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Summary

Summary

Glioblastoma (GB) is the most aggressive malignant adult brain tumour with a
median survival rate of only 15 months. GB tumours are characterized by necrotic and
hypoxic core, which leads to nutrient deficient areas contributing to invasive, diffuse-
infiltrative and angiogenic nature of these tumours. Cells exposed to nutrient deficient
conditions and are known to reprogram their metabolism to produce or procure macro
molecules from their environment. This makes cancer cells uniquely dependent on
transcriptional regulators and a window of opportunity to target them. Sterol regulatory
element binding protein 1 (SREBP1) is a transcriptional regulator of de-novo fatty acid
synthesis in cells. The aim of this thesis was to investigate if SREBP1 was involved in
restructuring the transcriptional regulation of genes involved in fatty acid biosynthesis
upon low serum condition, in mediating interaction with other cell types in the tumour
bulk such as endothelial cells, in regulating cancer stem like cells and finally to study
its upstream regulation in GB. Global transcriptional analysis on GB cells exposed to
low serum conditions revealed that SREBP1 regulated several fatty acid biosynthesis
and phospholipid metabolic processes. PLA2G3 was identified as a novel target of
SREBP1 in GB that was uniquely regulated in low serum condition. Analysis of total
fatty acid and lipid species revealed that loss of SREBP1 in low serum condition
changes the proportion of saturated, MUFAs and PUFAs. These changes were not
specific to loss of PLA2G3 but as a result of downregulation of many genes regulated
by SREBP1 in the fatty acid biosynthetic pathway. Next, treatment of HUVEC’s
(endothelial cells) with condition medium from SREBP1-silenced U87 cells inhibited
sprouting and tube formation capacity compared to the control condition, emphasizing
the role of SREBP1 in angiogenesis and release of signalling mediators. Further,
SREBP1 was shown to be important for proliferation of patient derived stem like cells
and becomes indispensable for forming neurospheres in long term cultures, indicating
its role in maintaining stemness. Also, inhibition of SREBP function by blocking the
esterification of cholesterol using inhibitors targeting SOAT1 showed impairment in the
viability of GB cells exposed to serum-depleted condition. Overall, SREBP1 plays an
important role in maintaining tumour growth in nutrient deficient conditions and help in
interaction with tumour microenvironment contributing to the aggressiveness of this

tumour and poses itself as an attractive and unique target for GB treatment
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Zusammenfassung

Das Glioblastoma (GB) ist der aggressivste bosartige Gehirntumor bei
Erwachsenen mit einer medianen Uberlebensrate von nur 15 Monaten. GB-Tumore
zeichnen sich durch einen nekrotischen und hypoxischen Kern aus, der zu
nahrstoffarmen Bereichen fuhrt, die zu invasiven, diffus-infiltrierenden und angiogenen
Natur dieser Tumore beitragen. Zellen, die einem Nahrstoffmangel ausgesetzt sind,
sind dafur bekannt, ihren Stoffwechsel umzuprogrammieren, um Makromolekule zu
produzieren oder diese aus ihrer Umgebung zu beziehen. Dies macht Krebszellen in
einzigartiger Weise abhangig von Transkriptionsregulatoren und eroffnet die
Moglichkeit diese gezielt anzugreifen. Das sterol regulatory element binding protein 1
(SREBP1) ist ein Transkriptionsregulator der de-novo Fettsauresynthese in Zellen.

Das Ziel dieser Arbeit war es zu erforschen, ob SREBP1 an der
Umstrukturierung der Transkriptionsregulation der Gene involviert ist, die unter
niedrigen Serumbedingungen an der Fettsdurebiosynthese beteiligt sind. Des
Weiteren richtete sich die Arbeit darauf, ob SREBP1 die Interaktion mit anderen
Zelltypen im Tumor wie den Endothelzellen vermittelt, ob es die stammzellahnlichen
Krebszellen reguliert und letztlich, dessen Stromaufwarts-Regulierung in GB zu
untersuchen.

Eine globale Transkriptionsanalyse von GB-Zellen, die niedrigen
Serumbedingungen ausgesetzt waren, ergab, dass SREBP1 mehrere
Fettsaurebiosynthese- und Phospholipid-Stoffwechselprozesse reguliert. Dabei wurde
PLA2G3 als ein neuartiges Ziel von SREBP1 in GB identifiziert, welches unter
geringen Serumbedingungen auf einzigartige Weise reguliert wurde. Die Analyse der
gesamten Fettsaure- und Lipidspezies ergab, dass der Verlust von SREBP1 unter
niedrigen Serumbedingungen das Verhaltnis zwischen gesattigten, MUFAs und
PUFAs verandert. Diese Veranderungen waren nicht spezifisch auf den Verlust von
PLA2G3 zurtckzufuhren, sondern eine Folge der Herunterregulierung vieler Gene, die
im Fettsaurebiosyntheseweg durch SREBP1 reguliert werden.

Als Nachstes zeigte die Behandlung von HUVECs (Endothelzellen) mit dem
konditionierten Medium von SREBP1-stillgelegten U87 Zellen, dass die Spriefl3- und
Rohrenbildungsfahigkeit im Vergleich zur Kontrollbedingung gehemmt war. Dies

unterstreicht die Rolle von SREBP1 bei der Angiogenese und der Freisetzung von
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Signalmediatoren. Aullerdem wurde nachgewiesen, dass SREBP1 wichtig fur die
Proliferation von aus Patienten stammenden stammzellahnlichen Zellen und fur die
Bildung von Neurospharen in Langzeitkulturen unverzichtbar ist, was auf die Rolle von
SREBP1 bei der Aufrechterhaltung der Stammzellfahigkeit hindeutet. Auch die
Hemmung der SREBP Funktion durch die Blockierung der Veresterung von
Cholesterin mittels SOAT 1-Inhibitoren wies eine Beeintrachtigung der Lebensfahigkeit
von GB-Zellen auf, die einer serumarmen Bedingung ausgesetzt waren.

Zusammenfassend zeigt diese Arbeit, dass SREBP1 eine wichtige Rolle in der
Aufrechterhaltung des Tumorwachstums unter nahrstoffarmen Bedingungen und bei
der Interaktion mit der Tumormikroumgebung spielt, die zur Aggressivitat des Tumors
beitragt und sich somit als ein attraktives und einzigartiges Ziel fur die Behandlung von
GB darstellt.



