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Zusammenfassung

Zusammenfassung

Tumorerkrankungen sind, nach Erkrankungen des Herz-Kreislaufsystems, die
haufigste Todesursache weltweit. Unter den Tumoren des zentralen Nervensystems
ist das Glioblastoma multiforme die haufigste und aggressivste Tumorentitat. Trotz
neuentwickelter, multimodaler Therapieansatze und einem besseren Verstandnis der
molekularen Mechanismen, die der Tumorentstehung zugrunde liegen, bleibt die
mittlere Uberlebenszeit von Glioblastompatienten mit etwa 15 Monaten seit
Jahrzehnten nahezu gleich. Zwei charakteristische Eigenschaften des Mikromillieus
im Glioblastom sind die Existenz nekrotischer Bereiche, sowie eine dysfunktionale
Gefalistruktur, die zu Tumorbereichen mit reduzierter Sauerstoffversorgung (Hypoxie)
fuhren.  Tumorhypoxie  steht in  Zusammenhang mit  verschiedenen
Schlusselcharakteristiken von Tumorerkrankungen (Hallmarks of Cancer) wie der
Adaption des Stoffwechsels, Angiogenese, tumorassoziierte Entziundungsreaktionen,
Invasion und Metastasierung. Die Haupteffektoren der zellularen Adaption an Hypoxie
sind die hypoxie-induzierten Transkriptionsfaktoren (HIF-1a und HIF-2a), deren
Stabilitdt mittels Hydroxylierung durch Prolylhydroxylasen (PHDs) reguliert wird.
Diese PHDs benotigen Sauerstoff und 2-Oxoglutarat (2-OG) als Co-Substrat, um
spezifische Prolylreste zu hydroxylieren, was zur Degradation von HIF-a unter
Normoxie fuhrt. Unter Hypoxie ist die Aktivitat der PHDs inhibiert, was mit einer
Stabilisierung von HIF-a einhergeht. Die Aktivierung der Hypoxie Antwort erfolgt indes
nicht ausschlieBlich durch reduzierte Sauerstoffkonzentrationen, sondern kann auch
durch die Akkumulation des Onkometaboliten 2-Hydroxyglutarat, dass die Aktivitat
von PHDs beeinflussen kann, beglnstigt werden. Die Identifikation und
Charakterisierung pro-onkogener Mutationen, die zur Anreicherung dieses
Onkometaboliten, der als 2-Oxoglutarat Analogon dient, unterstreicht die zentrale

Rolle, die 2-OG in der Regulation zellularer Prozesse einnimmt.

Hierauf grindet unsere Hypothese, dass Isocitrat-Dehydrogenase, ein Enzym, das
Isocitrat zu 2-OG konvertiert, eine zentrale Rolle in der Aufrechterhaltung der 2-OG
Level, und damit der Regulation von 2-OG abhangiger Enzymaktivitat, spielt.
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Tatsachlich zeigen unsere Ergebnisse, dass ein knock-down von IDH1 zu einer
Reduktion adaquater 2-OG Level fuhrt, was mit einer Aktivierung der Hypoxie-Antwort
einhergeht. Weiterhin konnten wir anhand verminderter HIF-a-Hydroxylierung zeigen,
dass diese Aktivierung des Hypoxie-Response auf einer verminderten Aktivitat der 2-
OG abhangigen PHDs basiert. Um diese Ergebnisse weiter zu untermauern und eine
direkte Abhangigkeit dieser Prozesse von 2-Oxoglutarat zu verifizieren, wurden IDH1
knock-down Zellen mit einer zellpermeablen Variante von 2-OG behandelt.
Tatsachlich unterdrickte die Zugabe von 2-OG die, durch den IDH1 knock-down
bedingte, Aktivierung der Hypoxie-Antwort. Da diese Ergebnisse eindeutig belegen,
dass IDH1-abhangige Veranderungen der 2-OG Level die Aktivitat von PHDs
regulieren, interessierte uns, ob der knock-down von IDH1 auch weitere PHD-
regulierte Signalwege wie den NF-kB Signalweg beeinflusst. In Ubereinstimmung mit
unseren vorherigen Ergebnissen konnten wir zeigen, dass eine IDH1 knock-down
abhangige Inaktivierung der PHDs auch zu einer vermehrten Translokation von NF-
KB in den Zellkern, und damit einhergehend einer Aktivierung von NF-kB Zielgenen,
fuhrte. Zusatzlich zu diesen Ergebnissen konnten wir zeigen, dass der
Tumorstammzellphanotyp, der eng mit der Aktivierung des Hypoxie-Response
verknupft ist, durch IDH1 Silencing erhoht, und anschlieBend mittels 2-OG
Behandlung ruckgangig gemacht werden konnte. Interessanterweise konnten wir
zudem zeigen, dass anomale 2-OG Level Invasion und die Expression von Snail,
einem Schlusselfaktor der mesenchymalen Transition, der eine wichtige Rolle in der
Regulation der Tumorinvasion spielt, modulieren. In Ubereinstimmung mit unseren
zellkulturbasierten in vitro Daten konnten wir die Schlusselrolle, die IDH1 fur die
Tumorprogression spielt, auch in in vivo Experimenten verifizieren. Im Tumormodell
zeigte sich, dass IDH1 knock-down, ebenso wie im Zellkulturexperiment, eine
bedeutende Rolle fur die Regulation von Tumorinvasion, der Aktivierung der HIF-a
und NF-kB Signalwege, sowie des Tumorstammzellphanotyps spielt. Weiterhin
konnten wir TGFB, einen Aktivator der mesenchymalen Transition, als einen IDH1
Regulator identifizieren. Bemerkenswerterweise fuhrte ein IDH1 knock-down in Brust-
und Lungenkarzinomen, Tumorentitaten, bei denen sich bildende Metastasen die
haufigste Todesursache darstellen, zu ahnlichen molekularen Adaptionen wie der
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Aktivierung des HIF-a-Signalweges, oder der erhdohten Expression von Snail, fuhrte.
Am interessantesten jedoch war, dass IDH1 knock-down im in vivo Tiermodell zu

erhohter Metastasierung der Primartumore fuhrte.

Zusatzlich zur Akkumulation tumorzellintrinsischer Adaptionen verandern Tumore
aktiv das Tumormikromillieu, was mit einer Akquisition weiterer Hallmarks of Cancer
und einer erhohten Tumorprogression einhergeht. Eine typische Folge der
Tumorstoffwechseladaption  unter  Hypoxie ist die Azidifizierung des
Tumormikromillieus. Aus diesem Grund haben wir uns im zweiten Teil dieser Arbeit
mit molekularen Mechanismen, und deren Einfluss auf die Tumorprogression,
beschaftigt, die synergistisch durch Azidose und Hypoxie reguliert werden. Unsere
Ergebnisse zeigen, dass ein azidisches Tumormikromillieu die Hypoxieantwort von
Tumorzellen potenziert und den Tumorstammzellphé@notyp reguliert, was auf eine
Rolle der Tumorazidose fur Tumorinitiierung und Therapie-Resistenz schlie3en lasst.
Mechanistisch zeigen unsere Ergebnisse, dass Azidose die Hypoxieantwort der
Zellen Uber das Heat Shock Protein 90 (HSP90) aktiviert. Hierbei fuhrte die
Inaktivierung oder der knock-down von HSP90 unter azidischen Bedingungen zu
verminderter Tumorhypoxie und Tumorwachstum. Ubereinstimmend mit diesen
Ergebnissen konnten wir in Patientenbiopsien zeigen, dass die Expressionslevel von

HSP90 positiv mit denen von Hypoxie- und Tumorstammzellmarkern korrelieren.

Unter den Hallmarks of Cancer, die durch Hypoxie reguliert werde, findet sich neben
der Tumorinvasion vor allem die Aktivierung der Tumorangiogenese. Im dritten Tell
dieser Arbeit konzentrierten wir uns auf die hypoxieregulierten Mechanismen, die
Tumorangiogenese, und damit das Tumorwachstum positiv beeinflussen. Wir konnten
zeigen, dass Tumorhypoxie, die auch durch die therapeutische Inhibition von
Tumorangiogenese hervorgerufen werden kann, zu einer Herunterregulierung des
Zelladhasionsmolekuls ephrinB2, und daraus resultierend einer lokalen Verstarkung
der Tumorinvasion fuhrte. Mechanistisch zeigten unsere Ergebnisse, dass die
Reduktion der ephrinB2 Expression direkt durch das HIF-1a Zielgen ZEB2 kontrolliert
wird, was erstmals die Existenz einer HIF-1a-ZEB2-ephrinB2 Achse im Glioblastom
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beweist, die Tumorinvasion, auch vermittelt durch anti-angiogene Therapeutika,

kontrolliert.

Fasst man die Ergebnisse dieser Arbeit zusammen, konnten wir eine zentrale Rolle
des Metabolits 2-Oxoglutarat fur die Kontrolle der PDH Aktivitat und damit der
Hypoxieantwort, sowie der durch diese regulierten Mechanismen und
Tumorcharakteristika wie Tumorstammzellhomoostase, Invasion und
Metastasierung, identifizieren. Weiterhin konnten wir neue Mechanismen
entschlusseln Uber die eine HIF-1a-ZEB2-ephrinB2 Achse Tumorinvasion, sowie
Tumorazidose mittels HSP90 den Tumorstammzellphanotyp reguliert. Unsere
Ergebnisse unterstreichen die zentrale Rolle, die Tumorhypoxie fur die Regulation von
Schlisselmechanismen des Tumorwachstums spielt und offenbaren hierdurch

potenzielle Ziele neuer Therapiestrategien.
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Summary

Cancer is one of the leading causes of death worldwide. Among central nervous
system tumors, glioblastoma is the most common and most aggressive tumor entity.
Despite new therapeutic strategies and a better understanding of the molecular
mechanisms leading to tumorigenesis, the median glioblastoma patient survival is only

15 months.

A hypoxic tumor microenvironment is one of the characteristics of glioblastoma and
tumor hypoxia has been linked to multiple hallmarks of cancer, including tumor
promoting inflammation, metabolic reprogramming, angiogenesis, invasion and
metastasis. The main effectors of the cellular response to hypoxia are the hypoxia-
inducible transcription factors (HIFs), whose stability is tightly regulated through
hydroxylation by the prolyl hydroxylase domain proteins (PHDs). The latter require
oxygen and 2-oxoglutarate (2-OG) as co-substrates to hydroxylate specific residues
within HIF-a, which eventually leads to HIF-a degradation under normoxia. Under
hypoxia, PHDs are inactive and HIF-a is stabilized. Activation of the hypoxic response
is not only mediated by hypoxia, but also by the accumulation of the oncometabolite
2-hydroxyglutarate, which can modulate PHD activity. Identification and
characterization of oncogenic mutations leading to the accumulation of
oncometabolites acting as 2-oxoglutarate (2-OG) analogs, showed the central role of
2-0OG in the regulation of cellular responses. We therefore hypothesized that isocitrate
dehydrogenases (IDHs), which convert isocitrate to 2-OG, might play a central role in
the maintenance of 2-OG levels and hence the regulation of 2-OG dependent enzyme
activity. In line with this hypothesis, we show that IDH1 knock-down results in
reduction of 2-OG levels, accompanied by the activation of the hypoxic response as a
direct result of PHD inhibition, evidenced by reduced HIF-a hydroxylation. In order to
directly demonstrate the involvement of 2-OG in this process, we treated IDH1 knock-
down cells with cell permeable 2-OG. Importantly, addition of 2-OG suppressed the
IDH1 knock-down-mediated increase of HIF-a levels and HIF-a target gene
expression. Since these findings demonstrated that IDH1-dependent changes in 2-
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OG control PHD activity, we examined if IDH1 silencing also influences other PHD-
regulated signaling pathways, such as NF-kB signaling. In line with our previous
findings, IDH1 silencing-mediated PHD inactivation led to increased NF-kB nuclear
translocation and activation of NF-kB downstream targets. Additionally, we
demonstrated that the cancer stem cell (CSC) phenotype, which has been closely
linked to HIF-a activation, is also enhanced by IDH1 silencing and reverted by 2-OG
treatment. Importantly, we could show that aberrant 2-OG levels also modulate
invasion and the expression of Snail, a key regulator of mesenchymal transition, which
plays a crucial role in the control of tumor invasion. In line with the cell culture-based
data, our in vivo experiments verified the effects of IDH1 silencing on the induction of
invasive characteristics, as well as activation of HIF-a and NF-kB signaling and the
stem cell phenotype in tumors. Additionally, we identified TGFB, an inducer of
mesenchymal transition, as a regulator of IDH1. Strikingly, in breast and lung cancer
cells, tumor types in which metastasis is the primary cause of death, IDH1 silencing
induced similar molecular changes, including activation of HIF-a signaling and
increased expression of Snail. Most importantly, IDH1 silencing in this context resulted

in increased metastasis.

In addition to accumulating cancer cell-intrinsic changes, tumors reshape their own
microenvironment, contributing to the acquisition of cancer hallmarks and tumor
progression. One typical consequence of metabolic reprogramming under hypoxia is
acidification of the tumor microenvironment. Therefore, in a second part of this work,
we aimed to understand the molecular mechanisms controlled by the combination of
acidosis and hypoxia in the tumor microenvironment, and its effect on tumorigenesis.
We show that an acidic tumor microenvironment promotes the CSC phenotype and
even further potentiates the hypoxic response, suggesting a role for acidosis in
tumorigenesis and tumor therapy resistance. We revealed that acidosis controls HIF-
a function through heat shock protein 90 (HSP90). Strikingly, absence or inactivation
of HSP90 under acidic conditions reduced tumor initiation, tumor hypoxia and tumor
growth. Importantly, we found that HSP90 levels correlate with hypoxic and stem cell
marker genes in glioblastoma patients.
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Among the cancer hallmarks that are regulated by hypoxia, are the activation of
invasion and the induction of angiogenesis. In the third part of this work, we focused
on hypoxia-dependent mechanisms that regulate these capabilities. We show that
hypoxia, which can be promoted by inhibition of angiogenesis, induces local glioma
invasion and downregulates the cell adhesion molecule ephrinB2. Importantly, we
reveal that ephrinB2 downregulation is directly controlled by ZEB2, a target of HIF-1aq,
establishing a critical role of a HIF-1a-ZEB2-EphrinB2 axis in glioma invasion,
including invasion induced by anti-angiogenic agents. Notably, absence of ephrinB2
increased tumor invasiveness, whereas ephrinB2 overexpression decreased it,
revealing a crucial function of ephrinB2 in the control of the invasive capacity of

gliomas.

Taken together, our results demonstrate the pivotal role of 2-OG for the control of PHD
activity, the hypoxic response and downstream biological processes, such as CSC
maintenance, invasion and metastasis. Additionally, we also revealed distinct
molecular mechanisms through which hypoxia regulates cancer hallmarks, namely
enhancing tumor invasion via a HIF-1a0-ZEB2-EphrinB2 axis, or synergizing with
acidosis to control the CSC phenotype and tumor growth through HSP90. These
findings identify several mechanisms, centered around the control of hypoxic signaling
in tumors, which regulate cancer hallmarks and may provide targets for future

therapeutic strategies.
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1 Introduction

Brain tumors consist of cells that originate from different cell lineages and grow
abnormally in the brain and/or spinal cord. The World Health Organization (WHO)
established a classification and grading system for benign and malignant brain tumors,
which is accepted and used worldwide (Louis et al., 2016). The estimated brain tumor
incidence in Europe in 2012 was 6.6 cases per 100000 with a higher incidence rate in
men (7.8 cases per 100000) compared to women (5.6 cases per 100000) (Ferlay et
al., 2013).

The most common and most aggressive malignant brain and central nervous system
tumor is glioblastoma followed by diffuse astrocytomas. Glioblastomas represent
15.1% of all brain and central nervous system tumors and account for 46.1% of
primary malignant brain tumors, exhibiting an increased frequency rate with patient
age (Ostrom et al.,, 2015). The median survival of patients diagnosed with
glioblastoma is between 12 to 15 months, and only 5% of the patients survive longer
than 5 years (Gallego, 2015, Global Burden of Disease Cancer, 2015, Ostrom, et al.,
2015, Young et al., 2015).

1.1 The WHO classification and grading of central nervous

system tumors

According to the recent WHO classification of brain tumors, glioblastoma is included
in the group of diffuse gliomas along with astrocytic tumors, oligodendrogliomas and
diffuse gliomas of the childhood (Louis, et al., 2016). Previously, in the 2007 WHO
classification, the astrocytic and oligodendroglial gliomas were grouped separately.
Unlike the 2007 version, the 2016 WHO classification provides a combination of
phenotypic and genotypic classification of the tumors. Tumors with similar growth
pattern, behaviors and shared genetic driver mutations, such as mutations in the
isocitrate dehydrogenase (IDH) gene, are grouped together. The 2016 WHO
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classification is based on a combination of histological and molecular features of the
tumors and leads to a better definition of the tumor entities (Table 1.1) (Louis et al.,
2007, Louis, et al., 2016).

Depending on tumor malignancy, the WHO grading system categorizes astrocytomas
from grade | to IV, as an indicator of therapy response and patient outcome (Louis, et
al., 2007). Grade | tumors, such as pilocytic astrocytomas and subependymal giant
cell astrocytomas, consist of slow-proliferating cells, are nonmalignant and can in
general be successfully cured by surgical resection. Grade Il tumors are infiltrative
and slow-growing, but often recur as higher grade tumors. IDH-mutant diffuse
astrocytoma, IDH-mutant and 1p/19q-codeleted oligodendrogliomas and pleomorphic
xanthoastrocytoma are classified as grade Il. Anaplastic oligodendrogliomas and
anaplastic astrocytomas are classified as grade lll. These tumors are characterized
by a high mitotic activity and anaplasia and are highly malignant tumors. Moreover,
the WHO defines the highly infiltrative astrocytic tumors with high mitotic activity and
tumors displaying high malignancy, endothelial cell proliferation, necrosis or
perinecrotic areas as grade |V (Louis, et al., 2007, Louis, et al., 2016). Grade IV tumors
such as glioblastoma and diffuse midline glioma grow rapidly and a combination of
surgical resection, chemo and/or radio therapy still remains insufficient to eradicate all
tumor cells, leading to frequent recurrence of these tumors. Patients diagnosed with
a grade Il tumor frequently survive longer than 5 years, whereas patients with a grade
IV tumor typically have a median survival of 15 months (Stupp et al., 2005, Gallego,
2015, Rahman et al., 2015). However, glioblastoma patients with a mutation in the
IDH1 gene and/or silenced O8-alkylguanine DNA alkyltransferase (MGMT) due to
promoter methylation, show prolonged survival rates (Louis, et al., 2007, Louis, et al.,
2016).
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Table 1.1. Examples of gliomas according to the 2016 WHO classification of central
nervous system tumors (Louis, et al., 2016).

WHO Grade Tumor Type

I Pilocytic astrocytoma
Subependymal giant cell astrocytoma

Il Diffuse astrocytoma
Oligodendrogliomas
Pleomorphic xanthoastrocytoma

Il Anaplastic oligodendrogliomas
Anaplastic astrocytoma
Anaplastic pleomorphic xanthoastrocytoma

v Glioblastoma
Diffuse midline glioma

1.1.1 Molecular alterations in glioma pathogenesis

Glioblastomas can be classified as primary and secondary glioblastomas depending
on their pathological development. The majority of glioblastomas arise de novo without
any identified precursor lesion and are defined as primary glioblastoma. Secondary
glioblastomas arise from initially lower grade gliomas such as diffuse astrocytomas or
anaplastic astrocytomas (Fig. 1.1) (Ohgaki and Kleihues, 2013, Wilson et al., 2014).
Around 90% of glioblastomas are primary glioblastomas. The incidence of primary
glioblastoma is higher in elderly patients (>50 years old), whereas secondary
glioblastoma develop in younger patients with a mean age of 45. The incidence rate
of primary glioblastoma is 1.3 to 1.5 times higher in men compared to women (Phillips
et al., 2006, Ohgaki and Kleihues, 2013).

Comprehensive genomic analysis of glioblastoma samples revealed that at least one
component within three main pathways, RTK signaling, p53 and RB tumor-suppressor
pathway, is altered during tumorigenesis (Cancer Genome Atlas Research, 2008).
However, primary and secondary glioblastomas carry distinct genetic alterations (Fig.
1.1), indicating that they are derived from different genetic precursors. The common
alterations in primary glioblastoma are EGFR amplification, PTEN mutation and loss
of chromosome 10, whereas IDH1/2 mutations, TP53 mutations and 19q loss are
more common in secondary glioblastoma. Although primary and secondary

10



Introduction

glioblastomas exhibit a different molecular profile, identification and characterization
of IDH1/2 mutation and its exclusive presence in secondary glioblastoma has allowed
reliable differentiation of primary and secondary glioblastoma (Ohgaki and Kleihues,
2013, Wilson, et al., 2014). Eventually, in the recent 2016 WHO classification of central
nervous system tumors, the IDH mutation status is described as the primary criteria

to differentiate secondary glioblastoma from primary glioblastoma (Louis, et al., 2016).

Glial Progenitor Cells Glial Progenitor Cells |
4 h 4 .
i | Common precursor cells with IDH1/2 mutation | :
: i | TP53 mutation (~65%) 'c‘:‘fés e/ 1?“ (>7fg{,‘}) ! WHO
: 3-6 months ii | ATRX mutation (~65%) mutation (~40%)
i clinical history i FUBP mutation (~15%) : grade
: Y Y ;
| Diffuse astrocytoma || Oligodendroglioma | ||
i ~5 years
EGFR amplification (~35%) : i Y Y _
TP53 mutation (~30%) | Anaplastic Anaplastic "
PTEN mutation (~25%) i astrocytoma oligodendroglioma
LOH 10p (~50%) |
LOH 10q (~70%)
LOH 19p (~50%) ~2 years
1 LOH 10q (>60%)
4 S / 4
Primary Secondary :
glioblastoma i glioblastoma .\
; Neural, proneural, classical, Proneural transcriptional profile
: mesenchymal transcriptional profile : : Hypermethylation phenotype

Figure 1.1. Summary of most frequent molecular abnormalities found in primary and
secondary glioblastomas.

Redrawn from Ohgaki and Kleihues 2013.(Ohgaki and Kleihues, 2013).

Identification of exclusive alterations in glioblastoma or in lower grade glioma types
has allowed some of them to be used as clinically relevant molecular markers. Some
of these alterations such as IDH mutation, loss of 1p/19q, ATRX mutation and MGMT
promotor methylation have become important molecular markers as they provide
diagnostic, prognostic and predictive information (Ohgaki and Kleihues, 2013,

Nicolaidis, 2015, Louis, et al., 2016). IDH mutations are associated with a better
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prognosis and patients with an IDH mutation are significantly younger with a mean
age of 32-41 than patients with wild-type IDH. A mutation in the 2-oxoglutarate (2-OG)
producing enzyme IDH leads to a reduced activity of IDH and, importantly, the
production of 2-hydroxyglutarate, an oncometabolite. (Crespo et al., 2015, Louis, et
al., 2016). It is therefore considered to be a gain-of-function.

The combination of loss of 1p/19q and IDH1 mutation has been clinically used to
identify oligodendrogliomas. Patients with 1p/19q loss showed longer survival after
genotoxic or adjuvant therapy (Huse and Aldape, 2014). ATRX mutation together with
TP53 and IDH1 mutation is a specific marker for diffuse astrocytoma and anaplastic
astrocytoma that are grade |l and Ill tumors with better prognosis (Louis, et al., 2016).
Silencing of the MGMT gene by hypermethylation of its promotor is associated with
prolonged survival of the patients. Patients with MGMT promotor hypermethylation
exhibit better response to chemotherapy, as the cells cannot repair the therapy-
induced DNA damage, leading to cell death (Crespo, et al., 2015).

1.1.2 Transcriptional subtypes of glioblastoma

Recently, efforts have been made to provide more insight into the gene expression
pattern of different glioma subtypes. Comparison of high grade versus low grade
gliomas or primary versus secondary glioblastomas, identified differentially expressed
genes, indicating distinct transcriptional signatures of these subtypes (Karcher et al.,
2006, Tso et al., 2006a, Tso et al., 2006b, Vital et al., 2010). In addition to these
studies, genetic alterations and gene expression profiling studies led to a division of
glioblastomas (as defined in the 2007 WHO classification) into four subclasses:
proneural, neural, classical and mesenchymal (Phillips, et al., 2006, Verhaak et al.,
2010).

Glioblastomas with a proneural signature express genes related to an
oligodendrocytic signature. The proneural subclass is characterized by PDGFRA
alteration, IDH1 mutation, TP53 mutation and loss of heterozygosity. Furthermore, the

proneural phenotype is associated with secondary glioblastomas and lower grade
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gliomas and shares a gene profile with neural stem cell lines. As the majority of
proneural glioblastomas are secondary glioblastomas, the proneural phenotype is
associated with longer survival and diagnosed in younger patients (Phillips, et al.,
2006, Verhaak, et al., 2010).

Tumors with a neural phenotype do not exhibit a distinctive gene expression profile.
The gene expression pattern is similar to normal brain tissue with high expression of
neuronal markers such as NEFL, GABRA1, SYT1 and SLC12A5 (Verhaak, et al.,
2010).

Glioblastomas with a classical phenotype exhibit a profile associated with high
proliferation and are frequently characterized by chromosome 7 amplification paired
with chromosome 10 loss and EGFR amplification. Additionally, the tumors with
classical phenotype lack TP53, NF1 and IDH1 mutations (Phillips, et al., 2006,
Verhaak, et al., 2010).

The mesenchymal subtype expresses higher levels of mesenchymal and astrocytic
markers, such as CD44, MERTK, YKL40 and MET. Loss, or lower expression of NF1
frequently occurs in this subtype. In addition, altered tumor necrosis factor family and
NF-kB signaling pathways are commonly seen in the mesenchymal subtype (Phillips,
et al., 2006, Verhaak, et al., 2010). Interestingly, Phillips et al. showed that recurrent
tumors shift their phenotype to a mesenchymal phenotype (Phillips, et al., 2006) and
Verhaak et al. showed that the majority of immortalized cell lines resemble the
mesenchymal phenotype (Verhaak, et al., 2010).

The gene expression based molecular classification of tumors highlights the
importance of genomic sequence and transcriptional analysis. The diversity of genetic
alterations, leading to different subtypes of glioblastoma, proposes no effective single
therapy approach. Further studies characterized diffuse gliomas even in more detail
with the help of datasets available from The Cancer Genome Atlas (TCGA) (Brennan
et al., 2013, Frattini et al., 2013, Cancer Genome Atlas Research et al., 2015,
Ceccarelli et al., 2016) and identified the association between prognosis and genetic
alteration, gene expression and DNA methylation pattern, defining new subtypes of
gliomas (Noushmehr et al., 2010, Sturm et al., 2012).
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1.2 Tumor microenvironment

Tumors consist not only of tumor cells, but also of a variety of different stromal cells
such as endothelial and inflammatory cells. The tumor microenvironment contains
cells, signaling molecules, soluble factors, chemokines, extracellular matrix proteins
and mechanical cues, which facilitate tumor growth, progression, invasion and therapy
resistance (Fig. 1.2). The tumor microenvironment supports tumor cells by providing
proliferative and proinvasive signals, inducing angiogenesis, reprogramming energy
metabolism and protecting the tumor cells from immune cells. Therefore, careful
analysis and targeting of the supportive tumor microenvironment may be necessary
to provide effective treatments (Hanahan and Weinberg, 2011, Balkwill et al., 2012,
Hanahan and Coussens, 2012) .

1.2.1 The brain tumor microenvironment

Tumor cells not only display heterogeneity at the gene expression and genetic
alteration level, but also reside in different microenvironments and interact with
different cell types (Balkwill, et al., 2012, Charles et al., 2012, Lorger, 2012). Genetic
instability of tumor cells and local distribution of environmental factors such as
hypoxia, starvation, acidosis, oxidative stress, biomechanical stress and therapeutic
interventions create this heterogeneity. Microenvironmental signals and
environmental factors in turn influence the tumor progression and patient prognosis
(Charles, et al., 2012, Kucharzewska and Belting, 2013). The tumor microenvironment
is organ-specific and has a complex role. The brain is a highly vascularized organ and
brain tumors possess a particular microenvironment with a broad variety of cell types
such as endothelial cells, pericytes, astrocytes, neurons, microglia and tumor-
associated macrophages. These cells and tumor cells themselves produce signaling
molecules and growth factors, which, together with environmental cues, create the
supportive tumor microenvironment (Fig. 1.2) (Hoelzinger et al., 2007, Charles, et al.,
2012). For instance, TGFB, which is produced by tumor cells, suppresses the
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activation and proliferation of microglia, leading the repression of immune response

to the tumor cells (Grauer et al., 2007, Hoelzinger, et al., 2007).
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Figure 1.2. The tumor microenvironment in the brain.

Brain tumor cells interact with a variety of different stromal cells such as neurons, endothelial
cells, pericytes, astrocytes, microglia and tumor-associated macrophages (TAM), releasing
signaling molecules and cytokines. Tumor cells and stromal cells communicate and respond
to the signaling molecules and cytokines that are produced. The rapid progression of the
tumor itself generates environmental factors such as hypoxia, starvation, acidosis, oxidative
stress, biomechanical stress through the limitation of nutrient/oxygen supply or accumulation
of metabolic products.

1.2.2 The hypoxic tumor microenvironment

Tumor hypoxia is one of the characteristics of solid tumors and is associated with an
aggressive tumor phenotype (Muz et al., 2015). Hypoxia occurs due to the imbalance
between oxygen delivery and oxygen consumption. Rapid growth of the tumor mass
creates areas with limited oxygen availability within the tumor. Oxygen levels in the
tumor depend on the organ, as well as the size and the stage of the tumor. Oxygen
levels in different organs vary widely (Emily G. Armitage et al., 2014, Muz, et al., 2015,

Span and Bussink, 2015). The average oxygen concentration under physiological
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conditions for the brain is 4.6%, for the breast 8.5%, for the lung 5.6%, whereas tumors
of these organs show oxygen concentrations of as low as 1.7% O2, 1.5% Oz, 2.2%
O2, respectively (Muz, et al., 2015).

Hypoxia can occur in two different forms: chronic (diffusion-limited) hypoxia and acute
(perfusion-limited) hypoxia. Chronic hypoxia occurs when the tumor cells are beyond
the diffusion capacity of oxygen leading to long-term cellular changes and genomic
instability. The different periods of better and worse oxygenation of tumor areas cause
the acute hypoxia which induces survival mechanisms in tumor cells by activating
autophagy, apoptotic and metabolic adaptation. A mixture of chronic and acute
hypoxia results in formation of hypoxic tumor areas (Muz, et al., 2015, Span and
Bussink, 2015, Patel and Sant, 2016).

Hypoxia induces changes in the physicochemical characteristics of the tumor, in
signaling pathways and in the behavior of TAMs (tumor associated macrophages) and
other stromal cells. Hypoxia induced physicochemical changes include (1) acidic pH
as a result of a metabolic shift towards glycolysis, (2) ROS generation which leads to
genomic instability within the tumor and (3) intracellular and extracellular redox
potential difference (Patel and Sant, 2016). Different signaling pathways are activated
by hypoxia, which mostly result in tumor cell adaptation and survival under hypoxic
stress. Hypoxic activation of the HIF (hypoxia inducible factor) signaling pathway is
the most and best-studied pathway. Besides HIF, the UPR (unfolded protein
response) pathway, the AKT-mTOR pathway, the ERK pathway and the NF-kB
pathway are the other pathways that are activated by hypoxia (Span and Bussink,
2015, Patel and Sant, 2016). In addition to hypoxia, cytokines, chemokines and growth
factors can also activate these pathways in a hypoxia independent manner. Hypoxia
not only leads to changes in these pathways, but also leads to changes in the
MRNA/mMiRNA expression profile, epigenetics and metabolism of the cells (Muz, et al.,
2015, Span and Bussink, 2015). The contribution of hypoxia towards the metastatic
phenotype, cancer stem cell phenotype and immunologic microenvironment has also
become a great interest of many researchers (Muz, et al., 2015, Span and Bussink,
2015, Patel and Sant, 2016).
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1.2.2.1 Hypoxia inducible factors and the hypoxic response
1.2.2.2 HIF structure

Hypoxic activation of the HIF pathway is the major mechanism mediating the adaptive
responses to hypoxia through the regulation of transcription by HIF. HIF is a
heterodimer, which consists of an a and a 8 subunit (Wang and Semenza, 1995). The
B subunit is constitutively expressed. In contrast, the a subunit is oxygen-regulated
and stabilized under hypoxic conditions (Li et al., 1996). Both subunits belong to the
PAS subfamily of the basic Helix-Loop-Helix (bHLH) transcription factor family (lyer et
al., 1998). The bHLH-PAS motif is responsible for heterodimer formation between the
a and B subunits and the binding to the hypoxia response element (HRE) within the
promotor of the respective target genes (Semenza et al., 1991, Jiang et al., 1996,
Jiang et al., 1997). HIF-a has three different isoforms, namely HIF-1a, HIF-2a and
HIF-3a. Unlike HIF-3a, HIF-1a and HIF-2a show sequence similarity and both
isoforms have two transactivation domains (TAD). The N-terminal (N-TAD) and C-
terminal (C-TAD) TADs control HIF-a transcriptional activity by interacting with co-
activators stabilizing HIF (Semenza, et al., 1991, Jiang, et al., 1996, Jiang, et al.,
1997). Importantly, distinct from the B subunit, all a subunits have an oxygen-
dependent degradation domain (ODD), which is important for the regulation of HIF-a
stability in an oxygen-dependent manner (Wang and Semenza, 1995, Bruick and
McKnight, 2001, Kaelin and Ratcliffe, 2008).

1.2.2.3 The regulation of HIF-a

HIF-a expression is regulated at the levels of transcription, translation and protein
stability (Kallio et al., 1997, Gorlach et al., 2000, Dengler et al., 2014). Signaling
pathways such as mTOR or the ERK pathway, which are activated by growth factors
or cytokines, modulate the transcription or translation of HIF-a. MicroRNAs (miRNA)
and mRNA destabilizing proteins can also decrease HIF-a levels (Dengler, et al.,
2014). In addition, especially under hypoxic conditions, HIF-a protein stability and
activity is regulated via post-translational modifications including hydroxylation,
acetylation, sumoylation, ubiquitination and phosphorylation (Bruick and McKnight,
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2001, Jeong et al., 2002, Bae et al., 2004, Keith et al., 2011). Besides the post-
translational modifications, interaction of HIF-a with other proteins such as p53,
SHARP1 and HSP90 (heat shock protein 90) also modulates HIF-a stability (Fig. 1.3)
(Ravi et al., 2000, Isaacs et al., 2002, Montagner et al., 2012).
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Figure 1.3. The regulation of HIF-a levels and transactivity.
Overview of pathways that involve in the HIF-a regulation at the different levels such as
transcription, translation and post-translational modifications.

Under normoxia, HIF-a is hydroxylated on at least one of the two proline residues (at
the positions 402 and 564 in HIF-1a and at the positions 405 and 531 in HIF-2a) within
the ODD by oxygen-dependent prolyl hydroxylases (PHD1, PHD2 and PHD3),
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allowing the recognition by the von Hippel-Lindau tumor-suppressor protein (pVHL).
Interaction of HIF-a with pVHL recruits a E3 ubiquitin protein ligase for catalyzing HIF-
a ubiquitination, thereby targeting HIF-a for proteasomal degradation (Fig. 1.3). PHDs
require oxygen for their catalytic activity. Therefore, under hypoxia, absence of oxygen
leads to diminished HIF-a hydroxylation, which prevents the interaction of HIF-a with
pVHL, resulting in the accumulation of HIF-a in the nucleus (lwai et al., 1999, Maxwell
et al., 1999, Bruick and McKnight, 2001, Kaelin and Ratcliffe, 2008). Another oxygen-
dependent hydroxylase named factor inhibiting HIF (FIH) is responsible for the
negative regulation of the transcriptional activity of HIF-a by hydroxylation of the
asparagine-803 residue. Under normoxia, hydroxylation at the asparagine-803
residue by FIH blocks the interaction between HIF-a and its co-activators CBP/p300
(Fig. 1.3) (Lando et al., 2002, McNeill et al., 2002).

The acetylation status is also critical for HIF-a stabilization. Depending on the location
of the acetyl residues, acetylation has been shown to regulate HIF-a negatively or
positively. Acetylation of Lys532 by the acetyl-transferase arrest defective 1 (ARD1)
has been reported to lead to HIF-a destabilization (Fig. 1.3). By contrast, several other
groups have failed to observe either ARD1 mediated HIF-a acetylation or interaction
between ARD1 and HIF-a (Jeong, et al., 2002, Bilton et al., 2005, Murray-Rust et al.,
2006). The role of ARD1 in HIF-a acetylation remains controversial. Additionally,
deacetylases such as histone deacetylases (HDAC) and the family of sirtuins (SIRT1-
7) also regulate HIF-a stability negatively or positively, depending on the HIF-a isoform
and the acetylated residues (Dioum et al., 2009, Zhong et al., 2010, Geng et al., 2011).
Another post-translational modification of HIF-a, whose role remains unclear, is
sumoylation. Sumoylation has been reported to enhance or inhibit the HIF-a
transactivation (Fig. 1.3) (Bae, et al., 2004, Berta et al., 2007).

Phosphorylation is another modification, which is crucial for HIF-a stability and activity.
It has been reported that the different residues of HIF-a are directly phosphorylated
by several different kinases. HIF-a phosphorylation mediated by casein kinase Il
(CKIl), ERK and protein kinase A (PKA), leads to enhanced activation of HIF-a
(Richard et al., 1999, Minet et al., 2000, Gradin et al., 2002). However,
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phosphorylation of HIF-a by casein kinase | (CKIl), glycogen synthase kinase 3f3
(GSK3pB) and polo-like kinase 3 (PLK3) decreases the HIF-a stability or activity (Fig.
1.3) (Mottet et al., 2003, Kalousi et al., 2010, Xu et al., 2010a).

Elevated HIF-a levels are associated with loss of the p53 tumor-suppressor gene.
Moreover, interaction between HIF-a and p53 leads to MDM2 mediated ubiquitination
directing HIF-a to proteasomal degradation. Tumors with loss of p53 show increased
tumor angiogenesis indicating activation of HIF-a target genes such as VEGFA. This
mechanism shows that loss of p53 in the tumors contributes to enhanced
transcriptional regulation by HIF-a (Ravi, et al., 2000, Roe and Youn, 2006). In
addition, interaction between HIF-a and SHARP1 regulates HIF-a stability. SHARP1
binding to HIF-a promotes HIF-a proteasomal degradation in a pVHL independent
manner resulting in suppression of invasive, metastatic and angiogenic capacity of the
cells (Montagner, et al., 2012, Piccolo et al., 2013, Liao et al., 2014).

HSP90 and RACK1 are also involved in the mechanism controlling HIF-a stability in
an oxygen independent manner. It has been reported that HSP90 and RACK1
compete to bind to the same site in the PAS domain of HIF-a. RACK1 binding recruits
Elongin-C to HIF-a, resulting in HIF-a ubiquitination and proteasomal degradation,
whereas HSP90 binding increases HIF-a stability and transactivity (Fig. 1.3) (Gradin
et al., 1996, Katschinski et al., 2004, Liu et al., 2007). In addition, the HSP9O0 inhibitors
geldanamycin and 17-allylaminogeldanamycin disrupt the HIF-a-HSP90 interaction
leading to increased HIF-a proteasomal degradation (Isaacs, et al., 2002, Mabjeesh
et al., 2002, Zagzag et al., 2003).

Altogether, these pathways demonstrate that a variety of physiological conditions are
involved in HIF regulation and highlight the importance of the balance between HIF-a
synthesis, stabilization and degradation.

1.2.2.4 The functional role of HIF

Oxygen-dependent or independent activation of HIF-1a and HIF-2a regulate a variety
of target genes, which are involved in diverse biological processes including
glycolysis, pH regulation, angiogenesis, metastasis/invasion, stemness/self-renewal,
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proliferation and apoptosis (Fig. 1.4). HIF-a directly upregulates several glycolytic
enzymes and transporters such as glucose transporters (GLUT1 and GLUT3),
hexokinases (HK 1 and 2), pyruvate dehydrogenase kinase 1 (PDK1) and lactate
dehydrogenase A (LDHA), as well as monocarboxylate transporter 4 (MCT4) and
carbonic anhydrase |IX (CAIX), which play a role in pH regulation. HIF-a mediated
regulation of these enzymes and transporters rewire the tumor metabolism to support
tumor survival and proliferation (lyer, et al., 1998, Semenza, 2001, Kim et al., 2006,
Denko, 2008, Benita et al., 2009, Semenza, 2012, Dengler, et al., 2014).

