadipocytes, light blue — post-confluent preadipocytes, yellow — differentiation and orange -
maturation. Medium was changed every second day (indicated by stars): blue star - regular
growth medium (DMEM); yellow star - differentiation medium; orange star - maturation medium

Black numbers indicate days at which harvesting was performed. Colored background of
the numbers reflect different stages of adipogenic cell differentiation: dark blue —
preadipocytes (day -4 to -2) seeded four days before first harvesting; light blue — cells in
post-confluence phase (day 0); yellow — cells in differentiation stage (day two to four);
orange — maturation stage (days from 6 to 18). Stars above numbers represent points at
which medium was changed (every 48h (2 days)) and the different medium composition
are indicated in colors: blue — standard growth medium (DMEM), yellow - differentiation
medium: DMEM containing dexamethasone (1 uM), 3-Isobutyl-1-methylxanthine (IBMX;
0.5 mM) and insulin (10 mg/mL) added at day zero, and orange — maturation medium:
DMEM containing 10 mg/mL of insulin added at day four. For each experiment and
harvesting time point four 6-well plates were prepared and cells were seeded in 2 mL of
DMEM growth medium at a density of 0.8 x 10° cells /well (at day -4). Metabolomics
studies (2.6.2) and DAPI staining (2.8.3) were performed out of three single wells, and
Oil Red O assay out of two single wells. Cells for protein analysis (total protein; for
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Western blotting) and RNA analysis (quantitative PCR) were collected from two double
wells and three double wells respectively. Gene expression profiling assays (2.8.6) were
performed with RNA isolated from the whole plate (6 wells). All assays were performed

in three independent experiments.

2.8.2 Oil Red O assay - examination of lipid droplet accumulation

The cytoplasmic accumulation of lipid droplets was determined in 3T3-L1 cells,
cultivated as describe above, at each harvesting day (day O, 2 4, 6, 8, 10, 14 and18)
with Oil Red O dye. The Oil Red O working solution was prepared directly before
staining by mixing 6 parts of Oil Red O stock solution (8.58 mM in isopropanol) with 4
parts of water. Before staining, medium was completely removed and cells were
incubated with 3 mL of 10% formaldehyde in PBS for 5 min at RT. The formaldehyde
was then replaced by 3 mL of fresh 10% formaldehyde and cells were incubated at least
1 h (covered with parafilm and aluminum foil cells can even be incubated for a couple of
days). Formalin was completely removed and cells were washed with 3 mL of 60%
isopropanol. Oil Red O working solution (1 mL) was added to the dried wells (after
isopropanol was removed and evaporate) and cells were incubated for 10 min at RT.
The Oil Red O solution was removed and wells were washed 4 times with ddH,0, to
eliminate traces of staining solution. Lipid droplet accumulation was assessed by
microscopic inspection (Axiovert, Zeiss) and each well was photographed 3 times. For
guantification, water was completely removed and the Oil Red O was extracted by
addition of 3.5 mL of 100% isopropanol. Samples were incubated for 10 min at RT by
constant shaking and 1 mL of samples were transferred into a cuvette. Optical density
was determined at 520 nm using the spectrophotometer DU 530 (Beckman, Coulter).
100% isopropanol was used as blank.

2.8.3 DAPI staining — determination of cell proliferation during

adipogenesis

The number of cells at different stages of adipogenesis was monitored by cell imaging
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after the nuclei were stained with DAPI. At each day of harvesting, after medium was
completely removed, cells were washed with 2 mL of PBS and incubated with 1 mL of
ice-cold methanol for 10 min at RT. After removal of methanol cells were washed twice
with 2 mL of PBS and incubated in darkness for 5 minutes at RT with 0.5 mL of DAPI
(5.7 uM) dissolved in methanol. DAPI was removed and samples were washed three
times with ddH,O to eliminate staining traces. Stained cellular nuclei were viewed in a
microscope and four photos of different well areas were taken (tiff. format). Cells were
counted using ImageJ, a free public domain Java program for image processing and

analysis.

