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Summary

Glioblastoma is the most malignant primary brain tumor with limited therapeutic options
because standard therapy fails to target the most aggressive subtype of glioblastomas,
glioblastoma stem-like cells (GSCs). GSCs are enriched by epithelial-mesenchymal tran-
sition (EMT) and responsible for tumor initiation, chemoresistance, and tumor relapse.
Substantial progress has been made toward understanding how GSCs drive tumor pro-
gression and therapy resistance, however, whether GSC enrichment is linked to metabolic
reprogramming remains elusive. In this thesis, HR 1H NMR spectroscopy of ex vivo cel-
lular extracts of glioblastoma cultures is used to investigate whether GSC enrichment
is dependent on metabolic reprogramming and cause changes of the tumor’s metabolic
makeup.

In chapter 2.1 we study the effect of glioblastoma culture conditions on the GSC
metabolism. The switch to neurosphere growth dramatically increased the CD133pos

GSC population in culture. Furthermore, GSC enrichment modulated several intracellular
metabolites including choline, creatine, glycine, and myo-inositol that have been previ-
ously identified as potential diagnostic markers in tumors. These findings highlight the
critical influence of the culture condition on GSC enrichment and cellular metabolism.

Chapter 2.2 studies how EMT influences the metabolism of glioblastomas. We ob-
served that the expression of EMT activators is directly linked to aberrant choline
metabolism. EMT increased the expression of choline kinase alpha (CHKα) resulting in
elevated intracellular levels of phosphocholine and total choline derivatives, a metabolic
phenotype associated with malignancy in cancer. Reciprocally, CHKα inhibition sig-
nificantly reduced the invasiveness, clonogenicity, and expression of EMT associated
genes in glioblastoma cells. Moreover, in some cell lines synergetic cytotoxic effects
were observed when combining the standard of care chemotherapeutic temozolomide
with the CHKα inhibitor V-11-0711. Therefore, CHKα is a powerful regulator of EMT in
glioblastoma. This opens the possibility to target chemo-resistant GSCs through impair-
ing their mesenchymal differentiation. Moreover, the newly identified EMT-oncometabolic
network may be helpful to monitor the invasive properties of glioblastomas and surveil
the success of anti-EMT therapy.

In chapter 2.3 we investigate in further detail the metabolic consequence of GSC en-
richment especially focussing on glutamine metabolism. GSCs accumulated known on-
cometabolites, thereby contributing to a more aggressive metabolic phenotype. Further-
more, we could stratify our GSC models into two subtypes based on their relative amount
of glutamine in relationship to glutamate (Gln/Glu). Gln/GluHigh GSCs were resistant to
glutamine deprivation whereas Gln/GluLow GSCs responded with a significant decrease
in their clonogenicity. Cellular growth was sustained in all subtypes even though the cells
showed a complete lack of intracellular glutamine. Therefore, monitoring the Gln/Glu ratio
of glioblastoma has utility in predicting resistance to Gln starvation. Strikingly, growth and
clonogenicity of both GSC subtypes were effectively impaired when pharmacologically
targeting glutaminase (GLS), making GLS inhibition a possible pan-GSC therapy.
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Zusammenfassung

Das Glioblastom ist der bösartigste primäre Hirntumor mit sehr eingeschränkten ther-
apeutischen Optionen. Grund dafür sind hoch aggressive Glioblastom Stammzellen
(GSZs), eine Subpopulation des Tumors, welche nicht durch die Standardtherapie elim-
iniert werden können. GSZs werden durch die epitheliale-mesenchymale Transformation
(EMT) angereichert und sind verantwortlich für die Tumorinitiation, Chemoresistenz und
die Bildung des Rezidivs. In diversen Studien wurde analysiert auf welchem Wege
GSZs die Tumorprogression und Therapieresistenz beeinflussen, allerdings ist nicht
bekannt, inwiefern die Anreicherung von GSZs durch metabolische Reprogrammierung
gefördert wird. In dieser kumulativen Dissertation wurde mit Hilfe von hochauflösender
Protonen Kernspinresonanzspektroskopie (HR 1H-NMR) in ex vivo Zellextrakten von
Glioblastomkulturen untersucht, ob die Anreicherung von GSZs durch metabolische
Reprogrammierung reguliert wird.

Kapitel 2.1 befasst sich mit dem Einfluss der Kulturbedingungen von Glioblastomzellen
auf den Stoffwechsel und die GSZ Population. Wir konnten zeigen, dass die Umstellung
auf das Neurosphärenwachstum zu einer signifikanten Erhöhung von CD133pos GSZs
führt. Darüber hinaus wurde die Anreicherung von GSZs von der Regulation mehrerer
intrazellulär Metaboliten einschließlich Cholin, Kreatin, Glycin und Myo-Inositol begleitet,
welche bereits als potenzielle diagnostische Tumormarker identifiziert werden konnten.
Diese Resultate unterstreichen den kritischen Einfluss der Kulturbedingungen auf die
GSZ-Anreicherung und den Stoffwechsel von Glioblastomzellen.

Kapitel 2.2 untersucht, inwiefern EMT den Metabolismus von Glioblastomzellen bee-
influsst. Die Expression von EMT-Aktivatoren korrelierte direkt mit aberrantem Cholin-
stoffwechsel. Wir beobachteten, dass EMT die Expression von Cholinkinase alpha
(CHKα) fördert, was zu einem erhöhten intrazellulären Spiegel an Phosphocholin und
Gesamtcholinderivaten führte. Dieser metabolische Phänotyp konnte bereits mit Ma-
lignität in verschiedenen Krebserkrankungen korreliert werden. Reziprok führte die
Inhibierung von CHKα zu einer signifikant verminderten Invasivität, Klonogenität und
Expression von EMT assoziierten Genen. Des Weiteren wurden in einigen Zelllinien
synergistische zytotoxische Effekte beobachtet, wenn Glioblastomzellen mit einer Kom-
bination aus dem Standardchemotherapeutikum Temozolomid und dem CHKα Inhibitor
V-11-0711 behandelt wurden. Demzufolge möchten wir CHKα als einen vielversprechen-
den Regulator von EMT im Glioblastom und als möglichen Angriffspunkt in neuen
GSZ-spezifischen Therapien hervorheben. Darüber hinaus ist das neu identifizierte
EMT-onkometabolische Netzwerk ein vielversprechender diagnostischer Marker um
die invasiven Eigenschaften von Glioblastomen und den Erfolg der GSZ-spezifischen
Therapie zu überwachen.

Kapitel 2.3 beschäftigt sich mit den metabolischen Veränderungen, welche durch eine
GSZ-Anreicherung hervorgerufen werden, und legt besonderen Fokus auf den Glutamin-
stoffwechsel. GSZs akkumulierten diverse Onkometabolite und trugen dadurch zu einem
aggressiveren metabolischen Phänotyp bei. Außerdem konnten wir unsere GSZ-Modelle,
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Zusammenfassung

basierend auf ihrer relativen Menge an Glutamin im Verhältnis zu Glutamat (Gln/Glu), in
zwei verschiedene Subtypen unterteilen. Gln/GluHoch GSZs waren resistent gegenüber
Glutaminentzug, wohingegen Gln/GluNiedrig GSZs mit einer signifikanten Abnahme ihrer
Klonogenität reagierten. Trotz Abwesenheit eines intrazellulären Glutaminreservoirs
wurde das Zellwachstum in beiden Subtypen durch den Entzug von extrazellulärem Glu-
tamin nicht beeinträchtigt. Die Überwachung des Gln/Glu-Verhältnisses im Glioblastom
ist demzufolge hilfreich um eine Vorhersage über die Resistenz gegenüber Glutami-
nentzug treffen zu können. Sowohl das Wachstum als auch die Klonogenität beider
GSZ-Subtypen konnten effizient durch pharmakologische Inhibierung von Glutaminase
(GLS) reduziert werden, so dass wir GLS-Inhibierung als eine vielversprechende Pan-
GSZ-Therapie hervorheben möchten.
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1 Introduction

1.1 Tumors of the central nervous system

Central nervous system (CNS) tumors are a highly heterogeneous group of diseases
with prognosis and mortality rate drastically depending on the location, invasiveness, and
structure of the tumor. Primary brain tumors are thought to derive from neuroglial stem or
progenitor cells [1], whereas secondary brain tumors form when metastases from cancers
outside the CNS spread to the brain. Brain metastases are 5-10 times more common than
primary brain tumors [2]. During the development of brain metastases a cancer cell in the
primary organ site undergoes mesenchymal transformation, intravasates into the blood
stream, and is transported to the CNS where it can lay dormant for various lengths of time
before invading the tissue and forming the secondary tumor [2]. The five most common
primary tumors from which brain metastases develop are breast, colorectal, kidney, lung
and melanoma [2]. This work will further focus on the pathophysiology of primary CNS
tumors.

The median age of diagnosis for primary CNS tumors is 59.0 years [3]. However, inci-
dence rates significantly rise with increasing patient age, ranging from 5.54 per 100.000
population in children (age 0-14) to 40.82 per 100.000 population in patients older than
40 [3].

Overall, the most common tumor site inside the CNS is in the meninges (36.8 %).
However, only 1.5 % of malignant but 53.0 % of non-malignant tumors are diagnosed
as meningiomas, making meningioma the most common non-malignant (53.0 %) and the
overall most common (36.8 %) detected histology in the CNS Fig. 1.1 [3]. The second
most detected primary CNS tumors are non-malignant tumors of the pituitary (16.2 %) fol-
lowed by highly-malignant glioblastomas (14.9 %) Fig. 1.1A [3]. Strikingly, glioblastomas
represent 47.1 % of all malignant primary tumors, making them the most common malig-
nant histology in the CNS Fig. 1.1B.

Vast differences in survival rates have been reported for malignant and non-malignant
CNS tumors. The median 5-year survival rate is 90.7 % for non-malignant and 34.9 %
for malignant tumors, ranging from 99.4 % for nerve sheath tumors to 5.5 % for highly
malignant glioblastomas [3]. In general, the survival rate significantly decreases with older
age at diagnosis [3].
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1 Introduction

Figure 1.1: Distribution of malignant and non-malignant tumors of the CNS A. Distribution of primary
CNS tumors by histology grouping and behaviour. B. Distribution of malignant primary CNS tumors by histol-
ogy groupings. The data was aquired from tumors diagnosed in the United States between 2010 and 2014
and analyzed in the CBTRUS Statistical Report 2017 [3]. Modified from Ostrom et al., 2017 [3].

1.2 Gliomas

Gliomas represent 74.6 % of all malignant primary brain tumors in adults and the most
common gliomas are glioblastomas (56.1 %) (Fig. 1.2) [3]. Although the cause of glioma
is unknown, previous exposure to ionizing radiation such as therapeutic radiation (X-rays
or CT scans) could be correlated with glioma diagnosis [4]. Furthermore, several epidemi-
ological studies negatively correlated glioma diagnosis with allergy and atopic diseases
such as eczema, psoriasis, and asthma [5]. Some rare familial syndromes such as type
1 and type 2 neurofibromatosis, Li Fraumeni syndrome, tuberous sclerosis, Turcot syn-
drome, and Cowden syndrome could all be positively correlated with glioma occurrence
[6]. However, more than 90.0 % of gliomas occur in patients without genetic predisposi-
tion, suggesting that unknown environmental factors together with spontaneous genetic
mutations cause gliomagenesis in most patients [3].

The first alarming symptoms reported by glioma patients are neurological deficits
and seizures. Methods for the detection and classification of gliomas include magnetic
resonance imaging (MRI) of the brain with or without contrast enhancement, positron-
emission tomography (PET) using radiotracers for tumor grading and surgical planning
[7], and histological analysis of biopsy samples and resected tumor material for the final
diagnosis [8].

1.2.1 Classification of gliomas

Gliomas are subdivided into three specific histological subtypes, astrocytomas, oligo-
dendrogliomas, and ependymomas, based on morphological similarities to the different
types of neuroglial cells in the brain [1]. Furthermore, they are graded according to the
guidelines of the World Health Organization (WHO) based on the tumor location, differen-
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1.2 Gliomas

tiation pattern and degree of anaplasia [7]. WHO grade I describes benign, slow growing
gliomas, which are well-demarked and rarely evolve into higher-grade lesions [1]. WHO
grade II gliomas are still slow growing but increasingly invasive tumors which are hard
to resect completely [1]. WHO grade III gliomas are rapidly growing and highly invasive
tumors with significant degree of anaplasia, cellular pleomorphism, and worse patient
outcome [1]. WHO grade IV is exclusively reserved for glioblastoma, the most invasive
form of glioma with microvascular proliferation, necrosis, perinecrotic pseudopallisading
of tumor cells, and very poor prognosis for the patient [1].

However, the WHO classification is based on subjective criteria, and therefore imperfect
in its reproducibility and ability to predict individual patient outcome [8]. Therefore, vast

Figure 1.2: Distribution of primary gliomas in the CNS.
Distribution of primary gliomas by their histological subtype.
The data was aquired from tumors diagnosed in the United
States between 2010 and 2014 and analyzed in the CB-
TRUS Statistical Report 2017 [3]. Modified from Ostrom et
al., 2017 [3].

research efforts have focused on the
identification of prognostic biomark-
ers in order to improve glioma classifi-
cation. One of the biomarkers which
were included in the 2016 WHO
Classification of Tumors of the Cen-
tral Nervous System is a mutation
in the enzyme isocitrate dehydroge-
nase (IDH) [7]. IDH mutations have
been found in two-thirds of low-grade
(WHO II and II) gliomas, both as-
trocytomas and oligodendrogliomas,
and most secondary glioblastomas,
but are very rare in primary glioblas-
tomas (<10 %) [9, 10, 11, 12]. Wild-
type IDH catalyzes the oxidative de-
carboxylation of isocitrate to generate
alpha ketoglutarate (α-KG), a TCA cy-
cle intermediate, resulting in the pro-
duction of NADPH from NAD+. On
the contrary, mutant IDH converts α-
KG to (D)-2-hydroxyglutarate (2-HG),
thereby consuming NADPH and causing oxidative stress [1, 9, 11]. Furthermore, 2-HG
inhibits the activity of α-KG-dependent enzymes such as histone demethylases, dioxyge-
nases, and hydrolases [1, 13] , thereby increasing histone methylation and hypermethy-
lation of CpG islands in the DNA. The resulting CpG methylator phenotype is a marker
of IDHR132H gliomas [1, 14, 15]. Independent of the histological subtype and grade of the
tumor, an IDH mutation is a favorable predictor of prognosis [16].

Furthermore, 1p/19q co-deletion is an important biomarker of oligodendroglial tumors
which are characterized by slow tumor growth and good therapy response [17], whereas
TP53 and ATRX mutations often coincide in astrocytic tumors [1]. Methylation of the DNA
repair protein O-6-methylguanine-DNA methyltransferase (MGMT) is rare in low-grade
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1 Introduction

gliomas but frequently in high-grade glioblastomas. MGMT antagonizes the genotoxic
effects of alkylating agents. Therefore, transcriptional gene silencing of the MGMT gene
due to promoter methylation increases the sensitivity for chemotherapy with alkylating
agents and is associated with improved survival [1, 18]. The most common gliomas are
glioblastomas (WHO grade IV), representing 55.4 % of all glioma cases and 47.1 % of all
malignant CNS tumors [3].

1.3 Glioblastoma

Glioblastoma is the most frequent and severe subtype of glioma, the third most frequently
reported tumor in the CNS, and the most common malignant brain tumor overall [3]. The
state of the art treatment includes maximal possible tumor resection and combination
therapy with the alkylating agent Temozolomide (TMZ) and gamma radiation [19, 20, 21].
However, due to drastic recurrence rates, the prognosis is universally very poor. Although
treatment of glioblastoma patients with the anti-angiogenic monoclonal antibody beva-
cizumab (Avastin) improved progression free survival, no significant increase in overall
survival could be detected [22].

1.3.1 Classification of glioblastoma subtypes

Glioblastomas can be subdivided into primary and secondary tumors. Primary glioblas-
tomas develop de novo from transformed neural stem cells or neural progenitor cells and
are almost exclusively IDH wildtype. Secondary glioblastomas develop when lower grade
lesions such as WHO grade II astrocytomas progress to grade III and finally to grade IV,
they are mostly (up to 98 %) IDH mutant [9, 23, 24]. There is a favorable outcome reported
for glioblastoma patients with methylated MGMT locus, due to the improved performance
of the alkylating agent TMZ when MGMT function is impaired [18].

Based on transcriptomic analyses glioblastomas can be classified into four gene ex-
pression clusters: classic, mesenchymal, proneural, and neural [25]. Classical glioblas-
tomas are characterized by chromosome 7 amplification, chromosome 10 loss, and high-
level EGFR amplification. Deletion in the NF-1 gene predominantly occurs in the mes-
enchymal subtype and the main features of the proneural subtype are PDGFRA alter-
ation and IDH1 mutations. The neural subtype exhibits expression of neuron markers,
such as NEFL, GABRA1, SYT1, and SLC12A5. The most consistent clinical association
was observed between the age of the patient and the proneural subtype, with patients in
this group tending to be younger [25]. Transcriptomic profiling of tumor samples may be
of significant clinical relevance for the planning of therapeutic strategies, since treatment
efficiency differed between the glioblastoma subtypes [25].

Recent transcriptomic and epigenetic profiling identified six glioblastoma subgroups,
partly supporting, partly further dividing the four gene expression clusters described by
Verhaak et al [23, 25]. Tumors of the IDH subgroup exhibit global hypermethylation and
mutated IDH and TP53. The K27 group includes mostly pediatric tumors with a K27 mu-
tation in H3F3A and often mutant TP53. The G34 group often occurs in young adults
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and is characterized by widespread hypomethylation, G34 mutation in H3F3A, and mu-
tant TP53. The RTKI group exhibits PDGFRA amplification and the RTKII group exhibits
chromosome 7 gain, chromosome 10 loss, CDKN2A deletion and EGFR amplification.
Finally, the mesenchymal group exhibits no mutations in IDH1, TP53, EGFR, or H3F3A
[23]. Although not considered in the 2016 WHO Classification of Brain and CNS tumors,
transcriptomic and epigenetic profiling is a promising way to characterize the individual
tumor for tailored therapeutic approaches and the development of new treatment strate-
gies.

1.4 Glioblastoma stem-like cells

The poor prognosis of glioblastoma is attributable to the high degree of therapy resistance
and tumor recurrence. Several studies identified glioblastoma stem-like cells (GSCs) in
glioblastomas, a subpopulation that expresses neural stem cell markers and possesses
unlimited self-renewing capability [26, 27]. Upon treatment with TMZ and radiotherapy
the majority of the heterogeneous tumor mass is eradicated resulting in tumor shrinkage,
however GSCs reside in the tissue, differentiate into tumor cells, and cause tumor re-
currence (Fig. 1.3)[19, 20, 21]. The stem cell marker CD133 (prominin-1) is widely used
for the identification and isolation of GSCs and CD133pos GSCs exhibit several features
found in normal stem cells such as drug resistance, apoptotic resistance, and quiescence
[27]. Detailed analysis of the gene expression profile of CD133pos cells revealed enrich-
ment for stem cell markers Nestin, SOX2, Nanog, CD44, Oct4, and Musashi-1 [27, 28].
Furthermore, increased expression of MGMT and BCRP1 in CD133pos cells, both genes
involved in drug resistance [18, 29], were associated with resistance against chemother-
apeutics TMZ, carboplatin, VP16 and Taxol [27]. CD133pos GSCs further overexpress
anti-apoptotic genes, including FLIP, BCL-2 and BCL-xL thereby evidently promoting re-
sistance to chemotherapy [30].

GSCs are located in close proximity to the tumor vasculature, in the perivascular niche
[28], and by secreting pro-angiogenic growth factors such as vascular endothelial growth
factor (VEGF) they stimulate angiogenesis, necrosis, and hemorrhage in vivo [31]. Con-
cisely, treatment with the anti-angiogenic drug bevacizumab reduced stemness and im-
paired growth of glioblastoma xenografts [28].