Another hypoxia regulated biological process is metastasis. The key mediators of
metastasis such as chemokine receptor 4 (CXCR4), metalloproteinases (MMP-2 and
MMP-9) and lysyl oxidase (LOX) are HIF targets and associated with poor patient
outcome. In addition, the EMT (epithelial to mesenchymal transition) regulators Snail,
Slug, ZEB1, ZEB2 and Twist have been shown to be regulated by HIF (Petrella et al.,
2005, Erler et al., 2006, Yang et al., 2008, Semenza, 2012).

Activated HIF-a also induces several pro-angiogenic factors such as vascular
endothelial growth factor (VEGF), erythropoietin (EPO) and angiopoietin 2 (ANG2)
that stimulate new blood vessel formation to ensure oxygen availability for the tumor
cells (Takeda et al., 2004, Covello et al., 2006). HIFs also induce several genes that
are required in stem cell homeostasis including the key regulator of stem cell behavior,
OCT4, as well as many genes that are involved in proliferation and apoptosis (Pugh
and Ratcliffe, 2003, Seidel et al., 2010).

The contribution of HIF-1a and/or HIF-2a to regulate the expression of their target
genes has been shown to be cell-type specific. Moreover, HIF-1a and HIF-2a are
shown to bind preferentially to specific genes, whereas some genes are induced by
both isoforms (Hu et al., 2007, Lau et al., 2007, Lofstedt et al., 2007, Keith, et al.,
2011). For example, glycolytic pathway genes are mostly regulated by HIF-1q,
whereas stem cell homeostasis related genes are preferentially regulated by HIF-2a.
Under acute hypoxia, transactivation of target genes is primarily mediated by HIF-1a.
However, HIF-2a is stabilized upon prolonged and mild levels of hypoxia, where it
induces the transactivation of specific target genes (Holmquist-Mengelbier et al.,
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2006, Hu, et al., 2007, Lau, et al., 2007, Lofstedt, et al., 2007, Keith, et al., 2011, Koh
et al., 2011).
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Figure 1.4. The biological pathways activated by HIF-1a and HIF-2a.

HIF-1a and HIF-2a regulate a variety of genes involved in different biological processes.
These processes and some examples of genes that are regulated by HIF-1a and/or HIF-2a
are shown in the schematic.

1.2.2.5 The role of PDHs in tumors

Oxygen-dependent regulation of HIF-a levels is mainly mediated by hydroxylation,
followed by ubiquitination and proteasomal degradation (PHD mediated HIF-a
regulation is described in detail under the “Hypoxia inducible factors and hypoxic
response” section). HIF-a hydroxylation on the proline residues is a post-translational
modification, which is catalyzed by prolyl hydroxylase domain proteins (PHDs) (Bruick
and McKnight, 2001, Epstein et al., 2001). HIF prolyl hydroxylases have three different
isoforms, PHD1, PHD2 and PHD3 (also known as EgIN2, EgIN1 and EgINS,
respectively). PHDs belong to a family of 2-OG dependent, non-haem iron binding
dioxygenases which require oxygen and 2-OG as co-substrates and iron (Fe?*) as co-
factor (Huang et al., 2002). PHDs have low affinity to oxygen with high Km (~200-250
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uM) values. Therefore, PHDs are highly sensitive to changes in oxygen levels within
the physiological ranges, making them bona fide cellular oxygen sensors (Bruick and
McKnight, 2001, Epstein, et al., 2001, Huang, et al., 2002, Hirsila et al., 2003,
Schofield and Ratcliffe, 2004).

PHD1 and PHD2 are longer isoforms with 407 and 426 amino acids respectively,
whereas PHD3 is the shortest isoform with only 239 amino acids. The hydroxylase
domains at the C-terminus of PHDs are well conserved (Bruick and McKnight, 2001).
PHD isoforms are expressed at different levels in the tissues. PHD2 is the most
abundant isoform, which is found in most tissues, while PHD1 and PHD3 expression
is more restricted. PHD1 is abundant in the testis and placenta whereas PHD3 is
highly expressed in the heart. All PHDs have been reported to be expressed in the
brain (Lieb et al., 2002, Cioffi et al., 2003, Willam et al., 2006a). Not only are the
expression levels of PHDs across the tissues distinct, but also their subcellular
localizations. PHD1, which contains a nuclear localization signal, is predominantly
localized in the nucleus. PHD2 is localized in the cytoplasm while PHD3 is distributed
evenly in the cytoplasm and the nucleus (Metzen et al., 2003, Yasumoto et al., 2009,
Henze et al., 2010).

Although all the PHD isoforms have been reported to hydroxylate HIF-a in vitro, their
affinities on the HIF-a isoforms and specificities towards the hydroxylation sites differ.
PHD1 and PHD3 hydroxylate HIF-2a whereas PHD2 hydroxylates HIF-1a more
efficiently. Under normoxia and mild hypoxia, PHDZ2 is the main regulator of HIF-1a.
Under prolonged and severe hypoxia, PHD3 has more influence on HIF-2a. Moreover,
PHDS3 has been reported to hydroxylate Pro564 but not Pro402 in HIF-1a. In addition,
isoform and cell type specific effects were also obtained in mouse models. Germline
Phd2 knock-out leads to embryonic lethality due to placental defects and heart failure,
whereas Phd1 and Phd3 knock-out mice are viable (Epstein, et al., 2001, Berra et al.,
2003, Hirsila, et al., 2003, Appelhoff et al., 2004, Takeda et al., 2006, Takeda et al.,
2007). Altogether, these studies indicate the complexity of hydroxylation of HIF-a by
different PHDs. It seems that different PHDs have preferences under certain

conditions, which are also cell type specific.
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1.2.2.5.1 Requlation of PHD activity

PHD activity is not only dependent on oxygen availability. Besides oxygen, PHDs
require 2-OG and iron (ferrous iron, Fe?*). As the first step of the reaction, ferrous iron
(Fe?*) is bound to the PHD catalytic domain, allowing the binding of oxygen, 2-OG and
HIF-a. Then, molecular oxygen is used to convert 2-OG into succinate and CO2, while
HIF-a as a substrate is hydroxylated (Fig. 1.5) (Schofield and Ratcliffe, 2004,
Smirnova et al., 2012). When the availability of other co-substrates and co-factors are
not limited, the presence of oxygen is crucial for PHD activity and cannot be
substituted by another molecule. The high Kn values of PHDs for oxygen make PHDs
highly sensitive to concentration changes of oxygen levels (Km values of PHDs for
oxygen define the concentration of oxygen when the reaction reaches 50% of the
maximal catalytic rate). A hypoxic tumor microenvironment leads to inactivation of
PHDs, HIF-a stabilization and HIF-a mediated transcriptional reprogramming

(Smirnova, et al., 2012, Nguyen and Duran, 2016).

ROS and nitric oxide (NO) have also been reported to regulate PHD activity. The
potential mechanism of ROS induced PHD inactivation includes reduced iron
availability by oxidation of ferrous iron (Fe?*) to ferric iron (Fe3*). Another proposed
mechanism implies that ROS increase the mitochondrial respiration, leading to
decreased oxygen availability for PHD activity. However, it has not been proven
whether ROS directly affect PHD activity. The findings to date suggest indirect effects
of ROS on PHD function (Bell and Chandel, 2007, Yang et al., 2012, Nguyen and
Duran, 2016). NO also acts as a PHD inhibitor that is a potential competitor of oxygen
for binding to iron at the catalytic sites of PHDs. However, there are accumulating data
on the controversial effect of NO under normoxia and hypoxia (Berchner-
Pfannschmidt et al., 2010, Chowdhury et al., 2011a, Nguyen and Duran, 2016).

To maintain the full activity, PHDs also require ascorbate as a reducing agent. When
the reaction is completed by PHDs, 2-OG is converted to succinate and CO2 and a
ferrous iron (Fe?*) is converted to a ferryl iron (Fe**) which then, due to its cytotoxicity,
is directly reduced to the ferric iron (Fe®*). Therefore, new ferrous iron (Fe?*) is needed

for the reactivation of PHD; ascorbate reduces the ferric iron (Fe®': storage form of
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iron in the cells) to the ferrous state (Fe?*) (Myllyla et al., 1984, Kuiper and Vissers,
2014, Nguyen and Duran, 2016). Additionally, Co?* and Ni?* have been shown to
directly compete with Fe?* binding to PHDs resulting inactivation of PHDs (Yuan et al.,
2003, Davidson et al., 2005, Nguyen and Duran, 2016). A recent study revealed an
additional mechanism controlling PHD function, by showing that L-cysteine protects
PHD2 from self-inactivation through preventing the oxidation of specific cysteine
residues within PHD2 that are critical for its activity (Briggs et al., 2016).

HIF-a

o 2-0G

2
ROS .
\x Ascorbate
Succinate S . <«— Cysteine

Fumarate
Co%/Ni%* /\ \ D-2-HG
Hypoxia /\
L-2-HG /\ CO,
Succinate
DMOG

\/

OH
/

oy <
HIF-o ~ pVHL

Figure 1.5. Regulation of PHD activity.

PHDs require oxygen, 2-OG, Fe2+, ascorbate and cysteine to maintain its hydroxylation
function. A variety of factors, such as ROS, NO, TCA cycle intermediates, other ions and 2-
OG analogs also negatively regulate PHD activity.

2-0G, an intermediate of the TCA cycle, is needed as a co-substrate and serves as
an electron donor for the hydroxylation reaction. Amino acid starvation has been
shown to lead to reduced 2-OG levels and thereby inactivation of PHDs (Duran et al.,
2013). Moreover, the 2-OG analog DMOG has been used as a PHD inhibitor
(Cummins et al., 2008). In addition to competitive inhibition of PHDs by DMOG, TCA

cycle intermediates, such as succinate, fumarate, isocitrate, malate, oxaloacetate, and
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pyruvate can also modulate PHD activity (Koivunen et al., 2007). Succinate and
fumarate are known as oncometabolites and accumulation of these metabolites has
been identified in cancer. Succinate and fumarate are structural analogs of 2-OG and
inhibit PHDs competitively. Normally, TCA intermediates cannot compete with 2-OG
due to their cellular localization, as TCA intermediates are mostly produced and
consumed in the mitochondria. However, accumulation of succinate and fumarate in
high amounts still results in PHD inactivation in the cytoplasm (lsaacs et al., 2005,
Selak et al., 2005, Koivunen, et al., 2007).

Besides the factors which are described above, several other microenvironmental
factors including hypoxia, growth factors and cytokines regulate PHDs (Appelhoff, et
al., 2004, Jokilehto and Jaakkola, 2010). PHD2 and PHD3 expression levels have
been shown to be upregulated under hypoxic conditions which in turn downregulate
HIF-a, resulting in a negative feedback loop (Henze and Acker, 2010). PHD2 within
its promotor and PHD3 within its enhancer region contain hypoxic response elements
(HREs), where HIF-a binds to regulate their transcription. PHD1 has been shown to
be estrogen inducible in breast cancer cells, whereas TGF[(3 has been reported to
downregulate PHD2 and stabilize HIF-a (Appelhoff, et al., 2004, McMahon et al.,
2006, Jokilehto and Jaakkola, 2010). Taken together, PHDs do not only sense oxygen
levels, but also other molecules such as 2-OG, iron, ascorbate, L-cysteine, ROS, NO,
succinate and fumarate, acting as the central metabolic sensors of the cell.

1.2.2.5.2 PHD requlated HIF-independent signaling pathways

Even if the best-characterized function of PHDs is the regulation of HIF-a stability,
PHDs have also been shown to have HIF-independent binding and hydroxylation
targets. These targets include a variety of genes that are involved in cell signaling,
apoptosis and transcriptional regulation. (Yasumoto, et al., 2009, Yang et al., 2014,
Nguyen and Duran, 2016, Zurlo et al., 2016).

The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) is an
important regulator of the immune response, which is stimulated by cytokines and
growth factors. The NF-kB pathway has been shown to be controlled by PHDs. The
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basal and TNFa induced NF-kB activity is negatively regulated by PHDs (Cummins et
al., 2006, Fu and Taubman, 2010). Reduced PHD levels or hypoxia result in an
increase of NF-kB activity (Winning et al., 2010, Xue et al., 2010). PHD1 and PHD3
regulate NF-kB activity to a greater extent than PHD2. Furthermore, it was reported
that PHDZ2 deficient macrophages displayed activated NF-kB signaling. The proposed
molecular mechanism is the elevation of NF-kB activity via a hydroxylation dependent
regulation of IKKB, which carries a putative hydroxylation motif (LXXLAP) (Cummins,
et al., 2006, Hamm et al., 2013). Normally, NF-kB subunits form a complex with IkBa
that prevents NF-kB subunits (p50 and p65) from entering into the nucleus to activate
the target genes. Inflammatory stimuli or growth factors dissociate this complex via
proteasomal degradation of IkBa, which is mediated by the IKK (IkB kinase) complex,
which includes IKKB, IKKa, IKKy and HSP90 (Oliver et al., 2009). IKKB has been
proposed to be targeted by PHDs, lower levels or inactivation of PHDs would result in
more active IKKR to inhibit IkBa, therefore activating NF-kB (Cummins, et al., 2006).
Another proposed mechanism is PHD3 mediated blockade of the IKKB and HSP90

interaction, which is required for activation of NF-kB (Xue, et al., 2010). .

PHDs also negatively regulate the transcription factors ATF4 (Activating transcription
factor 4), Pax2 (paired box gene 2) and FOXO3a (Koditz et al., 2007, Hiwatashi et al.,
2011, Yan et al., 2011, Zheng et al., 2014). It still remains unclear whether ATF4 and
Pax2 regulation is hydroxylation dependent, whereas FOXO3 is hydroxylated at
Pro426 and Pro437 sites. In addition to transcription factors, PHDs also contribute to
the control of transcription and translation via targeting RNA polymerase Il and eEF2
kinase (Eukaryotic elongation factor 2 kinase) in a hydroxylation dependent manner
(Koditz, et al., 2007, Mikhaylova et al., 2008, Hiwatashi, et al., 2011, Yan, et al., 2011,
Zheng, et al., 2014, Moore et al., 2015). Different groups identified proteins including
EPOR, Akt, MAPKG6, p53, erythropoietin receptor, EGFR and many more that are
involved in the regulation of signaling pathways, as direct or indirect PHD targets.
(Wong et al., 2013, Garvalov et al., 2014, Henze et al., 2014, Yang, et al., 2014, Zurlo,
et al., 2016). All these findings emphasize the central role of PHDs as not only the
regulator of the HIF pathway, but also other cellular processes where PHD functions

rely on their hydroxylation and/or binding activity.
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1.2.3 Cancer stem cells in glioblastoma

Tumors are composed of heterogeneous cells. Two different models have been
described to explain tumor development and heterogeneity. The stochastic model
(also known as clonal evolution model) postulates that tumor heterogeneity is the
result of genetic changes and mutations occurring over time in individual cells. These
events, with the contribution of the tumor microenvironment, are followed by the
selection of the best-adapted clones, which are driving the tumor progression. In this
model, all the tumor cells possess the similar potential to divide and drive the tumor
growth (Nowell, 1976). The hierarchical model (also known as the cancer stem cell
model) proposes that, similar to normal tissues, tumors are organized in a hierarchical
manner, suggesting that only a distinct subset of tumor cells, the so-called cancer
stem cells (CSCs), are responsible for tumor initiation and maintenance. In the
hierarchical model, the tumor consists of CSCs displaying stem cell properties and
differentiated cells, which are generated by CSCs (Reya et al., 2001, Dalerba et al.,
2007).

CSCs were first isolated from acute myeloid leukemia (AML) samples. Only the tumor
cells expressing the surface markers that are associated to normal hematopoietic
stem cells were able to initiate AML in immunodeficient mice (Bonnet and Dick, 1997).
Later, CSCs have also been identified in many solid tumors including breast, lung,
colon, prostate, brain and other solid tumor types (Al-Hajj et al., 2003, Singh et al.,
2004, Collins et al., 2005, Kim et al., 2005, Ricci-Vitiani et al., 2007). CSCs share
several features with normal stem cells, such as self-renewal capacity, multi-lineage
differentiation and cell surface marker expression. In addition, CSCs show a strong
tumorigenic capacity, are resistant to therapeutics and are able to recapitulate the
heterogeneity of the parental tumor, making them clinically relevant targets (Fig. 1.6)
(Reya, et al., 2001, Borovski et al., 2011).

As observed in other solid tumors, glioblastoma stem cells (GSCs) were also shown
to be involved in tumor initiation, maintenance, propagation and therapeutic

resistance. GSCs possess self-renewal and differentiation capacity, and, when
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transplanted in animal models, they drive the formation of tumors consisting of
heterogeneous cells, as found in the parental tumor (Singh et al., 2003, Singh, et al.,
2004, Folkins et al., 2007). Whether CSCs originate from neural stem cells or from
differentiated cells, still remains unclear. GSCs display similar gene expression
patterns to neural stem cells, supporting a neural stem cell origin, whereas the switch
between the differentiated and stem cells state, the so-called cellular plasticity,
supports the possibility of dedifferentiation and regaining of self-renewal capacity.
Possibly, GSCs may have different cells of origin in different tumors (Jackson and
Alvarez-Buylla, 2008, Modrek et al., 2014, Sundar et al., 2014).

Brain tumor
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Figure 1.6. Cancer stem cell model.

Tumors consist of CSCs, less differentiated tumor progenitor cells and more differentiated
tumor cells. CSCs reside in two different niches — a hypoxic and a perivascular one — which
contribute to the maintenance of the CSC state. Cells expressing a well characterized CSC
marker, CD133, are resistant to therapies, and are likely responsible for tumor relapse.

The best-studied GSC marker is CD133 (Prominin 1), which is also used to identify
cancer stem cells in lung, colon, prostate, pancreatic and ovarian cancers. CD133 is
commonly used for the enrichment of cancer stem cells. CD133 positive glioblastoma
cells show increased self-renewal capacity, which is typically assessed by
neurosphere forming assays. Moreover, compared to CD133 negative cells, CD133

positive cells demonstrate more tumorigenic capacity in xenotransplantation studies.
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Gene profiling studies have also shown that CD133 positive glioblastoma cells exhibit
a similar gene profile with embryonic stem cells, suggesting that CD133 plays a role
in the stem cell state. Furthermore, it has been shown that CD133 positive cells are
resistant to therapy due to the activation of DNA repair mechanisms and cell cycle
check points (Singh, et al., 2004, Bao et al., 2006, Liu et al., 2006, Ricci-Vitiani, et al.,
2007, Garvalov and Acker, 2011). Even if CD133 is a commonly used tool to enrich
for CSCs, several other cell surface makers such as CD15, integrin a6, A2B5, L1CAM,
CXCR4 and CD44 have been identified and used. Cell surface markers provide
advantages by facilitating isolation and sorting of live CSCs. Another method to enrich
for CSCs is the sorting of the side population, which is based on exclusion of Hoechst
33342, a lipophilic DNA staining dye (Ogden et al., 2008, Bleau et al., 2009, Son et
al., 2009, Anido et al., 2010, Lathia et al., 2010, Sundar, et al., 2014). In addition to
cell surface markers, the CSC population expresses stem cell marker genes such as
Olig2, Sox2, Bmi1 and Musashi, which are known from physiological stem cells
(Heddleston et al., 2011).

Analogous to physiological stem cells, CSCs reside in specialized microenvironments,
known as niches. Dynamic interactions between CSCs and their microenvironment,
which includes other cell types, the extracellular matrix, signaling molecules, soluble
factors and chemokines, play a crucial role in the maintenance of CSCs. Normal stem
cells are known to be located in the subventricular zone and the hippocampus in close
proximity to endothelial cells (Shen et al., 2008, Tavazoie et al., 2008). Similarly, CSCs
are enriched in the perivascular niche. The perivascular niche supplies signals to
regulate CSC maintenance and CSCs in turn secrete factors like VEGF, TGFB and
TNFa, which remodel the microenvironment (Sundar, et al., 2014, Plaks et al., 2015).
For instance, NO secreted by endothelial cells, leads to enhanced Notch activity
(Charles et al., 2010). It has also been shown that CD133 positive CSCs express

higher levels of VEGF, leading to increased tumor vascularization (Yao et al., 2008).

Another characteristic of solid tumors is the existence of perinecrotic hypoxic areas,
which have been reported to be the second niche for CSCs (Li et al., 2009). The

cellular response to low oxygen levels is mainly mediated by the HIF pathway. Hypoxia
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has been reported to enhance self-renewal and the expression of CSC marker genes
(Covello, et al., 2006, Seidel, et al., 2010, Heddleston, et al., 2011, Yun and Lin, 2014).
HIF-1a and HIF-2a directly regulate CSC marker genes. In glioblastoma, HIF-2a but
not HIF-1a, seems to be the main regulator of the CSC phenotype and HIF-2a is highly
expressed in GSCs (Heddleston et al., 2009, Seidel, et al., 2010). The side population
approach under hypoxic conditions has also identified GSCs maker genes, ASPHD?2,
MAML3, NFE2L2, ABL2 and NFATC2, which are also regulated by HIF-2a (Seidel, et
al., 2010).

1.3 Metabolic reprogramming in cancer

Altered metabolism is one of the key biological features of tumor cells and has been
linked to tumorigenesis and therapy resistance. Tumor cells reprogram their
metabolism to meet their needs during tumor progression. Even if tumors exhibit a
heterogeneous distribution of crucial nutrients such as oxygen, glucose and
glutamine, tumor cells are able to sustain their energy production, biosynthesis of
macromolecules and maintenance of cellular redox states at appropriate levels by
reprogramming their metabolism (DeBerardinis et al., 2007, Yeung et al., 2008,
Hanahan and Weinberg, 2011, Ward and Thompson, 2012). Metabolic
reprogramming in tumor cells is characterized by elevated glycolysis, glutaminolysis,
pentose phosphate pathway, lipid metabolism, mitochondrial biogenesis and
macromolecule biosynthesis. Metabolic rewiring not only provides energy, but also
macromolecules to support the tumor cells for survival, rapid proliferation and other
processes indispensable for tumor progression (DeBerardinis et al., 2008, Cairns et
al., 2011, Hanahan and Weinberg, 2011).

The Warburg effect, the first described metabolic alteration in tumor cells, describes
the metabolic shift from oxidative phosphorylation to glycolysis, even in the presence
of oxygen (aerobic glycolysis) (Warburg, 1956a). Besides the aerobic glycolysis,
hypoxia, due to the absence of oxygen, also leads to a shift from oxidative
phosphorylation to glycolysis, a phenomenon termed anaerobic glycolysis (Gatenby
and Gillies, 2004, Cairns, et al., 2011). In contrast to normal cells, tumor cells
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preferentially use glycolysis to generate ATP for energy even if it is less efficient
compared to oxidative phosphorylation. In addition to ATP, glycolysis provides the
precursors for nucleotide, lipid and amino acid biosynthesis. Moreover, glycolysis also
entails an acidic tumor microenvironment. By favoring glycolysis, tumor cells generate
carbonic and lactic acids that are exported to the extracellular space. The expression
of glycolytic enzymes (such as HK1, HK2, PDK1 and LDHA) and glucose transporters
(such as GLUT1-4) are remarkably elevated in tumors (Gatenby and Gillies, 2004,
DeBerardinis, et al., 2008, Cairns, et al., 2011, Phan et al., 2014). HIF-1a, p53 and c-
Myc are the master inducers of glycolysis through the regulation of glycolytic genes
(HIF function is described in detail under “Hypoxia inducible factors and hypoxic
response” section) (Yeung, et al., 2008). .

The interaction between tumor cells to the tumor microenvironment plays a key role
in reprogramming the metabolism. Profound effects of oncogenes on metabolism and
identification of mutations in metabolic enzymes such as isocitrate dehydrogenase
(IDH), fumarate hydratase (FH), succinate dehydrogenase (SDH) and alterations in
pyruvate kinase (PKM) have demonstrated their contribution to tumorigenesis and

tumor progression by reprogramming the metabolism.

Mutations in metabolic enzymes such as IDH1, SDH and FH have been shown to lead
to the accumulation of oncometabolites. The IDH gene encodes an enzyme that
catalyzes the conversion of isocitrate to 2-OG (2-oxoglutarate, also known as a-
ketoglutarate) within the tricarboxylic acid cycle (TCA) (Plaut et al., 1983). Similarly,
SDH and FH are mitochondrial enzymes that catalyze the conversion of succinate to
fumarate and fumarate to malate, respectively (Baysal et al., 2000, Tomlinson et al.,
2002, Isaacs, et al., 2005). IDH, SDH and FH mutations cause the accumulation of 2-
hydroxyglutarate (2-HG), succinate and fumarate, respectively. Importantly, these
metabolites have been shown to compete with 2-OG and act as oncometabolites.
Accumulation of these oncometabolites affects 2-oxogluatarate dependent
dioxygenases that catalyze protein hydroxylation, DNA and histone methylation. IDH,
SDH and FH mutations have been identified in cancers, especially in glioma,

paraganglioma and papillary renal cancers, respectively (Baysal, et al., 2000, Isaacs,
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et al., 2005, Parsons et al., 2008, Dang et al., 2009). Particularly, SDH and FH
mutations have been shown to activate the hypoxic response even in the presence of
oxygen (so-called pseudo-hypoxia), whereas the role of IDH1 mutation on the hypoxic
response seems to be more complex and controversial (Tomlinson, et al., 2002,
Isaacs, et al., 2005, Selak, et al., 2005, Zhao et al., 2009). In summary, understanding
the molecular basis and mechanism of altered metabolism, which depends on the
tumor type, seems to be crucial to efficiently target the tumor growth.

1.3.1 2-OG and 2-OG dependent dioxygenases

2-OG (2-oxoglutarate, also known as a-ketoglutarate (a-KG)) is a small molecule
involved in a variety of metabolic and cellular pathways. 2-OG is an intermediate of
the TCA cycle and is produced by oxidative decarboxylation of isocitrate, or by
oxidative deamination of glutamate. As an important biological molecule, 2-OG
contributes to the cellular anabolism and catabolism by regulating ATP production,
NAD*/NADH generation, reductive carboxylation and amino acid production. More
importantly, 2-OG is also needed as a co-substrate for 2-OG dependent dioxygenases
that catalyze hydroxylation reactions of a large number of substrates (Fig. 1.7) (Krebs
and Johnson, 1980, Schofield and Zhang, 1999, McDonough et al., 2010, Loenarz
and Schofield, 2011).

There are approximately 70 different 2-OG dependent oxygenases in humans. Their
activity relies on the availability of key nutrients including 2-OG, oxygen, Fe?* and
ascorbate. 2-OG dependent oxygenases can target DNA, RNA and proteins for
modification (Loenarz and Schofield, 2011, Rose et al., 2011). DNA/RNA modifying 2-
OG dependent oxygenases include ten-eleven translocation hydroxylases (TET1-3)
and alkylated DNA repair protein alkB homologs (ALKBH2-3). During the oxidative
decarboxylation of 2-OG, 5-methylcytosine (5-mC, a key epigenetic modification) is
hydroxylated by TETs as a substrate, generating 5-hydroxy-methylcytosine (5-hmC)
that may represent an intermediate for 5-methylcytosine demethylation (Huang and
Rao, 2014, Kroeze et al., 2015). Another modification mediated by 2-OG dependent

oxygenases resulting in epigenetic effects is histone demethylation. Jumonji-domain-
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containing demethylases (KDMs and JMJDs) need 2-OG as a co-substrate to remove
the methyl groups from histones to influence the chromatin structure (Tsukada et al.,
2006). 2-OG dependent oxygenases targeting proteins include PHDs, P3H, P4H,
ASPHD and FIH. These 2-OG dependent oxygenases hydroxylate the prolyl, aspartyl,
lysyl and asparaginyl residues of proteins that regulate the hypoxic response and
collagen production (Markolovic et al., 2015). The role of PHDs in the regulation of the

hypoxic response is discussed in detail under “The role of PDHs in tumors”.

The amounts of the key metabolite 2-OG, produced in the cell, depends on the cellular
redox status. Under increased concentrations of NAD*, 2-OG is produced in the TCA
cycle by oxidative decarboxylation of isocitrate by IDH1/2 and further converted to
succinate, whereas NADH accumulation results in transamination of 2-OG, producing
glutamate from 2-OG (Owen et al., 2002, Xiao et al., 2016). 2-OG can be transported
to the cytoplasm by oxoglutarate carriers and anion channels to be used in reactions
in the cytoplasm (Fig. 1.7) (Monne et al.,, 2013). 2-OG contributes to energy
metabolism as a precursor of glutamine and glutamate, which are energy fuels of the
cells. In some physiological and pathological cases, nutrition therapy is applied to
overcome the glutamine and glutamate deficiencies to supply the energy needed in
the body. Due to the instability of glutamine and the toxicity of glutamate, direct
glutamine and/or glutamate supplementations have limited success. Therefore, the
use of the glutamine and glutamate precursor 2-OG, became an alternative nutrition
therapy. It has been reported that 60% of dietary 2-OG can be absorbed in the
intestine, whereas 20% of 2-OG can be detected in the bloodstream, which is then
metabolized to glutamine and glutamate (Stehle et al., 1989, Hermanussen and
Tresguerres, 2005, Junghans et al., 2006, Stein et al., 2009, Al Balushi et al., 2013,
Zdzisinska et al., 2017).
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Figure 1.7. The metabolic processes producing 2-OG.

2-OG is produced either by oxidative decarboxylation of isocitrate by IDHs or by oxidative
deamination of glutamate and glutamine. During the oxidative deamination of glutamate (Glu)
and glutamine (GIn), which produces 2-OG, several enzymes, such as GLS (Glutaminase),
GLUD (glutamate dehydrogenase), GOT (Aspartate transaminase), PSAT (Phosphoserine
aminotransferase), GFPT (glutamine--fructose-6-phosphate transaminase) and NIT2 (w-
amidase) (shown in blue) take part in the conversion. On the other hand, oxidative
decarboxylation of isocitrate is catalyzed by IDH isoforms (IDH1-3) either in cytoplasm, or in
the mitochondria. 2-OG produced in the cell is used by the 2-OG dependent dioxygenases as
a co-substrate to regulate a variety of biological processes (protein hydroxylation, histone
demethylation and DNA methylation).

The use of 2-OG in medical treatment is not limited to nutrition therapy, 2-OG is also
used as an antioxidant antagonizing oxidative stress, as an enhancer of wound
healing in patients with severe burns and as a modulator of immune cells. Moreover,
it has been reported that 2-OG supplementation has a positive effect on bone density
and strength, an effect that has been linked to two possible mechanisms. The first
mechanism proposes that collagen prolyl 4-hydroxlase (C-P4H), a 2-OG dependent
dioxygenase, enhances the collagen type | production in bone cells, resulting in
increased bone density and strength. The second mechanism suggests that 2-OG

induced proline production plays a central role in collagen metabolism to regulate
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bone density and strength (Wu et al., 2016, Zdzisinska, et al., 2017). Another
interesting role of 2-OG is described as a regulator of the aging process. It has been
reported that 2-OG extends the lifespan of adult Caenorhabditis elegans by reducing
ATP synthase and mTOR activity, thereby leading to a reduction in ATP content and
oxygen consumption (Chin et al., 2014, Salminen et al., 2014).

1.3.1.1 Antitumorigenic activity of 2-OG

Recently, some studies have shown that the accumulation of 2-OG analogs
(succinate, fumarate and 2-HG) are involved in carcinogenesis. These findings drew
the attention to 2-OG and its potential anticancer activity. Accumulation of succinate
and fumarate, caused by mutations in SDH and FH, leads to pseudo-hypoxia via
competitive inhibition of 2-OG dependent dioxygenases, such as PHDs. This is
especially typical in paraganglioma and papillary renal cancers, which frequently have
SDH and FH mutations, respectively (Baysal, et al., 2000, Isaacs, et al., 2005, Selak,
et al., 2005). Reduced PHD activity mediated by 2-OG analogs is reversed by 2-OG
addition, demonstrating that 2-OG can be used to regain PHD activity in SDH and FH
mutated tumors (Briere et al., 2005, MacKenzie et al., 2007, Tennant et al., 2009). Not
only PHD activity, which modulates the hypoxic response, but also TET and KDM
activities are elevated by succinate and fumarate, leading to enhanced DNA and
histone methylation, which, in turn, regulates gene expression at the epigenetic level.
Interestingly, the effect of succinate and fumarate accumulation on DNA and histone
methylation can also be reversed by 2-OG (Cervera et al., 2009, Chowdhury et al.,
2011b, Xiao et al., 2012). These findings show that 2-OG to succinate and 2-OG to
fumarate ratios are critical for the maintenance of 2-OG dependent dioxygenase

activity, and that 2-OG itself has an antitumorigenic effect.

The utilization of 2-OG as an antitumorigenic agent was investigated by a number of
researchers. Increased VEGF and erythropoietin levels that are regulated by the
hypoxic tumor microenvironment lead to enhanced angiogenesis in tumors.
Matsumoto et al. showed that exogenous 2-OG application inhibits angiogenesis via
the reduction of HIF-a, VEGF and erythropoietin levels. 2-OG decreases the VEGF
and erythropoietin production, as well as HIF-a levels in a dose dependent manner
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(Matsumoto et al., 2006). Moreover, similar results were observed in Lewis lung
carcinoma (LLC) cells. In a LLC tumor xenograft model, 2-OG treated mice developed
significantly smaller tumors, which was accompanied by reduced tumor angiogenesis.
Importantly, administration of 2-OG combined with 5-fluorouracil to the tumor bearing
mice reduced the tumor growth and angiogenesis, suggesting the potential clinical
use of 2-OG as an antitumor agent (Matsumoto et al., 2009). Tennant et al. also
showed that derivatized 2-OG could be used to overcome tumor hypoxia by
reactivating PHDs in vivo. More importantly, 2-OG permeates into the tumor resulting
in reduced HIF-a levels and induction of PHD dependent hypoxic cell death (Tennant,
et al., 2009). An anti-proliferative effect of 2-OG is also observed under normoxia. The
cell cycle is affected by elevated expression of the cyclin-dependent kinase inhibitors
p21 Waf1/Cip1, p27 Kip1 and Rb phosphorylation in 2-OG treated colon cell
carcinoma cells. However, the mechanism through which 2-OG elicits these effects
remains unclear (Rzeski et al., 2012).

Due to limited perfusion, tumors exhibit an inadequate nutrient and oxygen supply. A
recent study showed that tumor cells in the core region of the tumor starve due to
glutamine deficiency. Low glutamine levels in the tumor core result in decreased 2-
OG levels, thereby inactivating Jumonji-domain-containing histone demethylases,
leading to histone hypermethylation. Low levels of 2-OG, which is required as a co-
substrate by histone demethylases, promotes cancer cell dedifferentiation (cancer
stem cell state) and therapeutic resistance. Strikingly, glutamine injection into the
tumor core recovers 2-OG levels and 2-OG supplementation to the glutamine-
deprived cells reverts the hypermethylation phenotype, suggesting that the tumor
microenvironment and 2-OG play a central role in tumor cell fate (Hojfeldt and Helin,
2016, Pan et al.,, 2016). A number of studies also investigated the impact of
intracellular 2-OG on normal stem cells. Intriguingly, 2-OG supports the self-renewal
capacity of embryonic stem cells (ESCs) while it induces the differentiation of primed
pluripotent stem cells (pPSCs). Even more interestingly, these opposite effects are
mediated by similar mechanisms, the regulation of histone methylation (Carey et al.,
2015, Hwang et al., 2016, TeSlaa et al., 2016).

37



Introduction

Taken together, all these studies support the potential utilization of 2-OG as an
antitumorigenic agent. However, the effect of 2-OG should be considered carefully, as
exemplified by the finding that opposite effects are observed in ESCs and pPSCs,
suggesting that the effect of 2-OG might be context and cell type dependent. Even if
the pharmacokinetic behavior of 2-OG as a cancer treatment is under investigation,
additional studies and clinical trials are needed (Donnarumma et al., 2013).

1.3.2 The function of isocitrate dehydrogenases (IDHs)

IDHs are enzymes catalyzing the oxidative decarboxylation of isocitrate to 2-OG (Fig.
1.7). In human cells, three different isoforms of IDH are expressed: IDH1, IDH2 and
IDH3. IDH1 and IDH2 are NADP*-dependent enzymes and function as homodimers,
whereas IDH3 is NAD*-dependent and consists of three different subunits (a, B and
Y), functioning as a heterotetramer (Dalziel, 1980, Xu et al., 2004). IDH1 is localized
in the cytoplasm and peroxisomes while IDH2 and IDH3 are active in the mitochondria.
IDH3, NAD*-dependent and structurally unrelated to the other isoforms, only catalyzes
an irreversible reaction, while the reactions catalyzed by IDH1 and IDH2 are
reversible, depending on substrate and co-factor availability. The directionality of the
enzymatic reaction is regulated by the availability of isocitrate, 2-OG, metal ions and
the redox status (NADP* and NADPH) in the cell (Dalziel, 1980, Xu, et al., 2004, Mellai
et al., 2013).

Each IDH1 monomer contains a large domain, a clasp domain and a small domain
(Fig. 1.8). The large and small domains are held together by the clasp domain to form
the active site (active site cleft). Each homodimer contains two asymmetric and
identical IDH1 monomers, which shift between an inactive and active conformation. In
the inactive open form, the regulatory segment unfolds and the active site is blocked
by the interaction between Asp279 (D279) and Ser94 (S94) (Fig. 1.8, left). When
isocitrate reaches a certain level, IDH1 forms the active closed conformation. In the
active closed form, hydrogen bonding between Asp279 and Ser94 breaks and the
metal-isocitrate complex binds to the active site producing 2-OG, CO2 and NADPH

(Fig. 1.8, right and Fig. 1.9). NADP*-dependent IDHs require a divalent metal ion,

38



Introduction

ideally, Mn?* or Mg?*, but Ca?* could also be used as a substitute. Since the regulatory
segment of IDH is located in the protein core and therefore not accessible by other
proteins it is thought that protein-protein interactions could not directly influence IDH
activity. Therefore, IDH activity might primarily rely on the availability of substrate and
co-factors. (Dalziel, 1980, Ceccarelli et al., 2002, Xu, et al., 2004, Mellai, et al., 2013).

IDH1 IDH1
Inactive open form Active closed form

Back cleft Back cleft

Small

domain
Isocitrate Metal ion

D279 ( +

S94 »

S94
<€
R132 Large \ D279

R132
domain
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Figure 1.8. Structure of IDH1 homodimer and IDH1 conformational changes.
NADP*-dependent IDH1 shifts between an inactive open and active closed conformation. The
IDH1 homodimer is composed of two asymmetric and identical IDH1 monomers. Each IDH1
monomer contains a large domain, a clasp domain and a small domain, which requires
NADP?, isocitrate and metal ions for its activity. (Redrawn and modified from (Xu, et al.,
2004)).

The main function of IDHSs is catalyzing the conversion of isocitrate to 2-OG. However,
the different IDH isoforms have overlapping, but distinct roles in metabolic processes.
Since IDH1 is localized in the cytoplasm and peroxisomes, 2-OG, which is needed as
a co-substrate for cytoplasmic and nuclear 2-OG dependent dioxygenases, is mainly
produced by IDH1. In addition, IDH1 also contributes to lipid synthesis and cellular
protection from oxidative stress by generating NADPH. NADPH is required as a
reducing agent and consumed during lipid synthesis. Moreover, NADPH plays a
crucial role in the regeneration of glutathione, which neutralizes ROS. Even if the main
source of NADPH is the pentose phosphate pathway, the contribution of IDH1 and
IDH2 is equally important. It has been shown that IDH1 protects the cells from
oxidative and radiation damage (Jo et al., 2002, Lee et al., 2002, Losman and Kaelin,
2013, Mellai, et al., 2013). In an IDH1 knock-out mouse model, it has been shown that
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the IDH1 level is important to protect the cells against oxidative stress. IDH1 knock-
out hepatocytes display an impaired NADP*/NADPH ratio leading to increased ROS
levels. In the same mouse model, IDH1 deficiency impairs the alanine utilization
through elevated 2-OG levels in the liver (ltsumi et al., 2015, Ye et al., 2017). In
another study, miR-181 has been reported to inhibit lipid accumulation via directly
targeting IDH1, displaying a miR-181-IDH1 axis in the regulation of lipid metabolism
(Chu et al., 2015). Moreover, sterol regulatory element-binding proteins (SREBPS),
which are required for cholesterol and fatty acid biosynthesis, transcriptionally regulate
IDH1. SREBPs activated IDH1 contributes to the production and maintenance of fatty
acids by supplying NADPH and lowering the phytanic acid levels (Shechter et al.,
2003). Under hypoxic conditions, glutamine is described as the major carbon source
via glutaminolysis and reductive carboxylation. IDH1 has been shown to catalyze the
reductive carboxylation of 2-OG to isocitrate under hypoxia or mitochondrial
dysfunction, contributing to the conversion of glutamine to other cellular intermediates
used for lipid synthesis (Metallo et al., 2011, Mullen et al., 2011, Scott et al., 2011, Le
et al., 2012, Fan et al., 2013, Mullen et al., 2014). The function of IDH1 seems not to
be limited to lipid synthesis or protection from oxidative stress; IDH1 levels functionally
determine the cell fate under stress conditions. IDH1 is transcriptionally upregulated
by CHOP and C/EBPg in response to ER (endoplasmic reticulum) stress, promoting
apoptosis in human melanoma cells (Yang et al., 2015). Notably, IDH1 upregulation
also inhibits proliferation, invasion and migration, as well as tumor growth in

osteosarcoma cells (Hu et al., 2014).