Transcriptional analysis of adipogenesis

2.8.3.1 Cell preparation and RNA isolation

Cell harvesting for gene expression profiling and gPCR was performed according to the
following steps: conditioned medium was removed and cells were washed twice with
PBS, to each well Trizol (0.5 mL/well) was added and cells were scraped off the well.
Samples were placed into the Eppendorf tubes and stored at — 80 °C until further
processing. For gene expression analysis cells were collected out of 6 wells and for
gPCR out of two wells pro sample. The RNA isolation was performed with RNeasy Midi
Kit (Qiagen) following the manufacturer's protocol. Briefly, samples were thawed,
vortexed for 15 sec and to each tube 0.2 mL of chloroform per 1 mL of Trizol were
added. The chloroform/Trizol samples were mixed for 15 sec and incubated for 3 min at
RT. The colorless upper agueous phase, obtain after 15 min centrifugation at 4 °C, 4500
rpm, was transferred into a new tube and mixed with the same volume of 100% ethanol.
Samples were applied onto an RNeasy midi column and centrifuged 5 min at RT. Upon
flow-throw removal 2 mL of RW1 buffer was added, centrifuged and digestion of DNA
(on column) was carry out by incubation with 160 pL of DNase for 10 min at RT. After
DNA digestion samples were incubated with 2 mL of RW1 buffer at RT for 5 minutes.
After centrifugation flow-throw was removed and RPI buffer (2.5 mL) was placed on the
column and samples were centrifuged. The column was transferred onto a new

collection tube and RNA was collected after elution with 150 pL of RNase-free water
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from the column. Concentration and quality of RNA was determined by using NanoDrop
ND-1000 spectrometer (PeglLab) after pipetting 1.6 uL of RNA (in RNase-free water) into
the spectrometer. The spectrophotometer was blanked using RNase-free water and the
concentration was determined at 260 nm wavelength (1 OD at 260 nm is equal to 40 ug
RNA /mL). The quality and purity was determined by Azso/280 ratio analysis. Absorption at
280 indicates protein contamination and a ratio 260/280 of ~2 indicates pure RNA.

2.8.3.2 Gel electrophoresis — RNA quality and purity

The quality and purity of RNA samples prepared for gene expression analysis were
additionally examined on denaturing agarose gels and ethidium bromide staining. Gel
preparation: 55 mg of agarose was dissolved in a mixture of DEPC-H,O (50 ml) and 10x
MESA-Buffer (5.5 ml), boiled until clear solution was obtained. Formaldehyde (1 mL)
and 0.2 pL of ethidium bromide were added (after cooling to ~60°C) and mixture was
poured into a gel slide. The solidified gel was placed into the electrophoresis chamber
and samples prepared by mixing of 1 pL of isolated RNA with 2.5 pL of loading buffer
(RNA Sample Loading Buffer, without ethidium bromide, Sigma) were loaded. RNA was
separated by electrophoresis at constant electric field at 100 V for 30 min and
documentation was performed with Vilber Lourmat Bio-Vision apparatus.

2.8.3.3 cDNA synthesis and Quantitative Real-Time PCR

Synthesis of cDNA, required as template for DNA polymerase, was performed from all
samples by using the First Strand cDNA Synthesis Kit (Thermo Scientific) following the
manufacturer’s protocol. Briefly, total RNA was reverse transcribed from 1ug of RNA in a
final reaction volume of 20 pL using oligo( dT)g primer (included in kit). With the cDNA
templates gPCR was performed in 384-well plate format. The gPCR reaction in 20 pL
volume / well includes: 10 pL of SYBER green PCR master MIX (Applied Biosystems), 6
uL of water, 2 uL of primers pair of gene of interest or housekeeping gene (forward (1
puL) and reverse (1 pL) primer) and 2 pL of cDNA (1/10 diluted). In case of control wells