Due to rapid tumor expansion and poor vascularization glioblastomas contain regions
of severe oxygen deprivation (hypoxia). Hypoxia correlates with poor prognosis since ra-
diotherapy, which is based on the formation of reactive oxygen species (ROS), is less ef-
fective in regions with low oxygen. Furthermore, the transcription factor hypoxia-inducible
factor (HIF) is stabilized under hypoxic conditions and drives expression of genes in-
volved in cell survival, metabolism, and angiogenesis [28]. GSCs are enriched in hypoxic
regions and HIF proteins are highly expressed in GSCs promoting neurosphere forma-
tion and proliferation [32]. Due to their tumorigenic capacity and therapy resistance, GSCs
provide promising targets in glioblastoma therapy.
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Figure 1.3: The principles of GSC formation and GSC-mediated chemoresistance. When neuroglial
stem cells differentiate into neuroglial progenitor cells and further into glial cells, they loose their pluripo-
tency. In the hierarchy model of GSC formation (A), GSCs are generated due to malignant transformation
in neuroglial stem cells. They then give rise to the heterogenous tumor mass comprising GSCs, neural pro-
genitor cells and differentiated cells. In the evolutionary model (B), GSCs are described to evolve due to
epithelial-mesenchymal transformation of differentiated neuroglial progenitor cells or glial cells. Conventional
cancer therapy fails to eradicate GSCs leading to tumor recurrence after initial tumor shrinkage. On the
contrary, therapies targeting GSCs lead to tumor regression. Abbreviations: EMT, epithelial-mesenchymal
transition; GSC, glioblastoma stem-like cells. Modified from Owens et al., 2013 [33]
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1.5 Epithelial-mesenchymal-like transition

The formation of GSCs is linked to a key developmental program called epithelial-
mesenchymal-like transition (EMT) which has been first described in embryonic de-
velopment (Fig. 1.3) [34, 35]. The same transcription factors orchestrating EMT in
embryogenesis have later been found to promote tumor progression, invasiveness, and
therapy resistance in tumors [35, 36]. Initially, EMT has been described for epithelial
tumors, however recent studies could link this phenomenon to the enrichment of GSCs
in glioblastoma [37, 38, 39, 40]. EMT is precisely orchestrated by transcription factors of
the ZEB-, TWIST-, and SNAI-families which induce expression of mesenchymal markers
such as Vimentin and N-cadherin [41, 42, 43, 44, 45, 46, 47]. Furthermore, EMT activator
expression could directly been linked to chemoresistance and stemness in glioblastoma
[39, 48, 49, 50]. The EMT activator ZEB1 has been intensively studied in glioblastoma
and described as one of the master regulators of EMT and invasiveness [39, 40, 42, 51].
ZEB1 is preferentially localized in the invasive front of tumor xenografts and glioblas-
toma patient samples, strongly supporting the idea of an invasive niche harboring GSCs
[39, 52]. Both in vitro and in patient samples, ZEB1 directly correlates with expression of
the GSC markers CD133 and SOX2 and the drug resistance gene MGMT, possibly me-
diating chemoresistance through transcriptional regulation of MGMT [18, 39]. Concisely,
ZEB1 expression in glioblastoma correlates with reduced survival and weak response to
TMZ in patients and ZEB1 knockdown has been validated as a robust way to impair EMT
both in vitro and in vivo [39].

1.6 Metabolic reprogramming in cancer

Recent studies indicate that GSCs, like tumor cells in general, undergo metabolic repro-
gramming in order to meet the increased bioenergetic demands of highly proliferating
cells and maintain redox balance [53, 54, 55]. Under nutrient-replete conditions cancer
cells use anabolic pathways to sustain rapid growth and proliferation, whereas under nu-
trient deprivation they switch to catabolism in order to ensure survival [54]. Since some
metabolic phenotypes correlate with malignancy in several tumor entities, reprogrammed
metabolism has been added as a new hallmark of cancer [56]. The metabolism of tumor
cells distinguishes them vastly from differentiated, non-proliferating tissues, therefore the
identification of key metabolic pathways driving tumorigenesis provides the opportunity
to predict therapy outcome by imaging oncometabolite levels in diagnostics and identify
metabolic targets that can be used in new therapeutic strategies.

Glucose and glutamine fuel the two main anaplerotic pathways generating interme-
diates of the tricarboxylic acid cycle (TCA), glycolysis and glutaminolysis, respectively
(Fig. 1.4). Pyruvate, the final product of glycolysis, can be metabolized to oxaloacetate
instead of acetyl-CoA in order to replenish TCA cycle intermediates used for biosynthetic
processes. This carboxylation reaction is catalyzed by pyruvate carboxylase. In the fi-
nal step of glutaminolysis glutamate is deaminated to generate alpha ketoglutarate. Both
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Figure 1.4: Anaplerotic pathways promoting growth of cancer cells. The two main anaplerotic pathways
fueling the TCA cycle and facilitating high rates of biomolecule synthesis are glycolysis and glutaminolysis.
Cancer cells upregulate aerobic glycolysis and metabolize pyruvate to lactate instead of oxaloactetate to
accelerate energy production. In order to compensate for the reduced oxaloacetate production and sustain
a functional TCA cycle and high rates of proliferation, cancer cells upregulate glutaminolysis. Thereby can-
cer cells fuel the TCA cycle by massive alpha ketoglutarate production. Enzymes are depicted in purple,
metabolites are depicted in blue. Abbreviations: α-KG, alpha ketoglutarate; GDH, glutamine dehydrogenase;
Glc, glucose; GLS, glutaminase; IDH, isocitrate dehydrogenase; LDH, lactate dehydrogenase; OXPHOS,
oxidative carboxylation; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase complex; ROS, reactive
oxygen species; xCT, glutamate/cystine antiporter. Modified from Altman et al., 2016 [57].

pathways are consistently reprogrammed in tumor cells by activation of oncogenes (e.g.
c-Myc, KRas), loss of tumor suppressors (e.g. TP53), and up-regulation of signaling path-
ways (e.g. PI3K pathway) [54, 58, 59, 60]. Cancer cells constitutively take up glucose at
higher rates than normal tissues and, regardless of oxygen availability, suppress pyruvate
carboxylation and metabolize pyruvate to lactate (Lac) instead of oxaloacetate, a reaction
catalyzed by lactate dehydrogenase A (LDH) (Fig. 1.4) [61, 62, 63]. Thereby, cancer cells
produce ATP much faster than with conventional oxidative phosphorylation (OXPHOS)
in the respiratory chain. Furthermore, aerobic glycolysis causes an accumulation of Lac
leading to inflammation and cytokine release further promoting tumor progression [64].
However, to compensate for the reduced oxaloacetate production and maintain a func-
tional TCA cycle for energy production and biosynthetic processes, cancer cells have to
increase the rate of glutaminolysis.

1.7 Glutaminolysis in cancer

Although the nonessential amino acid glutamine (Gln) can be de novo synthesized from
glucose-derived carbons and amino acid-derived ammonia, most proliferating cells are
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glutamine-addicted and need additional extracellular supply [65]. Due to the suppressed
oxidative carboxylation in cancer cells, glutamine serves as a major source of carbon in
bioenergetic and biosynthetic processes branching from the TCA cycle, thereby substan-
tially contributing to cell proliferation [63]. Glutaminolysis describes a series of biochemi-
cal reactions starting with the initial deamination of glutamine by the enzyme glutaminase
(GLS) in the cytosol, yielding glutamate (Glu) and ammonia. Glutamate is transported
into the mitochondria where it is converted into α-KG, catalyzed either through oxidative
deamination by glutamate dehydrogenase (GDH) or by aminotransferases [65]. The α-
KG directly fuels the TCA cycle leading to NADH/NADPH and ATP production (Fig. 1.4)
[66]. Since in highly proliferative cells the TCA cycle is mainly fueled by α-KG instead of
oxaloacetate, glutamine is the main driver of OXPHOS-derived ATP in cancer [67].

1.7.1 Glutamine in the synthesis of biomolecules

Besides energy production, the flux through the TCA cycle drives fatty acid biosynthe-
sis and generates oxaloacetate, a substrates for the biosynthesis of non-essential amino
acids (NEAAs), macromolecules, hexosamines and nucleic acids, all required to sustain
growth of cancer cells [65, 68]. Interestingly, recent studies revealed that not the gener-
ation of ATP via OXPHOS but the uninterrupted flux through the TCA cycle generating
oxaloacetate is the major limiting factor for proliferation in cancer cells [69, 70].

Glutamine not only drives the synthesis of NEAAs by fueling the TCA cycle via α-KG,
it further serves as a nitrogen-donor in several biosynthetic reactions. By transferring
nitrogen atoms to aminotransferases, glutamine directly participates in the biosynthesis
of alanine, aspartate, serine, glycine and ornithine [65]. The expression of glutamine-
dependent aminotransferases has been directly linked to tumor progression, since ala-
nine aminotransferase 2 (GPT2) and aspartate aminotransferase 1 (GOT1) are both up-
regulated in liver cancer [71]. Furthermore, GPT2 and phosphoserine aminotransferase
(PSAT1) could be correlated with tumor progression and chemoresistance in colorectal
cancer [72, 73], again elucidating how important glutamine metabolism is for the prolifer-
ation of cancer cells.

Apart from participating in energy formation and protein biosynthesis, glutamine is an
important nitrogen donor in the synthesis of purine and pyrimidine bases. The synthesis of
inosine monophosphate (IMP), precursor of both adenosine monophosphate (AMP) and
guanosine monophosphate (GMP), the generation of GMP from IMP, and the synthesis
of cytidine triphosphate (CTP) from uridine triphosphate (UTP) require reduced nitrogen
atoms derived from glutamine [65].

1.7.2 Glutamine in redox homeostasis

Maintaining redox homeostasis is a crucial task for cancer cells since tumor progres-
sion and exposure to anti-cancer therapy causes oxidative stress. Cancer cells exhibit
elevated levels of reactive oxygen species (ROS) and therefore upregulate anti-oxidative
responses [65, 74]. Glutamine-derived glutamate is directly involved in the de novo syn-
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thesis of the antioxidant glutathione (GSH) (Fig. 1.4). GSH is a tripeptide composed of the
amino acids glutamate, glycine, and cysteine [65]. The biosynthesis of GSH is catalyzed
by two enzymes: First, glutamate-cysteine ligase (GCL) generates γ-glutamylcysteine by
condensing glutamate with cysteine and second, glutathione synthetase (GTS) ligates
glycine with γ-glutamylcysteine thereby generating GSH [65].

Besides being a direct building block of GSH, glutamine-derived glutamate drives GSH
biosynthesis by facilitating the uptake of cystine, the precursor of cysteine. Cystine is im-
ported into the cell via the plasma membrane glutamate/cystine antiporter xCT/SLC7A11
under simultaneous efflux of glutamate (Fig. 1.4). Concisely, glutamine starvation impairs
the uptake of cystine via the xCT transporter and pharmacological xCT inhibition causes
accumulation of ROS thereby reducing proliferation of tumor cells [65, 75]. Of note, xCT
expression is upregulated in breast cancer stem cells and targeting xCT impairs stem-
ness and metastatic progression both in vitro and in vivo [76]. In glioma cell cultures
and xenografts, EGFR expression promotes tumor growth, invasion, and anti-oxidative
response by increasing the cell surface expression of xCT [77]. Furthermore, in patients
with malignant gliomas, xCT expression correlates with tumor-associated seizures and
poor prognosis, making xCT an interesting target in cancer therapy [78].

1.7.3 Therapies targeting glutamine metabolism

Due to its importance in energy formation and synthesis of biomolecules, glutamine
metabolism is an appealing target in cancer therapy [66]. However, cells vastly dif-
fer concerning their need for extracellular glutamine. In glioblastoma, resistance to
glutamine starvation correlates with the ability to de novo synthesize glutamine from
glucose-derived carbon [79], with upregulation of other anaplerotic pathways (e.g. pyru-
vate carboxylation) [80], and with regulation of enzymes involved in glutaminolysis (e.g.
glutamine synthetase) [81].

The use of glutamine mimetic-compounds in cancer therapy has been widely studied.
Acivicin, 6-diazo-5-oxo-L-norleucine (L-DON), and azaserine are all L-glutamine analogs
which inhibit L-glutamine-dependent enzymes involved in de novo purine and pyrimidine
synthesis, leading to impaired nucleic acid synthesis and cytotoxicity. All L-glutamine
analogs show broad anti-tumor activity [82, 83, 84, 85, 86, 87], however, clinical trials
revealed severe side effects including mucositis and toxicity towards the gastrointestinal
tract and the CNS [85, 88].

The Na+-dependent neutral amino acid transporter SLC1A5 is the main L-glutamine
importer and highly overexpressed in rapidly proliferating cells such as cancer cells
(Fig. 1.5). Treatment with the SLC1A5 inhibitor γ-L-glutamyl-p-nitroanilide (GPNA)
impairs tumor growth [89, 90] and stimulates the uptake of the glycolytic inhibitor 3-
bromopyruvate by stabilizing monocarboxylate transporter 1 (MCT1), an importer of
monocarboxylic-based drugs [91]. Thereby, glutamine deprivation enhances the efficacy
of 3-bromopyruvate-dependent glycolysis inhibition in tumor xenografts, disrupting redox
homeostasis and causing autophagy [91].
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Glutaminase inhibition using small molecule inhibitors C968 and BPTES inhibits
transformation of fibroblasts by oncogenic Rho-GTPases and impairs energy formation
and proliferation in lymphoma xenografts [92, 93]. Furthermore, C968 effectively inhibits
growth and migration in non-small cell lung cancer and causes cell cycle arrest [94, 95]. In
gastric cancer, simultaneous inhibition of pyruvate kinase and glutaminase synergistically
reduces proliferation of hypoxia-resistant cells [96].

Suppression of α-KG synthesis by inhibition of aminotransferase GDH is another ap-
proach to interfere with glutamine metabolism. Aminooxyacetate (AOA) is a non-selective
inhibitor of aminotransferases and epigallocatechin gallate (EGCG) specifically inhibits
GDH [66]. Treatment with AOA showed promising results in breast adenocarcinoma
xenografts and both AOA and EGCG suppress growth of neuroblastoma xenografts in
mice [66, 97, 98].

1.8 Choline metabolism in cancer

Choline is an essential nutrient and the initial precursor for the biosynthesis of the glyc-
erophospholipid phosphatidylcholine (PtdCho) (Fig. 1.5). Up to 95 % of the free choline
pool inside mammalian cells is incorporated into PtdCho, the remaining 5 % are metabo-
lized to phosphocholine (PC), glycerophosphocholine (GPC), or acetylcholine [99, 100].
Together with phosphatidylethanolamine (PtdEtn), PtdCho constitutes more than 50 %
of the phospholipid bilayer and is therefore crucial for the integrity and structure of eu-
karyotic membranes [101]. PtdCho is synthesized in three enzymatic reactions termed
Kennedy or cytidine diphosphate (CDP)-choline pathway [102].

The CDP-choline pathway starts with the ATP-dependent phosphorylation of choline by
choline kinase alpha (CHKα), generating PC and ADP. In the second, rate-limiting step,
PC and CTP are used to form the high-energy intermediate CDP-choline and pyrophos-
phate. Finally, CDP-choline and the lipid anchor diacylglycerol (DAG) are joined to form
PtdCho under the release of cytidine monophosphate (CMP) [100].

Both the synthesis and breakdown of PtdCho generates second messengers such as
PC [103], DAG [104], and arachidonic acid [104], which participate in various signaling
pathways regulating cell proliferation and apoptosis [100]. Elevated PC and total choline
(tCho = Cho + PC + glycerophosphocholine (GPC)) levels, also called cholinic phenotype,
and increased expression of choline metabolizing enzymes were detected in tumor cells,
human tumor xenografts, and patient samples [105, 106, 107]. The underlying cause
for the increased cholinic phenotype in cancer is upregulation of CHKα by malignant
transformation [108, 109]. Concisely, several growth factors (e.g. PDGF) and oncogenes
involved in tumor progression (e.g. KRas, HRas, PI3K-Akt) promote choline metabolism
and CHKα activity [105].

1.8.1 Choline kinase alpha

Choline kinase is a cytoplasmic enzyme encoded by two different genes, CHKA and
CHKB. Alternative splicing generates two isoforms, CHKα1 and CHKα2, from the CHKA
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Figure 1.5: Choline phospholipid metabolism. The scheme shows the synthesis pathway of phosphatidyl-
choline, starting with the import of free choline into the cell and ending with the degradation of phosphatidyl-
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gene and a third isoform, CHKβ, from the CHKB gene. CHK monomers are not func-
tionally active, the active CHK enzymes consist of either homo- or hetero-dimers of the
different isoforms. Studies with knockout mice highlighted that not CHKβ but CHKα1 and
CHKα2, further referred to as CHKα, are essential for the PtdCho synthesis and prolifera-
tion of tumor cells [109, 110]. Concisely, CHKα is overexpressed in several tumor entities
including breast, lung, colorectal, and prostate cancer [110, 111, 112, 113, 114, 115].
Furthermore, CHKα activity correlates with advanced histological grade in breast and
brain tumors [105, 116, 117] and is a prognostic factor in human lung cancer [118, 119].

CHKα expression is regulated by known oncogenic pathways. Ras transformed cells
upregulate CHKα expression via activation of phosphoinositide 3-kinase (PI3K) signaling,
thereby increasing choline uptake and intracellular PC and tCho concentrations [105,
120]. Reciprocally, CHKα mediates PI3K signaling and increases cell proliferation [121].
Furthermore, CHKα regulates several genes involved in cell cycle progression thereby
facilitating G1-S phase transition [122]. All these observations emphasize the proposed
oncogenic function of CHKα in cell proliferation, cell cycle progression, and tumor growth.
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CHKα expression is influenced by hypoxic environment since hypoxia response el-
ements (HRE), binding sites for HIF1α, are located within the CHKα promoter region.
Concisely, both hypoxia and HIF1α overexpression increase PC levels in prostate cancer
[111].

1.8.2 Clinical implications of choline metabolism

Increased tCho and PC levels indicate for higher aggressiveness in several tumor entities
including breast [123], prostate [124], and ovarian cancer [125], therefore, non-invasive
monitoring of choline metabolism is used in diagnostics, tumor grading, and monitoring
of therapy response. In a study with grade II and III glioma patients increased tCho lev-
els directly correlated with increased cell density and proliferation [126]. A second study
identified significantly higher tCho levels in high-grade compared to low-grade gliomas,
emphasizing that non-invasive monitoring of choline metabolites can significantly con-
tribute to grading of gliomas and planning of therapy [117].

Furthermore, imaging of choline metabolism can be used to monitor therapy response,
since in both preclinical models and human tumors most chemotherapeutic agents de-
crease tCho levels in responding but not in non-responding tumors [105, 127].

Targeting choline metabolism is a promising approach in cancer therapy and both
pharmacological and genetic inhibition of CHKα has been shown to impair tumor growth
and induce apoptosis [128, 129, 130]. The highly selective CHKα inhibitor MN58b re-
duces proliferation of both non-transformed and Ras-transformed cells, but strikingly,
non-transformed cells resumed proliferation after drug removal whereas transformed
cells were irreversibly affected [131]. Furthermore, CHKα inhibition in combination with
chemotherapy of breast cancer cells with 5-fluorouracil has synergistic effects and signifi-
cantly inhibits proliferation of malignant cells, but has only minor effects on non-malignant
cells [105, 132]. The reduced PC and tCho levels resulting from CHKα inhibition can be
detected non-invasively with proton nuclear magnetic resonance (1H NMR) spectroscopy
and therefore can be used to monitor effective pathway inhibition and therapy response
[105, 133].

1.9 Imaging of cancer metabolism

Cancer diagnostics, tumor grading and monitoring of treatment response require sophis-
ticated imaging techniques capable of delineating the exact tumor volume and assessing
specific tumor characteristics. Computed tomography and magnetic resonance imaging
provide information about the anatomy of the lesion, but are not able to differentiate
between recurrent tumor and radionecrosis [134]. Imaging of tumor metabolism using
non-invasive NMR spectroscopy and PET with radiotracers exploits the fact that tumors
exhibit vast metabolic differences compared to normal tissues [135, 136, 137]. With ex
vivo high resolution (HR) NMR spectroscopy oncometabolites in biological samples such
as cellular extracts can be characterized and quantified, a field termed metabolomics.
The clinical application of this technique is limited by the field strength of spectrometers
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applicable for in vivo imaging of cells and solid tumors in living organisms. 1H NMR spec-
troscopy of the brain using a 7 T spectrometer can detect oncometabolites such as Lac,
glycine (Gly), Gln, Glu and GSH, but is not able to differentiate between PC, GPC and
free Cho (fCho) [138]. Nevertheless, monitoring of therapy response by assessing pre-
and post-therapeutic tCho levels has been validated in various cancers including in the
brain [139].

Metabolic flux analyses are used to monitor the activities of metabolic pathways. In in
vitro studies the nutrient of interest (e.g. glucose, glutamine) is labelled with NMR active
tracer isotopes (e.g. 13C, 15N, 31P), added to the culture medium of cancer cells, and the
metabolites of cellular extracts are analyzed with NMR spectroscopy for isotope enrich-
ment. The extent and the distribution of the isotope labelling elucidate which pathways
have been involved in the metabolization of the nutrient. Metabolic flux analyses in vivo
are executed by systemic administration of 13C- or 15N-labelled nutrients via boluses or
infusions in humans and animals [54]. Studies in cancer patients and mice bearing tu-
mor xenografts not only show substantial labeling of several oncometabolites involved in
glycolysis, glutaminolysis and the TCA cycle, they further provide information about the
activity of enzymes involved in tumor progression [54, 79, 140, 141].