Introduction

Chapter 1: Introduction

1.1 Glioblastoma

Cells are the basic structural and functional building blocks of all organisms.
Cell division and proliferation is an important part of our existence and survival.
Generally, cells require growth signals to change from quiescent to proliferative phase.
Our cells tightly regulate and control the production and release of these growth
stimulating signals and hence maintain homeostasis of cell division and normal tissue
architecture. Cancer cells re-program their cellular signalling to evade normal growth
cycle and transform themselves into a chronic proliferative state. It is known that cancer
cells accumulate different genetic mutations to attain this uncontrollable proliferative
state. Mutations are one of the most important factors that governs the state of
transformation of cells from normal to cancerous state (Hanahan and Weinberg, 2000).
Depending on the type, location and the environment of the tumour bearing organ, they
can acquire mutations that are in their favour to help them rewire their metabolism to
support proliferation. Some tumours, such as glioblastoma (GB), are also known to
have acquired several mutations that leads to heterogenous tumour bulk and makes
cancer treatment more challenging and decreases overall survival rate in patients. GB
is one of the most aggressive malignant brain tumours and is classified as grade IV
tumours by the world health organization (WHO) and account for two thirds of all adult
brain tumours (Ostrom et al., 2019; Perry and Wesseling, 2016). GB tumours can
originate as primary or secondary tumours. Secondary tumours are formed through
pre-existing lower grade gliomas and has better prognosis and treatment outcome and
account only for about 10% of all GB cases (Lai et al., 2011). While primary GB account
for almost 90% of the cases and have poor prognosis and poor survival rate. GB
tumours also have high recurrence rate, high mortality with median survival rate of only
15 months (Stupp et al., 2005).

1.1.1 Classification of Glioblastoma

It dates back to mid 90’s when several researchers including remarkable work
of Hans-Joachim Scherer a young German neuropathologist, started to distinguish
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between primary and secondary GB (Peiffer and Kleihues, 1999). Only after
establishing immunohistochemistry staining and analysis of GB tumours it was
universally accepted to distinguish them into primary and secondary lesions (Ohgaki
and Kleihues, 2013; Scheithauer, 2009). Further developments in the later years lead
to establishment of distinguishable genetic traits between these two classes including
identification of mutations in p53 and EGFR signalling (Collins, 1993; Watanabe et al.,
1996). There were other significant contributions made to differentiate between primary
and secondary GB, but not until it was identified that IDH mutations in GB patients
showed better prognosis and overall survival (Parsons et al., 2008). This discovery led
to bench marking of IDH1/2 mutations as the marker for astrocytoma grade Il and
anaplastic astrocytoma grade lll, which are the precursors for secondary GB (Fig 1.1)
(Nobusawa et al., 2009; Yan et al., 2009). IDH1/2 mutations occur early and are
present in precursor cells which progress to form diffuse astrocytomas or
oligodendrogliomas. Oligodendrogliomas likely show frequent mutations in 1p/19q loss
whereas about 60-65% of the astrocytomas also incur TP53 mutations which
progresses to grade IV secondary GB (Louis, 2006; Ohgaki and Kleihues, 2013).
Overall, patients diagnosed with secondary GB have better prognosis and have a
median survival rate of 2-5 years (Park et al., 2010).
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Figure 1.1: Genetic distinctions of primary and secondary GB

Glial cells are the source of origin for both primary and secondary gliomas. The primary GB
are derived from glial cells that undergo mutations in either EGFR, TP53, PTEN, LOH 10p or LOH
10q and leads to tumour formation. The percentages mentioned are the rates of mutations seen in
those genes in primary glioblastomas. While secondary GB are derived from lower grades tumours
such as diffuse astrocytoma and anaplastic astrocytoma, which primarily are formed from
IDH1/IDH2 mutations in glial cells. Also, the secondary gliomas share their lineage with
oligodendrogliomas. This image was obtained from (Ohgaki and Kleihues, 2013).

1.1.2 Primary Glioblastoma

Tumours that are classified as IDH1/2 WT account for about 90% of the GB
cases. These tumours are called as primary GB as they do not arise from a lower grade
tumour, most of them have acquired several mutations in EGFR, TP53, PTEN, LOH
10p or LOH 10q and are classified as WHO grade IV tumours (Figure 1.1). These
tumours are incurable and have poor diagnosis, prognosis and disappointing
outcomes. Patients with primary GB have only about 12-15 months of median survival
rate (Ostrom et al., 2019; Perry and Wesseling, 2016). Standard care of treatment for
these tumours are surgical resection, followed by fractionated radiotherapy along with
chemotherapy with an alkylating chemotherapeutic agent temozolomide. Surgical
resection of brain tumours is challenging depending on the position of the tumours and
the outcome varies from case-to-case basis. Even when the tumours are in a region
reasonably accessible for resection it requires specialized and skilled neurosurgeons
to remove the tumour bulk as much as possible without carving into the surrounding
normal brain. This leads to some remaining tumour cells after resection that are
incompletely treated by radio and chemotherapy. One other critical factor that makes
it hard to treat these tumours with chemotherapy is the blood brain barrier (BBB). BBB
is a specialized junction made of brain microvascular endothelial cells that controls the
exchange of substances between brain and the rest of the body, protecting the brain
neural cells from possible exposure to toxins and harmful compounds. Furthermore,
microenvironment of the brain, their developmental complexity, epigenetic and genetic
make-up is very different from the other organs. Hence, drugs that are used in the
treatment of other type of tumours might not be suitable for brain tumour patients, thus
making these tumours unique and hard to treat (Aldape et al., 2019). These tumours
are also known to be resistant to available treatments and leads to relapse in almost

all cases. They are known to grow fast and tend to be large tumours with hypoxic and
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necrotic areas, contributing to the highly diffusive infiltrative, angiogenic nature of these
tumours and making them the most aggressive malignant brain tumour. Also, they are
highly heterogenic in nature, making the tumour bulk additionally complex and difficult
to treat with a single agent. It is known that these tumours have cancer stem like cells
that are resistant to chemo and radio therapy and are mostly responsible for relapse
in patients with more aggressive tumours that are unresponsive to most available
treatments (Golebiewska et al., 2013; Prasad et al., 2015).

Hence, there is a significant need to understand these tumours better and
develop targeted therapies and combinatorial approach to aim at several aspects of
GB rather than a single point care. Also, identifying factors that regulate processes
specific to cancer cells and finding the window of opportunity to target the Achilles of
cancer holds a priority in novel therapeutic strategies to reduce toxicity with the drugs
and to increase the efficiency of the targeted approach. Overall, the path to improve
GB patient treatment is to identify the mutational status of the patients, understand the
pathways over expressed in them and develop treatments targeted towards the
signalling regulators curbing the root of cancer growth. Also, it is important to
understand, identify and target the signalling network that is essential for
communication with different cell types (e.g., endothelial cells, macrophages, immune
cells) present in the microenvironment to efficiently limit the growth of cancer cells and

relapse.

1.2 Tumour angiogenesis

Angiogenesis is process of developing new blood vessels by endothelial cells
in the existing vascular network. This process involves proliferation and migration of
endothelial cells to required region for formation of new blood vessels. This process is
tightly regulated by signalling network of pro- and anti-angiogenic molecules and is
essential for wound healing and formation of new vasculature. Blood vessels are
important to any mammalian cell as they obtain oxygen and nutrients for their survival
from them. Every cell needs to be located as close as 100 to 200 ym to a blood vessel
for proper diffusion of oxygen (Carmeliet and Jain, 2000; Hanahan and Weinberg,
2000). In cancer cells due to their high proliferation there is huge need for new blood

vessels and without which tumours cannot grow beyond a critical size which is

10
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dependent on the proximity to an existing blood vessel. Tumour angiogenesis was
discovered nearly a 100 years ago and is recognized as one of the hallmarks of cancer
(Hanahan and Weinberg, 2000). Studies in mice have shown that tumour angiogenesis
is acquired by tumours through their mid-phase growth before they become full blown
tumours, there is an angiogenic switch that transforms quiescent endothelial cells to
proliferate to form new blood vessels (Hanahan and Folkman, 1996). Hence it is an
important phenomenon for fast growing tumours and is point of intervention to target

cancer with therapies.