2 uL of water were added instead cDNA. Amplification and quantification of PPARy was
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performed wusing primers previously described (Fu, Luo et al. 2005). All
other primers  were designed by  using free  software Primer3

(http://biotools.umassmed.edu/bioapps/primer3_www.cgi) according to parameters

presented in Table 2. Primers used in this study were purchased from Metabion and are
listed in Table 3. Real-time polymerase chain amplification was performed in triplicates
in two independent experiments with a standard protocol presented in

Table 4, the target and housekeeping genes were always placed onto the same plate.
gPCR reaction was conducted by using a TagMan 7900HT cycler equipped with SDS2.3

software (Applied Biosystems).

Table 2 Parameters provided for primer pars designh with Primer3 software * “X” denotes
exon-intron boundary; number after comma (20) indicate region of 10 bp forward and 10 bp
rearward the boundary which are included into amplification product.

Mispriming library Rodent
Targets X,20*
Product size 120 - 220
Max 3' stability 7

Max mispriming 10

Pair max mispriming 20
Primer size [bp] 18 - 20
Primer melting temperature [Tm] [°C] 58 - 61
Max Tm difference 15
Primer GC content [%] 45 - 55
Max self complementarity 6

Max 3' self complementarity 2
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Table 3 Primers for qPCR. Listed genes were amplified and quantified from 3T3-L1 cells at
different days of adipogenesis.

mAUH_215_for GGTGCTCGGGATTAACAGAG
AUH mMAUH_423_rev TGGAGACAAAGGGACCAACT 58
mC/EBPB_762_for GACAAGCTGAGCGACGAGTA 60
SEE mC/EBPB _919_rev AGCTGCTCCACCTTCTTCTG 60
mC/EBPa_962_for TGGACAAGAACAGCAACGAGTA 60
C/EBPa mC/EBPa _1082_rev GTCAACTCCAGCACCTTCTGT 61
mCHPT1_ 510_for TTTATGTGCCCTGGGACTCT 58
CRPTL cH PT1_726_rev CATGAACATCCCAACGAAAG 56
mELOVL1_139 _for TGGAGGCTGTTGTGAACTTG 58
SLOVLL mELOVL1_300_rev GCTTCCGATTAGCCATGATT 56
mELOVL3_133_for CCCTACCCCAAGCTCTGTAA 60
FLOVES mMELOVL3_349 rev CGCGTTCTCATGTAGGTCTG 60
mELOVL4_309_for GATGTCCACGGCATTCAAC 57
SLOVL MELOVL4_452_rev AGCCACACGAACAGGAGATAG 61
mELOVL5_175_for GAACATTTCGATGCGTCACT 56
SLOVLS MELOVL5_363_rev GATGCCTCGGCAAGAGAA 56
mHMGCR_426_for GGTATTGCTGGCCTCTTCAC 60
HMGER mMHMGCR_562_rev CTCGCTCTAGAAAGGTCAATCA 60
mIPO8_2267_for CAGCAGGATTGCTTCGAGTA 58
P8 mIPO8_2434_rev AGCATAGCACTCGGCATCTT 58
MMCEE_457_for CATCCACTGGGGAGTGATAGT 61
MCEE MMCEE_648_rev GGGATGGAGGAAAATCACAG 58
mMUT_377_for ATTCACACGGGGACCATATC 58
MUT mMUT_570_rev CACGAACTCTGGGGTTGTCT 60
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mMVD_37_for GGGACTCCAGCATCTCAGTTA 61
MVD mMVD_253_rev ATGCGGTCCTCTGTGAAGTC 60
mPCCb_284_for CATGGAGAGCGACATGTTTG 60
Peco mPCCb_ 492_rev TGGCCTGGTCCATGATTT 60
mPPARYy_for TTTTCAAGGGTGCCAGTTT 53
A mPPARYy._rev AATCCTTGGCCCTCTGAGAT 58