Positron emission tomography is another technique used to image the structure of
neoplasms based on their reprogrammed metabolism [135]. Imaging of glucose accumu-
lation using the radiotracer 18F-Fluorodeoxyglucose (FDG) exploits the fact that tumors
upregulate glucose consumption and is widely used in diagnostics and monitoring of ther-
apy response. Furthermore, since high-grade lesions are more metabolically active than
low-grade lesions, FDG PET is used to assess the degree of malignancy at the time of
diagnosis [134, 135]. However, in tumors with low glucose consumption rates, in tumors
adjacent to tissues with high glucose consumption rates (e.g. heart, brain), or in patients
treated with glucose inhibitors, FDG PET can lead to unsatisfying results. In this case
11C-, 13N, or γ-fluorinated 18F-labelled glutamine can be used as an alternative radio-
tracer [137]. Glutamine consumption is highly selective for tumor tissue and correlates
with increased expression of the Gln importer SLC1A5 in gliomas [142].
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1.10 Aim of this work

Substantial progress has been made toward understanding how glioma stem-like cells
drive tumor progression and therapy resistance in glioblastoma. However, whether the
formation and tumorigenicity of GSCs is accompanied by metabolic reprogramming re-
mains elusive. It is known that metabolic reprogramming substantially contributes to tu-
mor aggressiveness and therapy resistance in various tumor entities [53, 54, 143]. In this
respect it is crucial to study whether the formation of GSCs is driven by changes in the cel-
lular metabolome. The identification of oncometabolites accumulating as a consequence
of GSC enrichment could be used for diagnostic purposes, to predict therapy outcome,
and to monitor anti-GSC therapy response. Furthermore, metabolic enzymes involved in
GSC enrichment present interesting candidates for novel therapies specifically targeting
GSCs. In this work, HR 1H-NMR spectroscopy of ex vivo cellular extracts of glioblastoma
cultures is used to investigate metabolic reprogramming occurring during the enrichment
of GSCs. Therefore, glioblastoma cultures are modified in three different ways in order
to enrich or decrease the GSCs population: 1) Propagation of adherent glioblastoma
cultures to neurosphere growth to increase the GSC fraction, 2) impairment of epithelial-
mesenchymal transition by knockdown of ZEB1, and 3) targeted glial differentiation of
GSC cultures using bone morphogenic protein 4 (BMP4) to decrease the GSC fraction.
Furthermore, this thesis comprises studies using genetic and pharmacological inhibition
of key metabolic pathways to identify targets for novel anti-GSC therapies based on tumor
metabolism. This work is a cumulative thesis and comprises three chapters studying the
metabolism of GSCs in three publications.

Section 2.1 studies the effect of culture conditions on the cellular metabolism of
glioblastoma cells. Using HR 1H-NMR spectroscopy, recently described metabolite ratios
correlating with tumorigenicity are analyzed both in adherent cells and glioblastoma
neurospheres. Furthermore, this work elucidates that propagation to neurosphere growth
significantly increases the GSC pool in glioblastoma cultures.

Section 2.2 investigates the role of EMT on the glioblastoma metabolome. EMT is a
developmental program significantly enriching the population of GSCs by transcriptional
reprogramming [35]. The transcription factor ZEB1 has been described as a master regu-
lator of EMT efficiently promoting invasiveness, therapy resistance and tumor aggressive-
ness [39, 144]. This chapter includes detailed metabolic analysis of ex vivo glioblastoma
cell extracts with impaired ZEB1 expression. Furthermore, it highlights that EMT signifi-
cantly promotes the activity of choline kinase α, an enzyme linked to tumor progression
in several tumors [112, 114, 130]. Finally, this chapter investigates the efficacy of genetic
and pharmacological CHKα suppression as a tool to inhibit EMT and reduce the GSC
fraction in glioblastoma cultures.

Section 2.3 includes detailed metabolomic analysis of glioblastoma cultures with differ-
ent degrees of stemness. Therefore, stemness of GSC neurosphere cultures is reduced
using 1) spontaneous differentiation by cultivation as adherent cells and 2) targeted glial
differentiation by BMP4 treatment. BMP4 has been described to effectively decrease the
GSC pool in glioblastoma cultures [145]. Furthermore, this chapter includes studies on
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the effect of glutamine deprivation and glutaminase inhibition on the fraction of GSCs in
glioblastoma cultures.
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2.1.2 Abstract

Malignant gliomas, with an average survival time of 16-19 months after initial diagnosis,
account for one of the most lethal tumors overall. Current standards in patient care pro-
vide only unsatisfying strategies in diagnostic and treatment for high-grade gliomas. Here
we describe metabolic phenomena in the choline and glycine network associated with
stem cell culture conditions in the classical glioma cell line U87. Using high resolution
proton magnetic resonance spectroscopy of cell culture metabolic extracts we compare
the metabolic composition of U87 chronically propagated as adherent culture in medium
supplemented with serum to serum-free neurosphere growth. We found that the switch
to neurosphere growth, besides the increase of cells expressing the putative glioma stem
cell marker CD133, modulated a number of intracellular metabolites including choline,
creatine, glycine, and myo-inositol that have been previously reported as potential diag-
nostic markers in various tumors.
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These findings highlight the critical influence of culture conditions on glioma cell
metabolism and therefore particular caution should be drawn to the use of in vitro system
research in order to investigate cancer metabolism.

2.1.3 Introduction

Glioblastoma (GBM) is the most common and lethal adult glial brain tumor, with a mean
overall survival of 16-19 months after primary diagnosis under the current standard-of-
care treatment scheme [19]. Despite enormous research efforts towards early diagnosis
and more efficient treatment, the prognosis of GBMs remains dismal. The influence of
culture conditions has been widely investigated in the field of glioma research, suggest-
ing that neurosphere cultures, compared to adherent growth, more closely resemble the
original patient’s tumor [147] showing high stem cell compartment [148] and therefore are
more suitable for testing of novel therapeutic approaches [149]. In this report we describe
altered relative concentrations of the cholines, creatine, myo-inositol and glycine in the
human GBM cell line U87 propagated under stem cell conditions as compared to classi-
cal monolayer culture. Furthermore, U87 neurospheres showed significant higher levels
of the putative GBM stem cell marker CD133 as their serum-propagated counterparts.
Detection and targeting of miss-regulated choline-, myo-inositol-, creatine- and glycine-
metabolism has been described to have potential utility in the diagnosis and treatment of
malignant gliomas [150, 151, 152, 153, 154, 155].

This is to our knowledge the hitherto first link of changes in those onco-metabolites
[152, 156] to variations in cell culture conditions of glioma cells. Inter-spectral co-analysis
of metabolite concentrations under the two propagation conditions identified reductions in
ratios of phosphocholine to glycerophosphocholine (PC/GPC) and glycine to total choline
(Gly/tCho) but increases in the quotient of total choline to total creatine (tCho/tCre) and
PC/tCre, as well as Gly/myo-inositol (Gly/myo). This work should draw the attention of the
scientific community on possible in vitro artefacts and on the need for appropriate models
most closely resembling the in vivo biology of investigated tumors.
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2.1.4 Results

Modification of the culture condition alters the relative concentration of choline,
creatine, glycine, and myo-inositol in U87 glioma cells

High-resolution 1H-NMR spectra where obtained as described above and a repre-
sentative spectrum is shown in figure 2.1A. The most prominent metabolites were
annotated and quantified, including adenine (Ade), myo-inositol (myo), glycine (Gly),
phosphocholine (PC), glycerophosphocholine (GPC), free choline (fCho), total choline
(tCho=fCho+PC+GPC), total creatine (tCre), glutathione (GSH), glutamine (Gln), gluta-
mate (Glu), N-acetylaspartylglutamate (NAAG), alanine (Ala), lactate (Lac), threonine
(Thr), and valine/isoleucine (Val/Iso). Due to the previously described importance in
glioma biology we focused our quantitative analysis on choline, creatine, glycine, and
myo-inositol ratios (Fig. 2.1B).

The switch to neurosphere media decreased the ratio of PC/GPC (40 %) and signifi-
cantly diminished the Gly/tCho concentration (70 %). In contrast, we could detect an in-
crease in the ratios of Gly/myo (65 %), tCho/tCre (300 %), and PC/tCre (280 %) reaching
statistical significance for the latter two.

Figure 2.1: Global metabolic profiling of U87 glioma cells under adherent and suspension growth.
Representative 1H-NMR spectra of the intracellular metabolites of U87 glioma cells with annotated adenine
(Ade), myo-inositol (myo), glycine (Gly), phosphocholine (PC), glycerophosphocholine (GPC), free choline
(fCho), total choline (tCho = fCho + PC + GPC), total creatine (tCre), glutathione (GSH), glutamine (Gln),
glutamate (Glu), N-acetylaspartylglutamate (NAAG), alanine (Ala), lactate (Lac), threonine (Thr) as well as
valine/isoleucine (Val/Iso) plus internal concentration standard (STD) (A). Relative quantification of phospho-
choline, glycerophosphocholine, glycine, creatine, and myo-inositol revealed altered metabolism after trans-
fer of U87 cells into neurosphere growth conditions: Reduction of PC/GPC and Gly/tCho whereas Gly/myo
and tCho/tCre ratios were increased (B), p = 0.05.
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Neurosphere assay condition increases the expression of cell surface marker
CD133

U87 culture in classical serum-containing growth medium did express very low levels of
CD133pos cells (about the amount of the negative control, 1 % CD133pos cells on av-
erage). Following their transfer into stem cell conditions, the CD133pos population was
increased to 18.5 % (p-value <0.001, Fig. 2.2A). Similar results of CD133pos U87 cells in
free-floating culture conditions have been published previously [157, 158].

Figure 2.2: U87 neurosphere cells compared to monolayer cells show an increased population of cells
expressing the cell surface marker CD133. (A, p-value < 0.001) and are characterized by a higher number
of apoptotic cells (B).

.

U87 neurosphere cultures exhibit a higher fraction of apoptotic cells

We identified increased levels of apoptosis and cell death in cells propagated under neu-
rosphere growth conditions compared to their adherent counterparts as assessed by
AnnexinV/Propidium iodide–based quantification (Fig. 2.2B).

2.1.5 Discussion

In this work we analyzed the changes of U87 cell metabolism depending on whether a
monolayer or 3D in vitro propagation has been applied. Our study of this human glioma
cell line confirms the accumulation or preferential selection of CD133pos cells, a putative
brain tumor stem cell marker [159], under prolonged stem cell culture conditions com-
pared to propagation in serum-containing media. Recent studies addressing the effect
of different culture conditions in in vitro mouse models of GBM described the robust en-
hancement of stem cell marker expression and self-renewal capacity of cells transferred
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from adherent growth to spheroid culture [148]. Moreover, neurosphere cultures are sug-
gested to more closely resemble the original patient’s tumor [147] and therefore are more
suitable for testing novel therapeutic approaches [149].

Using high resolution magnetic resonance spectroscopy (1H-NMR) in extracts of cells
chronically propagated under serum-free neurosphere growth, we identified several al-
terations in metabolite concentrations with proposed diagnostic utility as a response to
changed growth stimuli.

Phosphocholine (PC), glycerophosphocholine (GPC) and free choline (fCho) all play
an important role in membrane phospholipid household that accompanies cell cycle pro-
gression [160]. Moreover, miss-regulated choline metabolism has already been proposed
as an underlying molecular event during cancerous malformation in a variety of cancers
[109] including GBM [150]. Interestingly, we found that U87 glioma neurospheres exhibit
a reduced PC/GPC ratio although it is not statistically significant. The PC/GPC ratio has
been shown to be elevated in aggressive breast cancer cells [109], however, the diagnos-
tic impact of this parameter in brain cancers has been challenged [161]. The tCho/tCre
quotient is a historically established diagnostic biomarker in brain tumors, which increases
with progression of malignancy [162, 163, 164]. Concordant with this data we revealed
that the tCho/tCre ratio is significantly increased in cells cultivated as neurospheres.

Glycine (Gly), a currently intensively studied metabolite with oncogenic potential has
been reported to be directly correlated with glioma malignancy [152]. Hypoxic glioma
cells, which are known to contain a population of cells with high stem-like signature [165],
are highly susceptible to glycine metabolism [153]. In addition, efforts using 1H-NMR-
spectroscopy to grade brain tumor malignancy based on their cellular metabolism sug-
gested glycine as a negative prognostic biomarker [166, 167, 168]. The Gly/tCre ratio is
thought to be a suitable parameter for grading of gliomas and for their distinction from
brain metastasis [169]. Interestingly, we did not notice differences in Gly/tCre between
the two growth conditions. Therefore we performed co-analyses with additional metabo-
lites, including myo-inositol (myo) - a metabolite reported to be reduced in high-grade
as compared to low-grade brain tumors [151, 155]. We could detect that the Gly/myo
ratio, reported to be a valid marker for high-grade gliomas including GBM [168], is in-
creased in suspension cells, indicating either the increase of Gly or the reduction of myo
in neurospheres, as compared to adherent cells. An important route for the synthesis of
glycine involves the degradation of choline [170]. We therefore sought to compare their
relative concentrations in the two culture conditions and found the Gly/tCho ratio signifi-
cantly diminished (about 75 % decrease) in neurosphere cells. The reduction of Gly/tCho
could potentially be due to elevated concentrations of tCho in stem-like neurospheres, as
increased levels of tCho is an accepted marker for high-grade brain tumor malignancy
[171].

In summary we conclude that switching the cell culture conditions for U87 cells effec-
tively alters their cellular metabolism, influencing a variety of metabolites with reported
importance in glioma and glioma stem cell progression. Cells propagated in suspension
and adherent growth can dramatically alter their cellular proliferation and apoptosis rate
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due to alterations in environmental stimuli. We confirm increased apoptosis in U87 neu-
rosphere cells compared to cells grown as monolayer. We cannot preclude, that the de-
scribed metabolic differences might, at least partially, be due to the increased cell death.

Therefore, particular caution has to be used interpreting the results of studies on cancer
metabolism in the context of the in vitro model. As reported here, substantial variations in
intracellular levels of metabolites might be a consequence of different culture conditions,
precluding the formulation of general conclusions.

2.1.6 Methods

Cell culture

U87 cell line was purchased from American Type Cell Culture bank (www.ATCC.com)
and propagated either as adherent culture in Dulbecco’s modified Eagle’s medium
(DMEM, Life Technologies) containing 20 % fetal calf serum or as neurospheres (stem
cell culture) in DMEM/F12 (3:1, both Life Technologies) medium supplemented with B27
(Life Technologies), 20 ng/ml recombinant human basic fibroblast growth factor (bFGF,
Peprotech), 20 ng/ml recombinant human epidermal growth factor (EGF, Peprotech),
Anti-Anti (Life Technologies) and 5 µg/ml heparin (Sigma–Aldrich) as described before
[40]. Cells were passaged at least eight times in each culture condition before they were
subjected to experimental analysis.

Cell line identity was confirmed by analysis of nine tandem repeats plus a gender-
determining marker, Amelogenin, using the StemElite kit (Promega, Table 2.1).

Metabolic extractions of in vitro cultures, proton nuclear magnetic resonance
spectroscopy (1H-NMR) and metabolite quantification

A minimum of 7*106 cells were collected for each extraction (each condition n=3). A
methanol-chloroform-water (1/1/1, v/v/v) dual phase cell lysis protocol was applied to
extract water- and lipid-soluble metabolites as described before [111]. In this study we
only assessed the content of the water-soluble extracts. The lyophilized water-soluble
extracts were resolved in 20 mM phosphate buffer pH 7.0 (10 % v/v D2O, Sigma- Aldrich,
MO, USA) and supplemented with 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt
(DSS; Euriso-top, internal NMR-standard, STD) for the scans at Research Center Jülich
(Germany) and in D2O containing 0.24 µM 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid
(TSP; Sigma-Aldrich, internal concentration standard, STD) at John Hopkins Hospital.
The spectras were acquired at 25°C on a Bruker Avance 500 spectrometer operating at
11.7 T using a 5-mm HX inverse probe as previously described [111] at the Department
of Radiology in the Johns Hopkins Hospital and a Bruker Avance III HD 600 spectrometer
operating at 14.1 T using a 5-mm TXI cryo-probe at the Institute of Complex Systems
(ICS-6) in the Research Center Jülich (Germany). Water suppression was achieved by
applying a pulse-sequence using excitation-sculpting with gradients. The fully relaxed
1H-NMR data were processed, and the signal integrals listed below were measured us-
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ing Mestrenova V10 software (Mestrelab). All metabolite concentrations were quantified
through peak integration after standardized performed phase correction and baseline
fitting. The respective concentration standard served as intra-spectral normalization for
each 1H-NMR spectra, and metabolite concentrations within the same spectra were
co-analysed and presented as means plus SDs.

FACS-based assessment of CD133+ cell population

Cells were stained for cell surface antigen CD133 (AC133-PE, #130-098-826, Mil-
tenyi Biotec) according to manufacturer’s protocols, as described before [165]. AC133-
antibody without a fluorescent dye (AC133-pure, #130-090-422, Miltenyi Biotec) was
used as control. Fluorescence activated cell sorting (FACS) was performed on an Accuri
C6 cytometer (BD Biosciences, Franklin Lakes, NJ) whereas for post-processing data
analysis FlowJo v10 software (FlowJo, Tree Star Inc, Ashland, OR) was applied.

Cell Apoptosis assays

Cultures were dissociated to single cell suspension and viable cells were quanti-
fied using the MUSE Count & Viability Assay Kit (#MCH100102, Merck KGaA) on a
Muse Cell Analyzer (#0500-3115, Merck KGaA). Apoptotic cells were quantified using
the AnnexinV & Dead Cell Kit (#MCH100105, Merck KGaA) on the Muse Cell Analyzer
according to the manufacturer’s protocol. A minimum of 2000 gated events were acquired.

Statistical evaluation

Statistical evaluation was performed using Students t-test in Statistica (Statsoft, OK,
USA) and presented as mean plus respective standard deviations.
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Table 2.1: STR analysis U87

Loci
AMEL X
CSFIPO 10,11
D13S317 8,11
D16S539 12
D21S11 28,32.2
D5S818 11,12
D7S820 8,9
TH01 9.3
TPOX 8
vWA 15,17
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2.2.2 Abstract

Glioblastoma (GBM) is the most malignant brain tumor with very limited therapeutic op-
tions. Standard multimodal treatments, including surgical resection and combined radio-
chemotherapy do not target the most aggressive subtype of glioma cells, brain tumor stem
cells (BTSCs). BTSCs are thought to be responsible for tumor initiation, progression, and
relapse. Furthermore, they have been associated with the expression of mesenchymal
features as a result of epithelial-mesenchymal transition (EMT) thereby inducing tumor
dissemination and chemo resistance. Using high resolution proton nuclear magnetic res-
onance spectroscopy (1H-NMR) on GBM cell cultures we provide evidence that the ex-
pression of well-known EMT activators of the ZEB, TWIST and SNAI families and EMT
target genes N-cadherin and VIMENTIN is associated with aberrant choline metabolism.
The cholinic phenotype is characterized by high intracellular levels of phosphocholine and
total choline derivatives and was associated with malignancy in various cancers. Both ge-
netic and pharmacological inhibition of the cardinal choline metabolism regulator choline
kinase alpha (CHKα) significantly reduces the cell viability, invasiveness, clonogenicity,
and expression of EMT associated genes in GBM cells. Moreover, in some cell lines syn-
ergetic cytotoxic effects were observed when combining the standard of care chemother-
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apeutic temozolomide with the CHKα inhibitor V-11-0711. Taken together, specific inhi-
bition of the enzymatic activity of CHKα is a powerful strategy to suppress EMT which
opens the possibility to target chemo-resistant BTSCs through impairing their mesenchy-
mal transdifferentiation. Moreover, the newly identified EMT-oncometabolic network may
be helpful to monitor the invasive properties of glioblastomas and the success of anti-EMT
therapy.

2.2.3 Introduction

Glioblastoma (GBM) is the most prevalent primary malignant brain tumor with a median
survival of less than two years. High levels of therapy resistance, strong cellular invasive-
ness and rapid cell growth demand aggressive multimodal therapies involving resection
followed by radio-chemotherapy [21, 173, 174].

Recent evidence has pointed to the existence of brain tumor initiating cells in GBMs,
so called brain tumor stem cells (BTSCs). This subpopulation of GBM cells with stem
cell properties are considered to be the main cause of tumor development, progression
and chemo-resistance also in malignant gliomas [27, 175, 176, 177]. Recent studies
described an important link between stem-like properties and the cells capacity to in-
vade and disseminate into the microenvironment. This molecular switch called epithelial-
mesenchymal transition (EMT) enables cell autonomous movement and extracellular ma-
trix digestion, both cardinal features of tumor stem cells [35, 36]. EMT has been first
described in epithelial tumors, but recent studies could link this phenomenon to tumor
progression, invasion and therapy-resistance in GBM [39, 40]. EMT is precisely orches-
trated by transcriptional modulators of the ZEB-, TWIST- and SNAI-families and results in
expression of the mesenchymal markers N-cadherin and VIMENTIN [42, 178, 179, 180,
181, 182].

Most recently EMT activation could be associated with aberrant lipid metabolism [183],
elucidating the importance of metabolic reprogramming for mesenchymal transformation.
Multiple genetic and metabolic pathways are altered during malignant transformation,
leading to extensive cellular growth and stress resistance. Thus, targeting onco-metabolic
networks might be regarded as an innovative strategy to develop personalized cancer
therapies [143, 184].

As such, cancer cells favor to generate ATP more rapidly through upregulation of gly-
colysis instead of oxidative phosphorylation. This so called Warburg effect is the best
characterized metabolic phenotype in cancer [62]. Furthermore, cancer cells have been
described to increase choline metabolism, detected by elevated intracellular levels of
phosphocholine (PC) and total choline derivatives [tCho, glycerophosphocholine (GPC)
+ PC + free choline (fCho)]. The cardinal enzyme of choline metabolism, choline kinase
alpha (CHKα), has been described as the main regulator of the cholinic phenotype and
could be associated with tumor progression in various cancers [109, 112, 113, 114].

Induction of the cholinic phenotype has been linked to malignant progression and ag-
gressiveness in several cancers [105, 108, 139]. Here we suppressed EMT by blocking
the potent EMT activator ZEB1 and analyzed the effect on the cellular metabolism of
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GBM cells using high resolution proton magnetic resonance spectroscopy (1H-NMR). We
identified a bidirectional link between EMT and choline metabolism and revealed that
targeting CHKα is a powerful strategy to suppress EMT status and BTSC properties of
GBM cells. Moreover, metabolites that are connected to EMT progression can be moni-
tored with ex vivo imaging technology and therefore have strong potential for rapid clinical
translation in tumor diagnostics and surveillance.