GB tumours are characterized by vascular proliferation and is known to occur
in 2 pathologically distinguished forms. First, an increased diffusion of densely
populated array of small blood vessels, which are not obvious in H & E staining but
detected using endothelial cells markers such as CD31. Second, microvascular
proliferation of blood vessels also called as glomeruloid vessels, and they are unique
to high grade GB and is used to grade tumours. These vessels are generally made up
of proliferating endothelial cells and smooth muscle cells, and they are distributed
haphazardly and irregularly over the necrotic regions of the tumour (Louis, 2006). The
tumour blood vessels are structurally different from normal healthy blood vessels as
they are permeable, have heterogenous morphological structures, lack pericytes
making them thin and weak, have large pores and are leaky (Jain et al., 2007; Lupo et
al., 2016). These structural abnormalities are also known to cause hypoxic region even
with neoangiogenesis in tumour and are also responsible for improper delivery of

chemotherapeutic drugs and lead to treatment failure.

1.2.1 Regulators of angiogenesis

The regulation of angiogenesis in malignant tumours is a complex process and
is known to involve several signalling networks and cross talk between cancer cells
and the endothelial cells. There are several factors that are responsible for inducing
angiogenesis in tumours, and a well-known molecule synthesized by the cancer cells
is the vascular endothelial growth factor (VEGF), which acts through the receptors
present on the endothelial cells vascular endothelial growth factor receptor 1
(VEGFR1) and 2 to induce angiogenesis. VEGF is a homodimeric glycoprotein and is

known to be involved in embryonic development and in wound healing processes in
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adults (Carmeliet, 2005). VEGF is one of the growth factor produced by the tumour
cells which is known to be involved in the angiogenic switch observed in endothelial
cells involved in tumour angiogenesis (Carmeliet, 2005). VEGF signalling is
upregulated in cancer and hypoxia is known to transcriptionally regulate VEGF in the
tumour microenvironment (Carmeliet, 2005; Jain et al., 2007). Current anti-angiogenic
treatments are targeted at VEGF signalling, they focus on inhibiting the proliferation of
endothelial cells, thereby stopping the nutrient and oxygen source from the tumour
cells and stopping their proliferation.

There are several other signalling molecules known to be involved in
angiogenesis, such as angiogenin, interleukin-8, prostaglandin E2 (PGE2),
lysophosphatidic acid C18:1 (LPA C18:1) and others. These molecules are shown to
either act on endothelial cells directly or activate other pathways to induce
angiogenesis indirectly. Angiogenin is a polypeptide member of the RNAse A
superfamily and is known to be important in cancer cell proliferation, survival and
inducing angiogenesis. Angiogenin is released by the cancer cells into the tumour
microenvironment and can enter other cells and can regulate important cellular
signalling. Angiogenin is involved in rRNA transcription and ribosomal biogenesis in
endothelial cells, hence can be important for endothelial cell proliferation (Kishimoto et
al., 2005). Interleukin 8 (IL8) is a proinflammatory chemokine and is known to be
released by tumour cells and is involved in paracrine signalling mediating metastasis,
tumour angiogenesis and also in chemoresistance. IL8 is also linked to histological
grading of brain tumours such as GBs, as these tumours secrete high levels of IL8
(David et al., 2016; Li et al., 2003; Ning et al., 2011; Shi and Wei, 2016). IL8 is shown
to be directly involved in angiogenesis by maintaining endothelial cell proliferation and
survival and regulating the expression of matrix metalloproteinase 2 (MMP-2) that is
necessary for degradation of extracellular matrix to facilitate migration and sprouting
(Li et al., 2003).

Lipid mediators such as PGE2 and LPA C18:1 which are known to be involved
in cell signalling regulation and cross talk between cells and the microenvironment
have also been shown to be involved in regulating angiogenesis. PGE2 has been
shown to regulate angiogenesis in tumour cells by increasing the secretion of VEGF in
endothelial cells and that PGEZ2 is regulated downstream of PI3/AKT (Tamura et al.,
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2006). LPA C18:1 is a known lipid mediator involved in regulation of various cellular
functions and aids in cell growth, proliferation through G-coupled receptors LPARs.
Their involvement in angiogenesis is studied in context of vascular development in
healthy tissues and their role in pathological diseases. It has been shown that LPA
C18:1 is involved in endothelial cell proliferation and migration, which is essential for
neo-angiogenesis and is rendered important in wound healing processes. LPA C18:1
is also known to induce VEGFA expression in cancer endothelial cells via HIF-1a and

contribute to aggressiveness of human cancers (Teo et al., 2009).

1.2.2 Challenges with anti-angiogenic therapies

Even though many targets that regulate angiogenesis in tumours are being
extensively studied the available antiangiogenic therapies are mainly based on
targeting VEGF signalling. Bevacizumab is one of the standard lines of treatment for
antiangiogenic treatment for GB patients (Kim et al., 2018; Li et al., 2017b). Even
though anti-angiogenic therapies show efficacy in earlier treatment period, it fails to be
effective in long term as patients develop resistance to the treatments (Li et al., 2017Db).
Though there are several possible explanations for treatment failure, the adaptation of
tumour endothelial cells to the tumour micro environment and loss of chemotherapeutic
drugs reaching the tumours due to loss of blood vessels, gives rise to heterogenous
population of endothelial cells that show resistance to the treatment and contribute to
tumour growth (Montemagno and Pages, 2020). The other important factor that leads
to treatment failure with anti-VEGF treatment is that tumour angiogenesis is regulated
by many other signalling molecules synthesized by cancer cells and only targeting
VEGF is insufficient to completely block neo-vascularization in tumours. Hence,
treatment with anti-angiogenic drugs should employ combinatorial approach with in-
depth analysis of the tumour microenvironment to successfully design treatment

strategies that would show efficacy in patients.

1.3 Tumour heterogeneity in primary GB

Heterogeneity is generally defined in clinical terms as state of being diverse, in

tumours it is referred to both inter-tumour and intra-tumour heterogeneity. Inter-tumour
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heterogeneity refers to a difference seen in different patients or population level
variability. Intra-tumour heterogeneity refers to variability within individual tumours. The
heterogeneity can be studied using samples collected from single time point for
investigating spatial heterogeneity or collected from different time points to study clonal
evolution, also called as longitudinal heterogeneity. Both spatial and longitudinal
heterogeneity permits to understand histopathological changes, progression of the
tumours and development of resistance. GB tumours are known for both inter and intra-
tumour heterogeneity (Becker et al., 2021). GBs are known to be composed of diverse
clonal and sub-clonal cell populations; cancer stem like cells and differentiated cells,
non-tumour cells such as endothelial cells, inflammatory cells and also microglial cells,
making their tumour microenvironment complex and hard to treat with single point care
(Becker et al., 2021; Hambardzumyan et al., 2016).