In contrast to IDH1, IDH2 and IDHS are localized in the mitochondria. IDH3 contributes
to mitochondrial respiration by the production of 2-OG in an irreversible reaction,
whereas IDH2 could regulate both isocitrate and 2-OG levels, to balance metabolite
levels in the mitochondria. Similar to IDH1, IDH2 has been reported to play a crucial
role in reductive carboxylation. The mitochondrial NADPH, which can counteract
mitochondrial oxidative stress, is produced by IDH2 (Lee et al., 2004, Wise et al.,
2011, Filipp et al., 2012, Losman and Kaelin, 2013). An interesting tumor study
showed that IDH2 deficient tumor bearing mice display high ROS levels in the tumors

and elevated tumorigenesis (Kim et al., 2014). In glioblastoma, IDH2 has been
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reported to be targeted by miR-183 which, in this tumor entity, is expressed at higher
levels compared to normal brain. miR-183 downregulates IDH2, thereby leading to
reduced 2-OG levels. Moreover, decreased 2-OG levels abrogate the 2-OG
dependent dioxygenase activity resulting in an increased HIF-a level (Tanaka et al.,
2013). Interestingly, in diffuse large B-cell ymphoma patients, IDH2 activity and levels
are positively regulated by D-2-HGDH (D-2-hydroxyglutarate dehydrogenase)
expression. D-2-HGDH is an enzyme which converts D-2-HG (D-2-Hydroxglutarate)
to 2-OG. In line with the previous study, the patients carrying D-2-HGDH mutations
leading to inactivation of the enzyme, display reduced IDH2 levels along with
decreased 2-OG levels. D-2-HGDH mutations result in reduced HIF-a hydroxylation,
increased histone methylation and elevated DNA methylation due to the lacking 2-OG
for the 2-OG dependent dioxygenases, PHDs, JMJDs and TETs, respectively.
Moreover, ectopic expression of IDH2 rescues the effect of D-2-HGDH deficiency,
showing the importance of IDH2 especially for the regulation of epigenetic remodeling
in diffuse large B-cell lymphoma (Lin et al., 2015).

The function of IDH3 in tumors seem to be more complicated. Zhang et al. showed
that IDH3a is downregulated by TGFf in cancer-associated fibroblasts (CAF), leading
to reduced 2-OG levels and subsequently increased HIF-a levels and tumorigenesis
(Zhang et al., 2015a). Even if IDHS3 is stated to perform an irreversible reaction, Zeng
et al showed that aberrant IDH3a expression is related to increased HIF-a levels and
tumorigenesis in adenocarcinoma cells via regulating the reductive carboxylation.
Interestingly, IDH3a silencing increased the 2-OG levels and reduced the HIF-a level
(Zeng etal., 2015). In summary, IDH3 function seems to be cell type specific or context
dependent.

Taken together, these studies suggest that activity and levels of IDHs are crucial for
the maintenance of levels of the antitumorigenic metabolite 2-OG, to regulate the
activity of 2-OG dependent enzymes, reductive carboxylation, lipid metabolism and

tumor cell characteristics such as invasiveness.
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1.3.2.1 IDH mutations and 2-Hydroxglutarate (2-HG)

Metabolic dysregulation is one of the hallmarks of tumor cells. Not only signals by the
tumor microenvironment, but also mutations in metabolic enzymes reprogram tumor
metabolism. Recently, mutations in IDH1 and IDH2 were identified first in glioma and
colon tumor. It was a striking discovery that had a major impact on the diagnosis of
tumor patients, marking a shift towards the inclusion of molecular alterations for the

classification of central nervous system tumors. (Louis, et al., 2016).

Comprehensive analysis in glioblastoma and colon cancer patients identified a
somatic and heterozygous mutation in the IDH gene, which occurs at the active site
of the enzyme on arginine residues of IDH1 (R100 or R132) or IDH2 (R140 or R172)
(Fig. 1.8) (Sjoblom et al., 2006, Parsons, et al., 2008, Yan et al., 2009). Subsequently,
IDH mutations have been observed in AML, cholangiocarcinoma, cartilaginous tumors
and some few cases in other solid tumors such as bladder cancer, melanoma, prostate
cancer, breast cancer and lung cancer (Mardis et al., 2009, Amary et al., 2011a,
Sequist et al., 2011, Borger et al., 2012). In glioblastoma the mutation of IDH1 is more
commonly found than an IDH2 mutation and it occurs in more than 80% of the
secondary glioblastoma. Importantly, IDH mutation is associated with a better
prognosis in glioblastoma (Balss et al., 2008). However, IDH mutation status
correlates with a worse prognosis in AML that has progressed from myelodysplastic
syndrome (MDS) and myeloproliferative neoplasms (MPN), and in breast cancers
(Thol et al., 2010, Tefferi et al., 2012, Terunuma et al., 2014). Notably, in the recent
2016 WHO classification, IDH1 mutation status is defined as the first criteria to
differentiate lower grade glioma from higher grade glioma (Louis, et al., 2016). It still
remains unclear whether the differences between the IDH1 mutated and wild-type
patients are driven by the IDH1 mutation or the reflection of biological differences
between the lower grade and higher gliomas. Nevertheless, IDH mutations seem to
possess a prognostic value, are implicated as an early/driver event during the
progression of glioma and represent a subtype of tumors with a distinct origin. It is
speculated that IDH mutant cells, which later on accumulate p53 and ATRX mutations,
give rise to diffuse astrocytoma, whereas IDH mutant cells with the deletion of 1p/9q
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and TERT promoter mutations give rise to oligodendrogliomas (Fig. 1.1) (Ohgaki and
Kleihues, 2013, Wahl and Venneti, 2015, Dang and Su, 2017).

Interestingly, IDH mutations are heterozygous missense mutations occurring always
at the active site of the enzyme, resulting in the loss of one wild-type IDH copy. Initially,
IDH mutations were thought to promote tumorigenesis through the loss of IDH function
(Yan, et al., 2009, Zhao, et al., 2009). However, subsequent studies found that IDH
mutations cause a neomorphic activity of the enzyme by enabling the conversation of
2-0G to D-2-HG, revealing a gain of function of the mutant IDH (Dang, et al., 2009,
Ward et al.,, 2010). The oncometabolites D-2-HG and L-2-HG are the two chiral
isoforms of 2-HG, which are produced in negligible quantities in normal cells.
Normally, 2-HG is converted back to 2-OG by enantiomer specific (D-2-HG and L-2-
HG) dehydrogenases (D-2-HGDH and L-2-HGDH) to prevent their accumulation in
the cells (Steenweg et al., 2010, Struys, 2013). Intriguingly, IDH mutant enzymes
exclusively produce the D enantiomer of 2-HG, which accumulates to extremely high
levels (Fig. 1.9). Due to the slower catalytic rate of D-2-HGDH compared to mutant
IDH, D-2-HGDH is not able to convert these high amounts of D-2-HG back to 2-OG,
resulting in accumulation of D-2-HG (Dang, et al., 2009, Engqvist et al., 2009).
Moreover, due to their structural similarity, accumulation of the oncometabolite D-2-
HG has been shown to competitively inhibit 2-OG dependent dioxygenases, impairing
a variety of cellular processes by altered epigenetic remodeling, hypoxic response and

collagen maturation.
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Figure 1.9. The reactions catalyzed by IDH wild-type (IDH") and IDH mutant (IDH™")
enyzmes.

IDH wild-type enzymes converts isocitrate to 2-OG while producing byproducts CO; and
NADPH, in TCA cycle. Mutation in IDH active site leads to gain of function with a neomorphic
activity of the enzyme. IDH mutant enzymes use 2-OG and NADPH as substrates and
exclusively produce D-2-HG. D-2-HG and L-2-HG have been shown to act as
oncometabolites, which are normally produced at very low levels in the cells, whereas
accumulation of 2-HG is known to be linked to the pathogenesis of cancer and some rare
disorders. LDHA, lactate dehydrogenase A; MDH, malate dehydrogenase.

Whether IDH mutation and D-2-HG induced metabolic changes contribute to the
initiation or progression of cancer is still a topic of some debate. However, since the
identification of IDH mutation, several studies have been performed to reveal the
underlying molecular mechanisms. One proposed mechanism how mutant IDH
contributes to tumorigenesis is through changes in DNA and histone methylation,
which regulate gene expression epigenetically. The strongest support for this
hypothesis comes from studies in glioma and AML. Expression of mutant IDH induces
histone hypermethylation and alters genome-wide DNA methylation (Chowdhury, et
al., 2011b, Xu et al., 2011, Duncan et al., 2012, Turcan et al., 2012, Venneti et al.,
2013). Moreover, IDH mutation status is correlated with the CpG island methylation
phenotype in glioma (Noushmehr, et al., 2010). It was shown that elevated D-2-HG
levels by IDH mutation inhibit differentiation, which was demonstrated by
overexpressing mutant IDH and treatment with cell permeable D-2-HG, whereas an
inhibitor of mutant IDH induced differentiation. Moreover, expression of mutant IDH or
D-2-HG treatment enhanced the proliferation and colony formation of astrocytes and
TF-1 cells. D-2-HG produced by mutant IDH inhibits TET2 function, blocks the
differentiation and increases stem cell maintenance in hematopoietic cells. In line with
these findings, D-2-HG inhibits histone demethylase activity, thereby leading to
impaired histone methylation, resulting in cell differentiation blockage. Altogether,
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different studies demonstrated that IDH mutation and elevated D-2-HG levels
abrogate cellular differentiation in tumors through epigenetic rewiring (Figueroa et al.,
2010, Koivunen et al., 2012, Lu et al., 2012, Losman and Kaelin, 2013, Rohle et al.,
2013, Wang et al., 2013a). Even if overexpression of mutant IDH confers a growth
advantage to astrocytes and TF-1 cells, IDH mutation decreases the cell proliferation
in the primary glioblastoma cell line U87. Conversely, in a biologically more relevant
model, inhibition of IDH mutant enzyme in patient derived glioma cells, carrying IDH
mutation in one allele, reduces proliferation and enhances glioma differentiation
(Bralten et al., 2011, Rohle, et al., 2013).

Other 2-OG dependent dioxygenases, involved in the response to oxygen availability,
are PHDs. Initially it has been reported that IDH mutation inhibits PHD activity, thereby
leading to HIF-a stabilization (Zhao, et al., 2009, Xu, et al., 2011, Sasaki et al., 20123,
|zquierdo-Garcia et al., 2015). Subsequent studies had challenged this observation by
reporting either unchanged (Metellus et al., 2011, Sasaki et al., 2012b, Bardella et al.,
2016) or diminished HIF-a levels (Koivunen, et al., 2012, Chesnelong et al., 2014,
Kickingereder et al., 2015, Miroshnikova et al., 2016). These studies reflect the
complexity of the link between mutant IDH-induced D-2-HG and HIF activity. Koivunen
et al. claimed that D-2-HG does not inhibit, but rather stimulate PDH activity
(Koivunen, et al., 2012). However, it was shown that 2-HG is oxidized to 2-OG non-
enzymatically, which might explain the 2-HG induced PHD activity (Tarhonskaya et
al., 2014). Collagen hydroxylases such as P4H (Prolyl 4-hydroxylase) and PLOD
(procollagen lysyl hydroxylase) are 2-OG dependent hydroxylases, involved in the
biosynthesis and stability of collagen. D-2-HG has also been shown to inhibit P4HA1
(Prolyl 4-hydroxylase subunit alpha-1) and cause defects in collagen maturation
(Koivunen, et al., 2012, Sasaki, et al., 2012a).

In addition to cancer, IDH mutation has been linked to the pathogenesis of rare
disorders, including Ollier disease, Maffucci syndrome and D-2-hydroxyglutaric
aciduria (D-2-HGA). Patients with Ollier disease and Maffucci syndrome develop
cartilaginous tumors, glioma or AML during childhood. Interestingly, around 65% of

the patients develop IDH mutated tumors while their physiological tissue expresses
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wild-type IDH, suggesting that IDH mutations occur during the embryonic
development in a somatic mosaic pattern (Balss, et al., 2008, Amary, et al., 2011a,
Amary et al.,, 2011b, Pansuriya et al., 2011). D-2-HGA is a rare inherited
neurometabolic disease, characterized by elevated D-2-HG levels and caused by
mutations in D-2-HGDH or IDH genes. D-2-HGA patients are characterized by
cardiomyopathy, mental retardation, hypotonia, and cortical blindness. Another
neurometabolic disease with severe symptoms is L-2-hydroxyglutaric aciduria (L-2-
HGA) which is a result of a mutation in L-2-HGDH. Interestingly, L-2-HGA affects the
central nervous system and the patients have an increased incidence of glioma
(Kranendijk et al., 2010a, Kranendijk et al., 2010b, Kranendijk et al., 2012, Akbay et
al., 2014).

1.3.3 pH regulation and acidic tumor microenvironment

One characteristic of solid tumors is the acidification of the tumor microenvironment,
which is caused by hypoxia and altered metabolism in tumor cells (Warburg, 1956b,
Gatenby and Gillies, 2004). Upregulation of glycolysis, a highly active pentose
phosphate pathway, increased glutaminolysis and hypoxia in tumor cells produce
lactate and COz2, which are the main source of the extracellular acidosis (Fig. 1.10)
(Kato et al., 2013, Bohme and Bosserhoff, 2016). Tumor cells not only produce acidic
metabolites but also enhance the export of acidic metabolites to the extracellular
space to maintain intracellular pH levels. In most tumors, the intracellular pH is
between 7.0 and 7.4, whereas extracellular pH values are much lower. In brain tumors,
extracellular pH has been shown to reach as low as 5.9, while the mean in all tumors
is around 6.9 (Vaupel et al., 1989, Kato, et al., 2013, Bohme and Bosserhoff, 2016).

Glycolysis is elevated under normoxia or hypoxia in tumor cells (Warburg effect).
Tumor cells exhibit up to 200 times higher glycolysis rates than normal cells (Warburg,
1956b). Tumor cells adapt their metabolism to favor glycolysis by increased glucose
uptake, thereby promoting higher lactate production (Bohme and Bosserhoff, 2016).
Hypoxia regulates the expression or activity of glycolytic enzymes, HK1, HK2, PDK,
LDH and transporters, GLUT1 as well as CAIX and MCT4. Increased GLUT
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expression and HK activity elevate the intracellular glucose availability. Furthermore,
upregulation of LDH increases the conversion of pyruvate to lactate and hypoxic
inhibition of PDK prevents pyruvate to enter the TCA cycle. Monocarboxylate
transporters (MCT), which are co-transporters of hydrogen protons with lactate, and
carbonic anhydrases (CA), which hydrate the CO2 to hydrogen protons and
bicarbonate, contribute to the maintenance of intracellular alkaline pH (Swietach et al.,
2007, Chiche et al., 2010, Kato, et al., 2013). Therefore, hypoxic regulation of several
genes, which play a role in pH regulation, shows that the HIF pathway is closely linked
to the acidification of the tumor microenvironment. However, the presence of
oxygenated but acidic tumor regions demonstrate that hypoxia is not the only driver
of an acidic tumor microenvironment (Fukumura et al., 2001, Swietach, et al., 2007,
Chiche, et al., 2010, Kato, et al., 2013, Bohme and Bosserhoff, 2016).
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Figure 1.10. The acidic tumor microenvironment.
Altered metabolism and hypoxia cause the production of acidic metabolites (e.g. lactate and
CO,) that are exported to the extracellular space. In turn, the acidic tumor microenvironment
stimulates multiple biological processes in the tumor.

The acidic tumor microenvironment regulates multiple biological processes, including
immune evasion, therapy resistance, angiogenesis, EMT, metastasis and stem cell

maintenance (Fig. 1.10). The acidic tumor microenvironment also affects stromal cells,
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immune cells and the blood vessel system. Acidosis has been reported to reduce the
activity of natural killer cells and the release of cytokines, affecting the immune
response. Acidosis also induces apoptosis and inhibits cell proliferation. However,
acidosis can select tumor cells that are resistant to the acidic tumor microenvironment,
which may give an advantage for tumor growth. In addition, acidic pH also affects the
uptake of drugs, thereby modulating therapy response (Gatenby and Gillies, 2004,
Kato, et al., 2013).

In gliomas, acidosis has been shown to induce VEGFA expression, which potentially
increases angiogenesis (Fukumura, et al., 2001). Additionally, in other solid tumors,
acidosis has been shown to induce MMP-2, MMP-9, cathepsin B, VEGFA and IL-8,
contributing to enhanced metastasis, invasion and angiogenesis. Inhibition of MMPs,
which play an important role in proteolysis of the extracellular matrix, reduces tumor
cell invasion, growth and angiogenesis in glioblastoma (Xu et al., 2002, Kato et al.,
2005, Kato, et al., 2013). Acidosis also plays a role in stem cell maintenance in
glioblastoma. Hjelmeland et al. showed that an extracellular pH of 6.5 increases the
expression of stem cell markers, such as Oct4, Olig2 and Nanog, and angiogenic
factors like IL-8 and VEGFA, which is associated with increased HIF-2a (Hjelmeland
et al., 2011).

An acidic microenvironment is toxic for many cells, including normal and tumor cells.
However, tumor cells adapt to the acidic stress, which results in aggressive and
therapy resistant tumors. Therefore, understanding the mechanisms that play a role
in pH sensing and acidic adaptation are important in order to elucidate the role of

acidosis in tumor growth.

1.4 Angiogenesis and anti-angiogenic therapy in brain

tumors
Angiogenesis is a process that plays a pivotal role in cancer progression by providing

oxygen and nutrients to support the growth and survival of tumor cells. Physiological

angiogenesis is regulated by the balance between pro-angiogenic and anti-angiogenic
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factors generating normal vessels capable of sustaining the perfusion of the tissue. In
contrast, tumors lack this balance and the tumor vasculature is structurally and
functionally abnormal, leading to reduced perfusion. Different types of angiogenic
processes have been reported to be involved in tumor development: sprouting
angiogenesis, intussusceptive angiogenesis (also known as nonsprouting or splitting
angiogenesis), postnatal vasculogenesis, vasculogenic mimicry and vascular co-
option (Ronca et al., 2017). Sprouting angiogenesis, the growth of new blood vessels
from preexisting ones, is the general form of angiogenesis. Sprouting angiogenesis is
endothelial cell growth towards a pro-angiogenic stimulus, such as VEGF, from
preexisting vessels, generating new sprouts. In this multistep process, tip cells, stalk
cells and pericytes are involved (Welti et al., 2013). In intussusceptive angiogenesis,
new blood vessels are created by splitting a preexisting blood vessel into two (Ribatti
and Djonov, 2012). Postnatal vasculogenesis is the recruitment of endothelial
progenitor cells from the bone marrow to the tumor site to increase vascularization
(Dimova et al., 2014, Moschetta et al., 2014). Vascular mimicry is the formation of
microvascular channels by tumor cells providing an opportunity to tumor cells for
invasion and metastatic spread (Seftor et al., 2012). Recent studies showed that
CSCs may also transdifferentiate to endothelial cells or pericytes to support and
generate blood vessels (Ricci-Vitiani et al., 2010, Wang et al., 2010a, Cheng et al.,
2013). Another angiogenic process, vascular co-option, is a mechanism, which does
not include the generation of blood vessels. Instead, tumor cells hijack the existing
vessels and migrate along them, therefore requiring little or no neo-angiogenesis
(Leenders et al., 2002, Donnem et al., 2013).

Angiogenic factors are important stimuli for the initiation of angiogenesis. VEGF-A is
the most potent pro-angiogenic factor, due to its high expression and regulation as a
response to the tumor microenvironment in glioblastoma and other tumor entities.
Importantly, VEGFA is involved in several steps of angiogenesis: endothelial cell
proliferation, sprouting and capillary formation (Schmidt et al., 1999, Chaudhry et al.,
2001). Therefore, anti-angiogenic therapy, the blockage of angiogenic signals, has
become an attractive option to restrain angiogenesis-dependent tumor growth. The

anti-angiogenic therapeutics commonly used in the clinic include bevacizumab,
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sunitinib, sorafenib and pazopanib. Bevacizumab (also known as Avastin) is a
humanized monoclonal antibody against VEGFA, which blocks its binding with its
receptors (VEGFR). Clinical studies using bevacizumab showed improved overall
survival (OS) and progression-free survival (PFS) in colorectal cancer and non-small
lung cancer, whereas only improvement of PFS but not OS was observed in recurrent
glioma patients (Cohen et al., 2009, Castro and Aghi, 2014, Gilbert et al., 2014,
Keating, 2014, Taal et al., 2014).

Anti-angiogenic therapy confers antitumor effects through the modulation of several
processes. In general, anti-angiogenic therapy is believed to starve the tumor by
curtailing its oxygen and nutrient supply. However, it has been shown that anti-
angiogenic treatment can — at least transiently - lead to vascular normalization,
thereby improving oxygen and drug delivery. Strikingly, anti-angiogenic therapy
induced oxygenation has been reported to increase the tumor radiosensitivity and
potentially induce the efficiency of chemotherapeutics (Winkler et al., 2004, Myers et
al., 2010, Tamura et al., 2016, Tamura et al., 2017). Moreover, anti-angiogenic
therapy has been reported to reduce the CSCs population, an effect potentially
mediated by the depletion of the CSC niche (Calabrese et al., 2007, Folkins, et al.,
2007). Importantly, VEGF blockade improves the efficiency of immunotherapy and
induces apoptosis of glioma cells and CSCs (Knizetova et al., 2008, Hamerlik et al.,
2012, Voron et al., 2015, Wallin et al., 2016). Although positive aspects of anti-
angiogenic therapy and improved PFS were demonstrated, these effects were
transient and did not improve the OS due to intrinsic or acquired resistance (Gilbert,
et al., 2014, Tamura, et al., 2017).

Bevacizumab inhibits angiogenic processes relying on VEGFA, however, it does not
inhibit the other angiogenic processes, such as intussusceptive angiogenesis,
vasculogenic mimicry and vascular co-option. Indeed, bevacizumab treatment results
in increased vascular co-option. Intrinsic or acquired resistance to anti-angiogenic
therapy causes therapy failure and remains a challenge (Jimenez-Valerio and
Casanovas, 2017, Mahase et al.,, 2017, Ronca, et al., 2017). Therefore, several

groups have been focusing on the mechanisms involved in resistance to anti-
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angiogenic therapy. Those include vascular independence of tumor cells, activation
of alternative pro-angiogenic mechanisms and factors, hijacking the preexisting
vessels, recruitment of pro-angiogenic stromal cells and adaptation to anti-angiogenic
therapy-induced hypoxia (Jimenez-Valerio and Casanovas, 2017, Ronca, et al., 2017,
Tamura, et al., 2017). Bevacizumab itself and bevacizumab-induced hypoxia enhance
invasion and migration in glioma. MMPs have been shown to be upregulated after
bevacizumab treatment and they are associated with anti-angiogenic therapy
resistance. In addition, c-MET, DIl4 and 31 integrin expression, as well as STAT3
pathway activation are correlated to anti-angiogenic therapy resistance in glioma
(Zhang et al., 2015b, Tamura, et al., 2017).

Taken together, anti-angiogenic therapy and the mechanism of anti-angiogenic
therapy resistance remain an important challenge. However, understanding the
molecular mechanisms of resistance might help to identify new therapeutic strategies
or a better pre-selection of patient groups.

1.4.1 Eph receptors and ephrin ligands

Dissection of angiogenic processes at the molecular level revealed that among the
multiple factors involved in the regulation of angiogenesis, axon guidance molecules
like netrins, Slit proteins, semaphorins and ephrins play an important role (Ronca, et
al., 2017). The largest receptor protein-tyrosine kinase (RTK) family, the Eph
(erythropoietin-producing human hepatocellular carcinoma) receptors, and their
ligands, the ephrins, were initially regarded as axon guidance molecules. Now, ephrins
and Ephs are known to be involved in various biological processes; development,
tissue homeostasis, angiogenesis, cell migration and cancer (Pitulescu and Adams,
2010, Kania and Klein, 2016). Eight ephrin ligands and fourteen Eph receptors have
been identified in humans. Based on their structure and linkage to the cell membrane,
ephrin ligands are divided into two subgroups. There are five ephrinA ligands which
are glycosylphosphatidylinositol-linked to the membrane and three transmembrane
ephrinB ligands (Fig. 1.11). Therefore, based on Eph receptor structure similarity and

binding affinity to their ligands ephrinA or ephrinB, Eph receptors are also divided into
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two subclasses, the EphA and EphB receptors (Eph Nomenclature, Hirai et al., 1987,
Gale et al., 1996).

In contrast to most of the RTK ligands, ephrinA and ephrinB ligands are membrane
bound proteins, mediating signal transduction by cell-cell contact. Both classes of
ephrin ligands share Eph receptor-binding domains at the extracellular part. Receptors
of the ephrinA class are anchored to the membrane with a glycosylphosphatidylinositol
(GPI) domain, whereas the ephrinB class contains a transmembrane domain, a short
cytoplasmic region with several phosphorylation sites and an intracellular PDZ binding
motif. EphA and EphB receptors have similar structures, consisting of the same
domains: a ligand-binding domain followed by a cysteine-rich region and Fibronectin
lIl repeats at the extracellular part; at the intracellular part, Eph receptors are
composed of a juxtamembrane region, a kinase domain, a SAM (sterile a maotif)
domain and a PDZ binding motif at the C-terminus (Fig. 1.11) (Gale, et al., 1996,
Himanen et al., 2001, Toth et al., 2001, Himanen and Nikolov, 2003).

One of the unique characteristics of Eph-ephrin signaling is the initiation of
bidirectional signaling upon Eph-ephrin binding; Eph activated signaling in Eph
expressing cells (forward signaling) and signaling activated by ephrin in ephrin
expressing cells (reverse signaling) occurs. Moreover, depending on the cellular
context, activation of the same Eph-ephrin signaling might result in an opposite
outcome. One of the attributes making the Eph-ephrin system so complex is the
activation of various signaling modes; forward, reverse, bidirectional, parallel and anti-
parallel modes. Modes, or the direction of signal transduction might vary depending
on the distribution of Ephs and ephrins in the cells and different Eph-ephrin pairs. In
addition to this complexity, ligand-dependent and ligand-independent crosstalk with
other RTKs and extracellular matrix proteins are known to occur (Pasquale, 2010,
Gucciardo et al., 2014, Kania and Klein, 2016).
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Figure 1.11. Structure of Eph receptors and ephrin ligands.

Eph receptors and ephrin ligands are membrane bound molecules mediating signal
transduction by cell-cell contact. Eph receptors and ephrin ligands are divided into two
classes, A and B. EphA and EphB receptors consist of the same domains whereas ephrinA
and ephrinB ligands differ in domain structure. Eph-ephrin binding triggers bidirectional
signaling; forward signaling in the Eph expressing cell and reverse signaling in the ephrin
expressing cell. Depending on the direction of signal, the mode of signal transduction varies.
Redrawn and modified from (Kania and Klein, 2016).
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Forward signaling upon ligand binding is activated by Eph clustering, forming signaling
centers, as well as the phosphorylation of tyrosine residues in the juxtamembrane
region and kinase domain. Phosphorylated tyrosine residues in the receptor serve as
docking sites for the adaptor proteins such as Src Homology 2 (SHZ2) and
phosphotyrosine binding domain-containing proteins (PTP) (Binns et al., 2000,
Himanen et al., 2010, Janes et al., 2012). Adaptor proteins link the receptors and
multiple downstream signaling molecules resulting in activation of the PI3K-AKT,
JNK/STAT, and RAS/MAPK pathways. In addition to these pathways, Eph receptor
activation regulates focal adhesion kinase (FAK) and Scr kinase mediated signals and
Rho GTPase-mediated actin dynamics (Pasquale, 2008, Gucciardo, et al., 2014,
Kania and Klein, 2016). Eph-ephrin (receptor-ligand) interaction triggers also reverse
signaling in ephrin expressing cells. ephrinA mediated reverse signaling relies on lipid
raft-mediated clustering with Src kinases, whereas Eph-ephrinB interaction
transduces the signaling via phosphorylation in the cytoplasmic tail and the
recruitment of SH2 and PDZ containing proteins. Reverse signal activation modulates
biological processes such as cell-cell contact and cell migration (Palmer et al., 2002,
Gucciardo, et al., 2014, Kania and Klein, 2016).

1.4.1.1 Eph-ephrin signaling in tumors

Eph-ephrin signaling has been well studied in neural development, where it
contributes to neuronal progenitor proliferation, differentiation, axon guidance and
synaptic plasticity. Moreover, Eph-ephrin signaling is involved in other biological
processes including the establishment of stable tissue boundaries and tissue
separation, remodeling of vessels, cell motility and migration, maintenance of stem
cells and modulation of angiogenesis (Pasquale, 2008, Kania and Klein, 2016).
Interestingly, all these processes are known to be deregulated in cancer. Eph
receptors and ephrin ligands have been shown to be upregulated or downregulated in
cancer, co-operating with multiple pathways (Pasquale, 2010, Gucciardo, et al., 2014).

The studies on the involvement of the Eph-ephrin system in tumor initiation or
progression produced incongruous results. Depending on the cellular context and the
specific Eph-ephrin pair, the same Ephs and ephrins are able to mediate tumor-
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suppressive or oncogenic signals, showing that Eph-ephrin signaling is fraught with
complexity and nuance (Pasquale, 2010, Gucciardo, et al., 2014, Lodola et al., 2017).
It has been shown that EphB2 signaling suppresses the proliferation of tumor cells
and abrogates cell migration and invasive tumor growth, therefore functioning as a
tumor-suppressive system. Interestingly, EphB2 expression is shown to be
downregulated or lost by mutation in prostate and colorectal cancers. Furthermore,
EphB2 downregulation is associated with higher tumor grade in colorectal cancer
(Huusko et al., 2004, Batlle et al., 2005, Cortina et al., 2007). Similar to EphB2, EphB4
signaling has been shown to inhibit tumor cell invasion and motility in a ligand-
dependent manner in breast cancer (Noren et al., 2006). In contrast to these studies,
EphB2 expression has been shown to be higher in lung cancer cells, and high EphB2
expression is correlated with poor patient survival, indicating an oncogenic role of
EphB2 in this tumor entity (Zhao et al., 2017). EphA2 overexpression or EphB1
phosphorylation suppress glioblastoma cell migration and invasion (Wykosky and
Debinski, 2008, Ferluga et al., 2013, Teng et al., 2013), whereas EphB2
overexpression promote an invasive phenotype in glioblastoma cells and GSCs
(Nakada et al., 2004, Wang et al., 2012), displaying opposite outcome depending on
the Eph receptor type.

Not only tumor cells, but also stromal cells such as endothelial and inflammatory cells,
express Ephs and ephrins, might interact with tumor cells and initiate the crosstalk
between tumor and stromal cells by mediating repulsive or attractive signals. Ephs
and ephrins are involved in tumor angiogenesis and upregulated in the tumor
vasculature. EphB4 expressing tumor cells can activate ephrinB2 reverse signaling in
endothelial cells stimulating tumor angiogenesis. Regulation of tumor angiogenesis by
ephrinB2 has been shown to be mediated through VEGFR signaling (Noren et al.,
2004, Sawamiphak et al., 2010, Wang et al., 2010b).

Taken together, all these studies implicate the importance of the Eph-ephrin system
in cancer. Therapies targeting Eph-ephrin signaling might be a promising strategy for
the inactivation of oncogenic Eph-ephrin signals. However, different cellular outcomes

in Eph or ephrin expressing cells and activation of different signaling pathways even
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with the same Eph-ephrin pair might limit the success of the treatments. Therefore,
elucidating downstream mediators of Ehp-ephrin signaling remains an important task
to understand and differentiate Eph-ephrin mediated tumor-suppressive or oncogenic
signals.

1.5 Mesenchymal transition in gliomas

Glioblastomas are aggressive and infiltrative tumors, limiting the efficiency of current
therapies. Aggressive glioblastomas are characterized by enhanced invasive behavior
of tumor cells into the brain parenchyma. The majority of the aggressive glioblastomas
with highly invasive nature and poor prognosis exhibits a mesenchymal phenotype
(Verhaak, et al., 2010, Louis, et al., 2016). These observations indicate the existence
of mesenchymal transition in gliomas, analogous to the epithelial-to-mesenchymal
transition (EMT)-like processes observed in carcinomas, driving the key molecular

changes necessary for invasion.

EMT has been studied extensively in epithelial tumors, which commonly metastasize
to distant organs. EMT is a biological process changing cellular features of the tumor
cells, including the loss of cell-cell contacts and increased cell motility, leading to the
acquisition of an invasive/mesenchymal phenotype. EMT is associated with tumor
therapy resistance and is regulated by factors in the tumor microenvironment, such as
hypoxia and TGFf (Lee et al., 2006, Kalluri and Weinberg, 2009, Lamouille et al.,
2014).

EMT is also involved in the acquisition of a stem cell phenotype in tumors (Mani et al.,
2008). Mesenchymal transition and the cancer stem cell phenotype display
overlapping features such as therapy resistance and aggressive tumor formation. A
recent study showed the overlap of the mesenchymal phenotype with both EMT
markers and CD133 expression levels in glioblastoma patients. In another study,
association between the mesenchymal subtype and CD44, a stem cell and EMT
marker, was shown. In addition, CD44 expression levels are correlated with increased
tumor invasion and poor prognosis. These findings suggest a link between the
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molecular phenotype of tumors and the EMT process, controlling tumor
aggressiveness (Kim et al., 2013, Zarkoob et al., 2013, Karsy et al., 2016).

1.5.1 EMT regulators

During the process of EMT, epithelial tumor cells detach from the basement
membrane. Glioma cells lack the tissue components and important cell-cell contact
factors, existing in epithelial cells, but still both cell types are able to migrate, spread
and disseminate to the surrounding tissue. Recent studies have shown that several
EMT regulators, such as Snail, Slug, Twist, ZEB1 and ZEB2, known from epithelial
tumors, play a critical role in the activation of mesenchymal features in glioma.
Interestingly, recurrent glioblastomas, which originate from low grade gliomas,
displayed high expression levels of EMT regulators and markers (Mikheeva et al.,
2010, Cheng et al., 2012b, Kahlert et al., 2013, Myung et al., 2014, Iser et al., 2016,
Iwadate, 2016).

Snail (also known as Snail1) and Slug (also known as Snail2) are members of the
SNAIL family of transcriptional factors mostly acting as repressors. Both members
regulate the EMT phenotype through repression of various epithelial markers and the
upregulation of mesenchymal markers (Lamouille, et al., 2014). Snail and Slug
expression levels are regulated at transcriptional and protein level. Snail and Slug
expression levels are controlled by direct binding of several transcription factors, such
as Notch intracellular domain, LOXL2, NF-kB, HIF-1a, IKKa, SMAD, HMGAZ2, Egr-1,
PARP-1, STAT3, MTA3 and Gli1. Tumor microenvironment induced signaling
pathways including hypoxia, TGFB, TNF, Wnt and Notch lead to activation of these
transcription factors. Posttranscriptional modifications such as phosphorylation also
control the translocation or degradation of the Snail and Slug (Kaufhold and Bonavida,
2014, Iser, et al., 2016, lwadate, 2016).

Studies investigating the role of Snail and Slug in glioblastoma showed that depletion
of Snail in glioblastoma cells decreased proliferation, invasion and migration of the

cells, whereas overexpression of Snail increased the invasion (Han et al., 2011,
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Savary et al.,, 2013, Myung, et al., 2014). Slug is also involved in the invasive
phenotype. Slug expression levels correlate with the malignancy of glioblastoma in
patients. Overexpression of Slug in glioblastoma cells increases the proliferation and
invasion in vitro and enhances the tumor growth in vivo (Yang et al., 2010).

Another EMT regulator, Twist has also been reported to be associated with EMT in
gliomas. A higher Twist expression level correlates with higher malignancy of glioma
cells and Twist promotes invasion in glioma cells. EMT related genes such as Slug,
MMP-2, HGF, FAP and FN1 are upregulated by Twist and inhibition of Twist results
in decreased invasive capacity of glioma cells (Elias et al., 2005, Mikheeva, et al.,
2010, Nagaishi et al., 2012). Another study showed that Twist and Sox2 synergistically
induce the invasive phenotype in glioblastoma. In addition, knock-down of Twist or
Sox2 reduced cancer stem cell maintenance and downregulated mesenchymal
markers (Velpula et al., 2011). Interestingly, a hypoxic tumor microenvironment which
is known to control cancer stem cell maintenance, also induces the expression level
of Twist directly by HIF-1a (Yang, et al., 2008).

ZEBs are known to regulate tumor invasiveness, resistance to therapy and tumor
progression in other cancer types (Sanchez-Tillo et al., 2011). ZEB1 and ZEB2 are
also related to mesenchymal transition in glioblastoma. Siebzehnrubl et al. observed
that ZEB1 expression is associated with shorter patient survival. ZEB1 controls tumor
invasiveness, chemoresistance and stem cell capacity of the cells through miR-200
inhibition (Siebzehnrubl et al., 2013). Similarly, ZEB2 levels correlate with tumor
malignancy and ZEB2 knock-down abrogates the invasive phenotype and reduces the
proliferation of glioma cells (Qi et al., 2012). Multiple signaling pathways such
TGFB/SMAD signaling and hypoxia have been shown to regulate ZEB expression
levels (Postigo et al., 2003, Depner et al., 2016).

1.5.2 Signaling pathways involved in EMT

EMT is a complex and reversible biological process and several signals from the tumor

microenvironment orchestrate this process by activating multiple signaling pathways,
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resulting in induced EMT. The cells at the invasive front of the tumor commonly
undergo EMT. These cells with more mesenchymal characteristics enter the blood
stream, migrate into distant organs and there microenvironmental signals
subsequently revert this process (mesenchymal to epithelial transition, MET) to
establishes metastasis.

The TGFp signaling pathway is well known for its tumor suppressing and tumor
promoting effects. Tumor cells develop mechanisms that enable the cells to evade
TGFB mediated tumor suppressive signals, so that TGF@ starts acting as an
oncogenic factor (Seoane, 2006). TGF (3 activates two signaling pathways, one of them
SMAD-dependent, the other a SMAD-independent. In the SMAD-dependent pathway,
after TGFf binding to its receptors, SMADZ2/3 proteins are activated by the receptors.
The active SMAD complex translocates into the nucleus, interacts with DNA binding
proteins and recruits corepressors or coactivators to regulate the target genes. In the
SMAD-independent pathway, TGF[ activates the PISBK/AKT and ERK/MAPK signaling
pathway (Iser, et al., 2016, Moustakas and Heldin, 2016, Zhang et al., 2016).

Recent studies investigated the contribution of the TGF signaling pathway to glioma
tumorigenesis. Seoane et al. showed that glioblastoma cells escape from the
antiproliferative effect of TGFB by FoxG1 and PI3K mediated inhibition of the
SMAD/FoxO complex (Seoane et al., 2004). Moreover, PDGF-B methylation status
has been shown to be critical for the oncogenic role of TGF. In highly aggressive and
proliferative gliomas, hyperactivated TGFB/SMAD signaling induces PDGF-B
expression, leading to glioblastoma proliferation, whereas a methylated PDGF-B
status blocks the proliferative effect of TGFR/SMAD signaling. High TGFB/SMAD
activity is associated with poor prognosis in PDGF-B unmethylated patients, indicating
that the methylation status of the PDGF-B gene defines the oncogenic role of TGF[3
in glioma patients (Bruna et al., 2007). TGFp also acts as an inducer of EMT like
processes in glioblastoma, resulting in enhanced invasion and migration. TGFf3
mediated increase in SMAD2 activation and ZEB1 levels promote the mesenchymal
phenotype, which is associated with enhanced invasion and mesenchymal marker

expression (Joseph et al., 2014). High expression of TGFB and Twist adjacent to
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pseudopalisading necrotic areas, correlating with decreased patient overall survival,
has also been reported (lwadate et al., 2016).

The Wnt/B-catenin pathway is another pathway regulating the EMT phenotype.
Activation of Wnt causes B-catenin translocation into the nucleus where it acts as a
transcription factor activating its target genes. The Wnt/B-catenin pathway is
associated with reduced overall patient survival and the mesenchymal subgroup in
glioblastoma. The Wnt/B-catenin pathway has been shown to regulate EMT
associated genes such as Twist, ZEB1, Snail and Slug (Liu et al., 2011, Kahlert et al.,
2012, Paul et al., 2013).