2.2.4 Results

ZEB1 knockdown reduces the viability of GBM cells

In order to analyze whether epithelial to mesenchymal transition (EMT) affects metabolic
pathways in GBMs, we established stable tumor models with suppressed expression of
the core EMT activator ZEB1 in three GBM cell lines (LN229, GBM1 and JHH520) through
RNA interference technology. The knockdown efficiency was confirmed on mRNA and
protein level. RT qPCR results showed that transduction with either shZEB1#1 or
shZEB1#5 resulted in a significant reduction of ZEB1 mRNA by 60 % – 80 % (Fig. 2.3A,
shown for shZEB1#1). Western blotting confirmed the efficacy of both shZEB1 shRNAs,
leading to a distinctive reduction of ZEB1 protein levels (Fig. 2.3B). Previous research of
our group revealed the role of ZEB1 in invasion of GBM cells [40, 42]. To further inves-
tigate the phenotype of ZEB1 depletion, we analyzed the cell viability after transduction
with shZEB1#1 or control vector. Therefore, we performed the TiterBlue® viability assay
with LN229, GBM1, and JHH520 shZEB1#1 or control cells over five consecutive days.
Figure 2.3C shows that ZEB1 knockdown decreases the viability of all three tested GBM
cell lines.
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Figure 2.3: ZEB1 knockdown reduces the cell viability. GBM cell lines (LN229, GBM1 and JHH520) were
transduced with lentiviral particles containing shZEB1 plasmids and knockdown efficiency was confirmed
using RT qPCR (A) and Western blotting (B). C. The cell viability of ZEB1 knockdown cells was reduced
as compared to control (pLKO.1) cells. Exponential growth curves were calculated for each condition and
displayed in the graphs. The data is represented as mean ± SD (n = 3).

ZEB1 knockdown alters the cellular metabolism of GBM cells

In order to assess whether the reduction of EMT influences the metabolism of GBM cells,
we extracted water-soluble metabolites from cells with ZEB1 suppression and control
cells. The extracts were analyzed via 1H-NMR spectroscopy and differences in the rel-
ative metabolite concentrations of both conditions were calculated. Figure 2.4A shows
a typical spectrum of GBM cell metabolic extracts with the most prominent peaks rep-
resenting lactate (Lac), alanine (Ala), acetate (Ac), glutamate (Glu), glutamine (Gln),
glutathione (GSH), creatine (Cre), phosphocreatine (PCre), free choline (fCho), phos-
phocholine (PC), glycerophosphocholine (GPC), total choline (tCho; comprising fCho,
PC and GPC), myo-inositol (myo), and glycine (Gly). ZEB1 knockdown significantly (p <
0.05) alters the intracellular levels of multiple metabolites belonging to various metabolic
networks including Glu, GSH, Cre, PC, tCho, and Gly (Suppl.Fig. 2.12). Given the im-
portance of choline metabolism in malignant transformation and its utility for clinical brain
tumor diagnostics [185] we decided to focus our studies on alterations in choline deriva-
tives.
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Figure 2.4: EMT reduction by ZEB1 knockdown alters choline metabolism. A. Overview of a 1H-NMR
spectrum of metabolic extracts of GBM cells. B. Expanded regions of 1H-NMR spectra of control and shZEB1
transduced cells showing the main choline metabolites. C. Quantitation of 1H-NMR spectra for PC and tCho
from metabolic extracts of ZEB1 knockdown and control cells. D. Expression of CHKA mRNA in ZEB1 knock-
down cells was measured using RT qPCR and compared to control transduced cells. Abbreviations: ppm,
parts per million. The data is represented as mean ± SD (n = 3).
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The EMT activator ZEB1 alters choline metabolism by regulating choline kinase
alpha (CHKα)

ZEB1 depletion reduced the cholinic phenotype, since we detected decreased amounts
of the choline metabolites PC and tCho in ZEB1 knockdown cells. Representative
choline metabolite peaks of 1H-NMR spectra and corresponding relative quantifications
are shown in Figure 2.4B and 2.4C, respectively. ZEB1 knockdown led to a significant
reduction of PC in LN229 (p < 0.01) and GBM1 cells (p < 0.01). Furthermore, we could
detect a significant reduction of tCho (p < 0.01 for LN229 and p = 0.015 for GBM1)
concentrations. In JHH520 GBM cells, ZEB1 depletion did not significantly change PC
or tCho concentrations. Next we wanted to investigate which metabolic regulator might
account for the ZEB1-mediated alterations in choline metabolism and investigated the
expression of the cardinal choline metabolism regulating enzyme CHKα. Strikingly, ZEB1
inhibition resulted in suppressed CHKA mRNA expression in all tested cell lines (p <
0.001 for LN229, p < 0.0001 for GBM1, and p < 0.01 for JHH520 cells) (Figure 2.4D).
As CHKα phosphorylates free choline to generate PC, we speculate that a reduction of
CHKα activity most likely causes the decrease of PC and tCho that we observed after
ZEB1 knockdown. This initial observation of a putative ZEB1-CHKα link let us investigate
whether it is a bidirectionally regulated loop and if targeted CHKα inhibition may impact
the EMT properties of GBM cells.

CHKA knockdown alters choline metabolism similar to ZEB1 suppression

In order to test the influence of CHKα inhibition on EMT in GBM cells, we performed
a genetic CHKα knockdown using short hairpin interference technology (shRNAs). RT
qPCR analysis revealed a significant (p < 0.0003) reduction of CHKα gene expression
of up to 75 % (Fig. 2.5A). 1H-NMR analysis of metabolic extracts showed alterations in
relative choline metabolite concentrations in shCHKα cells similar to those found after
ZEB1 knockdown. In concordance, the PC signal at 3.22 ppm was highly reduced after
CHKα depletion (Fig. 2.5B). Further statistical analysis highlighted a significant reduction
of PC (p < 0.05) and tCho (p < 0.05) in CHKα knockdown cells as compared to control
vector transduced cells (Fig. 2.5C). In addition, CHKα knockdown significantly (p < 0.05)
decreased the product (PC) to educt (fCho) ratio of CHKα, suggesting that the reduced
amount of PC results from CHKα suppression (Fig. 2.5D). We also noticed alterations
in intracellular concentrations of other metabolites after CHKα depletion as presented
in supplementary figure 2.13A. CHKα knockdown significantly increased Cre (p < 0.05)
and GPC (p < 0.05) and decreased Lac (p < 0.05). We further detected a significant
increase of the Cre/PCre ratio in both LN229 (p < 0.05) and GBM1 (p < 0.05) shCHKα
cells (Suppl. Fig. 2.13B), indicating reduced phosphorylation of Cre by creatine kinase
brain-type (CKB). Indeed, we could confirm decreased expression of CKB in LN229 (p <
0.05) and GBM1 (p > 0.05) shCHKα cells (Suppl. Fig. 2.13C).
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Figure 2.5: Choline Kinase alpha (CHKα) knockdown leads to similar alterations in choline
metabolism as ZEB1 knockdown. A. CHKα suppression was confirmed on mRNA level by RT qPCR.
B. Expanded regions of 1H-NMR spectra of control and shCHKα transduced LN229 and GBM1 cells show-
ing the main choline metabolites. C. Quantitation of 1H-NMR spectra for PC and tCho from metabolic extracts
of CHKα knockdown and control cells. D. Ratio of phosphocholine and free choline (product and educt of
CHKα). The data is represented as mean ± SD (n = 3).

Cells that express CHKα are positive for the stem cell marker SOX2 and the
mesenchymal marker VIMENTIN

As we found a link between CHKα and the EMT activator ZEB1, we further analyzed if
cells with CHKα also express other EMT/BTSC markers. We therefore performed fluo-
rescence microscopy on all analyzed cell lines and stained for the mesenchymal marker
VIMENTIN and the stem cell marker SOX2 in combination with CHKα (Fig. 2.6). CHKα
staining could be detected in the cytoplasm as well as in the nucleus of the whole cell
population, although the expression level differed between cells. The transcription fac-
tor SOX2 was expressed in the nucleus of all cells, elucidating the immature character
of GBM cells. VIMENTIN could be detected predominantly in the cytoplasm and the ex-
pression level differed between the cells. Most interestingly, cells with more VIMENTIN
staining tend to have higher expression of CHKα. In the co-staining for SOX2 and CHKα
we could not detect coherences, as all cells exhibit a strong SOX2 staining. Of note, es-
pecially in LN229 cells CHKα tends to accumulate in an area close to the nucleus in a
puncta-like structure, presumably in cells undergoing cell division (Fig. 2.6A). In the past,
several publications could correlate CHKα expression with cell cycle regulation and mi-
tosis in different tumor entities [122, 186]. Our results now suggest that there could be a
correlation between cell division and CHKα expression in GBM as well.
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Figure 2.6: CHKα is co-expressed with the mesenchymal marker VIMENTIN in GBM cells. Im-
munocytochemical staining was performed for CHKα (red), VIMENTIN (green), SOX2 (green), and DAPI
(blue) in LN229 (A) and JHH520 (B) cells. All cells were stained positive for the three tested proteins.
VIMENTIN/CHKα/DAPI and SOX2/CHKα/DAPI co-stainings revealed that CHKα expression correlates with
the expression of VIMENTIN but not with SOX2 in all tested cell lines. Scale bar: 50 µm; GBM1 not shown.

Choline kinase alpha knockdown reduces the expression of EMT activators and
neural stem cell markers

Given our results of a putative EMT-choline metabolism loop and the co-expression
of CHKα and the mesenchymal marker VIMENTIN, we tested the influence of CHKα
suppression on the expression of EMT associated genes. We found that suppression
of CHKα caused a strong reduction of ZEB1, ZEB2, TWIST 1, SNAI1, and SNAI2.
Quantification of RT qPCR results revealed a 66 % reduction of ZEB1 (p<0.001), 62 %
reduction of TWIST1 (p=0.0014) and a 53 % reduction of SNAI1 (p<0.001) in LN229 and
a 77 % reduction of ZEB1 (p<0.0001), a 63 % reduction of ZEB2 (p<0.0001), a 47 %
reduction of SNAI1 (p=0.002), and a 78 % reduction of SNAI2 in GBM1 cells (Fig. 2.7A).
ZEB1 suppression was further confirmed on protein level with up to 57 % reduction in
LN229 and 21 % reduction in GBM1 cells (Fig. 2.7B). CHKα depletion in JHH520 cells
suppressed SNAI2 mRNA expression by 76 %, TWIST1 mRNA expression by 96 %
(p < 0.0001) and TWIST1 protein expression by up to 73 % but had no effect on ZEB
expression. TWIST1 baseline protein expression in LN229 and GBM1 was too low to be
detected. Furthermore, we assessed the influence of CHKα on the expression of known
EMT target genes and found that CHKα depletion reduced the expression of N-cadherin
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Figure 2.7: Suppression of CHKα reduces the expression of EMT-associated genes and neural stem
cell markers. A. ZEB1, ZEB2, SNAI1, SNAI2, TWIST1, N-cadherin, and VIMENTIN mRNA levels were
analyzed by RT qPCR in shCHKα cells and compared to controls. B. ZEB1, TWIST1, and CHKα protein
expression levels were detected using immunoblotting in shCHKα and control cells. C. Nestin and SOX2
mRNA expression levels in shCHKα cells were analyzed by RT qPCR and compared to control cells. The
data is represented as mean ± SD (n = 3).

by 50 % in LN229 (p < 0.02) and by 65 % in GBM1 (p < 0.05) cells. The expression of VI-
MENTIN was reduced by 83 % in LN229 (p < 0.0001), by 68 % in GBM1 (p < 0.0001), and
by 38 % in JHH520 (p < 0.02) cells with CHKα knockdown, which is in concordance with
our immunofluorescence data. As mesenchymal cells are characterized by high levels of
stem cells markers, we analyzed the expression of the neural stem cell markers Nestin
and SOX2 in shCHKα and control cells. CHKα suppression significantly reduced the
expression of NESTIN in LN229 (p<0.0001), GBM1 (p<0.0001) and JHH520 (p=0.0024)
cells and SOX2 in LN229 (p<0.0001) and GBM1 (p<0.0001) cells (Fig. 2.7C). Together
these results provide important insight into the ability of CHKα to regulate the activation
of EMT and the stem cell character of GBM cells.
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Knockdown of choline kinase alpha reduces the cellular viability, invasiveness
and clonogenicity

Next we investigated if CHKα suppression is able to reduce the mesenchymal phenotype
of GBM cells. Compared to their control counterparts, CHKα knockdown cells exhibit
significantly reduced viability (Fig. 2.8A). Furthermore, we assessed the invasive behavior
after CHKα inhibition with modified Boyden chamber assays and found a 48 % decrease
in invading cells for LN229 (p = 0.011) and a 42 % decrease for GBM1 (p = 0.0082)
cells (Fig. 2.8B). Moreover, depletion of CHKα significantly diminished the anchorage
independent in vitro clonogenicity of our tested neurospheres lines (by 90 % in JHH520,
p < 0.0001 and by 80 % in GBM1, p < 0.05). Taken together, shCHKα cells exhibit fewer
properties of mesenchymal cells than control vector transduced cells. Furthermore, we
looked at RNA sequencing data of different tumor compartments which were identified
in the Anatomic Structures ISH Survey and isolated by laser microdissection. Increased
expression of CHKα could be found in the infiltrative region and the leading tumor edge
of GBMs (Suppl. Fig. 2.14).

Pharmacological inhibition of choline kinase alpha reduces the expression of the
EMT activators ZEB1 and TWIST1 in GBM cells

Targeted suppression of EMT in cancer cells is of highest clinical interest as success-
ful mesenchymal reprogramming appears to be crucial for the invasive properties of a
majority of malignant cells. In a translational approach, we applied the CHKα-inhibitor
V-11-0711 (Vertex Pharmaceuticals Incorporated) on GBM cells and tested subsequent
alterations in geno- and phenotype. V-11-0711 has been shown to specifically suppress
CHKα catalytic activity in breast cancer and HeLa cells [115, 187]. GBM1 and JHH520
neurospheres were treated with DMSO, 0.1 µM V-11-0711 or 1 µM V-11-0711 for 48 h and
metabolic extracts were analyzed by 1H-NMR spectroscopy. As the PC signal at 3.22 ppm
was highly reduced in the drug treated cells we confirmed the ability of V-11-0711 to in-
hibit the enzymatic activity of CHKα in GBM cells (Fig. 2.9A). Strikingly, pharmacological
suppression of CHKα further led to a dose dependent reduction of ZEB1 protein in GBM1
and both ZEB1 and TWIST1 protein in JHH520 cells (Fig. 2.9B). Additionally, V-11-0711
induced a dose dependent increase of CHKα protein in GBM1 but not in JHH520 cell line.

Pharmacological inhibition of choline kinase alpha reduces the viability,
invasiveness and clonogenicity of GBM cells

Next we wanted to prove that pharmacological inhibition of CHKα can resemble the ef-
fect of our genetic inhibition model. Strikingly, treatment with 1 µM or 10 µM V-11-0711 for
48 h drastically reduced the cell viability of GBM1 and JHH520 cells (Fig. 2.10A) which
we could associate with dose-dependent induction of apoptosis (Fig. 2.10B). For the fol-
lowing in vitro invasion and clonogenicity assays we therefore used V-11-0711 concen-
trations which induce no (0.47 µM for GBM1) or only mild apoptosis (0.2 µM for JHH520).
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Figure 2.8: CHKα knockdown reduces the viability, invasiveness and clonogenicity of GBM cells.
A. Knockdown of CHKα reduces the viability of LN229 and GBM1 cells. Exponential growth curves were
calculated for each condition and displayed in the graphs. B. Cells with impaired CHKα expression are less
invasive as assessed with modified Boyden chamber assays for 24 h. Representative pictures of hematoxylin
stained invaded cells and quantifications of three Boyden chamber experiments are shown (*p < 0.05). C.
CHKα suppression reduces the clonogenicity of JHH520 and GBM1 cells as assessed by soft agar assays.
Representative pictures of NBT stained colonies and quantifications of three colony forming assays are
shown (*p < 0.05). Abbreviations: HPF, high power field; NBT, 4-Nitro blue tetrazolium chloride. The data is
represented as mean ± SD (n = 3).
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Figure 2.9: Treatment with the choline kinase inhibitor V-11-0711 alters choline metabolism and re-
duces the expression of the EMT activators ZEB1 and TWIST1 in GBM cells. A. Expanded regions of
1H-NMR spectra for the main choline metabolites of DMSO and V-11-0711 treated cells show the effective-
ness of V-11-0711 treatment B. V-11-0711 treatment led to a suppression of ZEB1 and induction of CHKα
protein in GBM1 and a suppression of both ZEB1 and TWIST1 protein in JHH520 cells as measured by
immunoblotting. α-tubulin and β-actin immunoblotting were used as loading controls. Abbreviations: DMSO,
dimethyl sulfoxide. The data is represented as mean ± SD (n = 3).

We performed modified Boyden chamber transwell assays for 24 h in the presence of
either V-11-0711 or DMSO. The cells were preincubated with indicated concentrations
of the drug for 24 h. Two representative pictures and statistical analysis of three Boyden
chamber assays are shown in figure 2.10C. We could detect a 66.5 % decrease of in-
vading cells in GBM1 (p = 0.0018) and a 44.3 % decrease in JHH520 (p = 0.027) cells
after drug exposure as compared to controls. Moreover, the capacity of the cells to form
colonies was reduced significantly by 90 % in GBM1 (p < 0.0001) and by 88 % in JHH520
(p < 0.005) cells following treatment with V 11-0711 (Fig. 2.10D). In summary, our results
unequivocally prove the potential of CHKα inhibition to precisely target the invasive and
clonogenic population of GBM cells by suppressing key EMT activators and EMT target
genes.
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Figure 2.10: V-11-0711 treatment reduces the viability, invasiveness, and clonogenicity of GBM cells.
A. Cell viability was impaired by V-11-0711 treatment in a dose dependent manner. Exponential growth
curves were calculated for each condition and displayed in the graphs. B. V-11-0711 induces apoptosis as
assessed with the Muse® Annexin V and Dead Cell Kit. Pharmacological inhibition of CHKα with 0.47 µM
(GBM1) and 0.2 µM (JHH520) V-11-0711 led to diminished invasive capacity (C) of GBM1 and JHH520
cells (*p < 0.05) and decreased the in vitro clonogenicity (*p < 0.005) (D). Abbreviations: DMSO, dimethyl
sulfoxide; NBT, 4-Nitro blue tetrazolium chloride. The data is represented as mean ± SD (n = 3).
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Combination treatment with Temozolomide and V-11-0711 has synergistic effects
in a subset of GBM cell lines

ZEB1 has been associated with chemo resistance in GBMs [39]. In order to assess if
CHKα inhibition induces sensitivity to the standard chemotherapeutic in GBM therapy,
temozolomide (TMZ), GBM1 and JHH520 cells were treated with either single drugs or
drug combinations of V-11-0711 and TMZ. Interestingly, treatment of GBM1 cells with
V-11-0711 and TMZ together had synergistic anti-growth effects in all tested drug com-
binations (correlation index < 1) (Fig. 2.11), whereas for JHH520 we could not detect
constant synergy.

Figure 2.11: Combinatory treatment with Temozolomide and V-11-0711 has synergistic effects in
GBM1 cells. V-11-0711 in combination with TMZ led constantly to synergistic cytotoxic effects in GBM1
but not in JHH520 cells (*p < 0.05). Abbreviations: DMSO, dimethyl sulfoxide; CI, Combination Index (CI < 1,
synergistic; CI = 1, additive; CI >1, antagonistic); [xy], multiple of the single TMZ (x) and V-11-0711 (y) dose;
Single TMZ dose (x): 17.5 µM for GBM1 and JHH520; Single V-11-0711 doses (y): 0.47 µM for GBM1 and
0.2 µM for JHH520.

2.2.5 Discussion

In this study we could show for the first time that EMT can be reduced by targeting choline
metabolism in GBM. Both genetic reduction through RNA interference and pharmacolog-
ical inhibition of CHKα with the small molecule inhibitor V-11-0711 in GBM cells signif-
icantly reduced the expression of EMT activators and EMT target genes. Furthermore,
we observed impaired cellular invasiveness, clonogenicity, viability as well as reduced
expression of neural stem cell markers, all hallmarks of EMT [42], upon interfering with
choline metabolism.