Availability of complete human genome sequence and swift improvements in
high throughput omics technology has led to more comprehensive genomic analysis
on human cancers. The cancer genome atlas (TCGA) performs genomic analysis on
human cancer genomes and catalogues the main aberrations found in cancers using
large cohorts of patient materials. GB was the first cancer to be evaluated by TCGA to
perform multidimensional analysis to characterize its genome and transcriptome. The
analysis was performed by using DNA copy number, gene expression and DNA
methylation irregularities in 206 GB patients and major pathways that are deregulated
in these tumours were identified. Receptor tyrosine kinase/ rat sarcoma virus protein/
phosphatidylinositol 3-kinases (RTK/RAS/PI3K), p53 signalling and retinoblastoma
protein (RB) signalling were identified as 3 major signalling pathways frequently
mutated in GB genome (Fig. 1.2) (Cancer Genome Atlas Research, 2008). Copy
number analysis of 206 GB tumours and analysing the somatic aberrations in 91 GB
patients with sequencing data showed at least one genetic alteration in the constituents
of RB, p53 or RTK pathways. This study led to understanding of the genetic alterations
found in different GB patients and the importance of genomic analysis of individual
patients to design treatment strategies based on the aberration for a successful

outcome.
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Figure 1.2: Identification of altered signalling pathways in GB by TCGA

This figure shows the mutations/amplifications found in 3 critical signalling pathways in GB
patients. a. shows the signalling alteration in RTK/RAS/PI3K pathway which is altered in 88% of
the cases. b. 87% of GB tumours showed mutations or amplifications accumulated in the p53
signalling cascade. c. 78% of amplification, mutation or gene deletion was seen in RB signalling.
Genes that are indicated in red shows activating and blue shows inactivating aberrations. Darker
shades represent higher frequently of alterations. This figure was taken from (Cancer Genome
Atlas Research, 2008).

RTK/RAS/PI3K pathway was one of the most altered signalling cascades in GB
in the TCGA analysis (Cancer Genome Atlas Research, 2008). This axis is particularly
prominent in highly proliferative cells as it mediates growth factor signalling and uptake
of nutrients and involves in regulation of biosynthesis of both proteins and lipids in cells.
PI3Ks were first discovered as kinases phosphorylating the hydroxyl group of inositol
lipids to increase the turnover of phosphatidylinositol in cells upon growth factor
stimulation (Cantley et al., 1986; Whitman et al., 1985). RTKs are a family of cell
surface receptors and respond to growth factors, hormones and signalling molecules
(Regad, 2015). Autophosphorylation of RTKs upon external cues can promote to
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recruitment of PI3Ks in cells. One of the main important downstream regulators of
RTK/PI3K axis is AKT.

The serine/threonine kinase AKT, also known as protein kinase B (PKB) is
known to have 3 isoforms: AKT1, AKT2 and AKT3 (Bellacosa et al., 2005). All 3
isoforms have been known to be involved in several important functional regulation in
cells, AKT 1 is involved in embryonic growth, AKT3 in brain development, AKT1 and 3
are regulators of glucose homeostasis in cells (Lu et al., 2012; Vivanco and Sawyers,
2002). AKT is known to be involved in regulation of cell proliferation, nutrient sensing
and uptake upon growth factor addition, angiogenesis regulation and diffuse
invasiveness of tumour cells (Bellacosa et al., 2005). AKT needs to be phosphorylated
at 2 specific sites to be completely activated. PH-domain containing protein kinase 1
(PDK1) located close to the membrane localized AKT, phosphorylates AKT at T308
(Scheid et al., 2005). Rictor- mammalian target of rapamycin (mTOR) is known to be
the kinase responsible for the second phosphorylation of AKT at S473 present in the
carboxyl-terminal hydrophobic motif (Sarbassov et al., 2005). S473 phosphorylation of
AKT is necessary for the translocation of AKT from plasma membrane to the nucleus.
Nuclear localized AKT activates several downstream signalling pathways involved in

both protein and lipid biosynthesis.

Mammalian target of rapamycin (mTORC) is a serine/threonine kinase which
belongs to the PI3K related kinase family which forms the catalytic subunit of 2 distinct
protein complexes, mMTORC1 and mTORC2. mTORC1 has three components: mTOR,
regulatory protein associated with mTOR (Raptor) and mammalian lethal with Sec13
protein 8 (mLST8, also known as GpL). Raptor is involved in substrate recruitment to
the TOR signalling motif and helps in subcellular localization of mMTORC1 (Kim et al.,
2002). mLST8 is linked to the catalytic domain of the mTORC1 which is required for
stabilization of kinase activation loop. It is shown that mLST8 is important for
functioning of mMTORC1 kinase activity in the cells (Yang et al., 2013). mTORC1 is
regulated downstream of PISK-AKT axis and responds to growth factors and nutrient
depletion and is mainly involved in regulation of protein biosynthesis in cells. The
tumour suppressor proteins TSC1 and TSC2 are negative regulators of mTORC1.
They act on GTP-ase activating proteins such as Ras homolog enriched protein in

brain (Rheb), which plays important role in mediating growth factor signalling and
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nutrient sensing of MTORC1. AKT phosphorylates the TSC2, and this phosphorylation
stops it from disassociating from the lysosomal membrane and inhibiting Rheb.
Another mechanism of activation of mMTORC1 in cells is dependent on MAP kinase
ERK signalling, whose effector p90 RSK phosphorylates and inactivates TSC2 (Saxton
and Sabatini, 2017).

mTORC1 promotes protein signalling in cells through 2 core effectors
phosphorylation, p70S6 kinase 1 (S6K1) and elF4E binding protein (4EBP1). mTORC1
is involved in direct phosphorylation of S6K1 at its hydrophobic motif site Threonine
389 and this phosphorylated form is further phosphorylated by PDK1 for its complete
activation (Saxton and Sabatini, 2017). S6K1 phosphorylates many downstream
targets and one important including elF4B that regulates the formation of elF4F
complex (Holz et al., 2005). 4EBP1 independent of S6K1 inhibits elF4E by binding and
inhibits the formation of elF4F complex and mTORC1 prevents 4EBP1 binding by
phosphorylation at several sites (Raught and Gingras, 1999). These phosphorylation
by mTORC1 and its downstream target S6K1 regulates mRNA transcription and
translation, especially the mRNAs consisting of pyrimidine rich 50 TOP or “TOP-like”
motifs which are involved in protein biosynthesis (Hsieh et al., 2012; Saxton and
Sabatini, 2017; Thoreen et al., 2012). mTORC1 is also a key regulator of lipid
biosynthesis in cells by regulating activity and stability of the transcription factor
SREBP1 (Porstmann et al., 2008), which makes P13K-AKT-mTORC1-SREBP1 axis

prominent in proliferating cells.