One of the hallmarks of glioblastoma is the existence of necrotic areas resulting from
limited oxygen supply. Necrotic areas are surrounded by highly hypoxic
pseudopalisading areas. Hypoxia regulates the mesenchymal phenotype and
enhances invasion and migration in glioblastoma. Anti-VEGF antibody treatment by
bevacizumab, induces more hypoxic areas leading to overexpression of EMT
regulators such as Twist, ZEB1, ZEB2, Snail and Slug in patients (Joseph et al., 2015,
Kahlert et al., 2015, Xu et al., 2015, Karsy, et al., 2016).
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2 Aim of the thesis project

Glioblastomas are the most common and the most aggressive malignant brain tumors.
Conventional therapies such as chemo and/or radiotherapy after surgical resection
still remain insufficient to cure the patients, as incomplete eradication frequently
results in tumor recurrence. Molecular alterations in the tumor cells, the
reprogramming of tumor cell metabolism, as well as the crosstalk between tumor cells
and the tumor microenvironment assist adaptive and evasive behaviors of tumor cells.
Importantly, the tumor microenvironment, metabolism and phenotype interact with
each other. Recent studies have demonstrated that tumor metabolism and metabolic
enzymes contribute to tumor initiation and progression. Moreover, a hypoxic and
acidic tumor microenvironment and signaling pathways regulated by this tumor
microenvironment are known to control cellular dedifferentiation, invasion and evasive
response to anti-angiogenic therapy. However, the molecular mechanisms involved in

these processes and the contribution of metabolism are so far only partly understood.

The project presented in this thesis aimed to examine three questions at the
intersection of tumor metabolism and the tumor microenvironment. First, we aimed to
analyze the function of IDH1 in the regulation of 2-OG and 2-OG dependent enzyme
activity, specifically PHD activity, and identify microenvironmental factors regulating
IDH1 levels. Furthermore, we wanted to examine the 2-OG dependent phenotypical
changes mediated by IDH1 (such as cancer stem cell maintenance and epithelial-to-
mesenchymal transition) using cell culture based assays and in vivo tumor models.
Second, we aimed to investigate the molecular mechanisms mediating the role of
acidosis in regulating the hypoxic response and cancer stem cell maintenance. In
particular, we wanted to assess the role of HSP90 in the acidosis induced hypoxic
response and its effect on tumor cell self-renewal and tumor growth. Third, we aimed
to characterize the function of ephrinB2 in the hypoxic tumor microenvironment,
especially its role in mediating an anti-angiogenic therapy-induced invasive

phenotype.
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3 Materials and methods

3.1 Materials

3.1.1 Chemicals

Solvents and standard chemicals were, if not indicated differently, purchased from
Sigma-Aldrich, Carl Roth, Merck, or AppliChem.

3.1.2 Antibiotics

All the stock solutions were sterile filtered before use (0.22 ym, # SLGVO33RS,
Millipore).

Table 3.1. Antibiotics for selection of bacterial cells.
Antibiotic Stock solution Final concentration

Kanamycin 100 mg/ml in distilled water 100 pg/ml
(# K-1377, Sigma-Aldrich)

Ampicillin 100 mg/ml in distilled water 50-100 pg/ml
(# A9598, Sigma-Aldrich)

Table 3.2. Antibiotics for selection of mammalian cells.

Antibiotic Stock solution Final concentration
Cells Concentration

Blasticidin S HCL 6 mg/ml in distilled | G55 cells 6 pug/ml

(# R210-01, Invitrogen) water

Puromycin 10 mg/ml commercial | G55 cells 5 pg/ml

(# P9620, Sigma-Aldrich) stock solution U87 cells 2.5 pg/ml
GBM46 2.5 pg/ml
MDA-MB-231 5 pg/ml

G418 (Geneticin) 50mg/ml Astrocytoma 500 pg/ml

(Gibco)
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3.1.3.1 Primary antibodies

Materials and methods

Table 3.3. Primary antibodies. WB; western blotting, IHC; Immunohistochemistry, IF;
Immunofluorescence

Antibody Species Order No. Company Dilution Used for

Anti-HIF-1a Rabbit # 10006421 Cayman 1:3000 WB, IHC
(polyclonal) Chemical

Anti-HIF-2a Rabbit # NB100-122 | Novus 1:1000 WB
(polyclonal) Biologicals

Anti-OH-HIF-10P%6% | Rabbit #3434 Cell Signaling | 1:1000 WB
(monoclonal)

Anti-IDH1 Goat # sc-49996 Santa Cruz 1:1000 WB

Anti-IDH2 Mouse #ab55271 Abcam 1:1000 WB

Anti-p65 (RelA) | Rabbit #8242 Cell signaling | 1:8000 WSB, IF

(D14E12) (monoclonal)

Anti-CD133 Rabbit #ab19898 Abcam 1:500 WB
(polyclonal)

Anti-CD133/2 clone | Mouse #130-090-854 | Miltenyi FACS

293C3 APC | (monoclonal) Biotech

conjugated

Anti-CD133 clone | Mouse #130-092-395 | Miltenyi 1:100 IHC

W6B3C1 (monoclonal) Biotech

Anti-CD15 Mouse # 642917 BD Horizon FACS
(monoclonal)

Anti-Snail Rat (monoclonal) | #4719 Cell Signaling | 1:500 WB

Anti-Slug Rabbit #9585 Cell Signaling | 1:500 WB
(monoclonal)

Anti-T-cadherin Mouse # sc-166875 Santa Cruz 1:1000 WB

(monoclonal)
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Anti-CD44 Mouse #3570 Cell Signaling | 1:5000 WB
(monoclonal)

Anti-ZEB1 Rabbit #sc-25388 Santa Cruz 1:1000 WB
(polyclonal)

Anti-ZEB2 Mouse #sc-271984 Santa Cruz 1:1000 WB
(monoclonal)

Anti-HSP90 Mouse # SPA-830 Stressgen 1:5000 WB, IHC
(monoclonal)

Anti-HA tag Mouse #901513 BioLegend 1:1000 WB
(monoclonal)

Anti-ephrinB2 Goat (polyclonal) | # AF496 R&D Systems | 1:2000 WB

Anti-EphB4 Goat (polyclonal) | # AF446 R&D Systems | 1:1000 WB

Anti-Tubulin Mouse # DLN-09992 | Dianova 1:8000 WB
(monoclonal)

Anti-Endomucin Mouse # 14-5851-82 | eBioscience 1:500 IF
(monoclonal)

Anti-human nuclei Mouse # MAB4383 Millipore/ 1:200 IF
(monoclonal) chemicon

3.1.3.2 Secondary antibodies

Table 3.4. Secondary antibodies. WB; western blotting, IHC; Immunohistochemistry, IF;

Immunofluorescence

Antibody Order No. Company Dilution Used for
Goat anti rabbit 1gG | #111-035-144 Dianova 1:5000 WB, IHC
(H+L) HRPO conjugated

Donkey 1gG anti-Goat | # 705-035-147 Dianova 1:5000 WB, IHC
IgG (H+L)-HRPO

conjugated

F(ab')2 Rat IgG (H&L) | #712-1333 Rockland 1:3000 WB, IHC
Antibody  Peroxidase

Conjugated Pre-

Adsorbed
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Goat 1gG anti-Mouse | #115-035-146 Dianova 1:5000 WB, IHC
lgG+lgM  (H+L)-HRPO

conjugated

Alexa Fluor 568 goat | # A11036 Life 1:1000 IF

anti rabbit I1gG Technologies

Alexa Fluor 568 goat | # A11077 Life 1:500 IF

anti rat I1gG Technologies

Alexa Fluor 568 goat | # A11031 Life 1:500 IF

anti mouse IgG

Technologies

3.1.4 Protein and DNA ladders

3.1.4.1 Protein ladder

Spectra Multicolor High Range Protein Ladder, # 26616, Thermo Scientific
PageRuler Prestained Protein Ladder, # 26625, Thermo Scientific

3.1.4.2 DNA ladders

100 bp DNA Ladder, Invitrogen # 15628-018
1 kb DNA Ladder, Invitrogen # 15615-024

3.1.5 Bacterial strains

Escherichia coli DH5a: This strain was used for transformations except for the

lentiviral vectors (Invitrogen).

One Shot® StbI3™ chemically competent E. coli: This strain was used for cloning into

lentiviral vectors.

3.1.6 Cell lines

G55: Human glioblastoma cell line (M. Westphal and K. Lamzus, Hamburg, Germany)

(Westphal et al., 1994).
U87: Human glioblastoma cell line (ATCC # HTB-14)

GBM46: Primary human glioblastoma cell line obtained from a 41 year old female

patient.
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MDA-MB-231: Human breast carcinoma cell line (ATCC # HTB-26) transduced with
a luciferase construct consist of firefly luciferase under control of HIF-2a-ODD and
constitutively active Renilla luciferase. Single cell clone was created by Omelyan
Trompak.

A549: Human lung carcinoma cells (ATCC # CCL-185)

Wild-type and ephrinB2 knockout astrocytoma cells: Murine high-grade gliomas
(Depner, et al., 2016)

HEK293T: Human embryonic kidney cells (ATCC # CRL-3216)

3.1.6.1 Cells generated during the PhD thesis

Table 3.5. Cell pools generated in this work

Name Construct/Lentivirus MOl Selection

GBM46 Co non silencing control (Thermo | 10 Puromycin
Scientific)

GBM46 shIDH1 #1 pGIPZ-shIDH1 #1 10 Puromycin
( Thermo Scientific)

GBMA46 shIDH1 #2 pGIPZ-shIDH1 #2 10 Puromycin
( Thermo Scientific)

GBM46 shIDH1 #3 pGIPZ-shIDH1 #3 10 Puromycin
( Thermo Scientific)

G55 Co non silencing control (Thermo | 20 Puromycin
Scientific)

G55 shiIDH1 pGIPZ-shIDH1 #3 20 Puromycin
( Thermo Scientific)

u87 Co non silencing control (Thermo | 40 Puromycin
Scientific)

U87 shiDH1 pGIPZ-shIDH1 #3 40 Puromycin
( Thermo Scientific)

U87 shiDH2 pGIPZ-shIDH2 40 Puromycin
( Thermo Scientific)

U87 shiIDH1+2 pGIPZ-shIDH1 #3 / 20+20 | Puromycin
pGIPZ-shIDH2
( Thermo Scientific)

MDA-MB 231 Co non silencing control (Thermo | 50 Puromycin
Scientific)

MDA-MB 231 shIDH1 pGIPZ-shIDH1 #3 50 Puromycin
( Thermo Scientific)
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MDA-MB 231 Co KO #1 pSpCas9(BB)-2A- Puro (PX459) V2.0 | - Puromycin
cell clone 1

MDA-MB 231 Co KO #2 pSpCas9(BB)-2A- Puro (PX459) V2.0 | - Puromycin
cell clone 2

MDA-MB 231 IDH1 KO #1 pSpCas9(BB)-2A- Puro (PX459) V2.0 | - Puromycin
IDH1 KO cell clone 1

MDA-MB 231 IDH1 KO #2 pSpCas9(BB)-2A- Puro (PX459) V2.0 | - Puromycin
IDH1 KO cell clone 2

A549 Co KO #1 pSpCas9(BB)-2A- Puro (PX459) V2.0cell | - Puromycin
clone 1

A549 231 Co KO #2 pSpCas9(BB)-2A- Puro (PX459) V2.0 | - Puromycin
cell clone 2

A549 IDH1 KO #1 pSpCas9(BB)-2A- Puro (PX459) V2.0 | - Puromycin
IDH1 KO cell clone 1

A549 IDH1 KO #2 pSpCas9(BB)-2A- Puro (PX459) V2.0 | - Puromycin
IDH1 KO cell clone 2

G55 Co non silencing control (Thermo | 20 Puromycin
Scientific)

G55 shHSP90 pGIPZ-shHSP90a / 10+10 | Puromycin
pGIPZ-shHSP90B
( Thermo Scientific)

G55 Co pLenti6 GFP 20 Blasticidin

G55 HSPSODN pLenti6 HA-HSPSODN 20 Blasticidin

Astrocytoma Control pECFP-N1 (Clontech) - Geneticin

Astrocytoma eB2KO Control pECFP-N1 (Clontech) - Geneticin

Astrocytoma eB2KO+eB2 pPECFP ephrinB2-HA - Geneticin

G55 Control pECFP-N1 (Clontech) - Geneticin

G55 ephrinB20E pECFP ephrinB2-HA - Geneticin
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3.1.7 Plasmids

pCI-VSVG: Lentiviral packaging plasmid, expresses the envelope protein
glycoprotein-G (#1733 Addgene, Garry Nolan)
psPAX2: Lentiviral packaging plasmid (# 12260 Addgene, Didier Trono)
pPGIPZ non silencing control: Lentiviral expression vector (non targeting), The non-
silencing shRNA is a negative control for any transduction experiment performed
using GIPZ shRNA constructs (Open Biosystems # RHS4346)
pGIPZ-shIDH1 #1: Short hairpin RNA against human IDH1 (sequence 1) in pGIPZ
lentiviral vector, (Open Biosystems # V2LHS_217815)

Mature antisense TTTCGTATGGTGCCATTTG
pGIPZ-shIDH1 #2: Short hairpin RNA against human IDH1 (sequence 2) in pGIPZ
lentiviral vector, (Open Biosystems # V3LHS 320102)

Mature antisense ATGCTTCTTTATAGCTTCT
pGIPZ-shIDH1 #3: Short hairpin RNA against human IDH1 (sequence 3) in pGIPZ
lentiviral vector, (Open Biosystems # V3LHS 320103)

Mature antisense TGTTATCAAGCTTTGCTCT
pGIPZ-shIDH2: Short hairpin RNA against human IDH2 in pGIPZ lentiviral vector,
(Open Biosystems # V3LHS_387076)

Mature antisense TCAGTATGGTGTTCTTGGT
pGIPZ-shHSP90a: Short hairpin RNA against human HSP90a in pGIPZ lentiviral
vector, (Open Biosystems # V3LHS_364791)

Mature antisense TTGTTGCAACATCTCACGG
pGIPZ-shHSP90B: Short hairpin RNA against human HSP90a in pGIPZ lentiviral
vector, (Open Biosystems # V2LHS_86053)

Mature antisense TGCTTTAGTACCAGACTTG
pLenti6 GFP/V5: Lentiviral expression vector for lentiviral-based expression of GFP.
GFP protein was cloned into pLenti6/V5 CMV (#V49610, Open Biosystems).
pLenti6 HA-HSP90DN: Lentiviral expression vector for lentiviral-based expression of
human dominant negative mutant HSP90B. Dominant negative mutant HSP9O0f3
(#22480, Addgene) was cloned into pLenti6/V5 CMV (#V49610, Open Biosystems).
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pcDNA3.1 D/V5-His-TOPO: Mammalian expression vector, CMV promoter,
mammalian selection: neomycin, bacterial resistance: ampicillin, contains V5 epitope
and polyhistidine (6X His) tag, (Invitrogen).
pcDNA3.1 IDH1wt: Mammalian expression vector with human IDH1.
pcDNA3.1 IDH1-3DN: Mammalian expression vector with human IDH1 with the point
mutations at aspartic acid residues (273, 275 and 270) leading to an enzymatically
inactive IDH1 (Koivunen, et al., 2012).
pcDNA3.1D/V5-His-TOPO.HIF-1a: Mammalian expression vector with human HIF-
1a (Julia Wenner).
pcDNA3.1D/V5-His-TOPO.HIF-2a: Mammalian expression vector with human HIF-
2a (Julia Wenner).
pcDNA3.1D/V5-His-TOPO.HIF-1a mPPN: Mammalian expression vector with a non-
degradable sequence of human HIF-1a with mutated prolyl hydroxylation sites (Julia
Wenner).
pcDNA 9X HRE luciferase: The pcDNA 9X HRE luciferase contains nine copies of
an hypoxia responsive element (HRE) that drives transcription luciferase (This
plasmid was a gift from Dr. Massimiliano Mazzone).
pNL3.2.NF-kB-RE[NIucP/NF-kB-RE/Hygro] Vector: The pNL3.2.NF-kB-
RE[NIucP/NF-kB-RE/Hygro] Vector(a,b) contains five copies of an NF-kB response
element (NF-kB-RE) that drives transcription of a destabilized form of NanoLuc®
luciferase, an engineered 23.3kDa luciferase fusion protein. (# N1111, Promega)
SBE4-Luc: Firefly luciferase expression vector containing four copies of the SMAD
binding element (# 16495, Addgene)
PRL-SV40: Renilla luciferase internal control reporter, promoter: SV40, early
enhancer promoter (Promega)
pSpCas9(BB)-2A-Puro (PX459) V2.0: CRISPR mammalian expression vector
carrying Cas9 (# 62988, Addgene) (Ran et al., 2013)
pSpCas9(BB)-2A-Puro (PX459) V2.0 IDH1 KO: CRISPR mammalian expression
vector carrying Cas9 with guide sequence for IDH1 gene

Guide sequence 1 in exon 3: GTGTAGATCCAATTCCACGTAGGG

Guide sequence 2 in exon 7: GCATAGGCTCATCGACGACATGG
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PECFP-N1: Mammalian expression vector under control of CMV promotor expressing
enhanced cyan fluorescent variant of the Aequorea victoria green fluorescent protein
gene (ECFP) (Clontech).

PECFP ephrinB2-HA: Mammalian expression vector under control of CMV promotor
expressing enhanced cyan fluorescent variant of the Aequorea victoria green
fluorescent protein gene (ECFP) (Clontech) and mouse ephrinB2 (Essmann et al.,
2008).

3.1.8 Primers
All oligonucleotides were ordered from Sigma-Aldrich.
The primers were designed to be intron spanning to prevent the amplification of

genomic DNA sequences.

Table 3.6. Primers for quantitative real time PCR

Primer Sequence (5°-3")

ANG fw CTGGGCGTTTTGTTGTTGGTC
ANG rev TGGTTTGGCATCATAGTGCTG
ASPHD2 fw CTTCGGACCTGTATTGGGAAC
ASPHD2 rev CAGCTCACAGCCATTTGGAG
CAIX fw AAGAAGAGGGCTCCCTGAAG
CAIX rev TAGCGCCAATGACTCTGGTC
CCL-2 fw TTCTGTGCCTGCTGCTCATAG
CCL-2 rev CAGGTGACTGGGGCATTGA
CD133 fw TTGACCGACTGAGACCCAAC
CD133 rev AGGTGCTGTTCATGTTCTCCAAC
CD15 fw GGTCTATCGCCGCTACTTCC
CD15 rev AGTTCCGTATGCTCTTGGGC
Glut1 fw GATTGGCTCCTTCTCTGTGG
Glut1 rev CAGGATCAGCATCTCAAAGG
hephrinB2 fw AGTTCGACAACAAGTCCCTTTG
hephrinB2 rev AGCAATCCCTGCAAATAAGG
HIF-1a fw CCATTAGAAAGCAGTTCCGC
HIF-1a rev TGGGTAGGAGATGGAGATGC
HIF-2a fw CGAACACACAAGCTCCTCTC
HIF-2a rev GTCACCACGGCAATGAAAC
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HPRT fw TATGGCGACCCGCAGCCC

HPRT rev GCAAGACGTTCAGTCCTGTCCAT
IDH1 fw AGAAGCATAATGTTGGCGTCA
IDH1 rev CGTATGGTGCCATTTGGTGATT
IDH2 fw ACACGTGGCCTGGAGCACCG
IDH2 rev CACATTGCTGAGGCCGTGAATGC
IDH3A fw ACTGGTGGTGTTCAGACAGT
IDH3A rev TGAATGGCAGTGACGTTCCG

IL-8 fw TTTTGCCAAGGAGTGCTAAAGA
1I-8 rev AACCCTCTGCACCCAGTTTTC
MAML3 fw CAGCAGGTCAATCAGTTTCAAG
MAML3 rev GGTTCTGGGAGGGTCCTATTC
Musashi fw CCGGCTTCGGCCACAGTCTTGGG
Musashi rev GCAGGCAGTAGCGGGTCCGAGTCG
Nanog fw GCAGAAGGCCTCAGCACCTA
Nanog rev AGGTTCCCAGTCGGGTTCA
Nestin fw AGACTTCCCTCAGCTTTCAGG
Nestin rev TGGGAGCAAAGATCCAAGAC
NFATc2 fw CAGTGGCAGAATCGTCTCTTTAC
NFATc2 rev GCTGTCTGTGTCTTGTCTTTCAAC
NFE2L2 fw GACATTCCCGTTTGTAGATGAC
NFE2L2 rev GGTGACTGAGCCTGATTAGTAGC
Oct4 fw GCTCGAGAAGGATGTGGTCC
Oct4 rev CGTTGTGCATAGTCGCTGCT
RelA (p65 subunit) fw | CGCATCCAGACCAACAACAA
RelA (p65 subunit) rev. | CAGATCTTGAGCTCGGCAGT
Snail fw CTTCCAGCAGCCCTACGAC

Snail rev CGGTGGGGTTGAGGATCT

Sox2 fw GCCGGCGGCAACCAGAAAAACAG
Sox2 rev CCGCCGGGGCCGGTATTTAT
TNFA fw CTTCTGCCTGCTGCACTTTG
TNFA rev GGCCAGAGGGCTGATTAGAG
VEGFA fw AGCCTTGCCTTGCTGCTCTA
VEGFA rev GTGCTGGCCTTGGTGAGG

3.1.9 siRNA Oligos

siRNA oligos for transient knockdown experiments were obtained from Dharmacon.

Knockdowns were performed using a pool of 4 targeting sequences.
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siControl:

siHIF-1a:

siHIF-2a:

siRELA:

siTWIST1:

siTWIST2:

siZEB1:

siZEB2:

siSnail:

siSlug:

siLOXL2:

siLOXL3:

3.1.10

3.1.10.1

(D-001810-10-05, SMARTpool: ON-TARGETplus Non-targeting Control
siRNAs, Dharmacon)

NM_181054 (L-004018-00-0005,SMARTpool:
Human HIF-1a siRNA, Dharmacon)

NM_001430 (L-004814-00-0005,SMARTpool:
Human HIF-2a siRNA, Dharmacon)

NM_021975.3 (L-003533-00-0005,SMARTpool:
Human RELA siRNA, Dharmacon)

NM_000474.3 (LQ-006434-00-0002 ON-TARGETplus Human TWIST1
siRNA, Dharmacon)

NM_057179.2 (LQ-012862-02-0002,
TWISTZ2 siRNA, Dharmacon)

NM_001128128.2 (LQ-006564-01-0002, ON-TARGETplus Human
ZEB1 siRNA, Dharmacon )

NM_014795.3 (LQ-006914-02-0002, ON-TARGETplus Human ZEB2
siRNA, Dharmacon)

NM_005985.3 (LQ-010847-01-0002, ON-TARGETplus Human Snail
siRNA, Dharmacon)

NM_003068.4 (LQ-017386-00-0002, ON-TARGETplus Human Slug
siRNA, Dharmacon)

NM_002318.2 (LQ-008020-01-0002, ON-TARGETplus Human LOXL2
siRNA, Dharmacon)

NM_032603.3 (LQ-008021-00-0002, ON-TARGETplus Human LOXL3
siRNA, Dharmacon)

ON-TARGETplus
ON-TARGETplus

ON-TARGETplus

ON-TARGETplus Human

Media, buffers and other reagents

Animal experiments

Anesthesia: 9 ml 0.9% sterile NaCl solution, 2 ml Ketamine 10% (# FS1670041, bela-
pharm GmbH), 0.5 ml Xylazin 2% (CEVA Tiergesundheit GmbH)

Analgesia: 14 ml 0.9% sterile NaCl solution, 1 ml (0.05 mg/ml) Buprenorphine (Essex
Pharma), 50 pg/kg
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Phosphate-buffered saline (PBS): 140 mM NaCl, 2.7 mM KCI, 10 mM
NaHPO4.2H20, 1.8 mM KH2PO4, pH 7.4.

4% Paraformaldehyde (PFA): 80 g PFA (# 0335.3, Roth) were dissolved in 1.5 liter
of 1X PBS, adjusted the pH to 11 with 5§ M NaOH and stired until the solution gets
clear. Afterwards the pH was adjusted to 7.4 and the solution filled up to 2 liter with
1X PBS. The solution was stored at -20°C.

0.5 M phosphate buffer (PB): 115 mM NaH2PO4.H20, 385 mM Na:HPO4.7H20,
adjust the pHto 7.4

Cryoprotection solution (CPS): 500 ml 0.1 M PB pH 7.4, 250 ml ethylene glycol (#
9516.1, Roth) and 250 ml Glycerin (# 3783.1, Roth) were stirred until a clear solution
was obtained. The CPS was stored at RT (room temperature).

30% sucrose in 0.1M PB pH7,4: 333.3 g D(+)- Sucrose (# 4621.2, Roth) was filled
up to 1 liter with 0.1M PB, sterile filtered and stored at 4 °C.

3.1.10.2 Bacterial cultures

LB-Agar (Luria-Bertani-Medium): 32g LB-Agar powder (# 22700025, Invitrogen)
was used per 1 liter of ultrapure water. The solution was autoclaved at 121 °C for 15
minutes, cooled down to 40°C, the appropriate amount of antibiotics added, swirled to
mix and poured in 10 cm dishes in a horizontal flow hood. The plates were stored at
4°C.

LB-Medium (Luria-Bertani-Medium): 20g LB powder (# X964.1, Roth) was
suspended in 1 liter of ultrapure water and autoclaved at 121°C for 15 minutes. The

medium was stored at 4°C.
3.1.10.3 Cell Culture

COz-independent Medium without L-Glutamine: # 18045-054, Gibco

D-MEM/F12 (1:1) (with Glutamine): # 11320-033, Gibco

D-MEM (Dulbecco’s Modified Eagle Medium High Glucose (with Glutamine, 4.5
g/l D-Glucose, Sodium Pyruvate): # 11995-065, Gibco

Opti-MEM® | Reduced Serum Medium: # 31985-047, Gibco

FBS (Fetal Bovine Serum): # 10270-106, Gibco
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General cell culture medium for adherent cells: 500 m| DMEM, 10% FBS

Tumor sphere medium: 500 ml DMEM/F12, 10ml B-27 Supplement (50X), minus
vitamin A (# 12587-010, Gibco), 5 ml amphotericin B (# A2942, Sigma-Aldrich), 2.5 ml
1M HEPES (# 1563-056, Gibco), 0.5 ml gentamicin (50 mg/ml) (# 15750-045, Gibco).
Add freshly to the dishes human recombinant EGF (final concentration 20 ng/ml) (#
AF-100-15, PeproTech) and human recombinant bFGF (final concentration 20 ng/ml)
(# 100-18B, PeproTech).

Astrocytoma culture medium: 422 m| Basal Medium Eagle (BME) (# 41010, Gibco),
15 ml 20% glucose solution in ultrapure water, sterile filtered (# G-8270, Sigma-
Aldrich), 5 ml sodium pyruvate (# 11360, Gibco), 5 ml 1M HEPES (# 1563-056, Gibco),
2.5 ml Penicillin/Streptomycin (# P11-010, PAA Laboratories GmbH), 50 ml horse
serum (# H1270, Sigma-Aldrich), 500 yl MITO+ serum extender (# 355006, BD
Biosciences)

Trypsin/EDTA: # 25300-62, Gibco

Accutase: # A11105-01, Gibco

Growth factor stock solutions: Recombinant human EGF (# AF-100-15,
PeproTech) and recombinant human bFGF (# 100-18B, PeproTech) were
reconstituted in 5 mM Tris, 0.1% BSA (bovine serum albumin), pH 7.6 to a final
concentration of 20 ug/ml. Aliquots were stored at -20°C.

Dimethyl sulfoxide (DMSO): # A994.1, Roth

Cryo-Medium SFM: # C-29910, Promocell

2xHBS: 281 mM NaCl, 100 mM HEPES, 1.5 mM NaxHPOs in distilled water, pH 7.12,
sterile filtered and stored at -20°C

1xPBS: # 10010-056, Gibco

2.5M CaCl;: dissolved in ultrapure water, sterile filtered and stored at 4°C

10mM Chloroquine: dissolved in distilled water, sterile filtered an stored at 4°C
Polybrene: (# H9268-5G, Sigma-Aldrich) 6 mg/ml in ultrapure water, sterile filtered
and stored at -20 °C

Poly (2-hydroxyethyl methacrylate) (P HEMA): 10 mg/ml pHEMA (# P3932-25g,
Sigma-Aldrich) was dissolved in 95% ethanol, sterile filtered and stored at RT
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Collagen solution (10 ml): 5.1 ml bovine collagen (Biomatrix), 3.5 ml TSM, 1.36 ml
HEPES
Ultrapure water: 0.22 pm sterile filtered water (18.2 MQ)

3.1.11 Nucleic acid isolation

RNeasy Mini Kit: (# 74106, Qiagen)

B-Mercaptoethanol: (# M6250, Sigma-Aldrich)

RNase-Free DNase Set: (# 79254, Qiagen)

DEPC-H:0: 1 ml Diethylpyrocarbonate (# K028, Roth) was dissolved overnight in 1
liter distilled water and autoclaved subsequently.

Precellys 24 Homogenizer (Bertin Instruments).

Ceramic beads (VWR, CK14 Soft Tissue Homogenizing Kit, Beads in Bulk Format,
325 g of inert 1.4 mm ceramic beads).

Screw cap Micro tubes (# 72.694.005, Sarstedt).

3.1.12 Stainings (FACS, IHC, IF,)

FACS Staining buffer: 1x PBS, 0.5% BSA, 2 mM EDTA, pH 7.2

DNase I: (# DN25-100MG, Sigma-Aldrich)

Cytoseal XYL: (# 8312-4, Richard Allan Scientific)

DAB (3,3’-diaminobenzidine) solution: Mix 1 drop of DAB chromogen with 1 ml of
DAB substrate (# K3467, Dako)

DAPI/Antifade-Solution (ultra) (4',6-diamidino-2-phenylindole) (DAPI): 1000
ng/ml, (working concentration 1:5000), (# D1306, Invitrogen)

Eosin: 1% Eosin Y disodium salt (# E4382-256, Sigma-Aldrich) was dissolved in 70%
ethanol. 1 drop of glacial acetic acid was added per 100 ml of solution. The solution
was stored at RT.

Fluorescent mounting medium: (# S3023, Dako)

Goat serum: (# B11-035, PAA Laboratories GmbH)
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H202 (30%): (# 8070.2, Roth), stored at 4°C. (Diluted in PBS according to
requirements)

Mayer’s Haematoxylin: (# A4840-500, Applichem)

20X PBS (Phosphate Buffered Saline): 140 mM NaCl, 2.7 mM KCI, 10 mM
Na:HPO4.2H20, 1.8 mM KH2PO4, pH 7.4, stored at RT.

0,01M Sodium citrate buffer pH 6.0: 1.47 g tri-sodium citrate (dehydrate) in 500 ml
ultrapure water (pH 6.0).

TBS: 0.05 M Tris, 0.3 M NaCl in ultrapure water, pH 7.6.

TBST: TBS with 0.1% Triton™ X-100 (# T8787, Sigma-Aldrich)

Tris/EDTA (TE) buffer pH 8.0: 10 mM Tris base, 1 mM EDTA, 0.05% Tween 20 (#
A49740100, Applichem)

Xylol: (# 95692, Fluka)

3.1.13 Western Blotting

Ammonium persulfate (APS): 1 g of powdered APS solved in 100 ml distilled water
and stored in 1 ml aliquots at -20 °C (# 9592.1, Roth).

TEMED: Tetramethylenediamine (# A1148, Applichem)

Lower-buffer: 0.5 M Tris base (pH to 8.8), 0.4% SDS in distilled water.

Upper buffer: 0.5M Tris base, 0.4% SDS, filled up with distilled water.

Lysis buffer (Laemmli): 10 mM Tris HCI, 2% SDS, 2 mM EGTA, 20 mM NaF in
distilled water.

Blocking buffer: 5% milk powder in 1x PBS-Tween-20 (0.1%).

20x PBS: 140 mM NaCl, 2.7 mM KCI, 10 mM Na2HPQO4.2H20, 1.8 mM KH2PO4 in
distilled water (pH 7.4).

10x Running buffer: 250mM Tris base, 2M glycine, 1% SDS in with distilled water.
Sample buffer: 40 ml 10% SDS, 16 ml 1 M Tris pH 6.8, 20 ml glycerol, 19 ml distilled
water, stored in 800 pl aliquots, for usage mixed with 200 upl 1% bromphenol blue and
50 pl B-mercaptoethanol.

8% separating gel: 2.7 ml 30% poly-Acrylamide (# 3029, Roth), 2.6 ml lower buffer,
4.5 ml distilled water, 100 yl APS (10%), 10 pl TEMED.
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12% separating gel: 4 ml 30% poly-Acrylamide, 2.6 ml lower buffer, 3.5 ml distilled
water, 100 pl APS (10%), 10 yl TEMED.

Stacking gel: 0.65 ml 30% poly-Acrylamide, 1.3 ml upper buffer, 4.5 ml distilled water,
100 pl APS (10%), 10 pl TEMED.

10x Wet Transfer buffer: 200 mM Tris base, 1.5 M glycine in distilled water.
Stripping buffer: 200 mM glycine, 0.05% Tween-20 in distilled water.

Washing buffer (PBS-T): 1x PBS, 0.1% Tween-20 in distilled water.
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3.2 Methods

3.2.1 Working with RNA

3.2.1.1 RNA extraction

Depending on the experimental duration and the cell lines, between 1x10* and 1x10°
cells were seeded in 6-well plates or 10 cm dishes. The following day treatment (e.g.
hypoxia, TNFa, TGFB, 2-OG, FBS, transfection) was started. At the end of the
treatment, adherent cells were washed with PBS, scraped off and lysed in 350ul RLT
buffer (RNeasy Mini Kit, (# 74106, Qiagen); 1 ml RLT + 10 pl B-Mercaptoethanol). The
cells grown as tumor sphere culture were spun down and lysed in 350 pl RLT buffer.
In case of the tumor samples, first, cryopreserved tumor samples were weighted.
Between 5 mg to 30 mg of tumor samples were mechanically homogenized for 1
minute in RLT buffer by using a Precellys sample homogenizer (Bertin Instruments)
with ceramic beads in micro tubes. The beads were spun down and the supernatant
was collected for RNA extraction. RNA extraction from cells or tumor samples was
performed following the manufacturer’s instructions (RNeasy Mini Kit, (# 74106,
Qiagen). In order to remove residual amounts of genomic DNA, the optional on-
column DNase digestion was carried out using the RNase-Free DNase Set (# 79254,
Qiagen). The concentration of the RNA was determined by NanoDrop (Peglab)
photometric measurement at a wavelength of 260 nm. The isolated total RNA was
stored at -80°C.

3.2.1.2 Reverse transcription

After 1 ug of RNA was filled up with DEPC-water to 11 pl, 1 pl random hexamer was
added. The mix was incubated for 5 minutes at 70°C to unfold RNA secondary
structures and then cooled down on ice immediately. Afterwards, 7 pl of a previously
prepared mix containing 4 pl 5x reverse transcriptase reaction buffer (#
EP0451,Thermo), 2 ul ANTP-Mix (10 mM) (# NO447L, NEB) and 1 yl RNase-Inhibitor
(# 03335402001, Roche) were added and the whole mixture was briefly centrifuged
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and incubated for 5 minutes at room temperature (RT). 1 yl of Revert Aid H Minus M-
MuLV Reverse transcriptase (# EP0451, Thermo) was added and the reaction mix
briefly centrifuged and incubated for another 10 minutes at RT followed by 60 minutes
incubation at 42 °C. The reaction was inactivated for 10 minutes at 70°C. After the
reaction was cooled down on ice, 1 yl RNase H (# 10786357001, Roche) was added,
briefly centrifuged and incubated for 20 minutes at 37°C. For further analysis with a
gPCR system, the cDNA was diluted at a 1:10 ratio with 180 pyl DEPC-water.

3.2.1.3 Microarray analysis

U87 cells were treated with hypoxia (1% O2) or TGF (5ng/ml) for 72 hours. RNA was
extracted using the RNeasy kit (# 74106, Qiagen). Purified total RNA was amplified
and Cy3-labeled using the LIRAK kit (Agilent) following the kit instructions. Per
reaction, 200 ng of total RNA was used. The Cy3-labeled aRNA (amplified RNA) was
hybridized overnight to 8x60K 60mer oligonucleotide spotted microarray slides
(Agilent Technologies, design ID 072363). Hybridization and subsequent washing and
drying of the slides was performed following the Agilent hybridization protocol.

The dried slides were scanned at a 2 ym/pixel resolution using the InnoScan is900
microarray scanner (Innopsys, Carbonne, France). Image analysis was performed
with Mapix 6.5.0 software, and calculated values for all spots were saved as GenePix
results files. Stored data were evaluated using the R software (Team, 2007) and the
limma package (Ritchie et al., 2015) from BioConductor(Gentleman et al., 2004).
Mean spot signals were background corrected with an offset of 1 using the NormExp
procedure on the negative control spots. The logarithms of the background-corrected
values were quantile-normalized (Silver et al., 2009, Ritchie, et al., 2015). The
normalized values were then averaged for replicate spots per array. From different
probes addressing the same NCBI gene ID, the probe showing the maximum average
signal intensity over the samples was used in subsequent analyses. Genes were
ranked for differential expression using a moderated t-statistic (Ritchie, et al., 2015).

Pathway analyses were done using gene set tests on the ranks of the t-values.
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3.2.2 Working with DNA

3.2.2.1 Bacterial transformation

Amplification of plasmid DNA was carried out by incubating 100 pl chemically
competent E. coli with either 10 ng of plasmid DNA or 5 yl output of ligation reaction
for 20 minutes on ice. After a 30 seconds heat shock at 42°C, the vial was placed back
on ice for 2 minutes. About 500 yl LB-medium was added and the vial was incubated
at 37°C for 1 hour (shaking horizontally at 220 rpm). 50-150 pl of the bacterial culture
was spread on LB plates containing the appropriate amount of antibiotics. If ligated
plasmid DNA was transformed, up to 250 pl of the bacterial culture was used. After
12-16 hours of incubation at 37°C, colonies where picked and 4 ml of a starter culture
was inoculated in S.0.C. medium (# 15544034, Thermo).

3.2.2.2 Plasmid isolation

Small amounts of plasmid DNA were isolated from starter cultures between 4 to 6 ml
by using the GeneJET Plasmid Miniprep Kit (# KO503, Fermentas Life Science)
according to the manufacturer’s instruction. The isolation of larger amounts of plasmid
DNA from overnight cultures up to 300 ml was done by using the PureLink® HiPure
Plasmid Maxiprep Kit (# K2100-06, Invitrogen) as described in the manufacturer’s

instruction manual.
3.2.2.3 Restriction digestion

In order to clone the desired insert into the vector, a restriction digestion with one or
double restriction enzymes was performed to prepare the vector/insert for ligation. The
50 pl reaction mixture consisted of 10 ug plasmid DNA, 5 ul buffer, 1.75 pl enzyme
and residual volume of water was incubated at the optimal enzyme temperature. All
the enzymes were purchased from Thermo Fisher Scientific, single or double

digestions were usually conducted as recommended on the following website.
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https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-
biology/thermo-scientific-restriction-modifying-enzymes/restriction-enzymes-thermo-
scientific.html

pcDNA3.1 IDH1-3DN vector was created by PCR amplification of insert from pBabe-
HA-hygro IDH1-3DN (Koivunen, et al., 2012) into pcDNA3.1 by using EcoRI and
BamHI restriction.

3.2.2.4 Ligation and recombination

For ligation reaction, 50 ng linearized vector, 2-10 yl insert, 2 yl T4 DNA ligase (#
ELO011, Fermentas) were mixed together and filled up to 20 ul with DEPC-water in a
sterile 1.5 ml tube. Usually a 1:3 vector:insert ratio was used as a starting point. The
reaction was performed at RT for 1 hour or overnight at 16°C. A recombination
reaction was performed according to the manufacturer’s instructions by using
Gateway pDONR Vectors (Thermo Scientific). For the generation of a lentiviral HA-
tagged dominant-negative mutant of HSP90B (HSP90 DN) or a GFP expressing
control construct, primers containing attB1 and attB2 recombination sites were
designed. Following amplification by PCR, the inserts were recombined into the
pDONR221 vector (Thermo Scientific) following the manufacturer’s instructions.
Subsequently, a second recombination reaction was performed to transfer the
expression constructs into the plLenti6/V5-DEST expression vector (Thermo

Scientific) according the manufacturer’s instructions.
3.2.2.5 Agarose gel electrophoresis

For separation and analysis of DNA after digestion or PCR amplification, agarose gel
electrophoresis was used. Depending on the size of the DNA fragments 1-4% gels
were casted. The appropriate amount of agarose was dissolved in 1XTBE by boiling
and 0.5 pg/ml ethidium bromide (# 2218.2, Roth) was added to allow detection of DNA
bands under UV light. After addition of sample buffer, the gel was loaded with the
appropriate marker (10bp-, 100bp-, or 1kb-DNA ladder, Invitrogen), run at 80 V until

separation had occurred.
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3.2.2.6 Gel extraction of DNA fragments from agarose gels

The purification of DNA fragments from agarose gels was performed using the
QlAquick Gel Extraction Kit (# 28704, Qiagen) according to the manufacturer’s

instruction.
3.2.2.7 Determination of DNA concentrations

The DNA sample was analyzed by NanoDrop (Peglab) photometric measurement at
a wavelength of 260 nm and 280 nm. DNA concentration and the ratio of A260/A280
were displayed automatically. A clean DNA preparation should have an A260/A280 of
1.7 to 2.0.