Our approach was to study whether EMT is associated with metabolic processes in
GBM cells. We therefore used a previously described EMT inhibition model based on
knockdown of ZEB1 [42]. In our model we observed decreased cell viability and changes
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in various intracellular metabolite concentrations in cells with reduced ZEB1. The role
of ZEB1 in cell proliferation and tumor growth is not fully understood. A hallmark paper
investigating the role of ZEB1 in gliomagenesis reported doubling of proliferation upon
ZEB1 impairment [39], although changes in ZEB1 caused by activation of WNT signaling
had no effect on proliferation [40]. Similarly, contrary results are published in other sys-
tems showing that ZEB1 promotes [188, 189], impairs [44, 190], or has no effect [191]
on proliferation and cellular growth. On the metabolite level we observed a significant de-
crease of PC and tCho in LN229 and GBM1 cells (Fig. 2.4). High concentrations of PC
and tCho, also referred to as the cholinic phenotype, could be correlated with malignant
transformation in various types of cancers [105, 139], thus our results hint at reduced ma-
lignancy after EMT inhibition. We found that the molecular cause for the reduced cholinic
phenotype is impaired CHKα expression in cells with EMT suppression, both confirmed
on mRNA and protein level. Also in breast cancer, CHKα activity has been described as
the main regulator of the cholinic phenotype [109]. CHKα catalyzes the phosphorylation
of free choline to PC during the synthesis of the membrane lipid phosphatidylcholine, thus
CHKα is of highest importance for the integrity of the cell membrane and a variety of sig-
naling pathways involving membrane lipids and membrane anchored proteins [192, 193].
As expected, direct suppression of CHKα through RNA-interference reduced the cholinic
phenotype to levels similar or even lower than observed after ZEB1 suppression (Fig.
2.5). Taken together, these results suggest that the activity of CHKα is associated with
EMT in GBM cells. CHKα is broadly expressed in our tested cell line models (Fig. 2.6).
This is not surprising as CHKα catalyzes important steps during membrane lipid synthe-
sis and thus appears to be indispensable for the cell survival and proper function. Our
co-labeling experiments revealed that cells with high levels of CHKα express high lev-
els of the EMT target gene VIMENTIN [180, 181, 182]. Furthermore, we detected strong
expression of the neural and glioma stem cell marker SOX2 [194, 195] in all our tested
models. We could not detect any differences in SOX2 expression in cells with high or low
levels of CHKα.

Interestingly, CHKα knockdown reduced the protein expression of the EMT activator
ZEB1 in LN229 and GBM1 cells and TWIST1 in JHH520 cells (Fig. 2.7).These results in-
dicate that there is a bidirectional link between EMT and choline metabolism in GBM and
that CHKα regulates EMT in a global way affecting the expression of several EMT acti-
vators. This hypothesis was further corroborated by the reduced ZEB1, ZEB2, SNAI1,
SNAI2 and TWIST1 mRNA levels as well as lowered expression of EMT targets N-
cadherin and VIMENTIN after CHKα knockdown [180, 181, 182]. Probably as a result
of the reduced expression of EMT associated genes, cells with CHKα suppression ex-
hibit fewer phenotypic properties of mesenchymal cells, since we detected significantly re-
duced invasiveness and clonogenicity in shCHKα cells (Fig. 2.8). Concisely, ZEB1, ZEB2,
and TWIST1 have all been described to promote invasion, and clonogenicity in GBM and
other tumors [41, 42, 43, 45, 50, 51, 196]. Additionally we found increased CHKα ex-
pression on the infiltrative leading edge of GBMs as compared to tumor parenchyma,
indicating CHKα expression is associated with invasive properties of the tumor cells in
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GBM patients (Suppl. Fig. 2.14). Taken together, this led us hypothesize that CHKα sup-
pression is able to suppress the EMT phenotype in GBM. Of note, previous studies with
breast cancer and ovarian cancer cells correlated CHKα expression with increased cel-
lular invasiveness, migration, and proliferation [112, 197], indicating the importance of
CHKα as a regulator of the mesenchymal phenotype in other tumors than GBM.

EMT has been associated with cancer stemness in a variety of tumors [35, 36]. Along
with the impaired in vitro clonogenicity after CHKα blockade, we observed decreased
expression of the stem cell genes Nestin and SOX2 after CHKα suppression. Both genes
are established BTSC markers with prognostic value and clinical relevance [194, 198].

Mesenchymal transformation is crucial for the generation of chemo- and radioresistant
BTSCs in malignant brain tumors [26, 199], thus identifying achievable approaches to
inhibit EMT is of highest clinical interest. Given our evidences from the genetic studies
that CHKα controls mesenchymal differentiation, we tested the effect of compound based
CHKα inhibition using the CHKα inhibitor V-11-0711 which recently has been shown to
selectively inhibit CHKα activity [115, 187]. Analysis of metabolic extracts with 1H-NMR
spectroscopy proved the enzyme inhibiting capability of V-11-0711 in GBM cells as we
did not detect any CHKα product - PC at 3.22 ppm – after drug exposure (Fig. 2.9). Strik-
ingly, V-11-0711 treatment reduced the expression of the EMT activator ZEB1 in GBM1
and both ZEB1 and TWIST1 in JHH520 cells in a dose-dependent fashion. Furthermore,
we detected a significant reduction in cellular viability, survival, invasiveness, and clono-
genicity after drug treatment, confirming our data with genetic CHKα inhibition. Since V-
11-0711 dose dependently induces apoptosis in GBM cells we used drug concentrations
for the invasion and colony forming assays inducing no (GBM1) or very mild (JHH520)
apoptosis. We further detected a dose dependent increase of the CHKα protein level in
GBM1 cells, indicating a rescue mechanism probably triggered by the dramatically de-
creased PC concentrations. This also suggests that not the protein level but rather the
enzymatic activity of CHKα is crucial for EMT regulation in GBM. Therefore, CHKα sup-
pression could be a novel approach to precisely target highly invasive cancer stem cells.
Of note, comprehensive CHKα inhibition through systemic administration of V-11-0711 or
other inhibitors will impair the cell membrane synthesis in all cells and phenotypic effects
will not be limited to the cancerous lesions. Therefore we envision that this potential form
of therapy could be applicable as local therapy in the open resection cavity or continuous
through convection enhanced delivery through intratumoraly implanted catheters to tar-
get the disseminated single cells in the next vicinity. Another possibility could be highly
selective intra-arterial transfer of siRNAs or shRNAs through cerebral circulation over the
blood brain barrier (BBB) to the side of the tumor to suppress CHKα by means of RNA
interference. It has been described recently that viruses can be transported over the BBB
after osmotic disruption using mannitol. This superselective intra-arterial cerebral infusion
technique is already in use for the treatment of patients with recurrent malignant glioma
in a phase I study and would present an alternative way to suppress CHKα indepen-
dent from pharmacological compounds [200, 201]. We were able to successfully monitor
CHKα and EMT inhibition through reduced intracellular PC and tCho, both after genetic

40



2.2 Reciprocal regulation of the cholinic phenotype and epithelial-mesenchymal
transition in glioblastoma cells

modification of the cells as well as after drug application using non-invasive 1H-NMR
spectroscopy. This ex vivo metabolic imaging technology raises the interesting option to
potentially monitor the EMT-status in cells by quantifying their intracellular choline con-
centrations. In vivo proof of principle experiments are necessary to assess whether this
concept might be applied for GBM diagnostics and therapeutic treatment surveillance.

The exact mechanism of CHKα-dependent suppression of EMT activators and reduc-
tion of GBM cell growth, invasiveness, and clonogenicity remains to be investigated.
However, choline metabolism and especially CHKα activity has been correlated with ma-
lignant progression in various cancers [113, 171, 187, 202]. In the past, the RAS sig-
naling pathway was found to regulate CHKα expression during tumor progression via
phosphoinositide 3-kinase (PI3K) [202, 203, 204], thus directly linking CHKα activity to
known oncogenes and signaling pathways driving tumor progression. Also EMT is regu-
lated by Ras and PI3K signaling [205, 206, 207], making an indirect connection between
choline metabolism and EMT regulation possible. Furthermore, a most recent study of
Hu et al. [114] described CHKα itself to be an important player in EGFR/PI3K/AKT sig-
naling in colorectal cancer. Therefore, CHKα-mediated EMT induction via activation of
EGFR/PI3K/AKT signaling could be a possible explanation for our observations but of
course needs further investigations [208, 209]. As previous studies showed that CHKα
overexpression increases cellular invasiveness, drug resistance and metastasis forma-
tion [114, 197], establishing a CHKα overexpression model in GBM would be a desirable
way to further analyze the reciprocal regulation between choline metabolism and EMT in
the future.

EMT activation in cancer cells is associated with increased chemotherapeutic resis-
tance [48, 49, 210]. We found that combinatory treatment with the standard of care
chemotherapeutic temozolomide (TMZ) and V-11-0711 causes synergistic cytotoxic ef-
fects in GBM1 cells (Fig. 2.11). Our results in JHH520 cells were inconsistent, indicating
that not the CHKα expression level itself regulates drug resistance and subsequent down-
stream analyses are needed to address the exact mechanism.

Besides the cholinic phenotype, we detected alterations of intracellular metabolites as-
sociated with other metabolic networks after EMT/CHKα inhibition such as increased
creatine. Cre has been described as a putative anti-cancer agent and could be correlated
with inhibition of tumor cell growth [211, 212]. The observed increase of Cre could result
from reduced creatine kinase B (CKB) activity. CKB catalyzes the phosphorylation of cre-
atine to phosphocreatine, which has been shown to promote tumorigenesis [213, 214].
Indeed, depletion of CHKα resulted in reduced mRNA expression of CKB and an increase
of the Cre/PCre ratio (Suppl. Fig. 2.13). These results further emphasize the oncogenic
role of CHKα in cancer cells and indicate that the effect on cellular metabolism caused
by CHKα-mediated EMT reduction is not only limited to choline homeostasis.

In conclusion we could identify CHKα as a powerful regulator of EMT in GBM cells.
This opens the possibility to target chemotherapy resistant BTSCs through impairing
their mesenchymal differentiation. Furthermore, we confirmed V-11-0711 as a potent
CHKα and EMT inhibitor and suggest that our identified EMT-oncometabolic network may
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also be helpful to develop more tailored diagnostics monitoring the invasive properties of
GBMs as well as surveilling the success of anti-EMT therapy. Given the importance of
EMT for tumor progression and tumor stem cells in a variety of other tissue types, our
discoveries could impact also other fields of oncology.

2.2.6 Methods

Cell culture and V-11-0711 treatment

LN229 was purchased from American Tissue Culture Collection (Manassas, VA).
JHH520 neurospheres were generously provided by G. Riggins (Johns Hopkins Hospital
Baltimore, United States of America) and GBM1 neurospheres were generously provided
by Dr Angelo Vescovi (Milan, Italy). HEK293T cells were also purchased from American
Tissue Culture Collection (Manassas, VA). All cell lines were cultivated under standard
cell culture conditions of temperature (37°) and carbon dioxide (5 %). GBM1 and JHH520
cell lines were both cultured as neurospheres in DMEM w/o pyruvate (Gibco) supple-
mented with 30 % Ham’s F12 Nutrient Mix (Gibco), 2 % serum free B27 supplement
(Gibco), 20 ng/ml human recombinant bFGF (Peprotech), 20 ng/ml human recombinant
EGF (Peprotech), 5 µg/ml Heparin (Sigma Aldrich), and 1x Anti-Anti Penicillin Step-
tomycin Fungizone® mixture (Gibco). LN229 and HEK293T cells were propagated to
monolayer growth in DMEM with pyruvate (Gibco) plus 10 % Fetal Calf Serum (FCS;
Biochrome) and 1x Anti-Anti Penicillin Steptomycin Fungizone® mixture (Gibco). Cells
were passaged regularly to avoid acidification of media. All cell lines were routinely tested
for the absence of mycoplasma contamination using the PCR-based Mycoplasma Test
Kit I/C from Promokine and tested for their identity using short tandem repeat testing
[215].

A stock solution of the CHKα inhibitor V-11-0711 was prepared in DMSO and stored at
37°. For immunoblotting, cells were cultured for 48 h under general cell culture conditions
in the presence of various concentrations of V-11-0711 diluted in neurosphere medium.
For all experiments with V-11-0711 we decided to use JHH520 and GBM1 cells as they
both can be cultured without 10 % serum which we found to interfere with the activity of
small molecules.

For the combinatory treatment with TMZ and V-11-0711, the cells were cultured with
different concentrations of the single drugs or both in combination (Single doses of
V-11-0711: 0.47 µM for GBM1 and 0.2 µM for JHH520; Single doses of TMZ: 17.5 µM).
Therefore, triplicates of 2000 cells in 100 µl were seeded in 96 –wells and cultured in
medium supplemented with the desired drug concentration. After six days the cell viability
was determined with the CellTiter-Blue® Cell Viability Assay (Promega) due to the man-
ufacturer’s instructions. The combination index (CI) was calculated as described before
using the program CompuSyn (ComboSyn Inc., Paramus, NJ. 07652 USA) [216]. Due to
the algorithm of the software, a CI < 1 accounts for synergistic, a CI = 1 for additive, and
a CI > 1 for antagonistic effects. The significance of the synergistic effect (*p < 0.05) was
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calculated compared to additive effect (CI = 1).

Generation of lentiviral particles

The third generation lentiviral packaging system was used for the generation of lentivi-
ral particles as previously described [40]. In brief, HEK293T cells were transfected with
the lentiviral vector of choice and three different packaging plasmids (pMDLgpRRE,
pRSVREV and pMD2VSVG) using GeneJuice® Transfection Reagent (Merck Millipore).
Virus supernatant was collected at time points 48 h, 72 h and 96 h post transfection. Inter-
ference RNA sequences against CHKα were designed with the software Primer3 [217]
and cloned into the pLKO.1 TRC vector (Addgene plasmid #10878, [218]). Plasmids
containing shRNAs against ZEB1 were derived as described previously [42].

Quantitative Real time PCR

Total RNA was extracted using the RNeasy Mini Kit (Qiagen) due to the manufac-
turer’s instructions. The RNA concentration was photometrically assessed using the
Nanodrop2000 spectrometer (Thermo Scientific). Two micrograms of RNA were utilized
to synthesize complementary cDNA single strands using M-MLV reverse transcriptase
(Promega) and random hexameric primers. Quantitative real time PCR was carried out
using the Sso Advanced SYBR Green Supermix (BioRad) in a CFX Connect Thermocy-
cler (BioRad). A total of 10 ng cDNA and 10 pmol per primer were used in each qPCR
reaction. The relative quantifications were normalized to the endogenous housekeeping
genes β-actin and β-2-microglobulin. Calculation of normalized relative gene expression
was performed by supplied software of the CFX Connect Real-Time PCR Detection
System (Bio-Rad). The figures show data from three independent experiments repre-
sented as mean ± SD. An unpaired student t test was performed to calculate statistical
significance. The Primer sequences can be found in table 2.2.

Western Blotting

Cells were lysed in ice-cold RIPA buffer and protein concentrations were determined
using the DC Protein Assay Kit (BioRad). Incubation with primary antibodies against
ZEB1 (1:2000, Sigma #HPA027524), CHKα (1:500, Abcam #ab88053), TWIST1
(1:100, Santa Cruz #sc-81417), β-actin (1:1000, Santa Cruz #sc-130657) and α-
tubulin (1:10000, Sigma #T9026) was performed overnight at 4° on a 3D-shaker in 5 %
milk powder (Carl Roth) in TBST. As secondary antibodies we used goat-anti-rabbit
IRDye800CW (1:10000, LI-COR #926-32211), goat-anti-mouse IRDye680RD (1:10000,
LI-COR #926-68070) and goat anti-rabbit-HRP (1:10000, Jackson Immuno Research
#111-035-144) diluted in blocking solution and incubated for 1 h at room temperature.
Signal detection was performed either on a film based system by applying Super Signal
West Pico Chemiluminescent Substrate (Thermo Scientific) or on a luminescence based
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system in a LI-COR Odyssey CLx Imager (LI-COR). Densitometry was done using sup-
plied software from LI-COR or ImageJ software [219]. Densitometry values for ZEB1 and
CHKα were normalized to the corresponding α-tubulin values, TWIST1 was normalized
to β-actin.

Dual-phase metabolite extraction of cell cultures

At least 5x106 cells were harvested, counted in triplicates and subjected to methanol-
chloroform-water (1:1:1, v:v:v) dual-phase extraction as previously described [109, 220].
In brief, cells were washed twice with 10 ml ice-cold saline, resuspended in 850 µl ice-
cold ddH2O and transferred into a pre-chilled glass centrifuge tube. A total of 4 ml of
ice-cold methanol were added and the cells were vortexed vigorously and incubated on
ice for 15 min. Then 4 ml of ice-cold chloroform were added, vortexed and incubated for
10 min on ice. Finally, 3.15 ml of chilled ddH2O were added, vortexed and incubated at 4°
overnight to enable phase separation. Next day, the samples were centrifuged for 30 min
at 4500 rpm at 4°, and the upper phase containing the water soluble metabolites was
carefully separated, supplemented with 10 mg of Chelex® 100 resin (Sigma Aldrich) and
incubated on ice for 10 min to remove divalent cations. After filtration through a 70 µM
mesh the samples were centrifuged for 1 h in a vacuum concentrator at 30° to evaporate
the methanol. Subsequently, the samples were frozen at −80°, lyophilized and stored at
−80° until measurement.

1H-NMR data acquisition and processing

The lyophilisates were resuspended in 20 mM phosphate buffer (pH 7.0) contain-
ing 10 % D2O and 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS, euriso-top) or 3-
(Trimethylsilyl) propanoic acid (TSP; Lancaster Synthesis) as an internal standard.
1H-NMR spectra of extracts were acquired on a Bruker AVANCE III HD 700 spectrom-
eter equipped with a 5 mm HCN TCI cryo-probe operating at 700 MHz (16.4 T). The
1H-NMR data were obtained using excitation sculpting for water suppressing and the
following acquisition parameters: 25° sample temperature, 9800 Hz sweep width, 3.2 sec
repetition time and time-domain data points of 32 K and 256 transients. Spectra were
processed and analyzed using Mestrenova version 8.0.1-10878 (Mestrelab Research
S.L.). Metabolite intensities of different samples were normalized to a standard of the
same concentration in each measurement. The figures show data from three indepen-
dent experiments represented as mean ± SD. Furthermore, an unpaired student t test
was performed to calculate statistical significance.

Double immunofluorescence stainings

LN229, GBM1, and JHH529 cells were plated onto coverslips in 24-well plates. For
GBM1 and JHH520 cells, the coverslips were pre-coated with 50 µg/ml laminin (Sigma)
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for 1 h at 37°. After three hours incubation at 37° and 5 % CO2, the cells were washed
with PBS and fixed with 4 % Paraformaldehyde in PBS for 20 min at RT. The cells were
washed again with PBS and incubated with blocking buffer (PBS pH 7.4, 10 % Normal
Goat Serum (Gibco), 0.5 % TX-100, 0.05 % Tween20) for 2 h at RT. Cells were stained
with rabbit-anti-CHKα (1:250, Abcam #ab88053) and either mouse-anti-VIMENTIN
(1:1000, #) or mouse-anti-SOX2 (1:100, Cell Signaling #4900S) primary antibodies
diluted in blocking buffer overnight at 4°. Secondary antibodies (goat anti-mouse Alex-
afluor488 (1:1000, Thermo Fisher #A-11029) and goat anti-rabbit Alexafluor594 (1:1000,
Thermo Fisher #A-11037) were incubated for 2 h at RT. Preparations were mounted in
ProLong Gold + DAPI (Thermo Fisher) and fluorescent images were obtained by a LSM
700 microscope, Carl Zeiss, and analyzed in ZEN software (Carl Zeiss). Controls were
performed with omission of one or both primary antibodies.

Cell viability and Apoptosis assays

For the assessment of cell viability, cell numbers were adjusted to defined concentra-
tions (20.000 cells/ml for GBM1 and JHH520; 15.000 cells/ml for LN229). For the analysis
of ZEB1 and CHKα knockdown cells we used cells from passages 3 to 10 post transduc-
tion to exclude a transient effect from viral transduction. Triplicates of 100 µl were plated
into each well of a 96-well plate. On five consecutive days the relative viable cell mass was
determined using the CellTiter-Blue® Cell Viability Assay (Promega) due to the manufac-
turer’s instructions. Fluorescence was measured after two h substrate incubation on cells
using the Tecan Safire 2 Multiplate reader (Tecan) at 560ex/590em. Exponential growth
curves were calculated for each condition and displayed in the graphs with GraphPad
Prism 5 (GraphPad Software, Inc., USA).

In order to test if V-11-0711 treatment induces apoptosis in GBM cells, GBM1 and
JHH520 cells were treated with different concentrations of V-11-0711 for 48 h. After-
wards, the percentages of living, early apoptotic, late apoptotic, and dead cells were
assessed using the “Muse® Annexin V and Dead Cell Assay Kit” for the Muse® cell
analyzer (Merck Millipore) due to the manufacturer’s instructions.

Invasion and clonogenicity assays

Invasion of GBM cells was assessed with a modified Boyden chamber assay as de-
scribed previously [42]. In brief, a total of 1*105 cells were plated per Matrigel (BD) coated
insert in DMEM w/o FCS, DMEM with 10 % FCS was added in the lower chamber. After
an incubation of 24 h the experiment was terminated and the remaining non-invaded cells
on the upper surface of the membrane were removed carefully by swabbing. The filter was
fixed with methanol (−20°) for 10 min, washed with PBS and subsequently stained with
hematoxylin for 5 min. After destaining with warm water, five pictures were taken per well
and the stained invaded cells were counted. For the drug treatment experiments, cells
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were pretreated for 24 h with 1 µM (GBM1) or 0.5 µM (JHH520) V-11-0711 in standard
culture conditions before assessing their invasiveness in a time window of 24 h.

For the assessment of the clonogenic capacity of GBM cells we performed Soft agar
assays as described previously [215]. In brief, six-well plates were coated with 1.5 ml of
a base layer of 1 % agarose (Gibco) in neurosphere medium and placed in 4° for 1 h.
A top layer containing 0.6 % agarose and a single-cell suspension (3500 cells/well for
GBM1 and 5000 cells/well for JHH520) in 2 ml neurosphere medium was plated on top
of the base layer and incubated at RT for 1 h. Once the cell layer was solidified 2 ml of
neurosphere medium (for V-11-0711 treatment studies either supplemented with drug or
vehicle) were added to each well. Every three days 500 µl fresh medium (for V-11-0711
treatment studies either supplemented with drug or vehicle) were added to each well. On
day 21, 1 ml of a 1 mg/ml 4-Nitro blue tetrazolium chloride (NBT) solution (Sigma Aldrich)
was added and incubated overnight at 37° to stain the colonies. The experiments were
quantified using the Clono Counter software [221].