1.4 Fatty acids and lipid biosynthesis

Metabolic alteration is one of the hallmarks of cancer. Nutrient uptake and
macromolecular biosynthesis are characteristics of proliferating cancer cells. Fatty acid
and lipid biosynthesis is an essential process in synthesizing cellular membranes in
newly formed cells and plays an important role in cancer growth and progression. Fatty
acids, sphingolipids and cholesterol are the building blocks of more complex lipid
structures that form cell membranes. Fatty acids consist of a polar head group and
aliphatic hydrocarbons chains with variable number of carbon atoms and double bonds
which gives rise to thousands of unique lipid species that provides cell membranes its
structure, fluidity and dynamics. The fatty acids are classified based on the number of
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double bonds, saturated fatty acids (without double bonds), mono-unsaturated fatty
acids (MUFAs, one double bond) and polyunsaturated fatty acids (PUFAs, with two or
more double bonds). Fatty acids are stored as triacylglycerols in lipid droplets when
esterified with glycerol-3-phosphate and act as huge energy reserve in cells.
Triacylglycerols can be used to be obtain ATP by combining three important metabolic
pathways in cells, beta-oxidation, Krebs cycle and the oxidative phosphorylation (also
known as the respiratory chain). When triacylglycerols are completely metabolized by
all three pathways provide a great amount of ATP to the cells, for e.g., complete
oxidation of one molecule of palmitate can yield up to 104 molecules of ATP (assuming
non-integer phosphate/oxygen ratio) (Salway, 2017).

Lipids are the hydrophobic biomolecules that include phospholipids, sterols,
glycolipids and mono-, di-, and tri-acyl glycerides. The main structural lipid in the
cellular membrane is phospholipids. Phospholipids contains a polar headgroup with a
phosphate group, hydrophobic region derived from diacylglycerol containing two fatty
acyl chains, which are connected by glycerol moiety. Phospholipids are classified into
5 major groups: phosphatidylcholines (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (P1), phosphatidylserine (PS) and phosphatidic acid (PA). Among
these lipids about more than 50% of cellular membrane lipids are made up of
phosphatidylcholine (van Meer et al., 2008). This is because the PC molecules arrange
themselves into a planar bilayer with hydrophobic tails facing each other and head
groups on the outside which gives almost a cylindrical geometry to the membranes.
Also, the diverse fatty acyl chains with varying lengths and double bonds give the
asymmetrical nature to membrane and controls the fluidity and accommodates
proteins and aid in cell signalling. Further the PC and other phospholipids present on
membranes aid in compartmentalization of organelles for specific function in the cells.
Especially, PE and cardiolipins present on mitochondrial membranes help in fission
and fusion reactions (van Meer et al., 2008).

Even though lipids are continuously converted into each other and move from
different membranes and cellular compartments, phospholipids are still synthesised in
cells, and it mainly occurs in the ER. There are three ways of synthesizing
phospholipids in cells: Kennedy pathway, Land’s cycle and phosphatidylethanolamine
methyl transferase (PEMT) (Moessinger et al., 2014). Cells synthesize PC and PE via
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Kennedy pathway via two main branches, choline and ethanolamine arms respectively.
Phospholipid synthesis is activated by availability of CTP, which is further transferred
to DAGs which are converted to PC and PE, and these reactions are catalysed by CTP
phosphocholine  cytidylyltransferase = and membrane embedded choline
phosphotransferase or choline/ethanolamine phosphotransferase (CEPT1/CPT1). In
Land’s cycle cells use phospholipases to cleave off one of the acyl chains, preferably
on the sn-2 positions from the phospholipids and gives rise to lysophospholipids.
Further, re-acylation of other acyl chains to those positions by lysophosphatidylcholine
acyltransferases (LPCATs) which are recruited to the ER membrane creates new
phospholipids (Moessinger et al., 2014). These constant modifications of the acyl
chains give additional fluidity to the cell membranes and in synthesizing essential lipid
mediators or precursors necessary for producing signalling molecules downstream,

that are involved in myriad of cellular functions.

1.4.1 Sterol regulatory element binding proteins (SREBPs)

SREBPs were discovered by Goldstein and Brown as proteins that bind to sterol
regulatory elements (SRE), activating and mediating the final steps of low-density
lipoproteins (Hua et al., 1993; Yokoyama et al., 1993). These proteins consist of n-
terminal transcription activation domain, a middle hydrophobic region containing two
hydrophobic transmembrane segments and a c-terminal regulatory domain. Enzymes
involved in fatty acid biosynthesis are regulated by SREBPs, these proteins are from
the family of basic-helix-loop-helix-leucine zipper transcription factors. There are three
isoforms of SREBPs: SREBP1a and SREBP1c, splice variants of the SREBF1 gene,
and SREBP2 expressed by SREBF2 (Horton, 2002). The difference between
SREBP1a and SREBP1c is caused by the alternative splicing of the first exons that
results in a difference of 113 amino acid stretch (Yokoyama et al., 1993). The 3
isoforms of SREBP transcriptionally regulate genes involved in biosynthesis of fatty
acids, cholesterol, triacylglycerols and phospholipids (Horton, 2002).

1.4.2 Upstream regulators of SREBPs activation

SREBPs are produced as inactive precursors that are located on the
endoplasmic reticulum membranes (ER). These inactive precursors are bound to
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protein called SREBP cleavage activating protein (SCAP). SREBP-SCAP complex
needs to be translocated to Golgi bodies via coat protein complex Il (COP-II) mediated
transport for its activation as these proteins require proteolytic cleavage by proteases
membrane-bound transcription factor site 1 protease and 2 (MBTPS1 and MBTPS2)
located on the Golgi bodies. These proteolytic cleavage releases the n-terminal
transactivation domain of SREBP which further travel to the nucleus and binds as
homodimers to the SRE elements and transcriptionally regulates the genes involved
in fatty acid biosynthesis (Fig 1.3a). Activation of SREBPs is controlled by the
intracellular levels of sterols. When the sterol levels are high, there is conformational
changes in SCAP which binds to insulin-induced genes (INSIGs) that retains the
SREBP-SCAP complex in the ER membrane (Nohturfft and Zhang, 2009). SREBP1
processing can also be mediated by the levels of phosphatidyl choline (PC) content in
the Golgi membranes. Low levels of PC in the Golgi membranes can mediate the
translocation of the proteases MBTPS1 and MBTPS2 via COP | mediated vesicles
from the Golgi to ER membrane to release the n-terminus of SREBP1 (Fig. 1.3b)
(Walker et al., 2011).

There are several other mechanisms regulating the processing and stability of
SREBPs. Activation of AKT induces accumulation of mature SREBP in the nucleus
and is known to be a regulator of its activation and function via mTORC1 (Fleischmann
and lynedjian, 2000; Porstmann et al., 2008). Phosphatidate phosphatase lipin 1
(LPIN1), an enzyme which converts phosphatidic acid to diacylglycerols (DAGs) is also
known to be involved in activation of peroxisome proliferator-activated receptor-y co-
activator 1 a (PPARa) (Finck et al., 2006). LPIN1 binds the mature SREBPs in the
nucleus to the nuclear lamina and thus prevents SREBPs binding to the SRE elements,
which is necessary for its transcriptional activity. mTORC1 phosphorylates LPIN1 and
retains it in the cytosol and prevents its binding to mature SREBPs in the nucleus and
restores the transcriptional regulation of lipid biosynthesis in cells (Fig 1.3c) (Peterson
et al., 2011). mTORC1 also regulates translocation of SREBP1 from ER to Golgi in
hepatocytes by phosphorylating CREB regulated transcription co-activator 2 (CRTC2).
SEC31A, a protein present in the COPIl vesicles and is inhibited by CRTC2,
phosphorylation of CRTC2 by mTORC1 restores the function of COPIl mediated
vesicles in the ER-Golgi translocation of SCAP-SREBP complex (Fig 1.3d) (Han et al.,
2015). Another important regulator of SREBP activity is F-box and WD repeat domain
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protein 7 (FBXW7). FBXW?7 is a subunit of the E3-ubiquitin ligase complex and is
involved in the degradation of proteins via ubiquitination. FBXW?7 is phosphorylated by
glycogen synthase 3  (GSK3p) and only phosphorylated form of FBXW?7 can bind to
mature SREBPs and leads to its degradation (Bengoechea-Alonso and Ericsson,
2009; Sundqvist et al., 2005). GSK3p is negatively regulated by AKT and thus prevents
the regulation of SREBPs by FBXW?7 and maintains SREBP function (Fig 1.3c).