3.2.2.8 Quantitative real time polymerase chain reaction (QPCR)

Quantitative real time PCR allows amplification and simultaneously quantification of
the amount of DNA/cDNA molecules of interest in the sample, either as an absolute
number of copies or as relative amount to a normalizing gene. Quantification is based
on the detection of fluorescent signals, which are produced from the fluorescent dye
SYBR green during PCR cycles. SYBR green intercalates with double-stranded DNA
and emits light when excited. The PCR reactions were performed with the Absolute
QPCR SYBR Green ROX Mix (# AB-1162/a, ABgene) on a StepOne Plus system
(ABgene, Thermo-Scientific).

Reactions were performed in triplicates with 2-4 pul of diluted cDNA (~20-40 ng), 100
nM forward (fw) primer, 100 nM reverse (rev) primer, 12,5 ul 2X ABsolute™ QPCR
SYBR Green Mix and DEPC-water in a total volume of 25 pl. The amount of target
mMRNA was determined using the comparative threshold cycle method and normalized
relatively to the amount of the housekeeping genes HPRT or B-actin mRNA.
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Table 3.7. qPCR program used for SYBR green method

Step Temperature Time Number of cycle

Enzyme activation 95°C 15 min 1

Denaturation 95°C 30 sec 45

Annealing 60°C 30 sec

Extension 72°C 30 sec

Denaturation 95°C 1 min 1

Annealing/Extension 60°C 1 min 1

Melt curve 55°C 15 sec 0.5°C stepwise increase in
temperature

End 4°C hold

3.2.2.9 Sequencing

All the plasmids created, bought or taken from other groups were sequenced. All

sequencing reactions were performed by SeqglLab.

3.2.3 Working with proteins

3.2.3.1 Protein extraction

Depending on the experimental duration, 1.5x10% to 1x108 million cells were seeded
under sphere conditions into sterile petri dishes. The tumor spheres were collected
into 15 ml conical tubes in the hood or in the hypoxic chamber, transferred on ice
immediately and centrifuged at 2500 rpm for 1 minute at 4°C. After aspiration of
supernatant, cells were lysed in 75-200 yl Laemmli buffer. In case of adherent cells,
1.5x10° to 5x10° cells were seeded into the cell culture dishes. At the end of the
experiment, cells were placed on ice, washed with cold PBS and scraped off in 100-
200 pl Laemmli buffer (without bromphenol blue) with a cell scraper. Lysates were
transferred to 1.5 ml tubes and sonicated at 90% amplitude with 0.5 s pulse period
durations for 30 seconds (Sonopuls mini20, Bandelin) to shear genomic DNA. To
denature the proteins, lysates were incubated at 95°C for 5 minutes. The protein lysate
was stored at -80°C until further use.
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To isolate protein from tumors samples, cryopreserved tumors were weighted and 20
times the amount of Laemmli buffer to the tumor samples was added in 1.5 ml or 2 ml
tubes (e.g. for 50 mg of tumor tissue, 1000 pyL Laemmli buffer was used). The tumor
samples in Laemmli buffer were mechanically disrupted by using an ULTRA-TURRAX
disperser for 1 minute until the samples were homogenized. Subsequently, the
samples were sonicated at 90% amplitude with 0.5 s pulse period durations for 30
seconds to shear genomic DNA. After centrifugation at 17000 g for 5 minutes at RT,
the supernatants were collected in new 1.5 tubes. Lysates were incubated at 95°C for
5 minutes to denature the proteins. The protein lysates were stored at -80°C until

further use.
3.2.3.2 Nuclear and cytoplasmic protein extraction

To analyze nuclear translocation of p65, 4x10° cells were seeded under sphere
conditions in sterile petri dishes. Two days after seeding, the cells were treated with
TNFa (# 300-01A, Peprotech, final concentration 10ng/ml) for 30 minutes. Nuclear
and cytoplasmic protein extraction was done using the nuclear and cytoplasmic
extraction reagents (# 78833, Thermo Scientific) according to manufacturer’s

instruction.
3.2.3.3 Determination of protein concentration

Protein concentration was determined using the colorimetric DC Protein Assay
Reagents Package (BIO-RAD # 500-0116), which is based on the Lowry method
(Lowry etal., 1951). The alkaline copper tartrate solution (Reagent A), the diluted Folin
Reagent (Reagent B) and Reagent S were prepared according to the manufacturer’s
instructions. 25 pl of the mixture of reagent B and S were added to the sample (5 pl of
protein lysate) and combined with 200 ul reagent B in a 96 well plate. After 15 minutes
incubation at RT, the absorbance was measured at 750 nm in a microplate reader.
Pure Laemmli buffer without bromphenol blue was measured as a blank. The protein
concentration was determined using a calibration curve measured with increasing

concentrations of BSA (bovine serum albumin).
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3.2.3.4 SDS-PAGE (Sodium Dodecyl Sulfate Poly Acrylamide Gel

Electrophoresis)

The principle behind this method lies in separation of proteins according to their size.
Due to binding of SDS, proteins have identical charge per unit mass, which leads to a
size dependent fractionation. Depending on the size of the protein being analyzed 8%,
10% or 12% separating gels were prepared. 30 ug of protein from each sample was
taken and filled up to a final volume of 18 pl with Laemmli buffer in a new tube to load
the same amount of protein from each sample in equal volume. Sample buffer was
added to the protein lysate in a 1:3 ratio and heated at 95°C for 5 minutes to denature
proteins. The protein samples were loaded on the gel and the proteins were separated
using a standard discontinuous SDS-polyacrylamide denaturing gel electrophoresis in
Mini-Protean Tetra cells (BIO-RAD). The separated proteins were transferred
electrophoretically from the SDS gel to PVDF membranes (Hybond ECL, Amersham)
at 100 mA per gel for 2 hours using a Wet Blot System (BIO-RAD). Membranes were
incubated for 1 hour in 5% milk blocking buffer (PBS, 0.1% Tween-20, 5% milk
powder) to prevent unspecific antibody binding followed by primary antibody
incubation in the blocking buffer at 4°C overnight. Blots were rinsed 3 times (15
minutes each) in washing buffer (PBS, 0.1% Tween 20) and incubated for 1 hour at
RT with the appropriate secondary HRP-conjugated antibody diluted in blocking
buffer. After 3 times washing with washing buffer and once with PBS (each 15
minutes), chemiluminescent signal was produced using ECL Western Blotting
Detection System (Thermo Scientific), ECL plus System (Perkin Elmer) or ECL
Pico/Femto System (Thermo Scientific) depending on the abundance of the protein
and peroxidase activity of the secondary antibody. The membrane was placed into a
developing cassette and the luminescent signals detected with an X-ray film (# 34089,
Thermo Scientific) with exposure times of 1 second to 1 hour, depending on the signal

strength.
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3.2.3.5 Stripping the western blot membranes

To detect another protein in the same western blot membrane, the membrane was
incubated in stripping buffer for 1 hour at RT, washed with PBS for 5-10 minutes and
subsequently blocked with 5% blocking buffer again for 1 hour. Afterwards, the new
primary antibody was added and incubated overnight at 4°C. The procedure was

continued as described above.

3.2.4 Cell culture

3.2.4.1 Isolation of primary glioblastoma cells from human tumor samples

Isolation and primary glioblastoma cell culture from human tumor specimen were
carried out as previously described (Seidel et al., 2015). All steps of the tissue
dissociation were carried out under sterile conditions in a laminar flow cell culture hood

to reduce the risk of contamination of the primary culture.
3.2.4.2 Cell culture conditions and subculturing of primary glioblastoma cells

Primary glioblastoma cells were cultured in tumor sphere medium (TSM), in which the
cells grow as three-dimensional spheroids with stem cell characteristics. Depending
on the tumor sphere size, primary glioblastoma cells were split every 7 to 10 days.
The spheres were centrifuged for 3 minutes at 900 rpm, the supernatant discarded
and the pellet was incubated with 1 ml accutase solution at 37°C for 15 minutes. The
cell suspension was triturated gently with a 1000 pl pipette tip, 9 ml TSM was added
and filtered over a cell strainer (40-100 uym). The cell were filtered over a 100 uym cell
strainer to subculture the cells. If an experiment was set, 70 um cell strainer was used.
To guarantee the single cell platting for the sphere formation assay, 40 um cell strainer
was used. After another round of centrifugation the cells were resuspended in fresh
TSM medium including growth factors (EGF and FGF).

u87, G55, MDA-MB-231, A549, LN229 and HEK293T cells were cultured in DMEM
supplemented with 10% FBS on tissue culture dishes or flasks under adherent

conditions. Astrocytomas were cultured in astrocytoma medium, consisting of BME,

86



Materials and methods

0.6% glucose, 1mM sodium pyruvate, 10 mM HEPES, 10% horse serum and 0.1%
MITO serum extender under adherent conditions.

Adherent cells were washed with PBS and covered with 2 ml Trypsin-EDTA solution
and incubated at 37°C for 3 to 5 minutes until the cells detached. Hereafter 8 ml of
complete growth medium were added and the cells aspirated by gently pipetting up
and down. The cell suspension was centrifuged at 1000 rpm for 3 minutes, the
supernatant discarded and the cells resuspended in fresh complete growth medium

and subcultured in ratios between 1:5 and 1:20 depending on the cell line.
3.2.4.3 Cryopreservation of cells

The primary glioblastoma cells were used at low passage number, as there is a risk
of genetic alterations and phenotypic shifts over the course of prolonged culture with
multiple passaging. Therefore, a substantial number of aliquots were cryopreserved
at the earliest passage when they can be sufficiently expanded. Subsequently, fresh
frozen aliquots were periodically thawed and cultured for a limited number of passages
and new fresh aliquots at low passages were frozen.

To cryopreserve the primary glioblastoma cells, the cells were collected 2 days after
splitting by centrifugation at 900 rpm for 3 minutes. The pellet of 1 petri dish was
resuspended in 2 ml of Cryo-SFM cryopreservation medium and distributed to 2 cryo
vials, which were placed into a cell freezing container (# BCS-405, Biocision) used to
control the freezing rate of cells (1 °C/minute when placed at -80°C). The following
day the vials were transferred to liquid nitrogen for long-term storage.

70-90% confluent adherent cells were trypsinized, centrifuged at 1000 rpm for 3
minutes and resuspended in 2 ml DMEM, 20% FBS, 10% DMSO, transferred to 2 cryo
vials and frozen as described above.

Cryopreserved cells were rapidly thawed in a water bath at 37°C and mixed with 10
ml of the corresponding culture medium and seeded on the respective culture dishes.
The following day the medium was changed and, if necessary, replaced with medium

containing antibiotics for transgene expression or selection.
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3.2.4.4 Determining the cell number

Cell number was determined by using the CASY Cell Counter and Analyzer System
Model TT (# 05651697001, Roche Diagnostics GmbH), which works via electronic
pulse area analysis and measures cell number, size distribution and viability of a
sample. Cell counting was performed by diluting 100 pl cell suspension in 10ml CASY
ton solution (# 05651808001, Roche Diagnostics GmbH) and analyzed according to

the manufacturer’s instructions.
3.2.4.5 Transient transfection

In order to perform transfection, glioblastoma cell lines were seeded on tissue culture
6 well plates at a density of 3-4x10° cells per well. The following day, transfection was
performed by using Lipofectamine 2000 (# 116680, Thermo Scientific) for G55 cells
or Fugene HD (# E2311, Promega) for U87cells. 1:3 ratio of uyg DNA to pl of
Lipofectamine 2000 and 1:4 ratio of ug DNA to ul of Fugene HD were used to transfect
2 to 4 pg of DNA. Transfection mixes were prepared in Opti-MEM medium and
transfections were done in 10% FBS medium without antibiotics according to
manufacturer’s instruction. On the next day, the cells were reseeded to sphere
conditions.

In order to transfect primary cells, 4 hours after seeding 5x10° primary glioblastoma
cells into the 6 well plates, transfection was performed by using Fugene HD in TSM
without antibiotics according to manufacturer’s instruction.

To create stable control or ephrinB2-HA overexpressing cells, G55 cells were
transfected with pECFP-N1 or pECFP ephrinB2-HA plasmids by using Lipofectamine
2000 and selected with 500 pg/ml geneticin for 2 weeks. EphrinB2 KO and WT
astrocytomas were transfected with pECFP-N1 (Clontech) or pECFP ephrinB2-HA
plasmids by using Fugene HD. Transfected cells were selected in medium containing
500 pg/ml geneticin for 2 weeks.
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3.2.4.6 siRNA transfection

siRNAs against HIF-1a, HIF-2a, RelA or nontargeting control siRNA were obtained as
a pool of 4 siRNA oligos (ONTARGETplus SMART pool, Dharmacon). Reverse siRNA
transfection of U87 cells was performed with 20 pmol per HIF-1a, HIF-2a, RelA siRNA
by using Lipofectamine RNAIMAX (Thermo Scientific) in antibiotic free 10% FBS
medium according to the manufacturer's instructions. 24 hours after transfection, cells
were reseeded to sphere culture conditions. Subsequently, the cells were cultured
under normoxia or hypoxia (1% O2). Reverse siRNA transfection of GBMO015 cells was
performed with 10 pmol siHIF-1a and 50 pmol siHIF-2a, or 60 pmol nontargeting
siRNA, respectively, with Lipofectamine RNAIMAX (Thermo Scientific) in antibiotic
free TSM according to the manufacturer's instructions. 24 hours after transfection, the
cells were seeded in CO2-independent TSM at pH 7.4 and preincubated under
normoxic conditions for 48 h. Subsequently, the cells were cultured under hypoxia in
TSMatpH 7.4 or 6.7. To repress gene expression of the EMT repressors, LN229 cells
were transiently transfected twice at 24 hours intervals with Oligofectamine
(Invitrogen) and a 20 nM pool of three ON-TARGETplus siRNA oligonucleotides
(Thermo Scientific).

3.2.4.7 Production of lentiviruses in 293T cells using calcium phosphate
transfection method

All steps were carried out in a S2 (biosafety level 2) laboratory.

Expression Arrest pGIPZ lentiviral shRNA vectors, pGIPZ non silencing control and
pLenti6/V5 CMV were purchased from Thermo Scientific. GFP and dominant negative
mutant HSPO0B (# 22480, Addgene) was cloned into pLenti6/V5 CMV vector (#
V49610, Open Biosystems). Viral particles were produced through calcium phosphate
co-transfection with lentiviral vector and packaging vectors.

The day before the calcium phosphate transfection, HEK293T cells were seeded at a
density of 4x108 cells per T75 tissue culture flask in full medium (DMEM with 10%
FBS). Next day, 2 hours before the transfection, the medium was changed to 9 ml of
serum containing medium. For each transfection 25 pg specific lentiviral vector, 12.5
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pug of ENV plasmid (pCI-VSVG) and 12.5 pg of core packaging plasmid (psPAX2)
were added to 450 pl sterile filtered water in a 15 ml tube. Subsequently 50 yl 2.5 M
CaCl2> was added. DNA was precipitated by dropwise addition of 500 pl 2xHBS to the
DNA/CaCl2 mixture while vortexing the mixture vigorously. The mixture was vortexed
for an additional 1 minute and incubated at RT for 30 minutes. During the incubation
time, 10 pl of 10 mM chloroquine stock (final concentration 10 pM, # C6628-25q,
Sigma) was added to the flasks. 1 ml of precipitated DNA solution was slowly pipetted
into the flask and cells were placed at 37 °C for 16 hours. The transfection mixture
was aspirated and replaced by 10 ml of standard culture medium. The virus containing
supernatant was collected 48 and 72 hours post-transfection into a sterile tube, which
was stored at 4 °C. Addition of 10 ml fresh standard culture medium was carried out
by pipetting slowly at the rim of the flask as HEK293T cells easily detach.

Before virus concentration, the supernatant was filtered through a sterile, 0.45 pm low
protein binding filter (Millex-HV 0.45 ym PVDF filters, # SLHVR25LS, Millipore) to
remove any remaining cellular debris. Viral supernatant was pipetted into a sterile 38.5
ml ultracentrifuge tube (PA thick-walled-UC-tube, Herolab), which was already placed
in the centrifuge bucket on a balance under the tissue culture hood. Tubes were
balanced to 0.1 g exactly and ultracentrifugation was performed at 20000 g for 4 hours
at 4°C in a Sorvall Pro 80 Ultracentrifuge and an AH-629 swinging bucket rotor. The
supernatant was discarded by decanting and residual liquid was removed by placing
the tube upside down on a beforehand UV-lighted paper for few minutes. The desired
resuspension volume (100-250 pl) of DMEM (without serum) was pipetted at the
bottom of the tube. In order to dislodge the viral particles from the protein pellet the
suspension was incubated for 5-10 minutes at 4°C and then gently pipetted about 30
times up and down trying to avoid formation of air bubbles. The resuspended pellet
was transferred to a sterile 1.5 ml tube and centrifuged in a microfuge at full speed for
5 minutes at 4°C. The supernatant was placed in a new, sterile 1,5 ml tube, aliquoted
into multiple vials at 10-20 ul and stored at -80°C. Usually, the virus production per
lentiviral vector was performed by using at least two T75 flasks per lentivirus and the
concentrated virus was combined at the end to obtain higher viral titers.
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3.2.4.8 Titration of lentiviral particles

For determining the titer of viruses expressing fluorescent proteins, 2.5x10* G55 cells
were seeded in a 24 well plates and titration was performed for according to the
manufacturer’s instruction (Open Biosystems) by using 25 pl of virus including the
addition of 8 pg/ml polybrene (# H9268-5g, Sigma). Transduced cells were counted
as described in the manual Trans-Lentiviral ShRNA Bulk Packaging System (Open
Biosystems) and transducing units per ml determined using the following formula:
Number of GFP positive colonies counted x dilution factor x 40 = # TU/ml

The final titer (in TU/ml) was obtained by assessing the average titers from the
successive dilutions.

For determining the virus titer of vector that do not express fluorescent proteins, such
as the pLenti6/V5 CMV vectors, 5x10* G55 cells were seeded in 6 well plates. The
following day, 10 fold serial dilutions of the lentiviral supernatant (102 to 10-°) were
prepared in 24 well plate by using dilution medium (DMEM containing 10% FBS and
8 ug/ml polybrene). To prepare the first dilution (10-2), 11ul of the lentiviral supernatant
was carefully resuspended in 1089 pl of dilution medium. For preparing the following
dilution (10-3) 110 pl of the first dilution was transferred to the next well containing 990
I of dilution medium and the same procedure was repeated for the following dilutions.
The medium over the cells was replaced with the prepared serial dilutions of lentivirus.
The last well of the plate was used as a control without lentiviral transduction. The
medium was replaced 24 hours after transduction. The following day, the medium was
changed with fresh medium containing the selective antibiotic. The antibiotic-
containing medium was refreshed every 2 to 3 days until the cells in the control well
were dead. After washing the cells twice with PBS, the crystal violet staining (0.5%
Crystal violet (# 61135, Fluka) in 20% Methanol/H20, sterile-filtered through a 0.45
um PDVF filter; stored at +4°C) was performed for 5 to 10 minutes. Subsequently, the
cells were washed again twice with PBS. Colonies formed by transduced cells were
counted and transducing units per ml determined using the following formula:

(N1 xd1+n2xd2)/2=#TU/ml

where n is number colonies of a dilution, d is a dilution (e.g. 107).

The average from two serial dilutions were taken to obtain TU/ml.
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3.2.4.9 Lentiviral transduction of cells
All steps were carried out in a S2 (biosafety level 2) laboratory.
3.2.4.10 Stable transduction of primary glioblastoma cells

GBM46 primary glioblastoma cells were seeded at a density of 3x10° (6 well plate,
1000 pl total volume including medium, polybrene and virus) cells in cell 6 well plates
coated with laminin (Sigma-Aldrich # L2020 solution in PBS (10 pg/ml). The cells were
incubated at 37°C for 3-5 hours in TSM without antibiotics, containing 8 pug/ml
polybrene. Lentiviral particles were added according to the desired multiplicity of
infection (MOI) and the cells were incubated overnight. The following day the cells
were washed with PBS and new TSM was added. To select the transduced cells,
antibiotic selection was started with the corresponding antibiotic two days after
transduction. Three to five days after viral transduction, cells were detached from the
monolayer on laminin using accutase and seeded as sphere cultures in 6 well

suspension culture plates in TSM containing antibiotics.
3.2.4.11 Stable transduction of cell lines

Depending on the cell line and desired MOI, cells were seeded at a density of 5x103
cell per well in a 24 well cell culture plate (500 pl total volume including medium,
polybrene and virus stock) or 5x10° cell per well in a 6 well cell culture plate (1000 pl
total volume including medium, polybrene and virus stock) in medium containing 10%
FBS and 8 ug/ml polybrene. Lentiviral particles were added according to the desired
MOI and the cells were incubated overnight. The following day cells were washed with
PBS and new medium was added. Antibiotic selection was started with the
corresponding antibiotic. When the cells reached a confluence of around 80%,

transduced cells were split to larger cell culture dishes.
3.2.4.12 Creating knock-out cells

CRISPR mammalian expression vectors carrying Cas9 (pSpCas9(BB)-2A-Puro
(PX459) V2.0, #62988, Addgene) (Ran, et al., 2013) were used to create IDH1 knock-
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out cells. IDH1 guide sequences were designed by CRISPR Design Tool
(http://crispr.mit.edu/), purchased from Sigma and cloned into the pSpCas9n vector
as described before (Ran, et al., 2013). The cells were seeded to 6 well plates and
the choice of transfection protocol was performed depending on the cell line (see the
section Transient transfection above). To create the polyclonal knock-out pool, 24
hours after transfection puromycin selection was started. After 3 to 4 days of antibiotic
selection, cells were propagated and checked for knock-out efficiency. To select a
knock-out cell clone originated from a single cell, 0.2 cell per well was seeded in 96
well plate. Within 2 to 3 weeks single cell clones were transferred to lager dishes and
checked for absence of IDH1.

Control and ephrinB2 knock-out gliomas were created by C. Depner and H. zum Buttel

as described (Depner, et al., 2016).
3.24.13 Hypoxic incubation of cells

For hypoxic treatment cells were grown at 1% O2 and 5% CO2 at 37 °C for the
indicated time points in an O2 controlled Hypoxic Workstation (Coy Lab, Grass Lake,
USA). Usually 24 hours after seeding the experiment under normoxia, dishes or plates
were put into the hypoxic chamber for the indicated time points. For different pH
treatments, before cells were cultured under hypoxic conditions, medium was
changed in all corresponding samples of the experiment to be compared. For hypoxic
time courses, all cells were seeded at the same time under normoxia, placed under
hypoxia at different time points and harvested at the same time at the end of the
experiment, to control for the effect of cell density on oxygen concentration in the

medium.
3.24.14 Physiological (pH7.4) and acidic (pH6.7) pH treatment of the cells

The cells were seeded in 6 well plates or 10 cm dishes the day before the pH
treatments. The pH of the medium was preadjusted to pH7.4 or pH6.7 with 1 M HCI
or 1 M NaOH at 37°C. The next day, the medium of the cells was changed with fresh
pH7.4 or pH6.7 medium. The glioma cell lines were incubated in CO2-independent
medium (# 18045-054, Invitrogen), supplemented with 2 mmol/I L-glutamine and 10%
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FBS, whereas the primary glioma cells lines were incubated in CO2-independent
medium supplemented with 2% B-27 serum-free supplement without vitamin A, 2 mM
L-glutamine, 20 ng/ml bFGF, and 20 ng/ml EGF. The cells were grown for the

indicated time points under pH7.4 or pH6.7, combined with normoxia or hypoxia.
3.24.15 TGFB, TNFa, 2-OG and FBS treatments of cells

For TGFp treatment of glioblastoma cells, when the cells were seeded as spheres,
TGFB1 (transforming growth factor 1, # 100-21C, Peprotech, final concentration 5
ng/ml) was added to the dishes for the indicated times. In the case of MDA-MB-231
and A549 cells, cells were seeded in growth medium (with 10% FBS) under adherent
conditions. The next day, the medium was replaced with 1% FBS-containing medium.
24 hours after medium change, TGF (final concentration 5 ng/ml) was added to the
dishes for indicated times.

For TNFa treatments, one day after seeding the cells under sphere conditions, TNFa
(# 300-01A, Peprotech, final concentration 10 ng/ml) treatment was started.

24 hours after seeding the cells as spheres, treatment with cell permeable 2-OG (
dimethyl 2-oxoglutarate [Dm-2-OG], # 349631, Sigma, final concentration 6 mM or 8
mM) was started and cells were cultured for the indicated times.

For FBS treatments, the cells were seeded in pHEMA coated dishes in TSM. The
following day FBS was added to a final concentration of 10% and the cells were
cultured for the indicated times.

All the samples of an experiment were harvested at the same time.
3.2.4.16 Sphere formation assay

To determine secondary sphere formation (sphere forming units (SFU)), cells were
seeded at a density of 5x10° cells on either petri dishes (primary glioblastoma cells)
or pHEMA coated tissue culture dishes (glioblastoma cell lines) in TSM for 5 to 7 days.
The cells were then split and 6 wells per condition were seeded in 6 well suspension
plates (# 657185, Greiner) (primary glioblastoma cells, 1000 cells per well) or pHEMA

coated 6 well tissue culture plates (glioblastoma cell lines, 500 cells per well). Spheres
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consisting of 4 or more cells were counted and presented as the percentage of sphere
forming cells after 7 days.

3.2.4.17 Flow cytometry (FACS, Fluorescence activated cell sorting)

Flow cytometry was performed using BD FACSCanto Il (BD Biosciences). At the end
of the treatments, as indicated in figures legends, tumor spheres were dissociated into
single-cell suspension by accutase (PAA) treatment for 15 minutes at 37°C. After
washing the cells twice with FACS Staining buffer (PBS, pH 7.2, 0.5% BSA, 2 mmol/l
EDTA), single cells were blocked with 20 ul (60 pg) normal mouse IgG (# 10400C,
Invitrogen) for 20 minutes at 4°C and stained with 10 pl of CD133/2 (293C3)-PE-
conjugated antibody (130-090-853, Miltenyi Biotec) or 5 yL of CD15-V450—conjugated
antibody (642917, BD Biosciences) for 30 minutes at 4°C. The background staining
was determined using matching isotype control antibodies from the same
manufacturers at the same concentration as the specific antibodies. 5 minutes before
analysis, 1 mM SYTOX Blue (Invitrogen; CD133/2-PE) or SYTOX Red (CD15) nucleic
acid stain was added to exclude dead cells. Data were analyzed using FlowJo v7/9
(Tree Star) by gating for live cells based on SYTOX staining, then for singlets using
forward scatter area versus width and side scatter area versus width, followed by
gating for the CD133 or CD15 positive populations, respectively.

3.2.4.18 Modified Boyden Chamber assay

The migration ability of the cells was assessed by a modified Boyden chamber assay.
Following incubation under normoxia or hypoxia for 24 hours, 5x10* cells were seeded
in the upper compartment of transwell filter inserts (with 12 polycarbonate membrane
inserts with a pore size of 8.0 um; # 3422 Corning/Costar) in 100 yl matrigel medium mix
(final concentration 1 mg/ml matrigel, Becton Dickinson). Matrigel was polymerized at
37°C for 1 hour. The upper compartment of the transwell was filled with 1% FBS-
supplemented medium and the lower compartment with 10% FBS-supplemented
medium and incubated at normoxia or hypoxia. After 24 hours incubation at 37°C, the
cells were fixed for 10 minutes by replacing the medium of the lower compartment
with 70% ethanol and rehydrated by a washing step with PBS. Invaded cells were
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stained with DAPI (1:5000 in 1x PBS; 10 minutes incubation) and non-invaded cells
in the Matrigel on the upper surface were removed with a Q-tip. Images were acquired
with a 4x objective on a LEICA BM IL LED inverted fluorescence microscope with a
LEICA DFC420C camera and were quantified with ImagedJ (Schneider et al., 2012) by
thresholding stained cells (n=6).

3.24.19 Collagen invasion assay

Cell culture dishes and plates were coated with 10 mg/ml pHEMA, dried and rinsed
with PBS. Glioblastoma cells were seeded in pHEMA dishes in TSM and cultured
under normoxia or hypoxia for 48 hours. The collagen gel consisting of 50% PureCol
bovine collagen type | (Advanced Biomatrix, USA), 2% B-27 Serum-Free Supplement,
48% DMEM-F12 (serum free) and HEPES with 20 ng/ml bFGF and 20 ng/ml EGF was
prepared on ice. 12 well plates were covered with 300 pl of collagen gel and the gel
was polymerized for 1 h at 37°C. Tumor spheroids of equal size were then picked and
plated in a second layer of 360 ul collagen gel. For hypoxic experiments, the plates
were incubated in a hypoxic chamber. Images were taken with a 4x objective. The first
image was taken 2 hours after experiment was set, afterwards images were taken
every 24 hours. The invasion of the spheres was analyzed with the programs Adobe
Photoshop and ImagedJ (Schneider, et al., 2012). ImageJ was used for quantification
of the invasion index of the spheroids (n=8-12) using the formula:

Invasion Index = (Perimeter)?/Area.
3.2.4.20 Colony formation

To assess the tumor colony forming capacity of the cells, 500 cells per 6 well plate
were seeded in triplicate in the growth medium. To allow the single cells to form
colonies, the cells were cultured for 2 weeks and every 2 to 3 days the medium was
changed. After washing the cells twice with PBS, the crystal violet staining (0.5%
Crystal violet (# 61135, Fluke) in 20% Methanol/H20, sterile-filtered through a 0.45
um PDVF filter; stored at +4°C) was performed for 5 to 10 minutes. Subsequently, the

cells were washed again twice with PBS and colony numbers were counted.
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3.2.4.21 High-performance liquid chromatography-mass spectrometry
(HPLC-MS)

5x108 U87 cells, which were incubated under normoxia or hypoxia for 18 hours in 15
cm dishes, were collected in 50 ml tubes. After 2 times washing with cold PBS, 500 pl
of dry-ice-cold methanol/PBS (85/15 v/v) were added to the cells. The samples were
stored at -80°C until further analysis. 200 ul of sample was transferred to the new
tubes and centrifuged at 15000 g for 5 minutes at 4°C. The supernatant was collected
and evaporated to complete dryness in Eppendorf concentrator plus (30°C) for 1 hour.
The pellet was dissolved in DATAN (50 mg/ml DATAN in 4:1 Acetonitrile/Acetic acid)
and incubated at 75°C for 30 minutes by shaking at 12000 rpm and centrifuged for 1
minute at 4°C (15000 g). The samples were diluted 1:3 with dH>-O and analyzed with
HPLC-MS. 2-oxoglutarate (2-OG) and succinate levels were measured and
concentrations were determined from a standard curve. Concentrations were

normalized to cell amount.
3.2.4.22 Luciferase assay

This method measures the level of expression of firefly luciferase, which is driven by
specific promoters (or transcription factor binding sites) located upstream of it.
Changes in the promoter activity, e.g. as a result of different levels of transcription
factors bound to it, are reflected as changes in firefly luciferase signal. The pRL-SV40
vector, which constitutively expresses Renilla luciferase was used as internal
transfection control for normalization.

3.5x10° cells were transfected with 750 ng 9xHRE (HIF response element), 1400 ng
NF-kB-RE (NF-kB binding sites) or 950 ng SBE4-luc (SMAD binding element) together
with 100 ng pRL-SV40 by using Fugene (U87 cells) or Lipofectamine (G55 cells)
transfection in 6 well plates. In the case of HRE activity measurement, 1200 ng HIF-
1a, 200 ng HIF-2a or 1200 ng HIF-1a mPPN were additionally transfected as indicated
under the respective figures. To transfect the same amount of DNA in each well, DNA
amounts were adjusted with empty pcDNAS3.1 vector to a total of 2 ug per 6 well. The
following day, the cells were split in triplicate into 24 well plates under sphere
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conditions. TGF[ treatment was started the same day whereas hypoxia or TNFa
treatments were started the next day. At the end of the treatments, the cells were
collected and lysed in passive lysis buffer (Dual-Luciferase Reporter Assay System,
Promega) according to the manufacturer’s instruction. Renilla luciferase and firefly
luciferase activity were measured using the Dual-Luciferase Reporter Assay System
(Promega) in a microplate reader (TriStar LB 941, Berthold Technologies). Firefly
luciferase signal was normalized to Renilla luciferase activity and plotted as relative

luciferase units (RLU).

3.2.5 In vivo tumor models

Animal experiments were approved by the veterinary department of the regional
council in Darmstadt, Germany. Xenograft transplantations were performed in athymic
6-8 week-old female NMRI nu/nu mice (Janvier Labs) that were kept in a specific
pathogen-free animal facility according to the institutional guidelines.

3.2.5.1 Intracranial tumor xenograft models

For intracranial tumor xenograft transplantations mice were anesthetized (through
intraperitoneal injection of 150 pl/20 g bodyweight of 2 ml 10% ketamine, 0.5 ml 2%
xylazine in 9 ml 0.9% saline) and placed into a stereotactic apparatus (Kopf
Instruments). The scalp was disinfected with a swab dipped in 70% ethanol and
opened with a type 15 scalpel. A burr hole was made 2 mm left of the sagittal suture
and 0.5 mm anterior to the bregma using a micro drill 0.7 mm in diameter. The cells,
resuspended in cold CO2-independent medium, were slowly implanted at a depth of 3
mm from the dura using a 2.5 yl Hamilton syringe equipped with an unbeveled 33 G
needle. The mice were kept until the development of neurological symptoms and, in
case of comparative experiments, sacrificed at the same time point.

For intracranial tumor implantations, 5000 cells in 1yl for G55 control and shiDH1
cells, 200000 cells in 2 ul for GBM46 control and shIDH1 cells, 7500 cells in 1ul for
G55 control and shHSP9O0 cells, as well as for G55 control and HSP90 DN cells, were
transplanted.
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3.2.5.2 Subcutaneous xenograft models

For subcutaneous tumor injections, mice were anesthetized as described above.
75000 G55 cells suspended in 100 pl PBS/Matrigel per flanks were injected
subcutaneously into both flanks of 6-8 week-old female nude (NMRI nu/nu) mice. The
tumor size was measured at regular intervals using a caliper according to the formula
V=LxW?/2.

V: volume, L: length, W: width

Mice were maintained until tumors exceeded a volume of 2000 mm?3 or upon the onset

of morbidity symptoms (>20% weight loss, tumor ulceration).
3.2.5.3 Tumor xenograft model of breast cancer

To analyze the primary tumor growth and metastasis of MDA-MB-231 cells, orthotopic
injection into the mammary fat pad of mice was performed. 4x10° cells suspended in
100 pl PBS were injected orthotopically into one mammary fat pad of 6-8 week-old
female nude (NMRI nu/nu) mice. The tumor size was measured at regular intervals
using a caliper according to the formula

V=LxW?/2.

V: volume, L: length, W: width

Mice were maintained until one of the tumor exceeded a volume of 2000 mm3. The
mice were sacrificed at the same time point. Primary tumors were isolated and snap

frozen. Metastatic nodules in the lungs were counted by two independent people.
3.2.5.4 Perfusion and tissue preparation

Tumor-bearing mice were anesthetized through intraperitoneal injection of 250 ul/20
g bodyweight of 2 ml 10% ketamine, 1 ml 2% xylazine in 9 ml 0.9% saline. At the
endpoint of the shHSP90 and HSP90 DN experiments, the tumor-bearing mice were
injected with 60 pug/g Hypoxyprobe (Hypoxyprobe Plus Kit (FITC-Mab), Hypoxyprobe-
1, HP2-kit, NPI Inc.) intraperitoneally 90 minutes prior to cardiac perfusion with cold
0.9% NaCl solution. Afterwards, the chest was opened and vascular perfusion was

performed using 0.9% saline for 3 minutes and 4% PFA as a fixative for 6 minutes via
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a 13 gauge needle inserted through the left ventricle. The brains or the subcutaneous
tumors were dissected and additionally fixed in 4% PFA at 4°C overnight. The brains
were dehydrated in 30% sucrose for about 4 days at 4°C and subsequently rapidly
frozen on dry ice for sectioning with a sliding microtome (Leica # SM2010R). The
whole brain was sectioned by collecting 10 x 40 pym sections followed by 4 x 20 ym
sections in 14 sequential microcentrifuge tubes containing cryoprotection solution
(CPS). When the last section was stored in the tube, collection of sections was
performed in the first tube again, resulting in brain sections at 480 um intervals in
every microcentrifuge tube. The sections were stored at -20°C. Alternatively, after
overnight PFA fixation, the brains were transferred to PBS until paraffin embedding
with a Sakura Tissue-Tek VIP 5 Jr vacuum infiltration processor. 4-6 ym thin sections
of the paraffin embedded tissue were cut using a microtome and transferred on glass
slides.

3.2.5.5 Quantification of tumor volume and hematoxylin and eosin (HE) staining

The hematoxylin solution (# A4840-500, Applichem) consists of sodium iodide, an
oxidizing agent that converts hematoxylin to hematein and a mordant, usually
aluminium or iron compounds. The hematoxylin-metal complex acts as a basic dye,
staining nucleic acids in the nucleus and cytoplasm blue. Eosin (1% eosin in 70%
EtOH, add 1 drop of concentrated acetic acid per 100 ml), acting as an alcohol-based
acidic dye, stains more basic proteins within the cytoplasm pink.

For quantifying the tumor volume in G55 control, G55 shiIDH1, GBM46 control,
GBM46 shIDH1, control glioma and ephrinB2 knock-out glioma tumors, a series of
brain sections covering the whole brain at 480 ym intervals was mounted on
microscope slides and dried at room temperature overnight. The slides were fit into a
removable glass slide rack and rehydrated in PBS for 2 minutes, followed by a rinse
in ultrapure dH20. Hematoxylin staining was performed for 8-10 minutes in a staining
jar. The slides were rinsed in ultrapure dH20 and blued in tap water for 2 minutes,
followed by an additional rinse in ultrapure dH20O. Cytoplasmic eosin staining was
performed for 6 minutes followed by dehydration in an ascending alcohol series (2
times 70% and 96% ethanol for 30 s and 2 times for 5 minutes in 100% ethanol).
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Finally the slides were transferred to xylol 2 times for 5 minutes each and subsequently
mounted with Cytoseal™ XYL (Richard-Allen Scientific) and dried under the chemical
hood. The tumor volume was calculated by tracing the tumor area using the semi-
automated stereological system Stereo Investigator 4.34 (MicroBrightField Inc.) or
Imaged and calculating the volume with the following formula:

V [mm?] = total tumor area [mm?] x12 x 0.04 mm (thickness of sections)

For quantifying the tumor volume in G55 control, G55 shHSP90 andG55 HSP90 DN
tumors: The brains were cut at the injection site where the largest tumor diameter is
located and the tumors were imaged. Tumor volume was analyzed using the section
with the biggest tumor area by measuring the largest diameter (L) and largest
perpendicular diameter (W), using the formula V = L x W?/2.

3.2.5.6 Analysis of invasiveness of xenograft tumors

The invasiveness of the xenograft tumors was analyzed based on the fluorescent
signal from GFP expressing tumor cells or human nuclei staining. 6-10 pictures of the
tumor rim per tumor were taken with a fluorescence microscope (LEICA TCS SPE,
camera: LEICA DFC420C; 20x objective). The length of the tumor rim and the area of
the invading tumor cells was measured with ImagedJ. The tumor invasive index was

calculated as the area of tumor invading the parenchyma per tumor rim length.