RNA sequencing data from IVY Glioblastoma Project

RNA sequencing data was generated from anatomic structures isolated by laser mi-
crodissection. Five tumor structures (Leading Edge, Infiltrating Tumor, Cellular Tumor,
Microvascular Proliferation, and Pseudopalisading Cells around Necrosis) were identified
by H&E staining and compared to hyperplastic blood vessels and the microvascular
proliferative region. A total of 122 RNA samples were generated from 10 tumors and
used for sequencing. Website: © 2015 Allen Institute for Brain Science. Ivy Glioblastoma
Atlas Project [Internet]. Available from: glioblastoma.alleninstitute.org.
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2.2.7 Supplement

Figure 2.12: ZEB1 alters the metabolism of LN229 and GBM1 cells. Water soluble metabolites of
shZEB1#1 and pLKO.1 control cells were analyzed with 1H-NMR spectroscopy. The relative metabolite
concentrations of three independent experiments are displayed as mean ± SD.
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Figure 2.13: CHKα knockdown alters the metabolism of LN229 and GBM1 cells. A. Water soluble
metabolites of shCHKα and pLKO.1 control cells were analyzed with 1H-NMR spectroscopy. B. The ratio of
the relative creatine and phosphocreatine concentrations were calculated from 1H-NMR spectra of shCHKα
and pLKO.1 control cells. C. CHKα knockdown decreases the expression of creatine kinase brain-type, the
enzyme phosphorylating creatine. The data is represented as mean ± SD (n = 3).

Figure 2.14: CHKα is expressed in higher levels in the infiltrating zone and the leading edge of GBM.
RNA sequencing data generated from anatomic structures isolated by laser microdissection. A total of 122
RNA samples were generated from 10 tumors and used for sequencing. Data from the IVY Glioblastoma
project (Website: © 2015 Allen Institute for Brain Science. Ivy Glioblastoma Atlas Project [Internet]. Available
from: glioblastoma.alleninstitute.org). Image credit: Allen Institute.
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Table 2.2: Primer sequences used in qPCR

Gene Gene ID Forward primer Reverse primer

ACTB 60 CCCAGCACAATGAAGATCAA CGATCCACACGGAGTACTTG

B2M 567 GTTGCTCCACAGGTAGCTCTAG ACAAGCTTTGAGTGCAAGAGATTG

CDH2 1000 TATGCCCAAGACAAAGAGACC CAACTTCTGCTGACTCCTTCA

CHKA 1119 GAAAGTGCTCCTGCGGCTGTATG CGGCTCGGGATGAACTGCTC

CKB 1152 GGCAACATGAAGGAGGTGTT ATGGGCAGGTGAGGATGTAG

NES 10763 GGCGCACCTCAAGATGTCC CTTGGGGTCCTGAAAGCTG

SNAI1 6615 GCTGCAGGACTCTAATCC ATCTCCGGAGGTGGGATC

SNAI2 6591 TGGTTGCTTCAAGGACACAT GTTGCAGTGAGGGCAAGAA

SOX2 6657 TGGACAGTTACGCGCACA CGAGTAGGACATGCTGTA

TWIST1 7291 TCCGCGTCCCACTAGCA TTCTCTGGAAACAATGACATCTAGGT

VIM 7431 CCCTCACCTGTGAAGTGGAT TCCAGCAGCTTCCTGTAGGT

ZEB1 6935 AAGAATTCACAGTGGAGAGAAGCCA CGTTTCTTGCAGTTTGGGCATT

ZEB2 9839 GCCGCGGCATATGGTGACA GCCACACTCTGTGCATTTGAA
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2.3.2 Abstract

Cancer stem-like cells mediate tumor initiation, progression, and therapy resistance.
Therefore, exploiting their metabolic properties is an attractive approach to identify effi-
cient therapeutic strategies in oncology. Here we analyze the metabolism of glioblastoma
stem-like cells (GSC) with high resolution proton nuclear magnetic resonance (HR 1H-
NMR) spectroscopy. We identify intracellular accumulation of known oncometabolites
such as lactate, phosphocholine, and glycine in GSCs. Furthermore, we stratify our in
vitro GSC models into two subtypes based on their relative amount of glutamine in rela-
tionship to glutamate (Gln/Glu). Gln/GluHigh GSCs are resistant to glutamine deprivation
whereas Gln/GluLow GSCs respond with significantly decreased clonogenicity. Cellular
growth is sustained in both subtypes even though the cells show a complete lack of
intracellular glutamine. Surprisingly, starvation-resistant GSCs express high levels of the
oncogene c-Myc. In contrast, pharmacological glutaminase (GLS) inhibition effectively
inhibits growth and clonogenicity of both GSC subtypes. In conclusion, GSCs accu-
mulate known oncometabolites, thereby contributing to a more aggressive metabolic
phenotype. Furthermore, monitoring the Gln/Glu ratio of glioblastoma predicts resistance
to Gln starvation and we hypothesize that GLS inhibition is an effective pan-GSC therapy
efficaciously reducing growth, clonogenicity, and stemness independently of c-Myc.
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2.3.3 Introduction

Glioblastoma is the most common malignant primary brain tumor with a median overall
survival of less than two years [19]. It is believed that glioblastoma stem-like cells (GSCs)
do not get targeted by current therapeutics and contribute to therapy resistance and tumor
relapse [26, 27, 52, 177]. Exploiting the metabolic properties of cancer cells has emerged
as an innovative strategy for therapeutic target and diagnostic biomarker discovery. The
identification of the metabolic makeup of GSCs might therefore be of particular inter-
est to effectively target and eradicate this highly malignant cell population [53, 54, 152].
Glycolysis and glutaminolysis, the main anaplerotic pathways in cells, guarantee high
levels of energy production, provide substrates for biosynthetic processes, and sustain
growth of highly proliferative cells [68]. Both pathways are dysregulated in cancer due
to mutational and epigenetic changes [59, 60, 222, 223]. Furthermore, by supporting
the synthesis of glutathione (GSH), glutaminolysis is crucial for the clearance of reactive
oxygen species (ROS). Targeting aerobic glycolysis was long considered to potently ex-
ploit cancers’ Achilles heel for therapeutic purposes; however the clinical application of
glycolysis inhibitors remains challenging [224, 225]. Therefore, interfering with glutamine
homeostasis is a forceful alternative to combat cancer, since tumor cells – compared to
normal tissue - show glutamine addiction [57, 226]. However, glutamine dependency does
not apply to all tumors and the microenvironment can significantly modulate the tumor
cells’ response to glutamine deprivation [227]. The relevance of glutamine metabolism
for gliomagenesis remains questionable. Glioblastoma compensate mTOR inhibition by
induction of glutaminolysis [228]. Contrarily, studies on pharmacological inhibition of glu-
taminolysis report either reduction [229] or no influence [81] on glioblastoma growth. Only
little is known about the importance of glutamine metabolism for GSCs. Therefore, the
purpose of this work is to elucidate the metabolic preferences of GSCs by comparing in-
tracellular metabolite compositions of GSC cultures with those subjected to spontaneous
or targeted differentiation.

2.3.4 Results

GSC cultures can be re-differentiated by bone morphogenic protein 4

To enriched the population of highly therapy-resistant GSCs, we transferred glioblastoma
cultures from medium containing 10 % into neurosphere medium without FBS, result-
ing in clustering of the cells into spherical structures. This led to a significant reduction
of glial fibrillary acidic protein (GFAP) mRNA expression in all tested cell lines (Suppl.
Fig. 2.20A). Furthermore, mRNA levels of the putative GSC marker CD133, which rep-
resents a valid marker for GSC enrichment [27, 39, 146], were significantly increased.
Immunoblotting of GSC culture lysates revealed differences in the abundance of CD133
protein (Fig. 2.15A). Interestingly, expression of c-Myc, a regulator of glucose and glu-
tamine metabolism, did not correlate with stemness. Nevertheless, CD133 protein directly
correlated with expression of stemness markers SOX2, and nestin (NES) (Fig. 2.15B). To
exclude that metabolic differences result from differences in media supplements, we re-
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differentiated our GSC cultures with bone morphogenic protein 4 (BMP4) in neurosphere
medium. BMP4 effectively decreases the GSC pool by inducing glial differentiation [145].
Treatment of GSCs with 50 ng/ml recombinant BMP4 for 48 h significantly increased the
expression of GFAP and reduced the expression of CD133, SOX2 (JHH520 and GBM1),
and NES (GBM1) (Fig. 2.15C). To assess whether BMP4 treatment reduces stemness
in GSC cultures, we performed clonogenicity assays in semi-solid agarose. Strikingly,
BMP4-treament almost completely abolished the clonogenic capacity of all GSC cultures
(Fig. 2.15D) without inducing significant amounts of apoptosis (Suppl. Fig. 2.20B). That
indicates that BMP4 specifically reduces stemness instead of inducing cell death, with
culture conditions remaining largely unchanged.

GSCs reprogram lactate, glutamine, creatine, choline, and glycine metabolism

Using one-dimensional HR 1H-NMR spectroscopy we analyzed the abundance of the
most prominent water-soluble metabolites in adherent cells, GSC cultures, and GSC cul-
tures re-differentiated with BMP4. JHH520 and 407p GSC cultures exhibited higher lev-
els of the oncometabolites lactate (Lac), phosphocholine (PC), total choline (tCho), and
glycine (Gly) than the respective adherent and BMP4-treated cultures (Fig. 2.16). How-
ever, BMP4-treatment had only minor effects on the metabolism of GBM1 cells. Thus
we observed increased Lac and Gly levels in GSCs compared to adherent cultures only,
and PC was reduced both in adherent and BMP4 treated cells. Furthermore, all GSC
cultures exhibited lower levels of the putative anti-cancer agent creatine (Cre) than ad-
herent cells [211, 212]. Surprisingly, BMP4-treatment did not reverse this effect but fur-
ther decreased Cre levels in JHH520 and 407p cultures. Metabolites connected to glu-
tamine (Gln) metabolism were differentially regulated in our GSC models. Both Gln and
GSH levels were significantly increased in JHH520 and 407p GSC cultures whereas they
were significantly reduced in GBM1 GSC cultures. Since several publications correlated
aberrant Gln metabolism with tumor progression, we further analyzed Gln metabolism of
GSCs in order to reveal possible anti-GSC therapy targets.
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Figure 2.15: Treatment with BMP4 induces glial differentiation in glioblastoma stem-like cells. A.
Immunoblotting of GSC lysates confirmed expression of the putative glioblastoma stem cell marker CD133
in all three GSC cell lines. B. Analysis of SOX2 and NES mRNA expression revealed highest expression of
both genes in 407p GSCs and lowest in JHH520 GSCs (**p < 0.005). C. GSC cultures (JHH520, GBM1, and
407p) were treated for 48 h with 50 ng/ml BMP4. RT qPCR analysis revealed increased expression of GFAP
and decreased expression of CD133, NES, and SOX2 in cells treated with BMP4, compared to control cells.
D. Glial differentiation of GSCs with BMP4 reduced the clonogenicity of JHH520, GBM1, and 407p cells as
assessed by soft agar assays. Representative pictures of NBT stained colonies and quantifications of three
colony forming assays are shown (*p < 0.05). Abbreviations: NBT, 4-nitro blue tetrazolium chloride. The data
is represented as mean ± SD (n = 3).
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Figure 2.16: GSCs reprogram lactate, glutamine, phosphocholine, and glycine metabolism. Relative
concentrations of water soluble metabolites extracted from glioblastoma (JHH520, GBM1, and 407p) adher-
ent cells, GSC cultures, and GSC cultured re-differentiated for 48 h with 50 ng/ml BMP4 were assessed with
1H-NMR spectroscopy (*p < 0.05, **p < 0.001). Abbreviations: Lac, lactate; Glu, glutamate; Gln, glutamine;
GSH, glutathione; Cre, creatine; PC, phosphocholine; tCho, total choline (tCho; comprising free choline,
PC, and glycerophosphocholine); Gly, glycine. The relative metabolite concentrations of three independent
experiments are displayed as mean ± SD.
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Gln/GluHigh GSCs express c-Myc and high levels of the glutamate/cystine
antiporter cXT/SLC7A11

Since maturation with BMP4 differentially affected Gln metabolism in our GSC mod-
els, we analyzed metabolite ratios and expression of enzymes involved in glutaminoly-
sis. Representative Gln and glutamate (Glu) metabolite peaks of 1H-NMR spectra and
corresponding Gln/Glu ratios are shown in figures 2.17A and 2.17B, respectively. Inter-
estingly, GBM1 GSCs exhibit a much lower Gln/Glu ratio than JHH520 and 407p GSCs.
Strikingly, the Gln/Glu ratios neither correlated with stemness (Fig. 2.15A+B), nor could
they be explained by baseline expression of glutaminase (GLS) or glutamine synthetase
(GS), the enzymes metabolizing Gln into Glu and Glu into Gln, respectively (Suppl. Fig.
2.21A). In accordance with studies correlating high Gln/Glu ratios with low GS expres-
sion in glioblastoma xenografts [140], we observed highest GS expression in Gln/GluLow

GBM1 cells. Interestingly, we could correlate high Gln/Glu ratios with c-Myc expression
(Fig. 2.15A). Notably, Gln/GluHigh cells exhibited significantly higher expression of the glu-
tamate exporter cXT/SLC7A11 than Gln/GluLow cells (Fig. 2.17C). Concisely, xCT could
be correlated with high intracellular Gln in breast cancer [230]. Upon BMP4-treatment,
the Gln/Glu ratio significantly decreased in JHH520 and 407p GSCs and increased in
GBM1 GSCs (Fig. 2.17D). Furthermore, the xCT expression significantly decreased in
all GSC cultures undergoing differentiation (Fig. 2.17E). Impaired xCT activity could ex-
plain the decreased Gln/Glu ratios and GSH levels observed in differentiated JHH520 and
407p cells. A reason for the increased Gln/Glu ratio in BMP4-treated GBM1 GSCs could
be a simultaneous decrease of Glu synthesis resulting from impaired GLS expression
(Suppl. Fig. 2.21B). In conclusion, we identified two GSC subgroups, c-Mycpos Gln/GluHigh

(JHH520 and 407p) and c-Mycneg Gln/GluLow (GBM1) cells. The former characterized by
high xCT expression and decreased Gln and GSH levels upon differentiation, the later
characterized by low xCT expression and increased Gln and GSH levels upon BMP4-
treatment.
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Figure 2.17: The Gln/Glu ratio of GSCs correlates with expression of the glutamate/cystine antiporter
cXT/SLC7A11. A. Expanded regions of 1H-NMR spectra showing Gln and Glu multiplets from metabolic
extracts of GSCs (JHH520, GBM1, and 407p) either treated with 50 ng/ml BMP4 or vehicle. B. GBM1
GSCs have a significant lower Gln/Glu ratio than JHH520 and 407p GSCs (*p < 0.05). C. Treatment with
50 ng/ml BMP4 decreased the Gln/Glu ratio in JHH520 and 407p GSCs and increases the Gln/Glu ratio in
GBM1 GSCs (*p < 0.05, **p < 0.0001). D. Analysis of mRNA expression of the glutamate/cysteine antiporter
xCT/SLC7A11 revealed significantly decreased expression in GBM1 GSCs (*p < 0.01, **p < 0.0001). E. In
all tested cell lines the xCT mRNA expression was significantly reduced upon treatment with 50 ng/ml BMP4
as assessed with RT qPCR (*p < 0.05, **p < 0.001). The data is represented as mean ± SD (n = 3).

Gln/GluHigh GSCs are self-sufficient for glutamine and can be sensitized for Gln
deprivation by glial differentiation

To assess the susceptibility of Gln/GluLow and Gln/GluHigh GSCs to Gln deprivation, we
cultured GSCs in medium with or without L-Gln for six days. Representative 1H-NMR
spectra (Fig. 2.18A) and relative quantifications (Fig. 2.18B) of metabolic extracts from
Gln starved GSCs and control cells showed severely reduced Gln levels in starved GSCs,
with no detectable Gln in GBM1 GSCs. Furthermore, Glu levels were reduced by 42 %
in JHH520, 40 % in 407p, and even 53 % in GBM1 GSCs. Furthermore, Gln starvation
increased oncometabolites PC, tCho, and Gly, indicating that GSCs switch to a more ag-
gressive metabolic phenotype to cope with nutrient deprivation. Levels of the antioxidant
GSH were markedly more decreased in GBM1 (34 %) GSCs as compared to JHH520
(14 %) and 407p (7 %) GSCs (Fig. 2.18C). Surprisingly, cell viability was not affected (Fig.
2.18D). To assess whether Gln starvation influences stemness in GSCs, we performed
clonogenicity assays with Gln-starved and control GSCs. Clonogenicity was significantly
reduced by 70 % in Gln/GluLow (p<0.05) but not affected in Gln/GluHigh GSCs (Fig. 2.18E).
Recent publications stated that GS activation protects glioblastoma cells from Gln starva-
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tion [81]. Surprisingly, we observed highest GS protein expression in starvation sensitive
GBM1 GSCs (Suppl. Fig. 2.21A). Furthermore, Gln starvation increased GS expression
in all three cell lines (Fig. 2.18F). Therefore, GS activation may protect from starvation-
dependent proliferation arrest but not from impaired clonogenic capacity. We further an-
alyzed whether the initial high GSH levels and Gln/Glu ratios protect JHH520 and 407p
cells from Gln deprivation. Since BMP4-treatment significantly reduced Gln/Glu ratios,
GSH levels and xCT expression in Gln/GluHigh GSCs (Fig. 2.16, Fig. 2.17D+E), we differ-
entiated JHH520 and 407p GSCs with BMP4 either in the presence or absence of L-Gln.
We observed significantly reduced clonogenicity in differentiated JHH520 and 407p cul-
tures starved for Gln (Fig. 2.18G). Furthermore, Gln starvation of differentiated GSCs
reduced expression of CD133 in all cell lines, SOX2 expression in GBM1 and increased
GFAP expression in JHH520 cells (Suppl. Fig. 2.22B). Besides a reduction of CD133 in
JHH520 and increase of GFAP in GBM1, Gln starvation of untreated GSCs did not af-
fect the expression of stemness or differentiation markers (Suppl. Fig. 2.22A). In conclu-
sion, Gln deprivation targets stemness in c-Mycneg Gln/GluLow GSCs, however, c-Mycpos

Gln/GluHigh GSCs are protected probably by high levels of Gln and GSH and increased
xCT expression. Glial differentiation of Gln/GluHigh GSCs restores the sensitivity to Gln
starvation.

Inhibition of glutaminase reduces stemness in both Gln/GluLow and Gln/GluHigh

GSCs

Since Gln deprivation failed to target Gln/GluHigh GSCs, we decided to interfere with glu-
taminolysis by inhibition of GLS, the enzyme metabolizing Gln to Glu. GSC cultures were
treated for six days with various concentrations of the GLS inhibitor C968 and cell viability
was dose-dependently reduced (Fig. 2.19A). Treatment with 10 µM C968 significantly di-
minished the clonogenic capacity of all tested GSC cultures compared to DMSO-treated
cells (Fig. 2.19B). We observed highly reduced total colony numbers and almost no large
colonies in C968-treated GSCs. Furthermore, immunoblotting of GSC lysates treated with
C968 or vehicle for two and four days showed substantially reduced CD133 protein levels
in GBM1 and 407p GSCs and marginally in JHH520 GSCs (Fig. 2.19C). Additionally, we
detected reduced SOX2 expression in JHH520 GSCs treated with C968 for two and four
days. Therefore, we conclude that GLS inhibition is an effective way to target c-Mycneg

Gln/GluLow and c-Mycpos Gln/GluHigh GSCs significantly reducing their stemness.
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Figure 2.18: BMP4-dependent reduction of Gln, GSH, and xCT expression restores sensitivity of
starvation-resistant Gln/GluHigh GSCs. Expanded regions of 1H-NMR spectra showing GSH, Gln, and Glu
multiplets (A) and relative concentrations of selected water-soluble metabolites (B) from metabolic extracts
of GSCs either cultured in medium with or without L-Gln (*p < 0.05, **p < 0.001). C. Relative glutathione
concentration in GSCs after Gln starvation compared to control cells (*p < 0.05). D. Gln starvation did not
affect the viability of GSCs. Exponential growth curves were calculated for each condition and displayed in the
graphs. E. Gln starvation reduced the clonogenic capacity of Gln/GluLow (GBM1) but not Gln/GluHigh (JHH520,
407p) GSCs (*p < 0.05). F. Immunoblotting revealed increased glutamine synthetase protein expression in
GSCs upon Gln starvation. β-actin immunoblotting was used as loading controls. G. Glial differentiation with
25 ng/ml restored the sensitivity of Gln/GluHigh GSCs (JHH520 and 407p) for Gln starvation. Colonies remain
small due to the general anti-clonogenic effect of BMP4. Clonogenicity was assessed with soft-agar assays.
Representative pictures of NBT stained colonies and quantifications of three colony forming assays are
shown (*p < 0.05). Abbreviations: NBT, 4-nitro blue tetrazolium chloride. The data is represented as mean ±
SD (n = 3).
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Figure 2.19: Glutaminase inhibition effectively targets Gln/GluLow and Gln/GluHigh GSC cultures. A.
The cell viability of JHH520, GBM1, and 407p GSC cultures was dose-dependently impaired by treatment
with the GLS inhibitor C968. Exponential growth curves were calculated for each condition and displayed in
the graphs. B. Treatment with 10 µM C968 significantly reduced the clonogenicity of JHH520, GBM1, and 407
GSC cultures. Representative pictures of NBT stained colonies and quantifications of three colony forming
assays are shown (*p < 0.05, **p < 0.001). C. Immunoblotting experiments showed that GLS inhibition with
10 µM C968 over two and four days reduced the protein expression of CD133 (JHH520, GBM1, and 407)
and SOX2 (JHH520) as compared to DMSO treated control cultures. β-actin immunoblotting was used as
loading controls. Abbreviations: DMSO, dimethyl sulfoxide; GLS, glutaminase. The data is represented as
mean ± SD (n = 3).
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2.3.5 Discussion

GSCs cause chemoresistance and tumor recurrence in glioblastoma and despite signifi-
cant research efforts their unequivocal identification remains elusive [27]. Recent techni-
cal advantages in cancer research significantly increased our understanding on how on-
coproteins influence cellular metabolism. However, the metabolic and bioenergetic needs
of GSCs are not fully understood [55]. We compared the intracellular metabolome of GSC
neurosphere cultures with their differentiated counterparts and could correlate elevated
Lac, PC, tCho, and Gly levels with GSC enrichment. Aerobic glycolysis causes lactate ac-
cumulation in cancer [61, 62] and lactate dehydrogenase-A (LDH), the enzyme convert-
ing pyruvate into lactate, promotes survival of GSCs in vivo [231]. Moreover, epithelial-
mesenchymal-like transition (EMT), the developmental program enriching stemness in
glioblastoma [37], enhances glycolysis in GSCs [232] and increases Lac production [233].
Our results are in concordance with previous reports describing lactate accumulation in
glioblastoma neurospheres [234].