Figure 1.3: Upstream regulators of SREBPs

Shows multiple levels of regulation of SREBP activation.

a. shows the processing of full length SREBP by transmembrane processing when sterol levels are
low by translocation of SREBP-SCAP complex from ER to Golgi complex via COP-Il mediated
vesicle transport and release of n-SREBP by the action of proteases MBTPS1 and MBTPS2
present on Golgi bodies.

b. shows the translocation of MBTPS1 and MBTPS2 via COP | mediated vesicles from Golgi bodies
to ER membrane to cleave n-terminus of SREBP1 when the levels of phosphatidylcholine are low.
c. Regulation of stability of n-terminus of SREBP in the nucleus. LPIN1 binds to n-SREBP in the
nucleus and retains it in the nuclear lamina and prevents its binding to the SRE elements, LPIN1
is phosphorylated by mTORC1 and contained in the cytoplasm and prevents its binding to SREBPs
and hence regulates its activity in the nucleus. SREBPs stability in the nucleus is also controlled
by F-box and WC repeat domain protein 7 (FBXW?7), which upon phosphorylation by glycogen
synthase kinase 3B (GSK3B) (negatively regulated by AKT) binds to the CDC4 phosphodegron
motif on n-SREBPs and leads to its degradation.

d. mTORC1 regulates SREBPs ER-Golgi translocation through the phosphorylation of CREB-
regulated transcription co-activator 2 (CRTC2), which negatively regulates the COP II-dependent
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vesicle transport. Transmembrane processing of n-SREBPs occurs in high glucose condition by
glycosylation of SCAP and releasing them from INSIGs.
This image is obtained from (Rohrig and Schulze, 2016).

SREBP processing is strictly controlled by the sterol levels in the cells and
changes in the amount of sterol alters its processing and activation. There are several
modes of regulation of sterol levels in the cells. Stimulation of ATP-binding cassette
transporter (ABCA1) by p53 has been shown to increase the transport of cholesterol
from the cell membrane to the ER, thus preventing the processing of SREBPs (Moon
et al.,, 2019). Another important upstream regulator of SREBPs is sterol O-
acyltransferase 1 (SOAT1, also known as ACAT1), an enzyme that regulates the
conversion of cholesterol-to-cholesterol esters and their storage in lipid droplets.
Cholesterol esterification reduces the free cholesterol pool and activates the
processing of SREBPs, and thus maintains active fatty acid and cholesterol
biosynthesis in proliferating cells (Yue et al., 2014). It has been shown that cholesterol
esterification into lipid droplets is an important phenomenon for GB tumours and
abrogating this process by inhibition of SOAT1 has direct implication on cancer cell
proliferation and tumour growth in vivo. There are several drugs such as mitotane,
avasimibe etc., that are being studied to target SOAT1 in different tumour types and,
these drugs have shown effective inhibition in in vivo studies and in patients (Geng et
al., 2016; Kroiss and Fassnacht, 2016; Sbiera et al., 2015). Inhibition of SOAT1
increases the free cholesterol levels in the cells and inactivates processing of SREBPs
and shuts down the transcriptional regulation of genes involved in fatty acid and
cholesterol biosynthesis (Geng et al., 2016). Hence, SOAT1-SREBP axis is important
for GB tumours and studies shedding light on the upstream signalling of SOAT1 holds

utmost importance in improving GB treatment.

1.4.3 Fatty acid biosynthesis pathway

SREBPs transcriptionally regulates the genes involved in fatty acid and
cholesterol biosynthesis in cells downstream of the PI3K-AKT-mTORC1 signalling.
Aberrant activation of SREBPs and their target genes are seen in many types of cancer
as proliferating cells have a huge demand for fatty acids and lipids for their newly
synthesized membranes, they are also a great source for ATP synthesis and are

crucial for synthesising signalling molecules essential for inter and intracellular

22



Introduction

signalling. Upregulation of PI3/AKT axis regulates both protein biosynthesis and lipid
biosynthesis in cells via mTORC1 and SREBPs and regulates uptake of macro

molecules necessary to fuel these processes.

Glucose, glutamine and acetate are the three major sources of acetyl-CoA
which is the main substrate for fatty acid biosynthesis in cells (Fig 1.4). Acetyl-CoA is
converted to malonyl-CoA by the first enzyme in the fatty acid biosynthesis, acetyl-CoA
carboxylase (Fig 1.4). ACC expression and its enzymatic activity is tightly controlled
by upstream signalling regulators as this step is the crucial step in activating fatty acid
biosynthesis in cells. High levels of Malonyl-CoA levels allosterically inhibit the rate
limiting enzyme of p-oxidation, carnitine palmitoyltransferase-1 to promote fatty acid
biosynthesis. ACC1 and 2 expression is transcriptionally regulated by SREBP1, and
its inhibition is controlled by AMPK by phosphorylation at serine 80 and 221 (serine 79
and serine 212 in mice), respectively (Lally et al., 2019). Once malonyl-CoA is
synthesized in the cells, it takes 6 subsequent condensation steps to synthesize 16
carbon chain saturated straight chain fatty acid, palmitic acid (C16:0). This reaction is
catalysed by the multi-enzyme complex, fatty acid synthase (FASN), it contains an
unique carboxyl terminal thioesterase domain that hydrolyses the fatty acid chain and
is crucial for maintaining the carbon chain length (Fig 1.4) (Chakravarty et al., 2004).
FASN is a direct target of SREBP1 and is strongly regulated when the cells are in
nutrient and oxygen limiting condition and a target of MYC-SREBP1 regulation of fatty
acid biosynthesis in cancer (Gouw et al., 2019). One molecule of palmitic acid requires
7 molecules of cofactor NADPH, hence a reaction that is energy rich and needs the
cells to commit to fatty acid biosynthesis. It has been shown that FASN is upregulated
in many types of cancer and known to be involved in metastasis formation after anti-
angiogenic therapy (Chakravarty et al., 2004; Sounni et al., 2014). FASN has been a
therapeutical target in many drug and clinical trials due its unique and druggable
thioesterase domain and its selective elevated expression in cancer cells (Chakravarty
et al., 2004).