3.2.6 Immunofluorescence and immunohistochemistry stainings

3.2.6.1 p65 staining of the cells

To assess the PHD controlled NF-kB activity (nuclear translocation of p65), p65
staining was performed. The cells were cultured and treated in 8 well chamber slides
(177402, Thermo). At the end of the experiment, the cells were washed twice with
PBS and fixed with 4% PFA for 15 minutes at RT, followed by 3 times washing in PBS.
After 60 minutes blocking in blocking buffer (1X PBS / 20% normal goat serum (#5425,
Cell Signalling) / 0.3% Triton X-100) at RT, the cells were incubated with primary
antibody (1:500 dilution of NF-kB p65 (D14E12) XP antibody (# 8242, Cell Signaling)
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in antibody dilution buffer (1X PBS / 1% BSA / 0.3% Triton X-100)) at 4°C overnight.
The cells were washed 3 times with PBS and subsequently incubated with
fluorochrome-conjugated secondary antibody (Alexa Flour 568 (1:1000 diluted in
Antibody Dilution Buffer)) for 2 hours at RT in dark, followed by 3 times washing in
PBS. Afterwards, DAPI staining was performed (1:5000 in 1X PBS; 10 minutes
incubation). The slides were mounted and three different staining areas per condition
were imaged at 40X magnification. Nuclear p65 signal of 10-12 cells per area was

analyzed with ImageJ and mean fluorescence intensity (MFI) was calculated.
3.2.6.2 Endomucin staining

To analyze angiogenesis (new vessel formation) in intracranial tumor xenograft
models, endomucin staining which stains the mouse endothelial cells, was performed.
The 40 pym brain sections were rehydrated in PBS, transferred in a 24-well plate (per
well maximum 3 sections) and permeabilized for 1 hour in PBS with 1% Triton X-100
at RT by shaking on an orbital shaker. Afterwards the sections were blocked (1x PBS
/ 5% normal goat serum / 0.5% Triton X-100) for 1 hour at RT. The sections were
incubated with primary endomucin antibody (1:500 in blocking buffer (20% normal
goat serum/1X PBS/0.01% Triton X-100)) for two nights at 4°C while shaking on an
orbital shaker. After the primary antibody incubation, the sections were washed 3
times for 15 minutes in PBS (with 0.01% Triton X-100) and once with PBS for 15
minutes. The secondary antibody (goat anti rat Alexa Fluor 568, 1:200 in blocking
buffer) was added and incubated at 4°C overnight. The following day, the sections
were washed 3 times for 15 minutes in PBS (with 0.01% Triton X-100) and once with
PBS for 15 minutes. After washing steps, the sections were stained with DAPI (1:5000
in 1X PBS) to visualize the nuclei and mounted with fluorescence mounting medium
(# S3023 Dako). The vessel area was analyzed as percentage of the tumor area with
Imaged. 8-10 pictures were analyzed per tumor and mean values were calculated for

each tumor.
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3.2.6.3 Human nuclei staining

To detect the human tumor cells, human nuclei staining was performed. 40 uym thick
tumor sections were rehydrated in PBS. Antigen retrieval was performed in a steamer
for 5 minutes in citrate buffer, pH 6.0 followed by 2 times washing in PBS (with 0.01%
Triton X-100) and 1 time washing in PBS for each 5 minutes. Subsequently, the
sections were blocked with 20% NGS/0.01% Triton X-100 in PBS for 3 hours and
treated for 2 nights at 4°C with human nuclei antibody (1:200 dilution, MAB4383,
Millipore / Chemicon). After washing 2 times in PBS (with 0.01% Triton X-100) and 1
time in PBS, the sections were incubated with secondary antibody (Alexa Fluor 568 ,
1:1000). The sections were washed with PBS and stained with DAPI (1:5000 in 1x
PBS; 10 minutes incubation). Invading cells were quantified with ImageJ.

3.2.6.4 HIF-1a staining and Hypoxyprobe detection

Stainings were performed as described in detail in (Bogurcu et al., 2018).

3.2.7 Analysis of patient survival data

Glioblastoma patient survival data, retrieved in 2013, and lung adenocarcinoma
patient survival data, retrieved in 2014, were downloaded from The Cancer Genome
Atlas (TCGA) database, cBioPortal (http://www.cbioportal.org/) (Cerami et al., 2012,
Gao et al., 2013). IDH1 expression levels (z-scores) of the same glioblastoma and

lung adenocarcinoma patients were also downloaded from cBioPortal. Patient survival

versus IDH1 expression was analyzed by using GraphPad Prism.
3.2.8 Statistical analysis
Results are presented as mean + standard error of mean (SEM). Statistical

comparisons between groups were done using the Student’s t-test or Mann-Whitney
U test. Statistical significance is indicated as * P<0.05; ** P<0.01; ***P<0.001 ***.
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4 Results

4.1 The impact of 2-OG regulation on glioblastoma and

other tumor entities

The first part of the thesis aims to examine the role of IDH1 in the regulation of 2-OG
and 2-OG dependent enzyme activity. We were particularly interested in the metabolic
changes and responses, which are mediated by reduced IDH1 levels in glioblastoma.
Tumor cell lines of different tumor entities, such as breast and lung cancer, were also
used for validation. Parts of the following work have been performed with the help of
the members of the Institute of Neuropathology within the group of Prof. Till Acker
(Giessen, Germany), the Institute of Vascular Signaling within the group of Prof. Ingrid
Fleming (Frankfurt, Germany), the University of Giessen Lung Center (Giessen,
Germany) and the Institute of Cell Biology and Neuroscience within the group of Prof.
Amparo Acker-Palmer (Frankfurt, Germany) who are mentioned in the respective
figure legends.

4.1.1 Regulation of 2-OG levels and PHD function by IDH1

4.1.1.1 The role of IDH1 in the regulation of the hypoxic response

IDH proteins are enzymes producing 2-OG, an intermediary metabolite of the TCA
cycle and an essential co-substrate of 2-OG dependent dioxygenases, by converting
isocitrate to 2-OG. Among 2-OG dependent dioxygenases, PHDs play an important
role in coordinating the cellular responses to hypoxia or low oxygen tension by direct
regulation of HIF-a levels (Nguyen and Duran, 2016). To examine the role of IDH
isoforms in the regulation of the hypoxic response, we first created IDH1 and/or IDH2
knock-down cell lines. Knock-down of IDH1 by three different shRNA constructs (Fig.
4.1A) or knock-down of IDH1 and/or IDH2 (Fig. 4.1A-C) showed increased levels of
HIF-1a and HIF-2a in different glioblastoma cell lines. Furthermore, well established
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HIF target genes, such as carbonic anhydrase 9 (CAIX), vascular endothelial growth
factor A (VEGFA) and glucose transporter 1 (GLUT1), were upregulated, confirming
the elevated hypoxic response upon IDH1 silencing (Fig. 4.1D, E).

A B
Control shIDH1
Nor H18 Ho6
ShIDH1 ShiDH1 ShiDH1 Nor H18 H96 Nor H18 H96
Co #1 #2 #3 Co #1 #2 #3 Co #1 #2 #3 -e | e
- . e - — .
e B = HIF-1a
-— 3
e e e e e | HIF2a —mSsoEes |
s W —— — — - o— - e "
- — - IDH1 - P IDH1
w Tubulin
[ —— IV TV [y}
L J

GBM46 L d
Cc G55
Control shIDH1 shIDH2 shIDH1+2
Nor H18 H96 Nor H18 H96 Nor H18 H96 Nor H18 H96

e - wm o - HIF-1a

— -— - - HIF-2a
— — — — —— IDH1
— ——— — IDH2

— ——— - D D — S D ——— Tubulin

ug7

D GBM46 E us7
CAIX VEGFA 6 GLUT1 CAIX VEGFA GLUT1
50+ T 121 40+
120 200
110 40 - 140
— 100 . 5 0 | 307
% 90 [ ] 30 § 3 87
< < 20
g 2 20 Z 2
x & 44
E 1 10 1 104
0 04 E 0 0 o
0,; 21% 1% 21% 1% 21% 1% 0,: 21% 1% 21% 1% 21% 1%

Il Control [li] shIDH1

Figure 4.1. IDH1 knock-down increases HIF-a levels and HIF target genes expression.

A, GBMA46 glioblastoma cells were transduced with lentiviruses carrying non-silencing control
(Co) and three different IDH1 shRNA knock-down constructs. Construct 3 was used for
subsequent experiments. Whole cell extracts were analyzed by immunoblotting with the
indicated antibodies. B, C, G55 and U87 glioblastoma cells were transduced with lentiviruses
carrying non-silencing control (Control), IDH1 shRNA and/or IDH2 shRNA. Cells were grown
under sphere conditions and incubated under normoxia (Nor, 21% O3) or hypoxia (1% O2) for
18 or 96 hours (H18/H96). Knock-down of IDH1 and/or IDH2 resulted in increased HIF-a levels
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under hypoxia. D, E, GBM46 and U87 control or IDH1 knock-down cells were analyzed for
the expression levels of HIF target genes by qPCR. Target gene expression levels increased
in IDH1 knock-down cells.

Furthermore, microarray analysis of U87 control and IDH1 knock-down cells under
normoxia and hypoxia for 72 hours revealed that IDH1 knock-down increases the
expression of a set of HIF-regulated genes (Koivunen, et al., 2012) under both
normoxia and hypoxia, confirming the HIF mediated transcriptional reprograming (Fig.
4.2A, B). The expression of a set of HIF target genes was significantly upregulated
upon IDH1 knock-down under normoxia or hypoxia (Fig. 4.2B). Consistently,
microarray analysis confirmed that HIF target genes analyzed previously (Fig. 4.1E),
CAIX, VEGFA and GLUT1, were expressed at higher levels in IDH1 silenced cells.
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Figure 4.2. Increased expression levels of HIF-regulated genes.

A, U87 control and IDH1 knock-down cells were analyzed in a mRNA microarray. mRNA
expression level of a set of HIF-regulated genes were sorted and represented in the heatmap.
B, Fold change in HIF-regulated gene expression upon IDH1 knock-down are shown, each
dot represents one gene listed in the heatmap (left). Microarray analysis was performed in
collaboration with Jochen Wilhelm and Susanna Ziegler from the University of Giessen Lung
Center (Giessen, Germany). **P<0.01, ***P<0.001

To further verify the HIF-a activating effect of IDH1 knock-down, we performed dual
luciferase transactivation reporter assays to detect HIF activity (firefly luciferase under
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the control of HIF response elements, HRE) in U87 and G55 cell lines. IDH1 silencing
was sufficient to increase the endogenous and exogenous HIF activity in cells
overexpressing a control vector, wild-type HIF-1a and/or HIF-2a under normoxia or
hypoxia (Fig. 4.3A, B), whereas cells overexpressing HIF-1a that cannot be
hydroxylated by PHDs (undegradable form of HIF-1a) did not show an increased HIF
activity (Fig. 4.3C). This result indicated that IDH1 silencing regulates HIF activity in a
PHD dependent manner. To further confirm this result, we analyzed the levels of
hydroxylated HIF-1a at the proline 564 site (OH-HIF-1a Pro®*) with a specific antibody
by western blotting; cells were treated with the proteasome inhibitor MG132 to prevent
the proteasomal degradation of hydroxylated HIF-a. Under hypoxia, PHDs are
inactivated due to reduced oxygen levels, leading to decreased HIF-a hydroxylation
and therefore increased HIF-a stability, whereas HIF-a is hydroxylated at high levels
under normoxia. Western blot analysis showed that HIF hydroxylation (OH-HIF-1a
Pro®4) is decreased in IDH1 knock-down cells under normoxia and hypoxia (Fig.
4.3D), indicating that reduced hydroxylation can explain HIF-a stabilization upon IDH1
silencing. In addition, IDH1 cells were cultured under hypoxia and subsequently
transferred to normoxia for different time points to allow reoxygenation of the cells.
HIF-1a degradation upon reoxygenation was also hampered following IDH1 depletion
(Fig. 4.3E), providing an additional evidence of reduced PHD activity in IDH1 knock-

down cells.

107



Results

ug7
A B Cc
100+
G55 G55
*
6 4 |_‘ 15 =,
S * ns
) ~
= o 4 1 (]
2 201 lE . II
= |
x 74
5 02 05
© 014 ,,
[V 2 0.0
O, 21% 1% 21% 1% 21% 1% 0,: 21% 1% 21% 1% 21% 1%
HIF-1a HIF-2a HIF-1a HIF-1a mPPN
Il Control [l shiDH1
D E
Control shIDH1 Control shIDH1
Hyp - - 4h 18h - - 4h 18h Hyp -+ + + + -+ 4 4 4
MG132 - + + + - + + + Nor + - 1 5 10 + - 1 5 10
" BN oHHFPo e WM™ HEasE
— —— — IDH1

L LA | | L e
D G GEp GED GED g aEe @ | Tubulin

e e — i e e wemm T UDUIIN

Figure 4.3. PHD dependent reduction of HIF-a hydroxylation leads to increased HIF
activity and delayed reoxygenation in IDH1 silenced cells.

A-C, U87 and G55 glioblastoma cells were transfected with a firefly luciferase reporter
construct under the control of HIF response elements (HRE). IDH1 knock-down cells showed
increased HIF activity under normoxic (21% O2) and hypoxic (1% O2) conditions, as well as in
cells overexpressing wild-type HIF-1a and HIF-2a (A, B), confirming the HIF-a stabilizing
effect of IDH1 knock-down. G55 cells which overexpress HIF-1a that cannot be hydroxylated
by PHDs (HIF-1a mPPN) did not show an increased HIF activity, showing that the HIF-a
stabilizing effect of IDH1 knock-down is PHD dependent (C). D, Control and IDH1 knock-down
G55 cells were grown under hypoxia (4 and 18 hours) in the presence of the proteasome
inhibitor MG132 to prevent the degradation of hydroxylated HIF-1a (OH-HIF-1a Pro564).
Knock-down of IDH1 resulted in decreased OH-HIF-1a Pro564 levels. E, G55 cells were
treated with hypoxia for 18 hours, then transferred to normoxic conditions for 1-10 min,
revealing delayed HIF-a degradation following reoxygenation of cells with IDH1 silencing.
Data are means +SEM. *P<0.05, **P<0.01, ***P<0.001.

2-OG dependent dioxygenases rely on the presence of their co-factors and co-
substrates. For instance, PHD activity depends on the availability of oxygen, Fe?* and
2-0G, which makes PHDs important nutrient sensors to regulate the cellular response
to microenvironmental changes. Here we showed that IDH1 knock-down increases
HIF-a levels through abrogating PHD activity (Fig. 4.1, Fig. 4.3). Therefore, to address
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the question whether regulation of IDH1, as one of the 2-OG producing enzymes,
might regulate 2-OG levels, or change the 2-OG-to-succinate ratio, we performed
mass spectrometry analysis. IDH1 silenced cells produced remarkably lower levels of
2-OG (Fig. 4.4A) and had a lower 2-OG-to-succinate ratio (Fig. 4.4B). Furthermore,
the HIF-a stabilizing effect of IDH1 was abolished by addition of Dm-2-OG, a cell
permeable derivative of 2-OG, in U87 (Fig. 4.4C) and G55 (Fig. 4.4D) cells.
Importantly, not only HIF-a levels, but also the expression of the HIF target genes
CAlIX and VEGFA was reduced by addition of Dm-2-OG (Fig. 4.4E, F). Taken together,
these data identify IDH1 as an important regulator of 2-OG levels to control PHD
activity and the hypoxic response.
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Figure 4.4. IDH1 knock-down results in reduced 2-OG levels and addition of Dm-2-OG
reverts the IDH1 knock-down effects.

A, B, U87 control and IDH1 knock-down cells were incubated under normoxia or hypoxia for
18 hours (H18). 2-oxoglutarate (2-OG) and succinate levels were quantified by UPLC-MS/MS
and concentrations were normalized to the cell amount (n=8). IDH1 silencing leads to the
reduction of 2-OG concentration and 2-OG-to-succinate ratio. Mass spectrometry analysis
was performed by Sven Zukunft in the group of Prof. Ingrid Fleming at the Institute of Vascular
Signaling (Frankfurt, Germany). C-F, Addition of Dm-2-OG reverts the effect of IDH1 silencing
on HIF-a levels and HIF target genes expression. U87 and G55 cells were treated with 6 mM
and 8 mM of a cell permeable form of Dm-2-OG (dimethyl 2-oxoglutarate) for 3 hours under
hypoxia (C, D). To detect the HIF target gene expression, U87 cells were treated with 6 mM
and 8 mM Dm-2-OG for 18 hours under hypoxia (E, F). Data are means + SEM. ***P<0.001.
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4.1.1.2 Enhanced activation of the NF-kB pathway upon IDH1 silencing

Besides the control of the hypoxic response, PHDs have been also reported to
regulate other signaling pathways. NF-kB, which is the master regulator of the
inflammatory response, is regulated by PHD hydroxylase activity. PHDs act as
negative regulators of NF-kB and inhibition of PHDs leads to the activation of NF-kB
signaling by allowing the nuclear translocation of NF-kB subunits to activate the target
genes (Cummins, et al., 2006, Wong, et al., 2013). Therefore, we examined the NF-
kB signaling in IDH1 knock-down cells. NF-kB activation was induced by TNFa and
the subsequent nuclear translocation of p65 (RelA), a subunit of NF-kB, was analyzed.
Western blotting and immunofluorescence analysis showed increased translocation
of p65 into the nucleus in IDH1 knock-down cells (Fig. 4.5A, B). In addition to p65
nuclear translocation, the expression of the known NF-kB target genes interleukin-8
(IL-8), tumor necrosis factor alpha (TNFa), C-C motif chemokine 2 (CCL-2) and
angiogenin (ANG) was increased upon IDH1 silencing, indicating higher NF-kB activity
(Fig. 4.5C, D). We also measured the NF-kB activity with a luciferase assay which
confirmed the enhanced activation of NF-kB. Interestingly, not only TNFa and hypoxia
induced NF-kB activity, but also basal NF-kB activity was increased upon IDH1
silencing (Fig. 4.5E). We therefore wanted to assess if inactivation of PHDs through
decreased 2-OG levels causes the enhanced NF-kB activation. To that end, we
restored 2-OG levels in shIDH1 cells by adding cell-permeable Dm-2-OG into the
medium. Increased expression of CCL-2 upon IDH1 knock-down was reduced to
control levels following addition of Dm-2-OG (Fig. 4.5F), indicating that IDH1 regulates
PHD activity by maintaining 2-OG levels and Dm-2-OG supplementation reverses the
effects of IDH1 knock-down.
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Figure 4.5. Regulation of the NF-kB pathway by IDH1 silencing.

A, B, U87 control and IDH1 knock-down cells were treated with TNFa and/or hypoxia. After
30 min of TNFa stimulation, nuclear and cytoplasmic proteins were analyzed to assess the
nuclear translocation of the NF-kB subunit p65 by western blot and immunofluorescence.
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Mean fluorescence intensity (MFI) was measured with ImagedJ. C, D, U87 and GBM46 cells
were analyzed for the expression levels of NF-kB target genes by qPCR. Expression levels of
the NF-kB target genes interleukin-8 (IL-8), tumor necrosis factor alpha (TNFa), C-C motif
chemokine 2 (CCL-2) and angiogenin (ANG) were increased in IDH1 knock-down cells. E,
U87 glioblastoma cells were transfected with a firefly luciferase reporter construct under the
control of NF-kB biding sites. IDH1 knock-down cells showed an increased NF-kB activity. F,
U87 cells were treated with 6 mM and 8 mM of a cell permeable form of Dm-2-OG under TNFa
treatment and/or hypoxia. Addition of Dm-2-OG to IDH1 knock-down cells reduced the
expression levels of CCL-2 to the control levels. Scale bar, 20 ym (B). Data are means + SEM.
*P<0.05, **P<0.01, ***P<0.001.

4.1.1.3 IDH1 overexpression decreases HIF-a levels and impairs expression of
HIF and NF-kB target genes

The regulation of HIF-a and NF-kB signaling in IDH1-depleted cells by diminished 2-
OG levels suggested that IDH1 levels play a crucial role in the regulation of PHD-
dependent signaling. To further test this, we examined the effect of increased IDH1
expression. Overexpression of IDH1 in different glioblastoma cells diminished HIF-1a
and HIF-2a levels (Fig. 4.6A-C), displaying the reversed effect of IDH1 silencing.
Moreover, overexpression of wildtype IDH1 in IDH1 knock-down cells also abolished
HIF-a stabilization relative to control cells, whereas overexpression of an
enzymatically inactive form of IDH1 (IDH1-3DN) (Losman et al., 2013) did not reduce
HIF-a levels (Fig. 4.6D), demonstrating that IDH1 enzymatic activity is required for
IDH1 mediated control of PHD activity.
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Figure 4.6. IDH1 overexpression reduces the hypoxic response.

A-C, U87, GBM46 and G55 cells were transfected with control and IDH1 wildtype
overexpressing constructs and cultured under normoxia (Nor, 21% O2) and hypoxia (Hyp, 1%
O2). IDH1 overexpression reduced HIF-a expression. D, U87 control and IDH1 knock-down
cells were transfected with control (Co), wildtype IDH1 (IDH1-wt) and enzymatically inactive
IDH1 (IDH1-3DN) constructs. Overexpression of wildtype IDH1 resulted in decreased HIF-a
levels while overexpression of enzymatically inactive IDH1 did not reduce HIF-a levels.

In line with these results, IDH1 overexpression downregulated the expression of HIF
target genes such as CAIX, VEGFA and GLUT1 (Fig. 4.7A). Moreover, we examined
the expression of NF-kB target genes upon IDH1 overexpression. Our previous results
showed that IDH1 silencing leads to increased NF-kB activity and upregulation of NF-
KB target gene expression (Fig. 4.5). Thus, IDH1 overexpression displayed the
contrary effect (Fig. 4.7B). Together, these results confirm that maintenance of IDH1
levels as well as its enzymatic activity is essential for controlling the hypoxic and

inflammatory response.
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Figure 4.7. IDH1 overexpression reduces expression of HIF-a and NF-kB target genes.
A, B, IDH1 wildtype overexpressing U87 cells under normoxia, hypoxia and/or TNFa
treatment express lower levels of HIF and NF-kB target genes.

4.1.2 IDH1 knock-down promotes a cancer stem cell (CSC)

phenotype

Cancer stem cells (CSCs), which are a specific subpopulation of tumor cells with self-
renewal and differentiation capacity, have been reported to be regulated by the tumor
microenvironment, including the hypoxic response/HIFs, and are involved in GBM
pathogenesis. We therefore wanted to investigate if metabolic changes mediated by
IDH1 are involved in the maintenance of the CSC phenotype in glioblastomas. To this
end, we assessed the expression level of the well-established glioblastoma stem cell
marker CD133 in IDH1 knock-down cells by western blotting. GBM46 primary
glioblastoma cells transduced with three different IDH1 knock-down constructs
displayed higher expression levels of CD133, especially after extended exposure to
hypoxia (Fig. 4.8A), as well as under normoxia (Fig. 4.8D). This result was confirmed
by fluorescence activated cell sorting (FACS) and gPCR (Fig. 4.8B, C), showing an
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increased CD133 positive cell population and mRNA level after IDH1 knock-down,
respectively. Moreover, IDH1 silenced cells also exhibited increased expression levels
of the glioblastoma stem cell signature genes aspartate beta-hydroxylase domain
containing 2 (ASPHD2) and mastermind like transcriptional coactivator 3 (MAML3)
(Seidel, et al., 2010) (Fig. 4.8C). Interestingly, the separation of CD133 positive and
negative cells revealed that CD133 positive cells express lower levels of IDH1 (Fig.
4 .8F), suggesting that the regulation of IDH1 in glioblastoma cells contributes to key
metabolic changes for the maintenance of the CSC phenotype. To functionally confirm
the involvement of IDH1 in the regulation of the CSC phenotype, we performed a
sphere formation assay, which assesses the self-renewal capacity of the cells. IDH1
knock-down cells exhibited an increased self-renewal capacity (Fig. 4.8G), validating
the enhanced CSC phenotype. Furthermore, overexpression of IDH1 reduced the
expression levels of CD133 (Fig. 4.8E).
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Figure 4.8. Enrichment of cancer stem cells by IDH1 silencing.

A, GBM46 glioblastoma cells were transduced with lentiviruses carrying non-silencing control
(Co) and three different IDH1 shRNA knock-down constructs (the same as those in Fig. 4.1A)
and cultured under normoxia (Nor, 21% O2) and hypoxia (1% O3) for 18 or 96 hours (H18 or
H96). The expression levels of the cancer stem cell (CSC) marker CD133 were increased in
all three different IDH1 knock-down cell lines. B-D, Increased CD133 expression levels
following IDH1 silencing were confirmed by FACS analysis (B), gPCR (C, left) and western
blotting (D). GBM46 IDH1 knock-down cells also resulted in increased expression levels of
the glioblastoma stem cell signature genes Aspartate Beta-Hydroxylase Domain Containing
2 (ASPHD2) and Mastermind Like Transcriptional Coactivator 3 (MAML3), as assessed by
gPCR (C, middle and right). E, IDH1 overexpression reduced CD133 expression. F, GBM46
cells were sorted for CD133 negative and positive cells with magnetic bead (MACS)
separation. CD133 positive cells exhibited lower IDH1 levels. The magnetic bead separation
of CD133 positive and negative cells, which were used for the immunoblot analysis, was
performed by Sarah Goos from the group of Prof. Till Acker at the Institute of Neuropathology
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(Giessen, Germany).G, Knock-down of IDH1 increases the self-renewal capacity of
glioblastoma cells as assessed in a sphere forming assay. Data are means + SEM. *P<0.05,
**P<0.01, ***P<0.001.

The enhanced CSC phenotype following IDH1 knock-down was further confirmed in
U87 cells by FACS and qPCR analysis. IDH1 knock-down U87 cells also showed an
increased CD133 positive cell population and expression of CSC marker genes (Fig.
4.9A, B). Addition of Dm-2-OG to the culture medium was able to revert the effect of
IDH1 silencing on CD133 levels (Fig. 4.9C, D). These experiments demonstrated that
IDH1 silencing elevates the CSC phenotype through dysregulated 2-OG levels and
Dm-2-OG addition abolishes this phenotype.
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Figure 4.9. Addition of Dm-2-OG abrogates the in
knock-down of IDH1.

creased self-renewal capacity upon

A, B, The increased CD133 expression levels following IDH1 knock-down were analyzed by
FACS and qPCR (B, left) under normoxia (21%) and hypoxia (1%) for 96 hours in U87 cells.
The expression levels of the glioblastoma CSC signature genes ASPHD2 and MAML3 were
also increased upon IDH1 silencing (B, middle and right). C, D, The effect of IDH1 silencing
on CD133 levels was reversed by addition of Dm-2-OG. U87 IDH1 knock-down cells were

treated with 6 mM and 8 mM Dm-2-OG for 24 hours u

nder hypoxia. The cells were analyzed

by FACS (C) and qPCR (D). Data are means + SEM. *P<0.05, **P<0.01, ***<0.001.
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4.1.3 Silencing of IDH1 mediates mesenchymal transition in GBM

4.1.3.1 Increased expression of Snail and CD44 levels by IDH1 silencing

Mesenchymal transformation of GBM resembles epithelial-to-mesenchymal transition
(EMT) in epithelial cancers in many aspects. EMT transcription factors such as Snail,
Slug, Twist, ZEB1 and ZEB2 have been reported to be important for mesenchymal
transformation of GBM and to regulate the stem cell phenotype and tumor
aggressiveness via promoting tumor growth, invasion and migration (Mikheeva, et al.,
2010, Cheng, et al., 2012b, Kahlert, et al., 2013, Myung, et al., 2014, Iser, et al., 2016,
Iwadate, 2016). EMT regulators are directly or indirectly regulated by TGF@ and
hypoxia in glioblastoma cells (Karsy, et al., 2016). Activation of the SMAD signaling
pathway is known to be one of the first steps in TGFf induced EMT, which has also
been reported to be activated by hypoxia. Importantly, a mesenchymal transition has
been linked to the establishment of a CSC phenotype by various lines of evidence
(Joseph, et al., 2015, Iser, et al., 2016, Moustakas and Heldin, 2016, Zhang, et al.,
2016). Therefore, we wanted to assess if the activation of the hypoxic response and
the induction of a CSC phenotype by IDH1 knock-down is also linked to a
mesenchymal transition in GBM cells .

First, we examined the activation of TGF signaling using a luciferase assay which
measures SMAD activity. We observed that IDH1 and/or IDH2 knock-down cells
displayed increased SMAD activity (Fig. 4.10A). Furthermore, these cells also showed
high expression levels of the EMT regulator Snail, which was analyzed by western
blotting and qPCR (Fig. 4.10B, C). The strongest effect on Snail levels was observed
after IDH1 silencing, showing the dominant role of IDH1, as compared to IDH2. Thus,
in further experiments, we focused on the function of IDH1 in the control of the
mesenchymal phenotype in GBM cells. Analysis of the expression levels of other EMT
regulators and markers demonstrated that the mesenchymal marker CD44 is highly
upregulated upon IDH1 silencing, whereas the proneural marker T-cadherin is
downregulated analogous to epithelial marker such as E-cadherin in epithelial cancer
(Fig. 4.10D).
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Figure 4.10. IDH1 silencing enhances TGFf signaling and increases Snail expression
levels.

A, U87 Control, IDH1 and/or IDH2 knock-down cells were transfected with a firefly luciferase
reporter construct under the control of SMAD binding sites. U87 IDH1 and/or IDH2 knock-
down cells showed increased SMAD activity. B, C, U87 control, IDH1 and/or IDH2 knock-
down cells were treated with 5 ng/ml TGFp for 72 hours. Western blotting (B) and gPCR (C)
analysis showed that the epithelial to mesenchymal transition (EMT) regulator Snail is highly
upregulated by IDH1 silencing. D, The expression levels of the EMT regulators Snail, Slug,
ZEB1, ZEB2, the mesenchymal marker CD44 and the proneural marker T-cadherin were
analyzed by western blotting under treatment with or without 5 ng/ml TGFB. E, F, The
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upregulation of Snail and CD44 following IDH1 silencing was reversed by addition of Dm-2-
OG. U87 control and IDH1 knock-down cells were treated with or without 5 ng/ml TGF@ for 72
hours, Dm-2-OG was added for the last 6 hours of TGF[3 treatment for western blotting (F)
and the last 18 hours of TGFf treatment for gPCR (E). G, TGFf treated U87 control and IDH1
knock-down cells were analyzed in a mRNA microarray. mRNA expression levels of a set of
EMT regulators (Karsy, et al., 2016) were sorted and represented in the heatmap (left). Fold
change in expression of EMT regulators upon IDH1 knock-down, relative to control, are shown
(right), each dot represents one gene listed in the heatmap (left). Microarray analysis was
performed by Jochen Wilhelm and Susanna Ziegler from the University of Giessen Lung
Center (Giessen, Germany). Data are means + SEM. *P<0.05, **P<0.01, ***P<0.001.

To further verify that upregulation of Snail and CD44 is mediated directly by IDH1
silencing, the cells were treated with Dm-2-OG for 6 hours to restore 2-OG levels in
the cells. Addition of Dm-2-OG reduced Snail and CD44 expression levels (Fig. 4.10E,
F). Moreover, microarray analysis confirmed that the expression of EMT regulators,
which were reported to be involved in GBM pathology (Karsy, et al., 2016), are
increased upon IDH1 knock-down following TGFf treatment (Fig. 4.10G, right). The
expression of this set of EMT regulators was significantly elevated upon IDH1
silencing (Fig. 4.10G, left).

4.1.3.2 IDH1 knock-down elevates the invasive capacity of GBM cells

A characteristic feature of EMT in epithelial cancers, as well as mesenchymal
transition in GBM, is enhanced local invasion. To confirm that IDH1 knock-down
functionally elevates the mesenchymal phenotype, the invasive capacity of the cells
was assessed by a modified Boyden chamber assay, which allows the cells to invade
through a porous membrane covered with a layer of Matrigel. We observed that IDH
silencing significantly increased the invasion of U87 and G55 cells (Fig. 4.11A, B),
confirming that that IDH1 knock-down induces a mesenchymal, pro-invasive
phenotype.
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Figure 4.11. IDH1 silencing enhances the invasion capacity of tumor cells.

A, B, Invasion of U87 (A) and G55 (B) cells cultured for 24 hours was assessed using a
modified Boyden chamber assay. Representative images show invading tumor cells at the
lower side of the membranes. Quantification of the area covered by invaded cells in the lower
compartment, normalized to the area covered by non-invaded cells in the upper compartment
(n=6). Data are means £ SEM. Scale bars, 200 ym. *** P<0.001.

4.1.3.3 HIF-1/2a silencing reverts the Snail upregulation elicited by IDH1 knock-
down

To investigate the mechanisms of the enhanced mesenchymal phenotype in IDH1
knock-down cells, we examined the impact of signaling pathways such as HIF-a and
NF-kB, which we showed to be activated in IDH1 silenced cells (Fig. 4.1-5) as a result
of reduced 2-OG levels. Interestingly, Snail expression was induced upon IDH1 knock-
down (Fig. 4.10C), similarly to the expression of HIF-a (Fig. 4.1D, E) and NF-kB (Fig.
4.5C, D) target genes. Moreover, restoration of 2-OG levels resulted in decreased
Snail expression (Fig. 4.10E, F) again similar to the expression levels of HIF and NF-
KB target genes (Fig. 4.4E, F and 4.5 F). These data suggested that the signaling
pathways regulated by IDH1 knock-down may be involved in the maintenance of the
mesenchymal phenotype through controlling Snail expression. Therefore, we silenced
HIF-1a and/or HIF-2a in TGFB treated U87 cells. HIF-1/2a double knock-down
reduced the expression levels of Snail, whereas silencing either HIF-1a or HIF-2a
alone did not result in a significant effect, indicating that both isoform of HIF-a take
part in the control of mesenchymal transition in IDH1-depleted cells. In addition,
knock-down of RelA (p65 subunit of NF-kB) and HIF-1/2a under hypoxic (Fig. 4.12B)
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or TGFB (Fig. 4.12C) treatment revealed that HIF-1/2a play a dominant role in the
control of the mesenchymal phenotype as seen by a significant reduction of Snail
levels. HIF-1a, HIF-2a and RelA knock-down efficiency was determined by qPCR (Fig.
4.12D), which also showed that Snail mMRNA upregulation upon IDH1 silencing was
partially reverted by HIF-1/2a silencing (Fig. 4.12D).

Hypoxia
A Control shIDH1 B Co shiDH1 _
-+ - + -+ _ +  siHIF-1a - -+ _ + siHIF-1/2a
- - 4+ 4+ - - 4+ + SsHF2a - - - + + sReA
l -— — — — |Snai| l«' r ,1 L Snail
. |— - S | HFa
| — — ——— —— — |TubuI|n
. . [ e == |HFX
> Pww——
—_— IDH1
c TGFB |-----| Tubulin
Co  shiDH1 . .
- - + - + siHIF-1/2a us7
- - - - - siRelA
-— e e - | Snail
_ IDH1
— c— w— o | Tubulin
us7
D SNAIL HIF-1a HIF-2a RelA
27 1.2 1.2 1.2
— T
- 08 08 08
[
3
<
% 04
c 04 04 . ﬂ
0o Ol ,, ml 1, |—| |
- - o+ - % - - + - + - - 4+ - + - - 4+ - + siHIF-1/2a
. - - -+ o+ - - -+ o+ - - - + + siRelA
Co ShIDHA1 Co shIDH1 Co shIDH1 Co shIDH1

Figure 4.12. HIF-1/2a silencing but not RelA silencing reduces Snail expression levels
upon IDH1 silencing.

A, Control, HIF-1a and/or HIF-2a siRNA transfected U87 control and IDH1 knock-down cells
were treated with 5 ng/ml TGFB. Only HIF-1/2a double knock-down leads to reduced Snail
expression levels. B-D, U87 IDH1 knock-down cells were transfected with control, HIF-1/2a
(HIF-1a and HIF-2a) and/or RelA (p65) siRNA. One day after the transfection, the cells were
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treated with hypoxia (1% O», 48 hours) (B) or TGFB (5 ng/ml, 48 hours) (C, D). HIF-1/2a
silencing but not RelA silencing reduced Snail expression levels, as determined by
immunoblotting (B, C) and gPCR (D). siRNA knock-down efficiencies were confirmed by
gPCR (D).

4.1.4 Microenvironmental signals downregulate IDH1

IDH1 is an enzyme which converts isocitrate to 2-OG in the TCA cycle. Since our
previous results proposed a key function of IDH1 in the production and maintenance
of 2-OG to supply an essential co-substrate for 2-OG dependent enzymes such as
PHDs, we investigated whether IDH1 is regulated in response to microenvironmental
stimuli. Therefore, we treated the cells with FBS, which contains a variety of growth
factors, or TGF[, an EMT inducer. GMB cells cultured under stem cell conditions in a
serum free medium showed a marked reduction in IDH1 expression upon FBS and
TGFB treatment (Fig. 4.13A, B). Interestingly, TGF3 treated CD133 positive GBM46
primary glioblastoma cells expressed much lower levels of IDH1 (Fig. 4.13C),
confirming our previous results (Fig. 4.8E) that CSCs express lower levels of IDH1,
showing that TGFf treatment potentiates this effect. Changes in microenvironmental
conditions regulate mainly IDH1 expression levels among the IDH isoforms, as shown
by gPCR analysis (Fig. 4.13D). IDH1 is 40% to 50% downregulated following TGFf3
and FBS treatment, whereas the mitochondrial forms IDH2 and IDH3 showed slight
changes at expression levels, indicating a specific regulatory mechanism on IDH1 by

the microenvironment.
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Figure 4.13. Regulation of IDH1 by microenvironmental stimuli.

A, Glioblastoma cells were cultured in tumor stem cell medium, upon addition of 10% FBS
IDH1 levels were downregulated. B, Glioblastoma cells, treated with TGFB for 72 hours,
showed reduced IDH1 expression levels. C, GBM46 primary glioblastoma cells were treated
with TGF and subsequently sorted for CD133 negative and positive cells with magnetic bead
separation. TGF( treatment downregulates IDH1 levels in CD133 positive cells. The magnetic
bead separation of CD133 positive and negative cells, which were used for the immunoblot
analysis, was performed by Sarah Goos from the group of Prof. Till Acker at the Institute of
Neuropathology (Giessen, Germany). D, IDH1 mRNA levels were markedly regulated by
TGFB and FBS treatment in U87 cells, as determined by qPCR.

4.1.5 IDH1 level is associated with tumor growth and invasion

To investigate the impact of IDH1 levels in GBM patient prognosis, we analyzed the
data in the publicly available “The Cancer Genome Atlas” (TCGA) cohort. Analysis of
IDH1 expression level and survival of individual patients revealed a correlation
between low IDH1 expression and decreased overall patient survival (Fig. 4.14A),

supporting the utility of IDH1 as a prognostic marker and in line with the pro-
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tumorigenic phenotype induced by IDH1 deficiency. Furthermore, intracranial injection
of control and IDH1 knock-down cells into immunocompromised mice showed that
IDH1 silenced cells formed significantly larger tumors (Fig. 4.14B), confirming the
important function of IDH1 in tumor growth. Consistent with our previous data on
invasion in cell culture (Fig. 4.11), G55 and GBM46 IDH1 knock-down tumors
exhibited increased local tumor invasion in vivo (Fig. 4.14C, D), one of the
characteristics of glioblastomas. Moreover, IDH1 knock-down tumors showed
increased tumor vascularization (Fig. 4.14E).To support our in vitro data on the
enhanced HIF and NF-kB pathway and CSC phenotype, we isolated RNA from tumors
and analyzed gene expression. Elevated levels of VEGFA, a HIF target gene and
inducer of angiogenesis, CD133, a CSC marker, and CCL-2, an NF-kB target gene,

were observed in tumors with silenced IDH1 in vivo (Fig. 4.14F).
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Figure 4.14. Reduced IDH1 levels correlate with poor GBM patient prognosis, increased
tumor growth and invasion.

A, Analysis of glioblastoma (GBM) patient survival data and IDH1 expression levels from the
TCGA cohort. Low expression levels of IDH1 correlated with a decreased median overall
patient survival (n=427). B, G55 control and shIDH1 cells were orthotopically transplanted into
the brain of immunocompromised mice. IDH1 knockdown cells formed significantly larger
tumors (n=10-9 (Co-shIDH1)). C, D, G55 (n=9-9 (Co-shIDH1)) and GBM46 (n=9-10 (Co-
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shiIDH1)) IDH1 knockdown tumors showed increased invasiveness. The orthotopic
transplantation of tumor cells into the brain of immunocompromised mice was performed by
Sascha Seidel from the group of Prof. Till Acker at the Institute of Neuropathology (Giessen,
Germany). GFP signal of tumor cells was used to assess the area of invading tumor cells
evading the tumor core. E, Endothelial cell staining in GBM46 control and IDH1 knock-down
tumors showed increased tumor vascularization in IDH1 silenced tumors (n=9-10 (Co-
shIDH1)). F, qPCR analysis showed that GBM46 IDH1 knockdown tumors have enhanced
expression of VEGFA, CD133 and CCL-2. Data are means + SEM. Scale bars, 1mm (B), 100
um (C, D, E). *P<0.05, **P<0.01, ***P<0.001.