The stemness dependent shifts in choline derivatives correspond with previous reports
from our lab. The observed cholinic phenotype [105, 109], characterized by high PC and
tCho levels, is associated with expression of the EMT activator ZEB1 and high clonogenic
capacity [172].

Tumor tissues exhibit elevated glycine levels [235] and ex vivo assessment of tumor
biopsies correlated Gly accumulation with higher tumor grade [168]. Furthermore, glycine
receptor α1 promotes self-renewal and tumorigenicity in glioblastoma xenografts [236].
Importantly, in hypoxic microenvironment such as pseudopalisades, tight regulations pre-
vent Gly accumulation in order to maintain GSC survival [153]. We hypothesize that in
normoxic glioblastoma, elevated intracellular Gly - alongside with Lac accumulation and
the cholinic phenotype - indicates the existence of a higher fraction of GSCs.

Glutaminolysis is the second main anaplerotic pathway and enhanced in lactate pro-
ducing cancer cells [57, 237]. Concisely, we observed increased levels of Gln and GSH
in JHH520 and 407p GSCs compared to differentiated cells, whereas stemness enriched
GBM1 cultures significantly decreased Gln and GSH. Furthermore, through stratification
of our GSC models according to their Gln/Glu ratio we were able to efficiently predict
their resistance to Gln starvation. Glu deprivation significantly reduced clonogenicity in
Gln/GluLow but had no consequence in Gln/GluHigh GSC cultures. Interestingly, differen-
tiation of Gln/GluHigh GSCs reduced Gln, GSH, and the Gln/Glu ratio and restored their
sensitivity to Gln starvation, indicating that the initial high Gln and GSH levels and high
Gln/Glu ratios protect Gln/GluHigh GSCs from nutrient starvation. This is supported by
recent studies showing that Gln maintains stemness by promoting GSH synthesis [238].
Induction of GS has been described to mediate resistance to nutrient stress [81]. Indeed,
Gln starvation increased GS expression in GSCs, however, also in starvation sensitive
GBM1 GSCs. Since starvation did not affect cell viability we conclude that GS may protect
GSCs from starvation-dependent death, but not from the loss of self-renewing capacity.
Of note, despite significant GS upregulation we could not detect any intracellular Gln in
starved GBM1 and just very little in JHH520 and 407p cells, indicating that the Gln/Glu
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ratio is not substantially regulated by GS activity. This assumption is further supported
by studies identifying high Gln/Glu ratios correlating with low GS expression in tumor tis-
sue compared to normal brain tissue [140]. Concisely, we detected significantly lower GS
expression in Gln/GluHigh JHH520 and 407p compared to Gln/GluLow GBM1 GSCs.

The glutamate/cystine antiporter xCT/SLC7A11 exports intracellular glutamate in ex-
change for cystine, a crucial step in the synthesis of the antioxidant GSH. Furthermore,
xCT expression correlates with increased glutamine uptake and tumor progression [76,
230, 239]. Concisely, Gln/GluHigh GSCs exhibited significantly higher xCT expression than
Gln/GluLow GSCs. Elevated Glu export and increased Gln uptake could explain the high
Gln/Glu ratios in JHH520 and 407p GSCs. Furthermore, Gln starvation reduced GSH
levels significantly stronger in Gln/GluLow than Gln/GluHigh cells, indicating that the low
xCT expression in Gln/GluLow cells does not provide sufficient protection from reactive
oxygen species and that GSH promotes stemness in glioblastoma as well [238]. This is
supported by the observation that differentiation of Gln/GluHigh cells reduced xCT expres-
sion and GSH levels and thereby restored sensitivity to Gln starvation. However, further
experiments are needed to proof this hypothesis.

Glutaminase inhibition is another promising strategy in cancer therapy and GLS in-
hibitors are currently being evaluated in clinical trials [94, 229, 240, 241]. Indeed, phar-
macological inhibition of GLS caused significant suppression of cell viability, clonogenic-
ity, and stem cell marker expression in all our GSC models. Interestingly, sensitivity to
GLS inhibitor C968 neither correlated with baseline GLS expression nor with the Gln/Glu
ratio. Consistent with recent literature we correlated high xCT expression with increased
sensitivity to glutaminase inhibition [242], since GBM1 (IC50 day 6 = 10 µM) GSCs were
less sensitive to C968 than JHH520 and 407p (IC50 day 6 = 5 µM) GSCs. Therefore,
the xCT expression could function as a marker for the susceptibility to GLS inhibition
but more cell models and in vivo studies are needed to validate this suggestion. Only
little is known about the importance of glutaminolysis for GSCs. Our group previously
showed that γ-secretase inhibitors (GSI) target GSCs and reduce intracellular glutamate
as a consequence of glutaminase inhibition. We hypothesized that the observed thera-
peutic benefits of GSIs in glioblastomas are at least in part attributable to glutaminolysis
inhibition [243]. The here presented data further supports the concept that GSCs are
maintained through GLS activation and that GLS inhibition is a potent anti-GSC therapy
that overcomes resistance to glutamine starvation.

The activation of oncogene c-Myc has been extensively investigated in its role to control
Gln addiction in cancer cells [244, 245]. Surprisingly, neither the sensitivity to GLS inhibi-
tion nor the resistance to Gln starvation correlated with baseline expression of c-Myc in
our GSC cell models. In fact, Gln/GluLow, Gln starvation sensitive GBM1 GSCs showed
lowest expression of c-Myc protein. Our data is thereby in strong conflict with previous
reports where c-Myc predicts sensitivity to Gln starvation including in glioblastoma cells
[60]. Further studies are needed to elucidate possible mechanistic causalities explaining
our observations.
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In conclusion, the presented work suggests that therapy-resistant GSCs accumulate
Lac, PC, and Gly, thereby contributing to a more aggressive metabolic phenotype than
classical glioblastoma cultures. Moreover, our work postulates that monitoring the Gln/Glu
ratio and xCT expression in glioblastoma samples may indicate the existence of GSCs
and predict for the tumor’s resistance to Gln starvation and GLS inhibition, respectively. In
vivo validation of these results is needed to verify their relevance for diagnostic purposes.
Furthermore, we want to emphasize GLS inhibitor C968 as a potent anti-GSC drug and
highlight its effectiveness in reducing growth, clonogenicity, and stemness in glioblastoma
independently of c-Myc activation status.

2.3.6 Methods

Cell culture

JHH520 cells were generously provided by G. Riggins (Baltimore, USA), GBM1 by A.
Vescovi (Milan, Italy), and 407p by M.S. Carro (Freiburg, Germany). Adherent cells were
cultured in DMEM (Gibco), 10 % FCS, and 1x Anti-Anti (Gibco) and GSC neurospheres
in DMEM w/o pyruvate (Gibco), 30 % Ham’s F12 Nutrient Mix (Gibco), 2 % B27 sup-
plement (Gibco), 20 ng/ml human bFGF (Peprotech), 20 ng/ml human EGF (Peprotech),
5 µg/ml Heparin (Sigma), and 1x Anti-Anti (Gibco). All cells were cultured at 37° and
5 % CO2. GSCs were re-differentiated for 48 h with 50 ng/ml recombinant BMP4 (Gibco,
#PHC9534) in neurosphere medium. BMP4 was stored as a stock of 1 mg/ml in 10 mM
citric acid (pH 3.0). For glutaminase inhibition GSCs were cultured for 48 h or 96 h in
neurosphere medium containing 10 µM C968 (Merck, #352010). GSCs were starved
for glutamine by cultivation in neurosphere medium containing DMEM w/o L-glutamine
(Gibco, #11960044) and medium supplemented with 2.6 mM L-glutamine as control.

Quantitative Real time PCR

Total RNA was extracted using the NucleoSpin® RNA Kit (Macherey-Nagel) due to
the manufacturer’s instructions. cDNA single strands were synthesized from 2 µg total
RNA using M-MLV reverse transcriptase (Promega). Quantitative real time PCR was
performed using 10 ng cDNA, 10 pmol/primer, and 1x SYBR Green (BioRad, #1725272)
in a CFX Connect Thermocycler (BioRad). The relative quantifications were normalized
to the endogenous housekeeping genes β-actin and β-2-microglobulin using supplied
software of the CFX Connect Real-Time PCR Detection System (Bio-Rad). Primer se-
quences are depicted in table 2.3.

Western Blotting

Cell lysates were electrophoretically separated by SDS PAGE and transferred onto
nitrocellulose membranes as described previously [172]. Primary antibodies against
CD133 (1:100, Milteny, #W6B3C1), c-Myc (1:1000, Thermo, #9E10), SOX2 (1:1000, Cell
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Signaling, #L1D6A2), GLS (1:1000, abcam, #ab93434), GS (1:2500, BD, #610518),
and β-actin (1:500, Santa Cruz, #sc-130657) were incubated overnight at 4° in 5 % milk
powder in TBST. The secondary antibodies goat-anti-rabbit IRDye800CW (1:10000, LI-
COR #926-32211), goat-anti-mouse IRDye680RD (1:10000, LI-COR #926-68070), and
goat anti-mouse-HRP (1:10000, Jackson, #111-035-144) were diluted in 5 % milk pow-
der in TBST and incubated for 1 h at room temperature. Chemiluminescent signals were
detected on a film based system using chemiluminescent substrates (Thermo Scientific,
#34096). Fluorescence-labelled antibodies were detected with a LI-COR Odyssey CLx
Imager (LI-COR). Densitometry was performed with supplied software from LI-COR or
ImageJ software [219].

Dual-phase metabolite extraction

Water soluble metabolites were extracted as previously described [109, 172, 220]. In
brief, a minimum of 5x106 cells were harvested, washed with PBS, and extracted with the
dual-phase methanol/chloroform/water (1:1:1, v/v/v) method. Therefore, the cells were
washed twice with 5 ml ice-cold 0.9 mM NaCl, re-suspended in 850 µl ice-cold ddH2O
and transferred into pre-chilled glass tubes. After addition of 4 ml of ice-cold methanol
the tubes were vortexed vigorously and incubated on ice for 15 min. Then 4 ml of ice-
cold chloroform were added, vortexed, and incubated for 10 min on ice. Finally, 3.15 ml
of ice-cold ddH2O were added, vortexed, and incubated overnight at 4°. The samples
were centrifuged for 30 min at 4° and 4500 rpm. The upper water-methanol phase was
separated and incubated for 10 min with 10 mg Chelex® 100 resin (Sigma) on ice. The
samples were filtered through a 70 µm mesh and the methanol was evaporated for 1 h at
30° in a vacuum concentrator. Finally, the samples were frozen at −80°, lyophilized, and
stored at −20° until spectroscopy measurement.

NMR Data Acquisition and Processing

Prior to measurement, the lyophilisates were re-suspended in 20 mM phosphate buffer
(pH 7.0) containing 10 % D2O and 3-(Trimethylsilyl) propionic acid (TSP; Lancaster Syn-
thesis) as an internal standard as described previously [172]. One-dimensional 1H-NMR
spectra were acquired using a Bruker AVANCE III HD 700 spectrometer equipped with
a 5 mm HCN TCI cryo-probe operating at 700 MHz (16.4 T). The 1H-NMR data were
obtained using excitation sculpting for water suppressing and the following acquisition
parameters: 25° sample temperature, 9800 Hz sweep width, 256 transients with 32 K
time-domain data points were accumulated with a repetition time of 3.2 sec as previously
described [172]. Mestrenova version 8.0.1-10878 (Mestrelab Research S.L.) software
was used to process and analyze the 1H-NMR spectra. Equal concentrations of TSP in
each sample were used as an internal standard for normalization. The figures show 1H-
NMR data from three independent experiments presented as mean ± SD and statistical
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significance was calculated with unpaired student t tests.

Cell viability and Apoptosis assays

Cell viability was assessed as described previously [172]. The cell number was ad-
justed to 10 000 cells/ml and triplicates of 100 µl were plated per 96-well. To assess
the effect of glutamine starvation, we plated the cells either in neurosphere medium
with or without L-glutamine. For the C968 treatment, we plated the cells in neurosphere
medium containing various drug concentrations (0.2 µM, 1 µM, 5 µM, 10 µM). Every other
day the viable cell mass was assessed using the CellTiter-Blue® Cell Viability Assay
(Promega) according to the manufacturer’s instructions. The fluorescence was measured
at 560ex/590em using a Safire 2 multiplate reader (Tecan). Exponential growth curves
were calculated with GraphPad Prism 5 software (GraphPad Software, Inc., USA) and
displayed in the graphs.

Apoptosis induction was measured with the Muse® Annexin V and Dead Cell Assay
Kit. Therefore, GSCs were cultured in medium containing 50 ng/ml BMP4 for 48 h and
flow cytometry measurements were performed on a Muse® cell analyzer (Merck Milli-
pore) due to the manufacturer’s instructions.

Clonogenicity assays

The clonogenicity of GSCs was assessed with colony forming assays in semi-solid
agarose medium as described previously [172]. Therefore, six-well plates were coated
with 1.5 ml of 1 % agarose (Gibco, #18300012) in pre-warmed neurosphere medium.
After 1 h incubation at 4°, we added 2 ml of a single-cell suspension (3500 cells/well) in
0.6 % agarose in neurosphere medium. After 1 h incubation at room temperature, 2 ml
neurosphere medium were added. To test GSC clonogenicity after glutamine starvation,
all layers were prepared either with neurosphere medium with or without L-glutamine.
To test the effect of BMP4 and C968 on GSC clonogenicity, we either added drugs
(50 ng/ml BMP4 or 10 µM C968) or vehicles (citric acid or DMSO) to the upper medium
layer. Twice a week 500 µl medium (with drug or vehicle) were added. After three weeks
the top medium layer was removed, replaced by 1 ml of 1 mg/ml 4-Nitro blue tetrazolium
chloride (NBT) (Sigma) in PBS and incubated overnight at 37°. The stained colonies
were counted using the Clono Counter software [221].
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2.3.7 Supplement

Table 2.3: Primer sequences used in qPCR

Gene Gene ID (NCBI) Forward primer Reverse primer

ACTB 60 CCCAGCACAATGAAGATCAA CGATCCACACGGAGTACTTG

B2M 567 GTTGCTCCACAGGTAGCTCTAG ACAAGCTTTGAGTGCAAGAGATTG

GFAP 2670 GGCAAAAGCACCAAAGACGG GGCGGCGTTCCATTTACAAT

GLS 2744 CAGAAGGCACAGACATGGTTGG GGCAGAAACCACCATTAGCCAG

NES 10763 GGCGCACCTCAAGATGTCC CTTGGGGTCCTGAAAGCTG

PROM1 8842 CATCCACAGATGCTCCTA GCTTTATGGGAGTCTTGG

SLC7A11 23657 CCTGGCATTTGGACGCTACAT TCAGAATTGCTGTGAGCTTGCA

SOX2 6657 TGGACAGTTACGCGCACA CGAGTAGGACATGCTGTA
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Figure 2.20: Neurosphere culture induces stemness and BMP4 treatment only induces mild apopto-
sis. A. Transfer from adherent to neurosphere culture (GSC) decreases GFAP and increases CD133 mRNA
expression in all tested glioblastoma cell lines, as assessed with RT qPCR. B. BMP4 treatment induces very
mild apoptosis in JHH520 GSCs and no apoptosis in GBM1 or 407p GSCs as assessed with the Muse®
Annexin V and Dead Cell Kit. Abbreviations: EA, early apoptotic; LA, late apoptotic. The data is represented
as mean ± SD (n = 3).

Figure 2.21: GS and GLS expression do not correlate with Gln/Glu ratios and GLS expression is
affected by BMP4 treatment. A. GS and GLS baseline protein expression in GSC cultures was assessed
by immunoblotting. β-actin immunoblotting was used as loading controls. B. Treatment with 50 ng/ml BMP4
over 48 h increases GLS1 mRNA expression in JHH520, decreases GLS1 expression in GBM1 and has no
effect on GLS1 expression in 407p GSC cultures (*p < 0.05). The data is represented as mean ± SD (n = 3).
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Figure 2.22: Glutamine starvation reduces stemness and increases differentiation marker expression
in differentiated GSC cultures. The mRNA expression of CD133, SOX2, and GFAP was analyzed by RT
qPCR in GSCs differentiated for 48 h with 50 ng/ml BMP4 either in the presence (A) or absence (B) of L-Gln
(*p < 0.05, **p < 001). The data is represented as mean ± SD (n = 3).
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This PhD thesis describes metabolic changes accompanying the formation of highly ag-
gressive glioblastoma stem-like cells which substantially contributes to therapy resistance
and tumor recurrence. The high malignancy and poor prognosis of glioblastoma is at-
tributable to the existence of GSCs which are enriched by a developmental program called
epithelial-mesenchymal transition [26, 35]. The failure of standard glioblastoma therapy to
eradicate GSCs elucidates the need of innovative therapies specifically targeting GSCs in
glioblastoma. Reprogrammed metabolism is well described for cancer cells [54, 105, 246]
and contributes to proliferation and maintenance of redox balance, however, whether the
formation of GSCs is accompanied or even driven by metabolic changes remain elusive.
Here we show that GSCs reprogram known metabolic pathways involved in tumor pro-
gression and therapy resistance, thereby providing diagnostic markers for monitoring of
GSC therapy as well as new targets for GSC-specific therapies.

Using HR 1H-NMR spectroscopy we were able to perform metabolic analysis on ex vivo
cellular extracts generating high-resolution spectra of the water-soluble metabolome. To
analyze whether stemness affects cellular metabolism, we generated glioblastoma cul-
tures with different degrees of stemness. We effectively reduced the GSC population by
ZEB1-dependent inhibition of EMT (Sec. 2.2), by spontaneous differentiation by propa-
gation to adherent cell growth (Sec. 2.1 and 2.3), and by BMP4-induced targeted glial
differentiation (Sec. 2.3) [145]. Several studies confirmed that ZEB1 regulates invasive-
ness in glioblastoma [39, 40, 42, 51] and is highly expressed in the invasive front of
human xenografts and patient tumors [39, 52]. Furthermore, the GSC marker CD133 is a
direct target of ZEB1, indicating that ZEB1 is a direct regulator of GSC enrichment [39].
Concisely, ZEB1 expression levels correlate with higher tumor grade in malignant gliomas
[42], emphasizing that ZEB1 suppression is a valid tool to decrease the GSC fraction in
glioblastoma cultures. Less clear is the effect of ZEB1 expression on cell viability. Con-
trary results have been published in recent years, showing ZEB1 promoting [188, 189],
impairing [44, 190], or having no effect [191] on cell viability. We postulate that ZEB1 ex-
pression is crucial for the viability of GSCs since we observed significantly reduced cell
viability upon ZEB1 inhibition in all tested glioblastoma neurosphere lines (Sec. 2.2).