1.4.4 Fatty acid modifying enzymes

Once palmitic acid is synthesized by cells, the fate of this fatty acid depends on

desaturases and elongases to form one or more double bonds and increase in number
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of carbon atoms, respectively. The essential fatty acids alpha-linolenic acid (omega-3
fatty acid) and linoleic acid (omega-6 fatty acid) and, palmitic acid synthesized by cells
are all elongated by elongation of very long chain fatty acids (ELOVL) enzymes, also
known as elongases (Fig 1.4). ELOVLs performs the regulatory step of condensation
in elongation of fatty acids by using 2 carbons from malonyl-CoA and cofactor NADPH.
ELOVLs are classified into 7 groups (ELOVL1-7), based on their substrate-specific
elongation function (Jakobsson et al., 2006; Jump, 2009). ELOVL1, 3 and 6 are known
to be involved in elongation of saturated and mono-unsaturated fatty acids. ELOVL-6
preferentially elongates palmitic acid (C16:0) and palmitoleic acid (C16:1). ELOVL-2,
4 and 5 preferentially elongate polyunsaturated fatty acids. ELOVL-5 specifically is
involved in elongation of y-linolenoyl-CoA (C18:3, n-6 CoA) and may elongate
palmitoleic acid (C16:1). ELOVLs are involved with fatty acid desaturases (FADs) to
produce fatty acids with different length and number of double bonds. ELOVL-2 and 5
function together with A5 and A6 desaturases to generate the end products of the
alpha-linolenic acid (omega-3 fatty acid) and linoleic acid (omega-6 fatty acid),
arachidonic acid (C20:4) and docosahexaenoic acid (C20:5) (Jump, 2009;
Snaebjornsson et al., 2020).
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Figure 1.4: Schematic representation of procurement and synthesis of fatty acids and
lipids in cancer cells

Main substrates used in biosynthesis of fatty acids are glucose, glutamine and/or acetate.
Palmitate is the product of de novo fatty acid biosynthesis from these substrates, which is further
elongated by elongases or desaturated by desaturases. Fatty acids are utilized as substrates to
synthesize phosphoglycerides in the Land’s cycle. Essential fatty acids are taken up by cells by
different receptors/transporters into the cells and are modified with elongases and desaturases
before incorporating into membrane lipids. Lipases are used to cleave of fatty acids from membrane
lipids which are used as precursors for synthezing lipid mediators/signalling molecules. The amount
of mono-unsaturated fatty acids present in the membranes is important for maintaining organelle
structure and function. This image is obtained from (Snaebjornsson et al., 2020).

Stearoyl-CoA desaturase is a A9-desaturase that catalyses the formation of
double bond in palmitoyl-CoA and stearoyl-CoA to produce palmitoleoyl-CoA and
Oleoyl-CoA respectively (Fig 1.4). Many studies have shown that inhibition of SCD in
serum limited conditions in cancer cells leads to accumulation of saturated fatty acids
and decreased levels of monounsaturated fatty acids and results in ER stress and
apoptosis (Ariyama et al.,, 2010; Griffiths et al., 2013; Wiliams et al., 2013).
Additionally, apoptosis induced due to SCD inhibition was rescued by addition of oleic
acid (C18:1) or poly unsaturated fatty acids like linolenic acid (C18:2) or arachidonic
acid (C20:4) (Ariyama et al., 2010; Griffiths et al., 2013; Williams et al., 2013). Also,
SCD inhibition in xenografts models of gastric and colon cancer lead to reduction in
tumour formation and SCD knockdown in human prostate cancer cells reduced their
ability to form orthotopic tumours (Mason et al., 2012; Peck et al., 2016; Roongta et
al., 2011). These studies show the importance of SCD in tumour cells and the
dependence of cancer cells on monounsaturated and polyunsaturated fatty acids.
Especially, when cells are under nutrient deprivation, essential fatty acids are very
limited, and this creates a unique dependence on de novo synthesized
monounsaturated fatty acids to maintain fluidity in the membranes and avoid
lipotoxicity and rigidity due to high levels of saturated fatty acids. SCD is expressed at
high levels only in tumour cells compared to healthy cells, which gives an unique
opportunity to target them with minimum side effects and efficiently eliminate cancer
cells.

1.4.5 Phospholipases

Phospholipases are involved in mediating inter and intracellular signalling

events. The phospholipases functions as phospholipid hydrolysing enzymes and act
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on membrane lipids to produce free fatty acids and are involved in producing signalling
lipid mediators. Phospholipases can be mainly categorized into 3 groups:
phospholipases class A, C and D (PLA, PLC and PLD). They are grouped based on
the enzymatic reaction they catalyse and their targets. PLA consists of PLA1 and
PLA2, they act on glycerol groups of phospholipids at position sn-1 and sn-2 to
generate one free fatty acid and n-acyl lysophospholipid. PLC acts on hydrolysing
phosphatidylinositol and cleaves the bond between the glycerol and phosphate groups
and generates phosphorylated base and DAGs. PLD acts on hydrolysing
phosphatidylcholine and severs the phosphodiester bond and generates a free base
(choline) and phosphatidic acid (PA) (Park et al., 2012).

The phospholipases are further divided into subgroups and isotopes based on
the function, domains and regulatory mechanisms. The 3 major subtypes of PLA2
groups consists of secretary PLA2 (sPLAZ2), cytosolic PLA2 (cPLA2) and calcium
independent PLA2 (iPLA2). These groups of PLA2s are categorized into eleven
sPLAZs, six cPLAZ2s and nine iPLAZ2s. All sPLAZ2 consists of a signal sequence, calcium
binding loop and a catalytic site (Park et al., 2012). The 11 sPLA2s — IB, IlA, 1IC, IID,
lHE, IIF, 1, V, X, XIIA and XIIB are further subdivided on structural basis into three
branches: groups I/1I/V/X, group Ill, and group XIl (Murakami et al., 2005). The sPLA2s
show unique tissue and cellular localization, tissue specific activities emphasising their
roles in pathological events in the cells and are also linked to cancer. The human
sPLA2 group Ill (sPLA2G3) is structurally unique compared to the other groups, the
full length 55 kDa protein consists of a central SPLA2 domain (S), n-terminal domain
(N) and a c-terminal domain (C). The human sPLA2 is most similar to the bee venom
group Il sPLA2 compared to the other groups, but bee venom sPLA2G3 does not
contain N and C domains. Further investigation on the human sPLA2G3 showed that
after cellular processing of the full-length protein, the S domain is the active domain
that is mostly expressed in cells (Murakami et al., 2005). sSPLA2G3 mostly acts on fatty
acyl chains on the sn-2 position and is known to release arachidonic acid from the
membrane lipids in overexpressed cells and release prostaglandin E2 (PGE2) (Fig 1.4)
(Murakami et al., 1999; Murakami et al., 2003). It is shown that PLA2G3 is a direct
target of SREBP1 and is shown to be regulated transcriptionally by ChlP sequencing
data and this regulation is conserved in humans, mouse, pigs and dogs (Gijs et al.,
2015). PLA2G3 is shown to be overexpressed in several different types of cancer,
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specifically in colorectal cancer overexpression of PLA2G3 is associated with cancer
cell proliferation, aggressive metastasis and tumour angiogenesis (Murase et al.,
2017). Since, PLA2G3 is a secreted phospholipase its inter- and intra-cellular functions
are significant in pathological illness and cancer, as it contributes to cell communication
in the tumour microenvironment and releasing of signalling molecules. Hence, PLA2G3
has become an important target of study in developing novel therapeutic strategies

and understanding its role in several diseases.