Table 4 The amplification protocol schema

Denaturation
Annealing 60 1 1
Amplification 95 0:15 39
Melting curve program 95 0:15 1
60 0:15
95 0:15

Quantification of MRNA expression was performed with a sequence - detection system
of the SDS2.3 software (Applied Biosystems). Relative gene expression was calculated
using the comparative 2 ~ “2D method (Livak and Schmittgen 2001) normalized to the
IPO8 (importin 8) housekeeping gene and the gene expression of samples at day zero
of adipogenic cell differentiation.

2.8.4 Analysis of adipogenesis by Western Blot

2.8.4.1 Total protein extraction from 3T3-L1 cell line
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Growth medium was removed, cells were washed with ice-cold PBS buffer (2 mL) and
scraped off the well with 300 pL of lysis buffer (Cell signaling) supplemented with
protease and phosphatase inhibitors (Roche) as well as phenylmethanesulfonylfluoride
(PMSF), a serine protease inhibitor. Samples were transferred into 1.5 mL Eppendorf
tubes and immediately frozen in liquid nitrogen. Freeze-thaw cycles were repeated 3
times. The samples were always thawed on ice and frozen in liquid nitrogen. Afterwards,
samples were incubated with nuclease (Benzonase, Sigma) for 30 min at RT to reduce
sample viscosity. Protein denaturation was performed by incubation with 4x Laemmli
buffer at 95 °C for 10 min.

2.8.4.2 SDS-PAGE and protein transfer

Denatured proteins (20 pL) and a protein marker sample (Thermo Scientific) were
loaded onto a SDS-PAGE (sodium dodecylsulfate poly acrylamide gel electrophoresis)
ready gel (Bio-Rad) and separated in a constant electric field (50 mA) in a Miniprotean Il
apparatus (Bio-Rad). After separation gel was equilibrated for 10 min at RT in blotting
buffer (containing 48 mM Tris, 33mM Tricin, 1.3 mM SDS (10%) and 20% MeOH). A
polyvinylidene difluoride (PVDF) membrane (Millipore) was activated by incubation with
100% MeOH for 30 sec. The PVDF membrane and Whatman-filter papers were further
soaked in blotting buffer. Protein transfer was performed in a Trans-Blot SD-Transfer
Cell (Bio-Rad) after a “blot sandwich” was built in the following order: anode - 2 pieces
of filter paper, PVDF membrane, gel, 2 pieces of filter paper < cathode. Proteins from
gel were electrophoretically transferred to the PVDF membrane by the application of 85
mA for 1 h. The membrane was blocked in 5 % milk solution (dissolved in T-PBS: PBS
buffer containing 0.5 % of polysorbate 20 (Tween 20)) for 1 h, washed three times with
T-PBS and incubated with the first antibody (diluted in 0.5 % milk solution) overnight at 4
°C. The membrane was washed three times for 10 min with T-PBS and incubated for 1h
at RT with the secondary antibody (horseradish peroxidase coupled, diluted in 0.5% milk
solution). All primary and secondary antibodies are listed in Table 5. Protein band
detection was performed by enhanced chemiluminescence (ECL) method using the

SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific), which is a
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substrate for the horseradish peroxidase (coupled to the second antibody). The
membrane was washed three times with T-PBS and incubated with 2 mL of solution
containing the chemiluminescent substrate for 5 min at RT. Excessive substrate was
removed and membranes were exposed to X-ray films (Kodak) or images were captured

using the Fusion FX7 apparatus (Vilber Lourmat).

Table 5 Antibodies used in this study.