ZEB1-dependent reduction of EMT significantly impaired choline metabolism in
glioblastoma neurospheres (Sec. 2.2), since we observed highly reduced metabolite
levels of phosphatidylcholine and total choline in all tested cell lines. This effect seems
to be attributable to the reduced fraction of GSCs in cells with impaired mesenchymal
transformation since spontaneous and targeted differentiation of GSC cultures showed
similar results (Sec. 2.3). Furthermore, we observed significantly elevated tCho/tCre
ratios in neurospheres expressing high levels of CD133 compared to adherent cells with
low CD133 expression (Sec. 2.1). Therefore, we conclude that ZEB1 enhances choline
metabolism by enrichment of GSCs in culture. Phosphocholine is the main precursor
of phosphatidylcholine synthesis and therefore crucial for plasma membrane integrity
and synthesis of second messengers. The cholinic phenotype (high PC and tCho) we
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observed in GSCs could be correlated with malignant progression in several tumor
entities [105, 139]. Furthermore, we speculate that the cholinic phenotype in GSCs is
attributable to increased choline kinase alpha expression, since CHKα mRNA levels
were significantly reduced in cells with impaired EMT due to ZEB1 inhibition (Fig. 2.4).
CHKα activity has been described to regulate tumorigenicity, cell cycle progression,
and correlates with poor prognosis in various cancers including breast, ovarian, bladder
and prostate tumors [109, 112, 113, 114]. Our findings illustrate that GSCs upregulate
CHKα expression, thereby increasing the cholinic phenotype and contributing to tumor
malignancy. Furthermore, we hypothesize that the CHKα expression level directly corre-
lates with the stem cell character of glioblastomas. The positive correlation between the
expression levels of CHKα and the mesenchymal marker VIMENTIN [180, 181, 182] we
observed in immunocytochemistry stainings further supports this assumption (Fig. 2.6).

We were further able to confirm that CHKα activation is responsible for the increased
cholinic phenotype observed in GSCs since knockdown of CHKα in glioblastoma neu-
rospheres dramatically reduced PC and tCho to levels even lower than after ZEB1 in-
hibition (Fig. 2.5). Considering that CHKα expression is directly linked to invasiveness
and tumor aggressiveness in various tumors, we analyzed whether suppression of CHKα
is able to reverse EMT and target the GSC fraction in glioblastoma cells. Indeed, both
genetic knockdown using RNA interference technology and pharmacological CHKα inhi-
bition with the small molecule inhibitor V11-0711 significantly reduced the expression of
several EMT activators including ZEB1 and TWIST1. Both ZEB1 and TWIST1 promote in-
vasion in human glioblastomas [45, 178]. Concisely, we observed impaired invasiveness
and clonogenicity in glioblastoma neurospheres with impaired CHKα activity (Fig. 2.8 and
2.10). Clonogenicity is a key feature of GSCs, since they are able to serve as a seed for
tumor formation in mice and induce tumor recurrence in patients [175]. Therefore, the
reduced clonogenic capacity we observed after CHKα inhibition indicates a shrinkage
of the GSC population. This is further supported by the reduced expression of the GSC
markers SOX2 and NES we detected in CHKα knockdown cells (Fig. 2.7). Our results elu-
cidate that CHKα is a potent regulator of GSCs in glioblastoma and therefore represents
an interesting target for novel anti-GSC therapies.

This is further supported by the observed synergistic effects of combined treatment with
CHKα inhibitor V11-0711 and the standard of care chemotherapeutic for glioblastoma,
Temozolomide (Fig. 2.11). However, synergistic effects were only significant in GBM1
cells. ZEB1 has been described as a regulator of MGMT expression, a methyltransferase
that antagonizes the genotoxic effects of alkylating agents such as TMZ [18, 39]. Con-
sidering that CHKα regulates ZEB1 expression, the observed synergistic effects could
result from impaired MGMT expression and thus better performance of the alkylating
agent TMZ in cells with suppressed CHKα. However, further studies on MGMT in cells
with impaired CHKα expression are needed to prove this point. Also in breast cancer
cells, the combination treatment with CHKα inhibitors and the standard of care treatment
5-fluorouracil has synergistic effects [105, 132]. In general, pharmacological inhibition
of CHKα has been shown to irreversibly reduce proliferation in oncogene transformed
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but not non-malignant cells [131], further supporting the relevance of CHKα inhibition
in cancer therapy. Since CHKα correlates with malignancy in several tumor types, we
hypothesize that CHKα regulates EMT and GSC enrichment in other tumors as well.

Although we highlighted the reciprocal regulation between CHKα and EMT, the under-
lying mechanisms remain unknown. One possible explanation could be regulation of the
phosphoinositide 3-kinase pathway. Previous studies have shown that CHKα expression
is regulated by PI3K signaling in oncogene transformed cells inducing increased uptake
of choline and accumulation of intracellular PC and tCho metabolites [105, 120]. Re-
ciprocally, CHKα has been described to mediate PI3K signaling thereby increasing cell
proliferation in transformed cells [121]. Strikingly, also EMT is regulated by Ras and PI3K
signaling [205, 206, 207], enabling regulation of EMT by CHKα via the PI3K signaling
pathway. A second possibility is the mutual regulation of CHKα and EMT via HIF1α sig-
naling. Previous reports state that GSCs are enriched in regions with severe hypoxia and
that they express high levels of HIF proteins contributing to neurosphere formation and
expression of stem cell markers [32]. Moreover, suppression of HIF signaling impaired
self-renewing potential, proliferation, and survival of GSCs in vitro and in vivo [32]. Fur-
thermore, both ZEB1 expression and EMT have been directly linked to HIF1α expression
in colorectal cancer and malignant gliomas [42, 247, 248]. Interestingly, also CHKα is
upregulated by HIF1α signaling and putative hypoxia response elements (HRE), bind-
ing sites for HIF proteins, have been identified within the CHKα promoter region [111].
In conclusion, both PI3K and HIF1α signaling represent possible explanations for the
mutual regulation of choline metabolism and EMT in GSC cultures, however further in-
vestigations are needed to prove our assumptions.

Besides the increased cholinic phenotype, we observed accumulation of intracellular
lactate in GSCs compared to their differentiated counterparts (Sec. 2.3). Concisely, sup-
pression of both ZEB1 and CHKα reduced Lac levels in glioblastoma neurospheres (Sec.
2.2), however only significant in LN229 CHKα knockdown cells. Of note, JHH520 and
407p cells were not used in this study. These results indicate that targeted differentiation
with BMP4 is more potent in reducing stemness than ZEB1- or CHKα-mediated inhibition
of EMT. The observed Lac accumulation in GSCs indicates elevated levels of aerobic gly-
colysis, a phenomenon extensively observed in highly proliferative cells such as cancer
cells [61, 62]. Interestingly, expression of lactate dehydrogenase A, the enzyme metab-
olizing pyruvate to lactate, promotes stemness in glioblastoma [231]. Reciprocally, EMT
increases the glycolytic activity of GSCs [232] and causes intracellular Lac accumula-
tion [233]. Therefore, our results support previous reports identifying elevated levels of
aerobic glycolysis as a feature of GSCs [234].

In highly proliferative cells, aerobic glycolysis coincides with upregulation of glutaminol-
ysis [57, 237]. Concisely, we observed deregulated glutamine metabolism in lactate-
accumulating GSCs compared to their differentiated counterparts (Sec. 2.3). Based on
the relative metabolite concentrations assessed with HR 1H-NMR spectroscopy of ex
vivo cellular extracts, we were able to stratify our different GSC cell lines into two groups:
Cells with relatively high Gln compared to Glu levels (Gln/GluHigh) and cells with rela-
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tively low Gln comparted to Glu levels (Gln/GluLow) (Fig. 2.17). Strikingly, the Gln/Glu
ratio did not correlate with expression of glutaminase or glutamine synthetase, the en-
zymes metabolizing Gln to Glu and Glu to Gln, respectively. Starvation of GSC cultures
for extracellular glutamine dramatically reduced the amount of Gln in Gln/GluHigh and
Gln/GluLow cells, completely diminishing the intracellular Gln pool without affecting cell vi-
ability. However, glutamine starvation significantly reduced the clonogenicity of Gln/GluLow

but not of Gln/GluHigh GSCs (Fig. 2.18). Recent studies identified upregulation of GS to
be involved in resistance to glutamine starvation in glioblastoma [81]. Since we observed
GS upregulation both in starvation-resistant and starvation-sensitive GSCs (Fig. 2.18),
we conclude that GS upregulation protects GSCs from death but not from the loss of
self-renewing capability. Furthermore, we assessed highest GS baseline expression in
starvation-sensitive Gln/GluLow GBM1 cells. This is in concordance with studies correlat-
ing high Gln/Glu ratios with low GS expression in tumors compared to the surrounding
tissue [140]. We further observed stronger starvation-dependent reduction of GSH in
Gln/GluLow compared to Gln/GluHigh GSCs (Fig. 2.18), giving rise to the question whether
Gln/GluHigh GSCs are protected from Gln starvation by initially high levels of Gln and
GSH. This assumption is supported by recent studies identifying glutamine as a regula-
tor of stemness by promoting glutathione synthesis [238]. Concisely, glial differentiation
of Gln/GluHigh GSCs reduced Gln and GSH levels (Fig. 2.16) and restored the sensitiv-
ity for glutamine deprivation, since we observed significantly impaired clonogenicity and
reduced expression of CD133 in differentiated Gln/GluHigh GSCs starved for Gln (Fig.
2.18). Therefore we conclude that high Gln/Glu ratios and GSH levels protect GSCs from
glutamine starvation and that the Gln/Glu ratio is a prognostic marker for starvation sen-
sitivity and aggressiveness of glioblastoma.

We could further identify expression of the glutamate/cystine antiporter xCT/SLC7A11
as a possible cause for the different Gln/Glu ratios we observed in GSCs, since we could
correlate high Gln/Glu ratios with increased cXT expression (Fig. 2.17). Considering that
xCT imports cystine, a substrate of GSH synthesis, reduced xCT activity causes the
accumulation of reactive oxygen species and reduces cell proliferation [65, 75]. Recipro-
cally, elevated xCT expression promotes stemness and tumorigenicity [76, 77, 78]. Ele-
vated xCT levels in Gln/GluHigh GSCs cause increased export of Glu and therefore lead
to higher Gln/Glu ratios. Since glutamine starvation reduced GSH levels, sensitivity of
Gln/GluLow GSCs to glutamine starvation could be due to reduced anti-oxidative capac-
ity. Concisely, targeted differentiation of Gln/GluHigh GSCs reduced xCT expression, GSH
levels, and restored sensitivity to starvation. In conclusion, our results highlight xCT as a
possible target in novel anti-GSC therapies. However, further studies are needed to prove
its contribution in starvation resistance of GSCs.

Targeting glutaminolysis by inhibition of glutaminase reduces proliferation, tumorigenic-
ity and oncogenic transformation in several tumor types [94, 95, 240, 241]. Concisely, we
identified GLS as a powerful target in anti-GSC therapies, since treatment of GSC cul-
tures with the GLS inhibitor C968 reduced cell viability, clonogenicity, and expression of
the GSC markers CD133 and SOX2 (Fig. 2.19). Strikingly, GLS treatment targeted both
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Gln/GluLow and starvation-resistant Gln/GluHigh GSCs. Furthermore, sensitivity to glutam-
inase inhibition did not correlate with expression of GLS but with expression of xCT, since
we observed lower IC50s in Gln/GluHigh than Gln/GluLow cells. This is in accordance with
recent literature showing that xCT expression increases sensitivity for glutaminase treat-
ment [242]. The xCT expression status could therefore function as a prognostic biomarker
for the efficacy of GLS inhibition in glioblastoma.

Interestingly, we could correlate the Gln/Glu ratio with c-Myc expression, since
Gln/GluLow GSC exhibited highly decreased c-Myc protein (Fig. 2.15). This is in strong
conflict with recent literature, where c-Myc was described to cause glutamine addiction
and promote glutaminolysis [58, 59, 60, 249]. We showed that starvation resistant GSCs
expressed high c-Myc levels. This could be a phenomenon limited to GSCs but further
studies are needed to understand underlying mechanism.

We further observed that GSCs downregulate creatine metabolism since cultivation
as neurospheres highly reduced the amount of creatine (Cre) inside the cell (Sec. 2.3).
Concisely, impairment of EMT and knockdown of CHKα increased intracellular Cre (Sec.
2.2). Furthermore, we observed increased tCho/tCre ratio in neurospheres compared to
adherent cells (Sec. 2.1). However, this effect is at least in part attributable to the increase
of tCho in neurospheres. Surprisingly, targeted differentiation by BMP4-treatment did not
increase but decreased the amount of intracellular Cre (Fig. 2.16), suggesting that BMP4
signaling influences Cre metabolism independent of GSC regulation. Cre has been de-
scribed as a putative anti-cancer agent and could be correlated with inhibition of tumor
growth [211, 212]. Creatine kinase B (CKB), the enzyme catalyzing the phosphorylation of
creatine to phosphocreatine, has been shown to promote tumorigenesis [213, 214]. Con-
cisely, CHKα inhibition in GSCs not only increased intracellular Cre it further decreased
mRNA expression of CKB causing an increase of the Cre/PCre ratio (Suppl. Fig. 2.13).
Our results therefore suggest that creatine metabolites and CKB expression suppress
tumorigenicity by contributing to a reduced fraction of GSCs in glioblastoma.

Finally, we observed accumulation of glycine in GSC cultures compared to their dif-
ferentiated counterparts (Sec. 2.3). Furthermore, the ratio between Gly and myo-inositol
(myo) was increased in glioblastoma neurospheres compared to adherent cultures (Sec.
2.1). Elevated Gly/myo ratios have been described as a marker for high-grade gliomas
[168] since myo is reduced in high-grade brain tumors [151]. Therefore, an increase in the
Gly/myo ratio could either be due to a decrease of myo, an increase of Gly, or both. Since
Gly can be synthetized from Cho [170], we assessed the Gly/tCho ratios and observed
them significantly diminished (75 %) in neurospheres compared to adherent cells (Sec.
2.1). A possible explanation could be that the increase in intracellular tCho we observed
in cultures with high stemness (Sec. 2.2 and 2.3) is more pronounced than the increase in
Gly, or the use of different substrates for Gly synthesis in GSCs (e.g. serine or threonine)
[170]. Studies on glioblastoma patients revealed elevated Gly in the tumor compared to
the surrounding tissue [235]. Furthermore, ex vivo assessment of tumor biopsies revealed
that Gly levels correlate with the malignancy grade of tumors [168]. In accordance with
our data in GSC cultures, Gly directly correlates with stemness, since the glycine recep-
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3 General Discussion

tor α1 (GLRA1) promotes self-renewal and tumorigenicity in glioblastoma xenografts and
correlates with high tumor grade [236]. Reciprocally, knockdown of GLRA1 impairs the
formation of neurospheres [236]. Furthermore, glycine is a component of the antioxidant
GSH and therefore crucial for the maintenance of redox homeostasis. In GSCs exposed
to targeted differentiation (Fig. 2.16) we observed positive correlation between Gly and
GSH levels, possibly resulting from impaired GSH synthesis due to reduced Gly levels. El-
evated Gly in tumors is in conflict with studies reporting the necessity of glycine clearance
for GSC survival in hypoxic microenvironment such as pseudopalisades [153]. However,
in normoxic glioblastoma, we hypothesize that elevated intracellular Gly indicates the ex-
istence of a higher GSC fraction.

In conclusion, this work highlights that GSCs reprogram several metabolic pathways,
thereby most likely contributing to increased chemo resistance and tumor aggressive-
ness. In order to cope with high energy demands of highly proliferative cells [61] and
promote stemness [231], GSCs upregulate aerobic glycolysis leading to lactate accumu-
lation. This demands the upregulation of other pathways fueling the TCA cycle, such as
glutaminolysis. We observed deregulated glutamine metabolism in GSCs and could strat-
ify our cultures into starvation-resistant Gln/GluHigh and starvation-sensitive Gln/GluLow

GSCs. Moreover, GSCs increase the cholinic phenotype due to upregulation of CHKα,
thereby promoting invasiveness, stemness and therapy resistance. We postulate that on-
cometabolite levels of Lac, PC, tCho, and Gly should be used in glioblastoma diagnostics
and therapy monitoring in order to assess the GSC content. Furthermore, our results
indicate that the Gln/Glu ratio can predict efficacy of glutamine starvation. Finally, we
identified two promising targets for novel anti-GSC therapies, CHKα and GLS, whose
inhibition robustly reduces stemness in glioblastoma cultures.
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5.3 Abbreviations

1H proton

1p/19p combined loss of chromosome arms 1p and 19q

2-HG 2-hydroxyglutarate

Ac acetate

Ade adenine

ADP adenosine diphosphate

α-KG alpha-ketoglutarate

AKS Abigail Kora Suwala

Akt RAC-alpha serine/threonine-protein kinase

Ala alanine

AMP adenosine monophosphate

AOA aminooxyacetic acid

ATP adenosine triphosphate

Avastin Bevacizumab

BBB blood brain barrier

BCL-2 B-cell lymphoma 2

BCL-xL B-cell lymphoma-extra large

BCRP1 breast cancer resistance protein

bFGF basic fibroblast growth factor

BTSC brain tumor stem cell

C968 compound 968

CD133 prominin-1

CD44 CD44 molecule

CDKN2A cyclin dependent kinase inhibitor 2A

cDNA complementary desoxyribonucleic acid

CDP cytidine diphosphate

CHKα choline kinase alpha

CHKβ choline kinase beta

CI combination index

CKB creatine kinase beta

CMP cytidine monophosphate

c-Myc MYC proto-oncogene

CNS central nervous system

CpG cytosine-phosphate-guanine

CT computed tomography

CTP cytidine triphosphate
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cXT cystine/glutamate transporter

D2O deuterium oxide

DAG diacylglycerol

DNA deoxyribonucleic acid

DAPI 4’,6-diamidino-2-phenylindole

ddH2O double-distilled water

DMEM Dulbecco’s Modified Eagle’s Medium

DMSO Dimethyl sulfoxide

DSS 4,4-dimethyl-4-silapentane-1-sulfonic acid

EGCG epigallocatechin gallate

EGFR epidermal Growth Factor Receptor

EMT epithelial-mesenchymal transition

F12 Ham’s F-12 Nutrient Mixture

FACS fluorescence-activated cell sorting

fCho free choline

FCS fetal calf serum

Fig. figure

FLIP cellular FLICE-like inhibitory protein

g gram

G1 phase gap 1 phase

GABRA1 gamma-aminobutyric acid type A receptor α1 subunit

GBM glioblastoma

GCL glutamate-cysteine ligase

GDH glutamatdehydrogenase

GFAP glial fibrillary acidic protein

GLS glutaminase

Gly glycin

GMP guanosine monophosphate

GOT1 glutamic-oxaloacetic transaminase 1

GPC glycerophosphocholine

GPNA L-γ-glutamyl-p-nitroanilide

GPT2 glutamic-pyruvic transaminase 2

GS glutamine synthetase

GSC glioblastoma stem-like cell

GSH glutathione

GSI gamma-secretase inhibitor

GTS glutathione synthetase
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h hour

H&E hematoxylin and eosin

H3F3A H3 histone family member 3A

HEK293T human embryonic kidney cells 293T

HHU Heinrich-Heine University

HIF hypoxia-inducible factor

HR high resolution

HRas HRas proto-oncogene

HRE hypoxia response element

Hz hertz

ICS-6 Institute of Complex Systems 6

IDH isocitrate dehydrogenase

IMP inosine monophosphate

JM Jaroslaw Maciaczyk

K Kelvin

KK Katharina Koch

KRas KRas proto-oncogene

l litre

Lac lactate

LDH lactate dehydrogenase

L-DON 6-diazo-5-oxo-L-norleucine

LSM laser scanning microscope

M molar

m milli

MCT1 monocarboxylate transporter 1

MGMT O6-methylguanine DNA methyltransferase

min minutes

MRI magnetic resonance imaging

mRNA messenger ribunucleic acid

Musashi-1 Musashi RNA Binding Protein 1

myo myo-inositol

n nano

NAAG N-acetylaspartylglutamic acid

NaCl sodium cloride

NAD nicotinamide adenine dinucleotide

NADPH nicotinamide adenine dinucleotide phosphate

NBT nitro blue tetrazolium chloride
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NEAA non-essential amino acid

NEFL neurofilament light polypeptide

NF-1 neurofibromin 1

NMR nuclear magnetic resonance

Oct4 octamer-binding transcription factor 4

OXPHOS oxidative phosphorylation

PBS phosphate buffered saline

PC phosphocholine

PDGF platelet-derived growth factor

PDGFRA platelet-derived growth factor receptor A

PET positron-emission tomography

PI3K phosphatidylinositol-4,5-bisphosphate 3-kinase

p pico

PSAT1 phosphoserine aminotransferase 1

PtdCho phosphatidylcholine

PtdEtn phosphatidylethanolamine

qPCR quantitative polymerase chain reaction

RIPA radioimmunoprecipitation assay buffer

ROS reactive oxygen species

RT room temperature

RTK receptor tyrosine kinase

S phase synthesis phase

SFF Studierendenförderungsfonds

shRNA short hairpin ribonucleic acid

SLC12A5 electroneutral potassium-chloride co-transporter 2

SLC1A5 neutral amino acid transporter B(0)

SLC7A11 anionic amino acid transporter light chain, Xc- system

SNAI snail family transcriptional repressor 1

SOX2 SRY-Box 2

STD standard

SYT1 synaptotagmin 1

T tesla

TBST Tris-buffered saline plus Tween-20

TCA tricarboxylic acid cycle

tCho total choline

tCre total creatine

Thr threonine
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TMZ temozolomide

TP53 tumor protein P53

TSP trimethylsilylpropanoic acid

TWIST twist family BHLH transcription factor 1

UDK Ulf Dietrich Kahlert

UTP uridine triphosphate

Val valine

VEGF vascular endothelial growth factor

VP16 Etoposid

WHO world health organization

xCT cystine/glutamate transporter subunit xCT

ZEB zinc finger E-box-binding homeobox
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