4.1.6 IDH1 silencing enhances HIF-a and Snail expression levels in

breast and lung carcinoma cell lines

To examine if the effect of IDH1 on the hypoxic response and the mesenchymal
phenotype, which we observed in GBM, can be validated in other cancer types, we
silenced IDH1 in MDA-MB-231 breast cancer cells. Similarly to glioblastoma cell lines,
IDH1 silencing resulted in increased HIF-1a and HIF-2a levels under hypoxia (Fig.
4.15A) and a marked increase in the expression level of Snail (Fig. 4.15B). In addition,
upon TGFf treatment, IDH1 was downregulated (Fig. 4.15C), indicating that IDH1 is
modulated by external signals in breast carcinoma cell lines analogous to
glioblastomas. Consistently, IDH1 knock-out MDA-MB-231 and A549 cells, generated
by CRISPR/Cas9-mediated gene targeting, also showed increased levels of Snalil
(Fig. 4.15D, E). Moreover, hypoxia treated A549 cells showed an enhanced hypoxic
response (Fig. 4.15E). Next, we performed a colony forming assay, revealing that
IDH1 knock-down cells formed a significantly higher number of colonies (Fig. 4.15F).
Moreover, orthotopic transplantation of MDA-MB-231 control and IDH1 knock-down
cells into the mammary fat pad of immunocompromised mice showed that IDH1
knock-down cells possess a significantly elevated metastatic capacity, whereas
primary tumor growth was not altered (Fig. 4.15H). To further test whether IDH1 is
associated with patient prognosis, we analyzed the correlation between IDH1
expression levels and overall survival of lung adenocarcinoma patients. The data
obtained from TCGA cohort (n=223) revealed that low IDH1 expression is associated
with a worse prognosis (Fig. 4.15G), supporting the importance of IDH1 in cancer
pathology.

129



Results

A B C
Control shiDH1 Control shIDH1 24h 72h
Nor H18 H96 Nor H18 H96 - + - + TGFB - + - + TGFB
i i . ww | Snail — . _— | |IDH1
= M e
— a— IDH1 S, | Tubulin
L J
— ..u.- HIF-1a e | Tubulin MDA-MB-231
L J
‘ e - - IHIF-ZG MDA-MB-231
‘ — — - ‘ IDH1
D Co KO CoKO IDH1KO IDH1KO
Tubulin #1 #2 #1 #2
X 1 -+ -+ -+ - + TGFB
MDA-MB-231 — - w— ame eowe es» e»  Snail
B S e e T 0 ™= 70 DH1
E - e e - o= am» @ | Tubulin
Co KO CoKO IDH1KO IDH1KO X |
#1 #2 #1 #2 MDA-MB-231
-+ -+ - + - + Hypoxia
- ___ ™ HF-1a
- — a— s |HIF-2a
T — — — - - W == | Snajl
— e — IDH1
-— e eur e e eup es-am» | Tubulin
L J
A549
G H
100 - 15 - *k
—+— IDH1 low 12007 _o- Control
- 80 —— |IDH1 high "a’g 10004 -# shIDH1 g
2 = =10 A
8004
S 601 p=0.0165 2 3
4 S 6004 c
= i o L
g > 100- 5 54
Q g o
20 1 ,E 2004 g
0 T T 1 0- T T T T T T T 0 -
0 50 100 150 8 1 14 17 21 24 29 34

Overall survival (months)

Days

N
X o‘z‘
S

Figure 4.15. IDH1 silencing in breast and lung cancer cell lines
A, MDA-MB-231 breast cancer cells were transduced with lentiviruses carrying non-silencing
control (Control) and IDH1 shRNA. Cells were grown under adherent conditions and incubated
under normoxia (Nor, 21% O2) or hypoxia (1% O2) for 18 or 96 hours (H18/H96). Knock-down
of IDH1 leads to increased HIF-a levels. B, MDA-MB-231 control and IDH1 knock-down cells
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were treated with 5 ng/ml TGF for 72 hours. Western blotting analysis showed that the EMT
regulator Snail is upregulated upon IDH1 silencing. C, IDH1 expression levels are markedly
downregulated upon TGFf treatment. Cells were treated with 5 ng/ml TGF( for 24 or 72 hours.
D, E, Increased Snail expression levels and/or enhanced HIF response were verified in IDH1
knock-out (IDH1-KO) MDA-MB-231 and A549 cell clones. MDA-MB-231 and A549 control and
IDH1-KO cells were created with the CRISPR-Cas9 system and single cell clones were
analyzed. F, MDA-MB-231 control and IDH1 knock-down cells were seeded for a colony
formation assay (500 cells per well, n=3). IDH1 knock-down cells formed significantly more
colonies compared to control cells. G, Analysis of lung adenocarcinoma survival data for
patients from TCGA cohort stratified according to IDH1 expression revealed a correlation
between low levels of IDH1 and decreased overall patient survival (n=223). H, MDA-MB-231
control and shIDH1 cells were orthotopically transplanted into the mammary fat pad of
immunocompromised mice. IDH1 knockdown cells displayed a significantly higher metastatic
capacity, whereas primary tumor growth was not elevated. Orthotopic transplantation of the
breast cancer cells into immunocompromised mice and counting of lung metastases were
performed with the help of Omelyan Trompak from the group of Prof. Till Acker at the Institute
of Neuropathology (Giessen, Germany) and Angel M. Cuesta from the group of Prof. Amparo
Acker-Palmer at the Institute of Cell Biology and Neuroscience (Frankfurt, Germany). Data
are means + SEM. *P<0.05, **P<0.01.

4.2 An acidosis induced HSP90-HIF-a axis and the cancer

stem cell phenotype

The second part of the thesis focuses on the pH mediated regulation of the hypoxic
response and CSC maintenance. Within the project Alina Filatova focused on the
mechanism of the cellular response to acidosis and the regulation of the HSP90-HIF
axis) in vitro (Filatova et al., 2016), whereas Sascha Seidel and | focused on the
acidosis-induced HIF dependent regulation of the CSC phenotype and the effect of
HSP90 regulation on tumor hypoxia and growth. The presented data was conjointly
generated with Sascha Seidel. Analysis of VEGF, CD133 and Nestin expression in
glioblastoma patients with low and high HSP90 levels presented in figure 19A was
performed by Boyan Garvalov and immunohistochemical analysis of serial sections of

patient samples presented in figure 19B was performed by Till Acker.
4.2.1 Acidosis-induced HIF activation and CSC maintenance

Altered metabolism following hypoxia, including a shift from oxidative phosphorylation

to glycolysis for energy production is one of the hallmarks of cancer. Due to the
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limitation of oxygen supply and accumulation of lactate originating from glycolysis,
rapidly growing solid tumors such as glioblastomas become hypoxic and acidic.
Decreased extracellular pH accompanied by hypoxia is one of the characteristics of
glioblastomas and has been reported to be associated with increased resistance to
chemotherapy, elevated VEGF expression levels and a pronounced CSC phenotype
(DeBerardinis, et al., 2008, Phan, et al., 2014). Therefore, we examined the
contribution of acidosis to tumor hypoxia and CSC maintenance. Cells cultured at
physiological pH (pH7.4) or acidic pH (pH6.7) under normoxia or hypoxia showed
higher HIF-1a and HIF-2a expression levels in G55 cells (Fig. 4.16A) which was also
validated in primary glioblastoma cell lines (data not shown). It has been reported that
hypoxia promotes the CSC phenotype through HIFs. To elucidate whether acidosis
would also influence the CSC phenotype, GBM15 primary glioblastoma cells were
cultured at pH7.4 and pH6.7. Analysis of CSC marker CD133 or CD15 expressing
cells by FACS revealed that acidosis increased the fraction of CSCs (Fig. 4.16E, F).
Similarly, low pH also increased the expression of side population signature genes,
which are associated with a CSC phenotype (Fig. 4.16H). Double knock-down of HIF-
1a and HIF-2a (HIF-1/2a; Fig. 4.16B, C) in GBM15 cells demonstrated that the
acidosis induced expression of the HIF target gene CAIX, was abrogated and
depended on HIF-1/2a (Fig. 4.16D). Moreover, not only HIF target gene expression
levels, but also the increased CD133 positive cell fraction and self-renewal capacity
were abrogated by HIF-1/2a knock-down (Fig. 4.16E, G), confirming that promotion of
the CSC phenotype by acidosis is HIF dependent.
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Figure 4.16. Acidosis induces HIF-a function and CSC self-renewal.

A, Acidic pH increases HIF-1/2a levels. Immunoblot of G55 cells grown under normoxia or
hypoxia (1% O3) in CO2-independent medium with acidic pH (6.7) or physiological pH (7.4).
B-H, Acidosis induces the CSC phenotype and expression levels of CSC marker genes
through HIF-1/2a. GBMO015 cells were co-transfected with control or HIF-1/2a siRNA, and
after 18 hours of incubation at 1% O the level of HIF-1/2a protein (B) and mRNA (C) was
determined by immunoblot and qPCR, respectively. Quantification of the expression of the
HIF target gene CAIX (D), the fraction of CD133" and CD15" cells (n=3) (E, F), the sphere
forming capacity (n=6) (G) and expression of a panel of CSC marker genes (H). GBM015
primary glioblastoma cells were transfected with non-silencing control or HIF-1/2a siRNA and
incubated at pH7.4 or 6.7 at 1% O, for 96 hours. Data are means + SEM, **P<0.01,
***P<0.001.
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4.2.1.1 Acidosis controls HIF function through HSP90 in vitro and in vivo

PHD/VHL dependent posttranslational regulation of HIF-a is one of the best-studied
molecular mechanisms. Besides the PHD/VHL dependent mechanism, HSP90
competes with RACK1 for HIF-a-binding and the HSP90-HIF-a interaction prevents
HIF-a degradation (Katschinski, et al., 2004, Liu, et al., 2007). HSP90 functions as
homodimer, each HSP90 monomer consist of three domains: N-terminal domain,
which is connected to middle domain by a linker and the c-terminal domain (Csermely
et al., 1998, Ali et al., 2006). There are two different cytoplasmic isoforms of HSP90:
the inducible HSP90a and the constitutive HSP90B (Krone and Sass, 1994). Previous
work in the lab showed that the acidosis mediated increase in HIF function is PHD/VHL
independent but instead controlled by HSP9O0 in vitro. In addition, low pH upregulates
HSP90, suggesting that acidosis induced HSP90 regulates HIF-a levels and CSC
maintenance (Filatova, et al., 2016). To further confirm the role of HSP90 in acidosis
induced HIF-a levels, we created HSP90a and HSP90B double knock-down cells.
Knock-down of HSP90a/B suppressed the acidosis mediated increase in HIF-a levels
(Fig. 4.17A). Importantly, knock-down of HSP90a/B reduced tumor growth in an
intracranial tumor model (Fig. 4.17B). Even if both,the control and HSP90a/ knock-
down tumors exhibited perinecrotic hypoxic areas as shown by Hypoxyprobe staining,
HIF-1a levels were reduced in HSP90a/3 knock-down tumors (Fig. 4.17C). Moreover,
analysis of RNA and protein samples from tumors revealed that HIF-1/2a levels, as
well as the expression of the HIF target gene VEGF were remarkably reduced upon
HSP90 knock-down (Fig. 4.17D-F). Furthermore, HSP90 silencing increased the
survival of mice and reduced the tumor initiating capacity of the cells (Fig. 4.17G, H),
indicating that HSP90 plays a key role under acidic conditions in regulating HIF
function and the CSC phenotype.
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Figure 4.17. HSP90 inactivation suppresses the acidosis-induced HIF-a increase and
tumor growth.

A, Silencing of HSP90a/B reduces HIF-a levels in vitro. Immunoblot of G55 cells stably
transduced with non-silencing control (Co) or HSP90a/B shRNAs (shHSP90) and cultured at
pH7.4 or 6.7 under hypoxia for 18 hours. B-H, Loss of HSP90 reduces tumor growth and
intratumoral HIF-a levels and activity. Control and HSP90a/B shRNA G55 tumor cells were
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orthotopically transplanted in immunocompromised mice. B, Tumor xenografts were HE-
stained and the tumor volume was quantified (n=9). C, Immunohistochemical staining for
Hypoxyprobe and HIF-1a in control and shHSP90 tumors. N, necrotic areas. D, The
expression of the HIF target gene VEGFA was analyzed by gPCR in tumor samples (n=9) E,
Immunoblot for HIF-1/2a and HSP90 in extracts from representative control and shHSP90
tumors. F, Quantification of HIF-1a and HIF-2a levels in control and shHSP90 tumors by
immunoblot (n=9). G, H, HSP90 silencing promotes survival and reduces tumor initiating
capacity. G55 cells stably transduced with non-silencing control or HSP90a/3 shRNA were
transplanted subcutaneously in immunocompromised mice. Loss of HSP90 increased
morbidity-free survival of mice (n=10) (G) and reduced the tumor initiating capacity (H). Data
are means + SEM. *P<0.05; ***P<0.001. Scale bars, 1 mm (B), 100 um (C), 20 um (C, higher
magnifications).

Similarly, inhibition of HSP90 by overexpressing the dominant negative form of HSP90
(Miao et al., 2008) also reduced the HIF-1a and HIF-2a levels (Fig. 4.18A).
Importantly, HSP90 inhibition through the dominant negative form also resulted in
reduced intracranial tumor growth (Fig. 4.18B) and in decreased HIF-1a and HIF-2a
levels (Fig. 4.18C, D). Taken together, our findings show that acidosis increases HIF-
a levels and CSC maintenance through HSP90 and inhibition of HSP90 abrogates
tumorigenicity and intratumoral HIF-1/2a levels.
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Figure 4.18. HSP90 inactivation by a dominant negative form of HSP90 reduces HIF-a
levels and inhibits tumor growth.

A, Overexpression of dominant negative HSP90 (HSP90 DN) decreases HIF-a levels in vitro.
Immunoblot of G55 control and HA-HSP90 DN expressing cells cultured at pH7.4 or 6.7 under
hypoxia for 18 hours. B-D, Loss of HSP90 function reduces tumor growth and intratumoral
HIF-a levels. G55 cells expressing GFP (control) or HA-tagged HSP90 DN, were
orthotopically transplanted into immunocompromised mice. B, Tumor xenografts were HE-
stained and the tumor volume was quantified (n=9-10). C, Immunoblot for HIF-1/2a and HA
in extracts from representative control and HA-HSP90 DN tumors. D, Quantification of HIF-
1a and HIF-2a levels in control and HA-HSP90 DN tumors (n=9-10). Data are means + SEM.
**P<0.01; ***P<0.001. Scale bar, 1 mm (B).

4.2.2 High HSP90 expression in the hypoxic CSC niche

Next, analysis of human patient data from the TCGA glioblastoma cohort,
demonstrated that high HSP90 expressing tumors also had higher expression levels
of the HIF target gene VEGF and the cancer stem cell markers CD133 and Nestin
(Fig. 4.19A). For further validation, 10 patient biopsies were stained for HIF-1a, HSP90
and CD133. Perinecrotic areas, which are characterized by severe hypoxia and
presumed acidosis as a result of increased anaerobic glycolysis, displayed higher HIF-
a levels. Notably, 10 out of 10 glioblastoma biopsies displayed increased HSP90
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levels in the perinecrotic areas (Fig. 4.19B middle). In addition to coexpression of HIF-
1a and HSP90, CSCs were also enriched in this area as shown by CD133 staining.
Taken together, these findings demonstrate that microenvironmental factors such as
hypoxia and acidosis in tumors synergistically regulate the hypoxic response and
promote CSC maintenance in a HSP90 dependent manner.
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Figure 4.19. High HSP90 expression is observed in the hypoxic niche and correlates
with hypoxic and stem cell markers in human glioblastomas.

A, Comparison of the HIF-target VEGFA and the glioma CSC markers CD133 and Nestin in
glioblastomas with high and low HSP90 levels in the Cancer Genome Atlas (TCGA) cohort
(n=154). B, Serial sections of human glioblastoma biopsies containing a perinecrotic (hypoxic)
region were immunohistochemically stained for HIF-1a, HSP90 and CD133. The panels on
the right show higher magnifications of the staining in the perinecrotic areas. N, necrosis.
*P<0.05; ***P<0.001. Scale bars, 100 ym (B), 20 uym (B, inset).
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4.3 The hypoxia regulated HIF-1a-ZEB2-ephrinB2 axis

controls tumor invasion and anti-angiogenic resistance

The third part of the thesis focuses on the mechanisms of tumor invasion and anti-
angiogenic resistance in glioblastoma. The project has been carried out in
collaboration with the group of Prof. Amparo Acker-Palmer, Institute of Cell Biology
and Neuroscience, Goethe University Frankfurt. Within the project, | focused on the
impact of hypoxia and ephrinB2 in the regulation of in vitro and in vivo invasion,
whereas Cornelia Depner and Helge zum Buttel focused on the regulation of ephrinB2
and the link to the anti-angiogenic resistance. The data presented in figure 20E and F
was performed by Cornelia Depner. Intracranial transplantation of tumors presented
in figure 21 was performed by Sascha Seidel and figure 21A was analyzed by Cornelia
Depner.

4.3.1 Hypoxia increases invasion through downregulation of
ephrinB2

Hypoxia regulated genes control the cellular responses to overcome stress conditions
via modulating the cell metabolism, survival, motility and angiogenesis. Local
invasiveness of glioblastomas is one of the reasons for tumor relapse and poor
outcome (Huang et al., 2014, Span and Bussink, 2015). To examine the role and the
mechanism of hypoxia on the invasive phenotype, we cultured the cells under hypoxia
and analyzed the invasiveness of the glioblastoma cells. Small G55 spheres were
seeded in a collagen gel allowing the cells to invade three-dimensionally, in a manner
resembling the natural conditions of glioblastomas. Hypoxia treated G55 cells
displayed increased invasiveness in the collagen matrix (Fig. 4.20A). In line with the
collagen invasion assay, a modified Boyden chamber assay also showed that hypoxia
treated cells invaded more through a membrane covered with matrigel (Fig. 4.20B, C).

EphrinBs are transmembrane proteins, which play a role in the regulation of a variety
of cellular processes such as cell migration, axon guidance, cell adhesion, cell
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proliferation and cell repulsion (Kania and Klein, 2016). Our results had demonstrated
that ephrinB2 is frequently downregulated in glioblastomas compared to normal brain
(Depner, et al., 2016). Therefore, to examine if ephrinB2 downregulation contributes
to the invasive behavior of cells under hypoxia, we first analyzed ephrinB2 expression
levels under hypoxia by gPCR. EphrinB2 levels were remarkably downregulated upon
hypoxia. In addition, HIF-1a or HIF-2a silencing revealed that ephrinB2
downregulation is controlled by HIF-1a as evidenced by recovery of ephrinB2 levels
in HIF-1a silenced cells under hypoxia (Fig. 4.20E). Since HIFs typically act as
transcriptional activators, we sought to identify additional transcriptional regulators
that could control ephrinB2 downstream of hypoxia and HIF-1a.

EMT regulators are known to be important for the mesenchymal phenotype in gliomas,
which is associated with poor outcome and characterized by necrotic and hypoxic
areas. EMT regulators function as transcriptional repressors and are elevated by
hypoxia (Iser, et al., 2016). Therefore, we performed a siRNA screening against EMT
regulators. Silencing of the transcriptional repressor ZEB2 led to highly upregulated
ephrinB2 levels (Fig. 4.20F), indicating that ephrinB2 downregulation is mediated by
ZEB2. Moreover, Cornelia Depner also showed that ZEB2 was highly upregulated
upon hypoxia and HIF-1a silencing inhibited the ZEB2 upregulation (Depner, et al.,
2016).

Of the two cell lines used in our experiments, LN229 cells formed highly invasive
tumors, whereas G55 cells formed well-circumscribed tumors with smoother tumor
rims (Depner, et al., 2016). Interestingly, analysis of ZEB2, ephrinB2 and EphB4
expression levels revealed that the highly invasive cell line LN229 expresses higher
ZEB2 and lower ephrinB2 levels (Fig. 4.20D). Taken together, our data show that
hypoxia promotes invasion through ZEB2 leading to ephrinB2 silencing.
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Figure 4.20. Hypoxia induces glioma cell invasion and downregulates ephrinB2
expression through HIF-1a.

A, Hypoxia induces glioblastoma invasion. Invasion of human G55 glioblastoma spheroids
was quantified following incubation in a collagen gel at normoxia (21% O-) or hypoxia (1% O3)
for 48 hours (n=7-11 spheroids). B, C, Invasion of G55 and LN229 glioblastoma cells cultured
under normoxia (21% O2) or hypoxia (1% O-) for 24h was assessed using a modified Boyden
chamber assay (n=6). D, Expression levels of ZEB2, ephrinB2 and the ephrinB2 receptor
EphB4. Western blot for ZEB2, ephrinB2 and EphB4 in G55 and LN229 glioblastoma cells. E,
Hypoxia downregulates ephrinB2 expression through HIF-1a. gqPCR analysis of ephrinB2
MRNA levels in LN229 glioblastoma cells expressing control, HIF-1a or HIF-2a siRNA
following exposure to 1% Oz (Hyp) for 18 hours (n=3). F, ZEB2 mediates the HIF-1a-induced
downregulation of ephrinB2. siRNA based screen of transcriptional EMT repressors in LN229
glioblastoma cells following exposure to 1% O (Hyp) for 18 hours (n=3). Data are means +
SEM. **P<0.01; ***P<0.001. Scale bar, 500 ym (A), 200um (B).
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4.3.2 Decreased ephrinB2 levels are associated with increased
tumor invasiveness and resistance to antiangiogenic

treatment

Since downregulation or loss of ephrinB2 occurs at high frequency in glioblastoma
patients, we wanted to examine the consequence of ephrinB2 loss (Depner, et al.,
2016). Therefore, an immortalized ephrinB2 knock-out astrocytoma model was used.
Control and ephrinB2 knock-out cells were intracranially transplanted to investigate
the effect of ephrinB2 loss on tumor growth and invasion. Notably, ephrinB2 deficient
cells formed remarkably larger tumors with a highly invasive tumor front (Fig. 4.21A).
To further confirm the role of ephrinB2 in the invasive phenotype, we restored
ephrinB2 levels by reintroducing ephrinB2 in the ephrinB2 knock-out cells. EphrinB2
levels were analyzed by western blotting and exogenous ephrinB2 was detected with
anti-ephrinB2 and anti-HA antibodies (Fig. 4.21B). Importantly, intracranial
transplantation of the cells confirmed that the pro-invasive phenotype of ephrinB2
knock-out tumors was a direct result of ephrinB2 loss, as it was reverted by
reintroduction of ephrinB2 (Fig. 4.21C).

Anti-angiogenic treatment has been reported to increase tumor invasion.
Bevacizumab, an antiangiogenic anti-VEGF antibody, which decreases tumor
vascularization and thereby creates a hypoxic tumor microenvironment, leads to
increased tumor cell invasion/migration (Zhang, et al., 2015b, Tamura, et al., 2017).
Our findings indicated that ZEB2-mediated ephrinB2 repression leads to enhanced
tumor invasiveness under hypoxia, therefore we wanted to examine if ephrinB2
repression is also an important step in anti-angiogenic treatment-induced invasion.
We showed that the HIF-1a0-ZEB2-ephrinB2 pathway is activated following anti-
angiogenic treatment (Depner, et al., 2016). To further verify that downregulation of
ephrinB2 modulates the resistance to bevacizumab, we created ephrinB2
overexpressing G55 cells (Fig. 4.21D). Intriguingly, bevacizumab treated ephrinB2
overexpressing tumors exhibited reduced invasiveness compared to control tumors

(Fig. 4.21E), as seen by a smoother tumor rim in ephrinB2 overexpressing tumors.
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Together, these findings demonstrated that ephrinB2 downregulation functionally

promotes tumor invasion and regulates the evasive resistance to anti-angiogenic

treatment.
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Figure 4.21. Loss of ephrinB2 increases tumor invasiveness.
A, Loss of ephrinB2 increases tumor invasion and growth. HE staining of intracranial control
and ephrinB2 knock-out (KO) (eB2 KO) glioma xenografts (left) together with representative

143



Results

pictures of tumor rims (right). Quantification of tumor volume in control and ephrinB2KO
gliomas (n=10-11 tumors) (upper) and quantification of the invasive index of control and
ephrinB2KO gliomas, assessed by measuring the area of tumor invading the brain
parenchyma per tumor rim length (n=5 tumors). B, C, Reintroduction of ephrinB2 into ephrinB2
KO tumors reverts the pro-invasive phenotype. Levels of ephrinB2 assessed by immunoblot
of control, ephrinB2KO (eB2KO) and ephrinB2KO glioma cells re-expressing exogenous
ECFP-HA-ephrinB2 (eB2KO + eB2), probed with anti-ephrinB2 and HA antibodies (B).
Quantification of the invasive index of control, ephrinB2KO and ephrinB2KO gliomas re-
expressing ephrinB2 (C; n=7-9 tumors). D, Immunoblot for ephrinB2 in G55 cells expressing
control vector or ephrinB2 (ephrinB20OE). E, EphrinB2 overexpression impairs the invasive
phenotype elicited by bevacizumab. Invasive fronts of intracranial tumor xenografts of
polyclonal G55 pools stably overexpressing control vector or ephrinB2 (ephrinB20E) following
bevacizumab treatment visualized using human nuclei staining (E, left). Quantification of
invasion in the tumors (n=5-9 tumors) (E, right). Data are means + SEM. *P< 0.05, ***P<0.001;
ANOVA P<0.0001 (C). Scale bar, 1 mm (A), 100um (C, E).
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5 Discussion

Hallmarks of cancer such as resistance to cell death, sustention of proliferative
signals, evasion from growth suppressors, activation of invasion and metastasis,
enabling of unlimited replication and induction of angiogenesis are capabilities of
cancer cells that ensure tumor growth and are involved in the pathogenesis of cancer.
Therefore, understanding the mechanisms involved in the control of cancer hallmarks
remains one of the most important focuses in cancer research (Hanahan and
Weinberg, 2011, Pavlova and Thompson, 2016). In this thesis study, we characterize
different cancer hallmarks, such as metabolic reprograming, activation of invasion and
induction of angiogenesis, all influenced by the contribution of the tumor

microenvironment.

The first part of the study demonstrates the importance of metabolic reprogramming
mediated by 2-OG levels. We show that reduced IDH1 levels increase HIF function by
decreasing the level of 2-OG, a substrate used by PHDs, the master regulators of HIF-
a. In parallel, we also characterized the function of IDH1 for an invasive and metastatic
tumor phenotype. In the second part, we identified the acidic tumor
microenvironment, acting through HSP90, as a stimulus of HIF function and CSC
maintenance. Importantly, we revealed the function of HSP9O0 in tumor initiation and
tumor hypoxia as a potential target to eliminate CSCs in the hypoxic/acidic niche. In
the third part of the study, we elucidated the function of ephrinB2 reverse signaling
for tumor invasion and anti-angiogenic treatment resistance. We show that repression
of ephrinB2 is promoted by hypoxia and mediates an anti-angiogenic therapy-induced

invasive tumor phenotype.
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5.1 Impaired 2-OG levels controlled by IDH1 elevate the
hypoxic response and the invasive/metastatic tumor

phenotype

As a hallmark of cancer, reprogrammed cancer metabolism supports the acquisition
and maintenance of malignant properties by providing energy and metabolites
essential for sustaining tumor growth under fluctuating nutrient conditions (Hanahan
and Weinberg, 2011, Pavlova and Thompson, 2016). To fulfill the metabolic demands,
cancer cells rewire their metabolism, resulting in the Warburg effect - a metabolic shift
from oxidative phosphorylation to glycolysis independent of oxygen availability
(Warburg, 1956a). Studies during the last decade have demonstrated that metabolic
reprogramming is not limited to the Warburg effect and can be driven by several
factors. Among them are oncogene activation or loss of tumor suppressors, epigenetic
changes, mitochondrial dysfunction and activation of HIF function. Importantly, these
factors show complex interactions with each other (Scott, et al., 2011, Chen and
Russo, 2012, Ward and Thompson, 2012, Phan, et al., 2014). Therefore, an improved
understanding of metabolic reprogramming and the identification of metabolic
dependencies that support accelerated proliferation, survival, invasion/migration and
therapy resistance of cancer cells, is crucial for the development of effective

therapeutic strategies.

Over the last decade, research on 2-OG and 2-OG regulated signaling pathways has
been intensified and became highly attractive with the identification of single-mutation-
driven accumulation of the 2-OG analogs succinate, fumarate and 2-HG, also
described as oncometabolites, and their involvement in carcinogenesis (Sullivan et
al., 2016). 2-OG is involved in a variety of metabolic and cellular pathways as a key
intermediate of energy generation, a precursor of amino acid and lipid synthesis, and
a signaling molecule involved in epigenetic and protein modifications (Zdzisinska, et
al., 2017).
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In this part of the study, we characterized the function of 2-OG homeostasis in tumor
progression by targeting the 2-OG producing enzyme IDH1. We show that
dysregulation of 2-OG levels mediated by IDH1 downregulation initiates adaptive
responses such as HIF activation by altering the function of 2-OG dependent
dioxygenases, in particular PHDs. In addition, we analyzed the effect of 2-OG
dysregulation mediated by IDH1 silencing on cancer stem cell and an
invasive/metastatic tumor phenotype and show that IDH1 silencing enhances CSC

maintenance, as well as the invasive and metastatic capacity of cancer cells.

5.1.1 IDH1 silencing-mediated 2-OG decrease enhances the hypoxic

response in a PHD dependent manner

Reduced oxygen supply is one of the characteristics of solid tumors and it is known
that hypoxia can limit cell growth, but also promotes a more aggressive tumor
phenotype by triggering survival signals, adaptive responses and immune evasion
(Huang, et al., 2014, Muz, et al., 2015). Although the control of the hypoxic response
by PHDs is well studied and both HIF-a isoforms are hydroxylated by all PHDs in vitro
(Appelhoff, et al., 2004), the specific roles of each PHD in certain cellular contexts are
still not completely understood. Several studies during the last few years focused on
the tumor suppressive function of PHDs and the identification of new HIF independent
binding and hydroxylation targets of PHDs (Nguyen and Duran, 2016, Zurlo, et al.,
2016). Among the novel PHD binding partners identified in these studies are
molecules involved in tumor growth and progression including FOXO3a, KIF1Bg,
ATF4, and EGFR suggesting a tumor suppressor function of PHDs (Koditz, et al.,
2007, Schlisio et al., 2008, Garvalov, et al., 2014, Henze, et al., 2014, Zheng, et al.,
2014). Interestingly, further evidence supporting a tumor suppressive function of
PHDs has been recently reported, as genetic or functional inactivation of PHDs was
observed in various tumor entities including glioblastoma (Chan et al., 2009,
Hatzimichael et al., 2010, Henze, et al., 2014). Even if PHDs mainly function as
oxygen sensors, PHD activity, in addition to oxygen, relies on the availability of Fe?*

as a co-factor and 2-OG as a co-substrate (McDonough, et al., 2010). Thus, PHDs
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can potentially act as signaling hubs to sense and integrate various metabolic
alterations in response to changes in cell physiology, exogenous signals and
microenvironmental conditions. Indeed, it has been shown that succinate and
fumarate can compete with 2-OG for binding to PHDs and, when bound to the enzyme,
they inhibit its activity (Selak, et al., 2005, Koivunen, et al., 2007, MacKenzie, et al.,
2007). To date, however, little is known about the role of 2-OG metabolizing enzymes
in the regulation of prolyl hydroxylases and their downstream functions. A major 2-OG
producing enzyme is isocitrate dehydrogenase (IDH), which converts isocitrate to 2-
OG by oxidative decarboxylation (Dalziel, 1980, Xu, et al., 2004).

Given the fact that 2-OG is a key metabolite in the catalytic activation of 2-OG
dependent enzymes, including PHDs, we hypothesized that the maintenance of
cellular 2-OG levels by 2-OG metabolizing enzymes such as IDHs plays a pivotal role
in the control of PHD activity. Therefore, we decided to examine the role of the 2-OG
producing enzyme IDH in coordinating the cellular response to hypoxia. For defining
the role of IDH1 and IDH2 in the regulation of the hypoxic response, which is tightly
controlled by PHDs, we characterized IDH knock-down cells. In agreement with the
above-mentioned hypothesis, our results show that IDH1 and/or IDH2 knock-down
increased the HIF response under normoxia (Fig. 4.2, 4.3) and even further
potentiated it under hypoxia (Fig. 4.1, 4.2, 4.3). Interestingly, the knock-down of IDH1
led to the strongest HIF-a stabilization compared to IDH2 loss of function alone, or in
combination with IDH1 (Fig. 4.1C). Given the fact that IDH1 is localized in the
cytoplasm, 2-OG produced by IDH1 is thought to be the primary source for
cytoplasmic and nuclear 2-OG dependent dioxygenases (Losman and Kaelin, 2013),
supporting our results that IDH1 is more influential on HIF-a stabilization. Moreover,
comparison of expression levels of previously defined (Koivunen, et al., 2012) HIF-
regulated genes in control and IDH1 knock-down cells revealed the activation of HIF
mediated transcriptional programming in IDH1 silenced cells under both, normoxia
and hypoxia (Fig. 4.2, 4.3A, 4.3B). These results are in line with a previous report,
focusing on the characterization of IDH1 mutations, where it was shown that IDH1
knock-down elevates HIF-1a levels (Zhao, et al., 2009). Interestingly, Zhao et al.

showed that IDH1 mutations influence IDH1 wildtype activity and mutant IDH1
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mediated inhibition of wildtype IDH1 results in elevated HIF-1a levels, an effect which
could be reversed by 2-OG treatment. However, subsequent studies revealed that
IDH1 mutation associated effects are mostly mediated by D-2-HG, which is produced
due to the neomorphic activity of mutant IDH1 and which competitively inhibits 2-OG
dependent dioxygenases (Dang, et al., 2009, Ward, et al., 2010). Notably, the
observed reduction of HIF-a levels upon overexpression of wildtype IDH1, but not of
enzymatically inactive IDH1 (IDH1-3DN), underlines the importance of IDH1 levels as
well as IDH1 enzymatic activity (Fig. 4.6A-D). In line with this, the inhibitory effect of
IDH1 overexpression on downstream targets of HIFs was shown by reduced
expression of CAIX, VEGFA and GLUT1 (Fig. 4.7A)

The aforementioned results lead to the assumption that impaired IDH levels
abrogating the cellular 2-OG status are crucial for the catalytic activity of PHD.
Notably, we show that IDH1 knock-down leads to the reduction of intracellular 2-OG
levels (Fig. 4.4A), an observation also reported in recent studies (Zhao, et al., 2009,
Calvert et al., 2017). Activation of HIF signaling is not only controlled by PHDs, but
also by additional mechanisms (Keith, et al., 2011). Therefore, to determine whether
the effect of IDH1 on HIF signaling is PHD/hydroxylation dependent, we analyzed the
exogenous and endogenous HIF activity by using either wildtype HIF-a, or an
undegradable mutant (HIF-1a mPPN), carrying point mutations at the PHD
hydroxylation sites which therefore cannot be hydroxylated by PHDs. This method
allowed us to detect the differentiation of hydroxylation dependent and independent
regulation of HIF activity by assessing binding activity of HIF to HREs (Fig. 4.3A-C).
Importantly, our results indicate that HIF-a activity upon IDH1 silencing is regulated in
a PHD dependent manner, as wildtype HIF activity is increased upon IDH1 knock-
down, whereas undegradable HIF-1a (mPPN) activity is unaffected (Fig. 4.3C). IDH1
silencing-mediated inhibition of PHD activity, triggering HIF signaling, was further
confirmed by direct measurement of hydroxylated HIF-1a (Pro%%4) under the presence
of the proteasomal inhibitor MG132 (Fig. 4.3D). This method measures PHD activity
by detecting the end product of the reaction performed by PHD (Tian et al., 2011). In
line with our previous results pointing at a hydroxylation dependent HIF-a stabilization
(Fig. 4.3C), we found that IDH1 silenced cells exhibit reduced HIF-a hydroxylation
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leading to increased HIF-a levels. Interestingly, our results show that even if IDH2 is
upregulated in IDH1 silenced cells (Fig. 4.1C), this is not sufficient to restore 2-OG
levels (Fig.4. 4A), therefore evoking inhibition of PHD hydroxylase activity, HIF-a

stabilization and subsequent HIF target gene activation.

Treatment concepts using 2-OG inhibitors for the activation of the HIF pathway by
inhibiting PHDs have been proposed for diseases such as ischemic and inflammatory
diseases, in which impaired HIF target gene expression are causative (Jaakkola et al.,
2001, Cummins, et al., 2008, Eltzschig et al., 2014), based on the importance of 2-OG
for PHD and HIF activity. The first evidence for a prominent role of 2-OG in cancer
progression was found in paraganglioma and papillary renal cancers. As mentioned
before, accumulation of succinate and fumarate leads to inhibition of 2-OG dependent
dioxygenases by competitive inhibition, due to the binding activity of these metabolites
to the 2-OG binding site, and subsequently results in carcinogenesis (Baysal, et al.,
2000, Isaacs, et al., 2005, Selak, et al., 2005). Additional studies identified more TCA
cycle intermediates, such as oxaloacetate, pyruvate, citrate and 2-HG as steric 2-OG
analogues with an inhibiting function. However, succinate and fumarate remain the
most potent inhibitors (Koivunen, et al., 2007, Dang, et al., 2009, Ward, et al., 2010,
Xu, et al., 2011). By showing the antitumorigenic effects of 2-OG, further studies
strengthened the notion that impaired 2-OG homeostasis is a key step in cancer
progression (Matsumoto, et al., 2006, Matsumoto, et al., 2009, Tennant, et al., 2009,
Rzeski, et al., 2012). Notably, our results show that reduced 2-OG levels activate the
HIF pathway, known to be responsible for the activation of adaptive responses in the
tumor microenvironment and associated with an aggressive tumor phenotype. Our
results (Fig. 4.4C-F), as well as the aforementioned studies, show that administration
of cell permeable 2-OG is able to restore the consequences of 2-OG dependent

enzyme activity inhibition.

Interestingly, regional glutamine deficiency in the tumor core due to insufficient tumor
vascularization, has been shown to elicit reduction in 2-OG levels, thereby inactivating
2-OG dependent enzymes, particularly JMJDs, leading to a promotion of cancer cell
dedifferentiation (Hojfeldt and Helin, 2016, Pan, et al., 2016). In line with this study
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and our own data, amino acid starvation has been shown to lead to 2-OG depletion
and subsequent PHD inactivation (Duran, et al., 2013). In conclusion, our study,
together with recent data from other groups, underlines the importance of 2-OG
homeostasis in solid tumors and point to a central role of IDHs in the regulation of 2-
OG, thereby altering PHD activity and the hypoxic response in glioblastoma.

5.1.2 Activation of PHD-controlled HIF-a-independent NF-kB

signaling in IDH1 silenced cells

The function of PHDs are not limited to the activation of HIF signaling. An increasing
number of studies identify new hydroxylation targets of PHDs and their functions. One
of the first proposed PHD hydroxylase targets besides HIF-a is IKKB, which
participates in the control of NF-kB signaling. It has been suggested that, similarly to
HIF-a, hydroxylated IKKB is tagged for degradation; hence inactivation of PHDs
results in active IKKB and release of NF-kB for nuclear translocation to activate
transcription of its target genes (Cummins, et al., 2006, Hamm, et al., 2013, Liu et al.,
2017). Beside inflammation, oncogenic pathways, DNA damage and reduced PHD
levels or hypoxia are known to induce NF-kB activity (Cummins, et al., 2006, Winning,
etal., 2010, Xue, et al., 2010, Perkins, 2012). In line with these findings, we show that
IDH1 silencing-mediated PHD inactivation also increased translocation of the NF-kB
subunit p65 into the nucleus, thereby increasing NF-kB activity and the expression of
known NF-kB target genes (Fig. 4.5A-E).