C/EBP a rabbit polyclonal IgG 1:500 Santa Cruz (Sc-61)

% C/EBP 3 rabbit polyclonal IgG 1:500 Santa Cruz (Sc-150)
E PPAR y mouse monoclonal IgG1 1:500 Santa Cruz (Sc-7273)
= [3-Actin rabbit polyclonal IgG 1:500 Sigma (A2066)

_ HPR-conjugated goat anti rabbit 1:10000 Dianova (115035-068)
_cg HPR-conjugated goat anti rabbit 1:10000 Dianova (115035-068)
§ HRP-conjugated goat anti mice 1:5000 Sigma (A-6154)

N HPR-conjugated goat anti rabbit 1:10000 Dianova (115035-068)

2.8.5 Characterization of adipogenesis by metabolomics

Metabolic alterations occurring during adipogenesis were characterized by using three
different assays from the company Biocrates: the Absolute IDQ p180 kit assay which
was performed in-house in the Helmholtz Zentrum Minchen (see chapter 2.6.2) and two
assays for fatty acids and prostaglandins which were measured by the company
Biocrates in Innsbruck. Cells were prepared according to the description in subsection
2.5.2. Metabolite concentrations were measured in both conditioned medium and cell
homogenates. For normalization cell number was determined in a parallel assay using
ImageJ software after DAPI staining (see 2.8.1). Statistical data analysis was performed
with the metaP server at the Helmholtz Zentrum Munchen
(http;//metabolomics.helmholtz-muenchen.de/metap2/)  providing automated and
standardized data analysis for metabolomics data (Kastenmduller, ROmisch-Margl et al.
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2010) under the supervision of Dr. Gabriele Kastenmiller from the Institute of

Bioinformatics and Systems Biology (IBIS).

2.8.6 Characterization of adipogenesis by transcriptomics

Gene expression profiling experiments were performed under the supervision of Dr.
Marion Horsch from the Institute of Experimental Genetics in the Helmholtz Zentrum
Munchen. Experiments were carried out in three biologically independent replicates
using the lllumina Bead Array Technology with the Illumina Mouse Ref-8 v2.0
Expression BeadChip (lllumina, San Diego, CA, USA). Samples from one experiment
(covering eight different days of adipogenesis) were evaluated on one BeadChip,
targeting approximately 25,600 well-annotated RefSeq transcripts for over 19,100
unique genes and enabling performance of eight samples in parallel. The total RNA
hybridized to the chips was isolation in a procedure described in section 2.8.3.1. Sample
preparation including staining, hybridization and scanning were done according to the
lllumina expression protocol. Briefly, total RNA was reverse transcribed from 500 ng of
RNA (in 11 pL of RNase-free water) into double-strand cDNA using oligo (dT) primer
bearing a T7 promoter. In vitro transcription, performed to synthetize biotin-labeled
cRNA was carried out on purified cDNA. Purified cRNA samples (750 ng in 5 pL of
RNase-free water) were incubated with 10 pL of HYB buffer for 5 min at 65 °C and after
chilling to RT placed onto BeadChip slides. Microarray hybridization was performed in
disposable adhesive hybridization chambers at 58 °C for 16h. After hybridization arrays
were stained with Streptavidin-Cy3 in darkness for 10 minutes on a shaker at medium
speed. Washed and dried slides were scanned on a HiScan reader (lllumina). Data
normalization (quantile algorithm) and background corrections were done with the
lllumina Genomestudio 2011.1. Statistical analysis for the identification of differentially
expressed genes was performed using SAM (Significant Analysis of Microarrays), a tool
included in the TM4 software package (Tusher, Tibshirani et al. 2001, Saeed, Sharov et
al. 2003, Horsch, Schadler et al. 2008). The selection of regulated genes with
reproducible up- or down-regulation includes 0% false positives rate (FDR) in

combination with mean fold changes > 2. Expression data were submitted to the GEO
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database (GSE34150), a public repository that archives and freely distributes high-
throughput gene expression data submitted by the scientific community (Edgar,
Domrachev et al. 2002).

2.9 Pathway analysis

After having met the requirements of the selection criteria differentially expressed genes
were analyzed for their global function as we