The discovery of the central role of NF-kB in inflammation, which initiates immunity
and a chronic inflammatory microenvironment in tumors, led to detailed investigation
of NF-kB signaling in cancer (Grivennikov et al., 2010, Ben-Neriah and Karin, 2011)
and identified several NF-kB activating factors. Notably, these factors include the
inflammatory tumor microenvironment, genetic alterations, oncogene activation (e.g.
Ras), DNA damage and, as aforementioned, components of the tumor
microenvironment such as hypoxia, which itself is known to regulate hallmarks of
cancer (Hanahan and Weinberg, 2011, Perkins, 2012). Subsequently, aberrant NF-
KB activation, which regulates important cellular processes such as proliferation,
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angiogenesis, metastasis, invasion and tumor metabolism, was identified in a variety
of cancers. On the other hand, depending on the cellular context and specific target
gene expression, NF-kB can also promote apoptosis and genomic instability (Rayet
and Gelinas, 1999, Perkins, 2012, Xia et al., 2014). Interestingly, a particular role of
aberrant NF-kB activation altering CSC maintenance, EMT, therapy resistance,
metabolism and angiogenesis, has been shown in glioblastoma (Cahill et al., 2016,
Soubannier and Stifani, 2017). Importantly, our results indicated another cellular factor
contributing to the control of NF-kB activation, as depletion of 2-OG resulted in NF-kB
activation under basal conditions and was even further enhanced by combination with
known NF-kB inducing signals (TNFa, hypoxia) (Fig. 4.5E). Notably, recovery of 2-OG
levels reduced NF-kB target gene expression, further emphasizing the effect of 2-OG
levels on NF-kB signaling (Fig. 4.5F). Recently, our findings were corroborated by
another study on immune cell activation, showing that 2-OG acts as an anti-
inflammatory metabolite by controlling NF-kB signaling through the modulation of IKK[3
activity in a PHD-dependent mechanism (Liu, et al., 2017). Consistently, potential
PHD activation by IDH1 overexpression lead to a lower NF-kB target gene expression
(Fig. 4.7B). Taken together, our results identified a potential novel function of 2-OG in
the regulation of NF-kB signaling, which is controlled by IDH1-maintained PHD
activity. Additionally, our results underline the importance of 2-OG levels not only for
PHD2 activity, which is widely recognized as the main oxygen sensor (PHD1 and
PHD3 also regulate HIF-a, but under specific conditions; (Berra, et al., 2003, Schofield
and Ratcliffe, 2004 ), but also for PHD1 and PHDS3 activity, which are considered to be
mediators of most HIF-a-independent effects (Nguyen and Duran, 2016, Zurlo, et al.,
2016). An intimate crosstalk occurs between HIF and NF-kB, particularly in
carcinogenesis, at and levels - from shared inducers to shared targets (D'Ignazio et
al., 2016). Indeed, our results revealed that 2-OG is a key-shared regulatory

metabolite controlling HIF and NF-kB signaling.
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5.1.3 The potential role of 2-OG for the maintenance of the cancer

stem cell phenotype

A large body of evidence indicates that solid tumors, including glioblastomas, are
organized in a hierarchical manner with a distinct subset of tumor cells with self-
renewal and differentiation capacity, the CSCs, at the top of the hierarchy (Reya, et
al., 2001, Plaks, et al., 2015). As IDH1 silencing led to deregulated activation of HIF-
a and NF-kB, two signaling pathways that are linked to CSC maintenance and therapy
resistance (Heddleston et al., 2010, Sundar, et al., 2014, Cahill, et al., 2016,
Soubannier and Stifani, 2017), we decided to examine the effect of IDH1-dependent
regulation of 2-OG levels on the CSC phenotype. Importantly, expression levels of the
well-established glioblastoma stem cell marker CD133, as well as the expression of
previously identified glioblastoma stem cell signature genes were elevated in IDH1-
silenced cells (Fig. 4.8A-D, 4.9A-D), whereas IDH1 overexpression resulted in
decreased CD133 levels (Fig. 4.8E). Notably, along with the upregulation of CSC
markers, we observed an increased self-renewal capacity upon IDH1 knock-down
(Fig. 4.8G), emphasizing the key role of IDH1 for the CSC phenotype. Moreover,
recovery of 2-OG levels in IDH1 knock-down cells reduced the percentage of the
CD133 positive cell population and CD133 expression, underlining the role of 2-OG
as an important regulator of CSC maintenance. In line with our observation of a 2-OG
dependent regulation of the CSC phenotype, 2-OG has been shown to promote
primed pluripotent stem cell (pPSC) differentiation (TeSlaa, et al., 2016). Intriguingly,
in contrast to the effect of 2-OG in pPSCs, two recent studies observed that 2-OG
supports embryonic stem cell (ESC) pluripotency, in which phosphoserine
aminotransferase 1 (PSAT1) seems to be the metabolic enzyme regulating 2-OG
levels (Carey, et al., 2015, Hwang, et al., 2016). Interestingly, in contrast to our results,
a recent study observed that IDH1 knock-down in cells with low 2-OG levels,
decreased cellular proliferation accompanied with increased expression of glial
differentiation marker genes (Calvert, et al., 2017). In comparison to the
aforementioned study, 2-OG levels are much higher in our cells (Fig. 4.4A), hinting at
a crucial dependency of the outcome on 2-OG levels. This suggests that, given
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different affinities of 2-OG dependent enzymes for 2-OG, the enzymes with lower
affinity will be inhibited first. Therefore, the overall levels of 2-OG will define the
enzymes and cellular processes influenced by it. Notably, a recent study
demonstrated that the tumor core with hypoxic tumor areas also exhibits reduced 2-
OG levels due to glutamine deficiency, leading to dedifferentiation of melanoma cells
(Pan, et al., 2016). These results, which are in line with our observations showing
regained stem cell characteristics when 2-OG levels are reduced, emphasize that
intratumoral regional variations such as varying nutrient distributions within the tumor,
not only impair the hypoxic response, but also 2-OG homeostasis and thereby tumor
heterogeneity. Congruously with our findings that decreased 2-OG levels promote a
CSC phenotype, expression of mutant IDH1/2, or absence of the 2-OG dependent
enzyme TET2 resulted in impaired hematopoietic differentiation and increased the
expression of stem cell marker genes (Figueroa, et al., 2010). Moreover, BCAT1
(branched-chain amino acids transaminase 1) has been shown to restrict 2-OG levels
and inhibit TET2 in AML stem cells (Raffel et al., 2017).

Collectively, our data and recent publications strongly underscore the importance of
2-OG homeostasis for defining the CSC phenotype. Moreover, these observations
suggest that the contribution of IDH1 for 2-OG maintenance and the effect of 2-OG on
the stem cell state, possibly vary depending on cellular 2-OG levels and the cellular
context, including 2-OG producing enzymes other than IDH1. Although, as we and
other groups show, the individual roles for CSC maintenance of HIF-a and NF-kB
signaling on the one hand and 2-OG on the other, have been investigated, it still
remains unknown how pivotal HIF-a and NF-kB signaling are for 2-OG-mediated
effects on the CSC phenotype.

5.1.4 Metabolic control of mesenchymal transition in glioblastoma
Accumulating evidence over the last decade demonstrates the existence of an EMT-
like process, the so-called mesenchymal transition or alternatively glial-to-

mesenchymal transition (GMT) in glioblastoma, and a link between CSC traits and this

mesenchymal transition (Scheel and Weinberg, 2012, Iser, et al., 2016, lwadate,

154



Discussion

2016, Karsy, et al., 2016). Recent studies revealed that aggressive glioblastomas with
highly invasive tumors, recurrent non-mesenchymal tumors and immortalized
glioblastoma cells exhibit a mesenchymal phenotype (Phillips, et al., 2006, Verhaak,
et al., 2010, Cheng, et al., 2012b, Louis, et al., 2016), suggesting that mesenchymal
transition appears to be a mechanism to acquire a more aggressive tumor nature and

therapy resistance.

EMT requires metabolic reprograming to support adaptation to harsh environmental
changes during invasion and metastasis. However, to what extent EMT rewires the
metabolism or how metabolic changes contribute to EMT is only partially understood.
Importantly, although a recent study determined the differentially expressed metabolic
genes in mesenchymal cells (Shaul et al., 2014), their roles in EMT still need to be
elucidated. Interestingly, even if SDH, FH and IDH were not found to be expressed
differentially in the aforementioned study, mutations of these genes have been shown
to drive EMT and be associated with mesenchymal gene expression (Grassian et al.,
2012, Loriot et al., 2012, Sciacovelli et al., 2016, Sciacovelli and Frezza, 2017).
Accumulation of metabolites caused by these oncogenic mutations promote EMT and
subsequent induction of invasion and metastasis (Grassian, et al., 2012, Loriot, et al.,
2012, Aspuria et al., 2014, Colvin et al., 2016, Sciacovelli, et al., 2016), revealing the
importance of metabolic homeostasis in the control of EMT. In agreement with these
findings, our results show that deregulated 2-OG levels also promote EMT, as shown
by elevated levels of EMT regulators, particularly Snail (Fig. 4.10). Although
glioblastoma cells lack, or have only very low levels of epithelial genes such as E-
cadherin (Lewis-Tuffin et al., 2010), known EMT regulators from epithelial cancers
have been shown to be involved in mesenchymal transformation in glioblastoma (Iser,
et al., 2016, Karsy, et al., 2016). Indeed, our findings also demonstrated that more
invasive IDH1 knock-down cells (Fig. 4.11) also express significantly higher levels of
these EMT regulators (Fig. 4.10G), indicating that cells with IDH1-mediated aberrant
2-OG levels acquire a shift towards mesenchymal phenotype.

The tumor microenvironment, including the hypoxic or inflammatory

microenvironment, is known to induce EMT and invasion. A hypoxic or inflammatory
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microenvironment results in recruitment of immune cells, which release signaling
factors such as TGFB, EGF, FGF and proteases, leading to initiation of EMT and
invasion (Charles, et al., 2012, Hanahan and Coussens, 2012). Moreover, cells with
a mesenchymal gene expression pattern are localized at the invasive tumor front
(Spaderna et al.,, 2006, Depner, et al., 2016), supporting the hypothesis of a
microenvironmental regulation of the mesenchymal phenotype. The well-established
EMT-inducing cytokine TGF[ activates SMAD-dependent and SMAD-independent
signaling. TGFB-induced SMAD-dependent signaling activates the expression and
activity of EMT regulators such as Snail, Slug, ZEB1, ZEB2 and Twist (Fuxe et al.,
2010, Bellomo et al., 2016). Importantly, we also observed increased SMAD activity
(Fig. 4.10A) accompanied by increased Snail transcription and protein levels in IDH1
and/or IDH2 knock-down cells, with IDH1 disruption showing a more robust effect (Fig.
4.10B, C). Moreover, IDH1 silencing resulted in a strong upregulation of Snail,
whereas only mild changes were observed for ZEB2 and Slug (Fig. 4.10D). In addition
to the EMT regulator Snail, the expression of the EMT marker gene CD44 was also
significantly elevated (Fig. 4.10D). Importantly, restoring of 2-OG levels in IDH1 knock-
down cells led to a reduction of Snail and CD44 expression (Fig. 4.10E, F), revealing
a direct link between 2-OG levels and initiation of EMT. Of note, increased levels of
CD44, an alternative CSC and EMT marker (Fig. 4.10E, F), provided additional
evidence for our previous findings of increased CSC maintenance under reduced 2-
OG levels (Fig. 4.8,4.9). Importantly, recent studies demonstrated the involvement of
Snail and CD44 in mesenchymal transition, invasion and tumor progression in
glioblastoma. Snail depletion has been shown to decrease the proliferative, invasive
and migratory capacity of glioblastoma cells (Han, et al., 2011, Savary, et al., 2013,
Dong et al., 2014, Myung, et al., 2014). Interestingly, another study reported elevated
levels of Snail after irradiation in glioma cells and a Snail knock-down suppressed
irradiation-mediated mesenchymal gene expression and invasion (Mahabir et al.,
2014). CD44 itself is a modulator of EMT in breast cancer (Brown et al., 2011) and
elevated levels of CD44 have been shown in the mesenchymal subtype of
glioblastoma (Phillips, et al., 2006, Verhaak, et al., 2010). Interestingly, CD44
promotes tumor cell resistance via activation of the Hippo signaling pathway in
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glioblastoma (Xu et al., 2010b). Moreover, CD44 has been shown to promote
aggressive tumor growth and has been described as a CSC marker in glioblastoma
(Anido, et al., 2010, Fu et al., 2013, Pietras et al., 2014).

HIF and NF-kB signaling are known activators of EMT and the CSC phenotype (Min
et al., 2008, Karsy, et al., 2016, Yeo et al., 2017). As we found both of these signaling
pathways activated upon IDH1 silencing, the observed increased mesenchymal gene
expression, particularly Snail expression, can potentially be under the control of one,
or both of these signaling pathways. Indeed, we confirmed an important role of HIF-q,
but not NF-kB signaling in regulating Snail, as we observed reduced Snail expression
levels upon HIF-a silencing in IDH1 knock-down cells (Fig. 4.12). Although we showed
the involvement of HIF signaling, other pathways effected by IDH1 silencing seem to
be also involved in the regulation of Snail levels, since HIF-1/2a knock-down only
partially reverted the IDH1 mediated Snail upregulation.

In conclusion, our data underline the importance and functional contribution of 2-OG
and IDH1, not only for the CSC phenotype, but also for mesenchymal transition in
glioblastoma. Moreover, our findings demonstrate the simultaneous involvement of 2-

OG in distinct key cellular processes implicated in tumor progression.

5.1.5 Microenvironmental regulation of IDH1

Since the identification of IDH mutations in various tumors, including glioma, AML and
colon cancer during the last decade (Sjoblom, et al., 2006, Parsons, et al., 2008,
Mardis, et al., 2009), isocitrate dehydrogenase enzymes (IDH1-3) have become a
focus of intense research. While much recent research has focused on the role of
mutant IDH in tumor development, much less is known about the role of wildtype IDH

in varying tumor microenvironments.

IDH1 is known to contribute to lipid metabolism by regulating reductive carboxylation
and to protection from oxidative stress by generating NADPH in developing
astrocytes, adipocytes, hepatic cells and cancer cells (Jo, et al., 2002, Lee, et al.,
2002, Koh et al., 2004, Lee, et al., 2004, Metallo, et al., 2011, Filipp, et al., 2012, Fendt
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etal., 2013, Bogdanovic et al., 2014). Altered IDH1 levels have been reported in tumor
cells, in which the expression levels were mostly compared to normal cells, suggesting
a role of altered IDH1 levels during tumorigenesis (Robbins et al., 2012, Tan et al.,
2012, Hu, et al., 2014, Calvert, et al., 2017, Wahl et al., 2017). However, it remains
largely unclear at which stage in tumor development and by what molecular
mechanisms IDHs are downregulated. Interestingly, IDH1 has been shown to be
upregulated following intracerebral hemorrhage (a type of stroke) to regulate neuronal
apoptosis (Chen et al.,, 2017), indicating microenvironmental based regulation of
IDH1. In our work, we saw robust IDH1 downregulation upon FBS and TGF treatment
(Fig. 4.13A-D), whereas only mild changes were observed for IDH2 and IDH3 levels
(Fig. 4.13D). Moreover, recent studies showed that IDH1 expression is under the
control of transcription factors or miRNAs. FOXO transcription factors, which are
considered as tumor suppressors, have been shown to drive IDH1 wildtype and
mutant transcriptional expression via binding to its promoter (Charitou et al., 2015).
Interestingly, sterol regulatory element binding proteins (SREBPSs), which are
regulators of lipid metabolism, also directly regulate IDH1 transcription to support
lipogenesis (Shechter, et al., 2003). In addition to SREBPs, miR-181a has also been
reported to regulate lipid metabolism by targeting IDH1 (Chu, et al., 2015). A recent
study identified IDH1, ACO2 (aconitase 2), IDH3A, and SUCLA2 (Succinyl-CoA
synthetase Beta-A Chain) as NF-«kB target genes, suggesting a NF-kB dependent
molecular mechanism regulating the TCA cycle to support tumor metabolism (Zhou et
al., 2017). Our results showed that IDH1 downregulation activates NF-kB in a 2-OG
dependent manner (Fig. 4.5). Importantly, our findings and those of Zhou et al.
conjointly propose a possible feedback loop for mutual regulation between IDH1 and
NF-kB (Zhou, et al., 2017). Moreover, under endoplasmic reticulum (ER) stress, IDH1
has been shown to be upregulated by CHOP and C/EBPf3 to induce hypoxia-regulated
apoptosis. Consistent with our observations, IDH1 upregulation upon ER stress led to
HIF-a degradation and inhibition of melanoma cell survival (Yang, et al., 2015). This
supports the data by us and others that IDH1 is regulated in response to
microenvironmental changes. Recently, HuR, a transcription factor activated upon
stress conditions such as chemotherapy and nutrient withdrawal, has been also
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shown to regulate IDH1 expression to promote survival of pancreatic cancer cells
(Zarei et al., 2017). Taken together, our results demonstrate the importance of IDH1
levels and their microenvironmental regulation. However, the consequences of IDH1
regulation vary from promotion to inhibition of survival in different cell types,

suggesting a cell context dependency.

Invasive
phenotype

Metastatic

Microenvironmental
phenotype

factors
Isocitrate /

Angiogenesis

CSC phenotype

Figure 5.1. A model presenting the metabolic control of the tumor phenotype by IDH1
via regulation of 2-OG maintenance.

Altered IDH1 levels or activity regulate 2-OG levels, contributing to the control of the 2-OG-
dependent PHD activity. Abrogated 2-OG levels and subsequent inhibition of PHD activity
potentiate HIF-a and NF-kB-mediated signaling. Moreover, impaired 2-OG levels lead to a
shift towards a mesenchymal phenotype and a strongly increased Snail expression, which is
partially mediated by HIF signaling (dotted arrows).
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5.1.6 The role of IDH1 and 2-OG in tumor growth and progression

Tumor hypoxia and activation of the HIF signaling pathway have been linked to many
crucial aspects of tumor progression, including tumor angiogenesis, stem cell
maintenance, metabolic reprogramming, EMT, metastasis/invasion and therapy
resistance (Semenza, 2012). Considering the contribution of HIF-a to tumor
progression, therapeutic targeting of the HIF pathway and development of inhibitors
have been of great interest. There is a variety of promising HIF inhibitors that modulate
the HIF pathway via different mechanisms, including the inhibition of mMRNA or protein
synthesis, HIF dimerization, DNA binding or transactivation (Semenza, 2012, Masoud
and Li, 2015, Chen et al., 2016b, Cho et al., 2016). Our findings demonstrate that
IDH1 levels, by regulating 2-OG homeostasis, control activation of the HIF-a and NF-
kKB pathways and the aforementioned biological processes associated with tumor
progression in vitro. Our analysis of the TCGA glioblastoma cohort showed that low
IDH1 levels correlated with shorter patient survival in glioblastoma (Fig. 4.14A). It is
known that the IDH1 mutation status is associated with a better patient prognosis
(Sanson et al., 2009). In addition, our findings imply that IDH1 expression levels might
also contribute to patient outcome. This assumption was supported by increased
tumor growth in IDH1 silenced cells (Fig. 4.14B). Consistently, 2-OG acts as an anti-
tumorigenic metabolite (Matsumoto, et al., 2006, Matsumoto, et al., 2009, Tennant, et
al., 2009, Rzeski, et al., 2012) and 2-OG starvation occurs due to the nutritional
withdraw in tumors (Hojfeldt and Helin, 2016, Pan, et al., 2016). Our data,
demonstrating the abrogated 2-OG homeostasis following IDH1 depletion, delineate

an additional mechanism that impacts on tumor development and progression.

Importantly, our analysis revealed that IDH1-silenced tumors exhibit enhanced
invasive characteristics (Fig. 4.14C-D), which is in line with our findings of an
enhanced mesenchymal phenotype in IDH1-depleted cells. Moreover, IDH1 knock-
down tumors showed increased tumor vascularization (Fig. 4.14E), supplying the
essential nutrients for tumor growth and invasion. It is known that the tumor
microenvironment, particularly hypoxia, controls the expression of genes like VEGFA,
which mediates blood vessel growth, to promote tumor angiogenesis (Folkman, 2007).
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Indeed, analysis of VEGFA expression in tumors revealed increased levels of VEGFA
in IDH1 knock-down tumors. Moreover, congruously with our in vitro findings of
increased CSC marker and NF-kB target gene expression in IDH1-silenced cells,
IDH1 knock-down tumors also express higher levels of CD133 and CCL-2 (Fig.
4.14F). In agreement with our hypothesis, a recent study demonstrated that loss of 5-
hydroxymethylcytosine (5-hmC), a prognostic marker for renal cell carcinoma (RCC),
is mediated by IDH1 downregulation accompanied with lower levels of 2-OG. Notably,
loss of 5-hmC or low levels of IDH1 correlate with shorter patient survival (Chen et al.,
2016a). In contrast to our data, IDH1 knock-down has been shown to inhibit
proliferation, as well as tumor formation through reduced lipid metabolism and
increased ROS formation in glioblastoma (Calvert, et al., 2017). However, IDH1
silencing did not affect proliferation in our cells (data not shown) and resulted in
moderate reduction of 2-OG levels. In the aforementioned study, IDH1 silencing led
to severe 2-OG reduction or was performed in cells with extremely low basal 2-OG
levels, which might provide an explanation for the divergent results. Given that IDH1
is needed for NADPH production and lipid metabolism, severe reduction of 2-OG is
expected to influence these processes, and by that the proliferation and survival of the
cells. Consistently, reductive carboxylation, a reaction performed by IDH isoforms to
produce precursors of lipid metabolism from 2-OG and NADPH, has been already
shown to support the tumor metabolism under hypoxia or in tumor cells with defective
mitochondria (Metallo, et al., 2011, Mullen, et al., 2011, Filipp, et al., 2012, Fendt, et
al., 2013, Mullen, et al., 2014) . Nevertheless, when absence of 2-OG is not as
extreme as to alter these crucial metabolic processes, decreased 2-OG levels seem
to activate the HIF pathway and the CSC phenotype as shown by us and others (Zhao,
et al., 2009, Yang, et al., 2015, Pan, et al., 2016). Furthermore, some cells might rely
more on IDH1 than other 2-OG metabolizing enzymes or other IDH isoforms to
maintain the 2-OG levels. Critical contribution of other 2-OG metabolizing enzymes,
such as IDH2, IDH3, BCAT1 and PSAT1, to 2-OG maintenance has recently been
shown (Tanaka, et al., 2013, Zeng, et al., 2015, Zhang, et al., 2015a, Hwang, et al.,
2016, Raffel, et al., 2017).
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Breast and lung cancers are among the most common and lethal cancer types
worldwide and in the vast majority of cases patient mortality from these cancers is due
to distant metastasis. The strikingly increased invasiveness, mesenchymal phenotype
and EMT marker expression upon IDH1 silencing in glioblastoma suggested a
possible mechanism of tumor cell dissemination that may also be active in breast and
lung cancer. Indeed, IDH1 absence resulted in increased HIF-a, as well as Snail levels
in breast and lung cancer cells, similar to glioblastoma (Fig. 4.15A-E), indicating that
EMT may be activated in carcinomas upon IDH1 depletion. In addition, IDH1-silenced
cells exhibited increased colony formation capacity (Fig. 4.15F). Importantly, even if
primary tumor size remained the same, IDH1 knock-down cells showed a significantly
increased metastatic capacity in vivo (Fig. 4.15H), demonstrating the importance of
IDH1 and 2-OG not only for invasion but also for metastasis. Interestingly, in line with
our findings, IDH1 overexpression has been shown to be associated with decreased
proliferation, invasion and metastasis in osteosarcoma (Hu, et al., 2014). Although
IDH1 levels have been shown to be upregulated in lung adenocarcinoma compared
to normal tissue (Tan, et al., 2012), analysis of lung adenocarcinoma patient data from
TCGA revealed that lower IDH1 expression is associated with shorter patient survival
(Fig. 4.15G). In conclusion, our results highlight the relevant and substantial role of
IDH1 and 2-OG in the regulation of biological processes linked to tumor progression

both in glioblastoma and in epithelial cancers (Fig. 5.1).

5.2 Acidosis promotes HIF function and cancer stem cell

maintenance through HSP90

The rapid growth of tumors not only limits the nutrient/oxygen supply, but also removal
of metabolic products, eventually causing an acidification of the tumor
microenvironment (Chiche et al., 2009, Chiche, et al., 2010, Neri and Supuran, 2011).
Accumulating evidence demonstrates that an acidic tumor microenvironment
promotes the CSC phenotype (Hjelmeland, et al., 2011). However, it still remains
unclear, through which mechanisms extracellular acidosis controls CSC maintenance

within the hypoxic microenvironment.
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In this part of the thesis, we demonstrated the synergistic effect of hypoxia and
acidosis to enhance HIF function and potentiate CSC maintenance in glioblastoma
controlled by HSP90. Importantly, our results show that the hypoxic response and the
tumorigenic capacity of glioblastoma cells are suppressed following HSP90
inactivation. Furthermore, we found that glioblastoma patients expressing high levels
of HSP90 also express higher levels of HIF target genes and CSC markers. These
results highlight the potential relevance of HSP90 as a druggable target for designing
new therapeutic strategies targeting CSCs (Fig. 5.2).

5.2.1 HIF dependent induction of the CSC phenotype under acidic

stress

Many tumor types possess a hypoxic and acidic tumor microenvironment which
controls several pathophysiological processes and responses involved in tumor
progression. Glycolytic cancer cell metabolism, hypoxia and inefficient blood perfusion
in tumors are the cause for the acidic tumor microenvironment. Importantly, acidosis
regulates chemotherapy resistance, invasion, metastasis, angiogenesis and evasion
from immune response. Interestingly, hypoxia also regulates these specific processes,
implying that hypoxia and concomitant acidosis functionally contribute to a more
aggressive tumor phenotype. (Honasoge and Sontheimer, 2013, Kato, et al., 2013,
Kolosenko et al., 2017). So far, only few studies focused on the cellular responses
activated by acidosis along with hypoxia, however, the molecular mechanisms

underlying these responses still remain unclear.

To uncover the link between acidosis and hypoxia, we exposed glioblastoma cells to
physiological (pH7.4) and acidic pH (pH6.7) under normoxia and hypoxia. Our results
showed that an acidic pH upregulates HIF-1a and HIF-2a under normoxia (Fig. 4.16A).
Similar to tumors in which decreased extracellular pH is accompanied by hypoxia,
glioblastoma cells cultured under acidic pH and hypoxia showed even further
increased HIF-a levels (Fig. 4.16A). Consistent with our observation, previous studies
have also reported increased HIF-a levels under acidic conditions (Willam et al.,
2006b, Hjelmeland, et al., 2011). Furthermore, our results, as well as those from other
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groups, showed that low pH regulates VEGF expression, a HIF target gene and
angiogenic factor (Fukumura, et al., 2001, Xu, et al., 2002, Filatova, et al., 2016).
However, other studies reported a reduction of HIF-a levels under acidosis (Tang et
al., 2012, Parks et al., 2013). To determine whether an acidic pH range is an important
factor in the regulation of HIF-a, pH ranges of 7.2 to 6.1 were tested for the induction
of HIF-a levels. Importantly, pH in the range of 6.7-6.9, values which have been
measured in tumors (Gillies et al., 2004, Hjelmeland, et al., 2011), increased HIF-a
levels, whereas lower pH ranges decreased the HIF-a expression (see (Filatova, et
al., 2016)). Our data demonstrated that only a certain pH range, which is also detected
in tumors, potentiates HIF function, suggesting a possible explanation for controversial
results in previous reports. Of note, the specific pH range, which induces HIF function,
might vary between different tumor entities and subtypes since the degree of hypoxia,
blood perfusion to remove the acidic products and the expression of molecules
involved in pH sensing differ.

One of the best-characterized niches where CSCs reside, is the hypoxic niche and
hypoxia promotes the stem cell characteristics of cancer cells. (Heddleston, et al.,
2009, Seidel, et al., 2010). Moreover, increased CSC marker gene expression and
self-renewal capacity of glioblastoma cells have been shown under acidic conditions.
Hjelmeland and co-workers reported increased expression of the CSC marker genes
Olig2, Oct4 and Nanog, as well as enhanced sphere formation capacity, which was
accompanied by increased HIF-a levels (Hjelmeland, et al., 2011). However, it is not
clear whether an acidosis induced CSC phenotype is controlled directly by HIF-a, the
major regulators of cellular response to hypoxia, or by other factors. In line with the
enhanced CSC maker gene expression reported by the aforementioned study, we
found that the expression of side population marker genes, which are associated with
CSC maintenance in glioblastoma (Seidel, et al., 2010), was increased under acidic
stress. Importantly, we demonstrated that acidosis enhances the CSC population and
self-renewal capacity in a HIF-1/2a dependent manner, as the effects of acidosis on
CSC features were abrogated in HIF-1/2a-silenced cells cultured under acidic
conditions (Fig. 4.16).
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5.2.2 HSP90 controlled HIF function under acidic conditions

Oxygen-dependent activation of HIF-a is predominantly mediated by a PHD/VHL
dependent mechanism at the posttranslational level, especially under hypoxic
conditions. However, besides a PHD/VHL dependent mechanism, additional
mechanisms are involved in controlling HIF activity and levels. A previous study has
shown that severe acidity under normoxic conditions leads to prolonged HIF-a
stabilization and nucleolar sequestration of VHL, neutralizing its function (Mekhail et
al., 2004). In contrast to these data, we determined that acidosis-induced HIF function
is PHD/VHL independent, as HIF-a induction by acidosis was maintained in VHL
deficient cells (Filatova, et al., 2016). Furthermore, acidosis-induced HIF-a levels were
unaffected by the inhibition of PHD function (DMOG and DP treatment). In addition,
low pH could also increase the levels of HIF-a proteins that carry a mutation at the
PHD hydroxylation residues (HIF-1/2a mPPN), providing strong evidence for a
PHD/VHL-independent HIF-a stabilization under acidosis (Filatova, et al., 2016).
Another well-characterized mechanism for HIF-a stabilization is through their
interaction with HSP90 (Katschinski, et al., 2004, Liu, et al., 2007). We could confirm
that HSP90 controls HIF-a stabilization under acidosis, as acidosis-mediated HIF-a
induction was abrogated following treatment with the HSP9O0 inhibitor geldanamycin.
HSP90 expression was also induced under acidic conditions, allowing for increased
interaction with, and thereby stabilization of HIF-a (Filatova, et al., 2016). Given the
fact that acidosis promotes CSC characteristics through HSP90 mediated HIF
activation, we wanted to corroborate the effect of acidosis and HSP90 on
tumorigenicity, since CSCs show strong tumorigenic capacity. In agreement with this
hypothesis, our results showed that HSP90 silencing reduced intracranial tumor
growth indicating a reduction of tumor initiating capacity of the cells. Importantly, by
assessing the HIF-a levels, we demonstrated that HSP90 silencing abrogates the
synergistic increase of HIF function mediated by acidosis and hypoxia in vivo and in
vitro (Fig. 4.17A-F). In line with these findings, we were able to show that HSP90
silencing decreased the tumor initiating capacity of cells and hence increased the
survival of mice in a subcutaneous xenograft model (Fig. 4.17G, H). In addition to
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these observations, inhibition of HSP90 function by overexpressing a dominant
negative form of HSP90 led to a similar reduction of HIF function, tumor growth and
intratumoral HIF-a levels, confirming our previous results (Fig. 4.18A-D). Taken
together, our results underline the importance and functional contribution of acidosis
for the maintenance of the CSC phenotype through HSP90, providing a novel
mechanistic insight into this process. In agreement with our findings in glioblastoma,
acidosis has also been shown to contribute to the CSC and invasive phenotype in
prostate cancer as shown by increased CSC marker gene expression and MMP-9
secretion to promote invasion, although the molecular mechanism remained unclear
(Huang et al., 2016).

o, —

I
I
I
I
I
I
I
I
I
I
A\ 4

.

Cancer stem cell Tumor cell
self-renewal capacity tumor bulk

Figure 5.2. A model of the synergistic regulation of HIF function and self-renewal
capacity of CSCs in the hypoxic/acidic niche.

Hypoxia and a hypoxia-induced acidic microenvironment concomitantly potentiate the hypoxic
response and promote CSC maintenance. Hypoxia and acidosis act together through PHD
and HSP90, respectively, to synergistically potentiate HIF-a mediated signaling and drive
adaptive responses involved in tumor initiation and growth (redrawn and modified from
(Filatova, et al., 2016)).
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5.2.3 Targeting the hypoxic CSC niche through HSP90 inhbition

HSP90, a highly conserved chaperone protein, plays a pivotal role in stabilization and
activation of more than 200 client proteins by assisting the folding, intracellular
transport, maintenance, and degradation of these client proteins. Notably, HSP90
plays an even more critical role in cancer cells. HSP90-facilitated protection of
mutated proteins and overexpressed oncoproteins from misfolding and degradation
supports cancer cell survival (Whitesell and Lindquist, 2005, Trepel et al., 2010).
HSP9O0 is frequently upregulated in several tumor types and is associated with poor
patient prognosis and an aggressive tumor phenotype (Becker et al., 2004, Biaoxue
et al., 2012, Cheng et al., 2012a, Wang et al., 2013b). Therefore, HSP90 has become
an attractive molecular target and a variety of small molecular inhibitors, such as
geldanamycin and its derivatives, which are currently under clinical evaluation, have
been developed (Jhaveri et al., 2014, Garg et al., 2016). Our current data and recent
publications by others strongly underscore the potential function of HSP90 as a CSC
regulator. Inhibition of HSP90, alone or in combination with other therapeutics, has
been shown to effectively eliminate CSCs, providing a potential approach to overcome
CSC mediated chemotherapy resistance (Lee et al., 2012, Newman et al., 2012, Kim
et al., 2015). Moreover, we demonstrated the key function of HSP90 in acidosis-
dependent potentiation of HIF function and the resulting increase of CSC
maintenance. The upregulation of HSP90 in the hypoxic niche and the correlation
between HSP90 levels and HIF target gene and CSC marker genes expression levels
(Fig. 4.19) demonstrated that targeting HSP90 might be clinically relevant, in particular
to inhibit the synergistic effects of hypoxia and acidosis on HIF-a expression and a
novel strategy to target CSC in the hypoxic niche. Reports from other groups have
strengthened this assumption, as CSCs showed higher sensitivity to HSP90 inhibitors
in glioblastoma (Sauvageot et al., 2009, Di et al., 2014).
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5.3 Hypoxia mediates an invasive phenotype and anti-
angiogenic therapy resistance through the activation of
a HIF-1a-ZEB2-ephrinB2 axis

Low oxygenation resulting in enhanced tumor vascularization is one of the
characteristics of malignant tumors like glioblastoma. Anti-angiogenic therapies
targeting the tumor vasculature have been applied to deplete oxygen and nutrient
supply in tumors. Even if anti-angiogenic therapy initially results in reduced tumor
growth, tumor cells develop adaptive and evasive responses. Anti-angiogenic therapy-
induced hypoxia plays an important role in these processes, in part through its ability
to enhance tumor cell invasion. In this part of the thesis, we demonstrate that hypoxia
is one of the key microenvironmental factors regulating the invasive phenotype. We
show that hypoxia increases the invasion of glioblastoma cells by decreasing ephrinB2
levels and that ephrinB2 depletion itself increases tumor invasion and growth.
Furthermore, re-expressing ephrinB2 in ephrinB2 depleted tumors or tumors
subjected to anti-angiogenic treatment reverses the invasive capacity of tumor cells in
vivo. These findings identify a common mechanism involved in tumor invasion,
highlighting the importance of ZEB2/ephrinB2 as novel therapeutic targets to inhibit

glioma invasion (Fig. 5.3).
5.3.1 Hypoxia induces invasion and downregulates ephrinB2

Tumor hypoxia is associated with an aggressive tumor phenotype, poor patient
survival, treatment failure and increased metastasis/invasion. It is known that hypoxia
has a dual function during cancer progression: tumor cells need oxygen and nutrient
supply to support their metabolism and other cellular functions, therefore hypoxia
inhibits tumor growth. On the other hand, hypoxia regulates metabolic adaptation to
these stress conditions and selects for more aggressive tumor cells (Pennacchietti et
al., 2003, Erler, et al., 2006, Keith, et al., 2011, Semenza, 2012). Indeed, we show
that hypoxia treated cells exhibit increased invasive behavior in vitro, as demonstrated
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in collagen invasion and Boyden chamber assays (Fig. 4.20A-C). Glioblastoma cells
rarely metastasize to other organs. However, glioblastoma cells migrate, spread and
disseminate into the surrounding brain tissue, which is the main factor limiting the
success of the currently available therapies, leading to tumor recurrence (Rao, 2003).
On that account, we wanted to identify the molecular mechanism underlying the

hypoxia-induced invasive phenotype.

Eph/ephrin signaling is known to be involved in axon guidance and formation of stable
tissue boundaries via mediating repulsive effects (Pasquale, 2008, Kania and Klein,
2016). Interestingly, Eph receptors and ephrins are also expressed in both tumor cells
and stromal cells, mediating cell-cell communication by signal transduction.
Dysregulated Eph and ephrin expression levels have been observed in various
cancers leading to up or down regulation by different mechanisms. Chromosomal
alterations, epigenetic regulation, changes in mRNA stability and transcriptional
regulation are the mechanisms, which have been reported to lead to altered Eph or
ephrin expression (Pasquale, 2010, Arvanitis and Davy, 2012). Importantly, ephrinB2
expression is frequently downregulated in gliomas compared to normal brain and the
EFNB2 gene locus is also deleted with high frequency during glioma progression
(Depner, et al., 2016). Moreover, we showed that hypoxia also downregulates
ephrinB2. Downregulation of ephrinB2 is exclusively controlled by HIF-1a but not HIF-
2a, as shown by recovered ephrinB2 levels in HIF-1a silenced cells (Fig. 4.20E). Since
HIF-1a is a transcriptional activator, we performed an siRNA based screening against
known EMT regulators, which function as transcriptional repressors and are
upregulated upon hypoxia (Krishnamachary et al., 2006, Yang, et al., 2008, Joseph,
et al., 2015, Kahlert, et al., 2015, Yeo, et al.,, 2017). We showed that ephrinB2
expression was increased by silencing of ZEB2 (Fig. 4.20F), which was upregulated
upon hypoxia (Depner, et al., 2016), identifying ZEB2 as a putative repressor of
ephrinB2.  Furthermore, ephrinB2  promoter analysis and chromatin
immunoprecipitation confirmed direct repression of ephrinB2 by HIF-1a-mediated
upregulation of ZEB2 (Depner, et al., 2016). Interestingly, comparison of ephrinB2 and
ZEB2 levels in the two cell lines LN229 and G55, which were used in this study,

revealed that LN229 cells, which form highly invasive tumors when orthotopically
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transplanted, expresses lower ephrinB2 and higher ZEB2 (Fig. 4.20D). These data
demonstrate that hypoxic repression of ephrinB2 is mediated through the activation of
the transcriptional repressor ZEB2.

5.3.2 Loss of ephrinB2 is associated with an invasive tumor

phenotype

The dysregulation of Eph receptors and ephrins in cancers, particularly our findings of
downregulation or loss of ephrinB2 in glioblastoma patients and hypoxic repression of
ephrinB2 through ZEB2, a known EMT regulator, led us to further investigate the effect
of ephrinB2 reverse signaling on tumor progression and invasion. In agreement with
the repulsive effects of ephrinB2 reverse signaling in axon guidance, loss of ephrinB2
in gliomas markedly increased the invasive phenotype in vivo. Importantly, we showed
that blockade or loss of ephrinB2 reverse signaling inhibits the repulsive signals
promoting cell invasion into the surrounding brain parenchyma and enhancing tumor
growth (Fig. 4.20A). To corroborate the role of ephrinB2 for the invasive phenotype,
we performed a rescue experiment by overexpression of ephrinB2 in ephrinB2
deficient glioma cells. This reversed the pro-invasive phenotype, demonstrating the
pivotal and direct role of ephrinB2 in the control of glioma cell invasion (Fig. 4.20B, C).
A similar model has been reported for colorectal cancer, demonstrating that EphB
signaling restricts the spreading of EphB expressing tumor cells into ephrinB1
expressing intestinal tissue. To overcome the repulsive EphB signal and invade into
the surrounding intestinal tissue, tumor cells silence EphB expression (Batlle, et al.,
2005, Cortina, et al., 2007).

Anti-angiogenic treatment has been shown to induce hypoxia and an invasive
phenotype, associated with the development of therapy resistance (Zhang, et al.,
2015b, Ronca, et al., 2017, Tamura, et al., 2017). However, little is known about the
possible involvement of EMT regulators and ephrins in invasiveness and resistance
following anti-angiogenic treatment. Notably, we show that ephrinB2 overexpression
restricts tumor invasion evoked by bevacizumab treatment (Fig. 4.21D, E). Taken
together, our data suggest a model in which hypoxic repression of ephrinB2 through
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the hypoxic activation of ZEB2, increases the invasive capacity of tumor cells.
Furthermore, tumor cells silence ephrinB2 expression by additional mechanisms,

including genetic loss or epigenetic repression (Fig. 5.3).
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Figure 5.3. Model of the regulation of glioma invasion and evasive resistance by the
HIF-1a-ZEB2-ephrinB2 axis.

The downregulation of ephrinB2 through genetic/epigenetic alterations and
microenvironmental mechanisms, such as hypoxia, is a crucial step that promotes tumor
invasion by abrogation of repulsive signals. The hypoxia and HIF-1a dependent control of
ZEB2 and the ZEB2 mediated suppression of ephrinB2 is a central regulatory pathway that
allows tumor cells to flexibly guide invasion in response to microenvironmental cues and
promote evasive resistance to anti-angiogenic therapies in glioma. Our results identify the
disruption of ZEB2 function as an attractive therapeutic strategy to inhibit tumor invasiveness
and counteract anti-angiogenic resistance mechanisms (Depner, et al., 2016).
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