Overall, fatty acid and lipid metabolism in addition to providing materials for
synthesizing cell membranes are also involved in regulation of myriad of cellular
functions and aid in energy metabolism, release of signalling molecules and facilitate
inter- and intra-cellular communication. Hence, understanding the underlying
mechanisms of fatty acid and lipid metabolism in GB could pave way for identifying the
important nodes of regulation of tumour development, progression and reoccurrence.
These in-depth understanding could be attributed in designing successful
combinatorial approaches to improve better treatment outcomes for this dreadful

disease.
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1.5 Aims of the thesis

Fatty acids are essential biomolecules involved in membrane biogenesis,
cellular bioenergetics and synthesis of signalling mediators. De novo fatty acid
biosynthesis is one of the important axes in governing cancer cell proliferation under
nutrient limiting conditions. Hence, this thesis mainly aims at investigating and
understanding the role of the transcriptional factor SREBP1 in different aspects of GB.
Specific aims of thesis are:

1. To profile transcriptional network of SREBP1 by RNA sequencing and to identify
genes that are specifically regulated under low serum condition in GB. Further,
evaluate the changes in fatty acid and lipid components controlled by SREBP1
by metabolomics approach.

2. To understand if SREBP1 played a role in crosstalk with endothelial cells and

was involved in inducing angiogenesis in GB.

3. To explore if SREBP1 plays a role in growth and maintenance of cancer stem

like cells, contributing to the tumour heterogeneity in GB.

4. To identify and unravel therapeutically targetable upstream regulator of
SREBP1 in GB.
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Chapter 2: Materials

2.1 Cell lines and bacteria strains

2.1.1 Human cell lines

Cell lines were routinely tested for mycoplasma contamination

Table-2.1.1: Cell lines

Name Cell type Origin

U87 C\L/J_Irpan glioblastoma cell line, EGFR CRUK-LRI Cell services
human glioblastoma cell line,

U251 wildtype (p53+/+) ATCC

HEK293T Human embryonic kidney cell line Prof. Eilers

NCH644 Human patient derived glioblastoma | Prof. Christel Herold-Mende,
stem-like cells Heidelberg

HUVECS ?g”r:an umbilical vein endothelial Promocell- C-12205

2.1.2 Bacteria strains

Escherichia coli DH5a and XL1 blue were used for plasmid amplification

2.2 Culture media and supplements

2.2.1 Eukaryotic cell culture media

All media and solutions were stored at 4°C and stocks at -20°C .

Table-2.2.1: Cell culture medium components

Name Company Catalog number | Use

Media for adherent
DMEM Sigma D6429 o

cell cultivation
FBS Sigma F7524-500ML Media
Glutamine Sigma 59202C supplements
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Penicillin/Streptomycin | Sigma 4333
DMEM/F-12 Life technologies | 21331046
bFGF Biomol 50361.50
EGF Invitrogen PHGO0311 NCHG644 cell
BIT Admixture Pelo Biotech PB-SH-033-0000 | cultivation
Accutase Sigma A6964-100ML
poly-HEMA Sigma P3932-10G
Oleic Acid-Albumin
Sigma 03008-5ML
from bovine serum
Rescue
Bovine serum albumin _
experiments
solution in 10% DPBS | Sigma A1595-50ML
(fatty acid free)
Thermo Fisher
M200 M200500
Scientific
Methyl cellulose Sigma M0512-100G
Endothelial cell
BD Biosciences / o
Growth Factor cultivation and
Labor Schubert | 356231 . .
Reduced Matrigel _ angiogenesis
& Weiss
assays
Life
Low Serum Growth .
Technologies S00310
Supplement (LSGS)
GmbH
Life
recombinant human
Technologies PHC9394
VEGF
GmbH
Controls for
Prostaglandin E2 Bertin Pharma 14010 _
sprouting assay
Oleoyl-L-a-
lysophosphatidic acid | Sigma L7260-1MG
sodium salt
Arachidonic acid Sigma 23401-50MG PGEZ2 Rescue

2.2.2 Bacterial culture media

Table-2.2.2: Bacterial culture medium components
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Name Components and preparation

10% (w/v) Bacto tryptone (Roth)

0.5% (wl/v) yeast extract (Roth)

LB medium 0.5% (w/v) yeast extract (Roth)

1% (w/v) NaCl (Roth)

autoclaved immediately after preparation

LB-medium with 1.2% (w/v) agar-agar (Roth)

autoclaved, heated in a microwave oven, cooled down to

LB agar
50°C;

antibiotics were added the medium poured into 10 cm dishes

All powder formulations were obtained from Roth. Stock solutions were

prepared in ddH20 and sterile filtered before use.

Table-2.2.3: Antibiotics used for bacterial culture

Name Final concentration
Ampicillin 100 pg/mL
Kanamycin 30 pg/mL
Chloramphenicol 25 pg/mL

2.3 Chemical & Reagents

All inhibitors were dissolved in manufacturer recommended solvent and stored

at appropriate temperature recommended for the compounds.

Table-2.3.1: Chemical & Reagents

Catalog
Name Source Use
number

PI3K inhibition (both
alpha and beta)

Akt inhibition (both 1 &
2)

NVPBKM120 Bertin Pharma 11587

MK2206 Bertin Pharma 11593
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Rapamycin Bertin Pharma 13346 MTORC1 inhibition

Cayman o
SCD inhibitor Il CAY 10566 SCD inhibition

Chemical / Biomol
Thioether amide- | Cayman

62750-1 Secreted PLAZ2 inhibition

PC Chemical / Biomol

Cayman N
HA-130 Cay10498-5 Autotaxin inhibition

Chemical / Biomol

Ki 16425- LPAR

Kl 16425 SML0971-5MG LPA receptor inhibition
inhibitor
Mitotane Kindly provided by Dr. Matthias
ATR101 Kroiss SOAT1 inhibition
Avasimibe Sigma PZ0190-5MG
Doxycycline . Induction of shRNA
. Sigma D9891-1G
hydrochloride sequences
Puromycin InvivoGen / Cayla | ant-pr5 Selection marker
Hoechst Sigma B2261-25MG Nuclear stain

2.4 Solutions, buffers and solvents

All solutions and buffers were prepared using ddH20O, unless otherwise
indicated. All solutions were stored at RT, unless otherwise specified. All chemicals

were purchased from Sigma and Roth.

Table-2.4.1: Stock solutions and buffers

10 g ampicillin solubilized in 100 ml ddH20 and sterile
Ampicillin stock solution _ _
filtered; aliquots stored at -20°C

Blocking solution for

5% (w/v) BSA in TBS-T
PVDF membrane

Crystal violet solution 0.1% (wl/v) crystal violet 20% (v/v) ethanol
Deoxynucleotide ) ,
. 50 pl each dNTP (100 mM) mixed with 300 yL ddH20
triphosphate (dNTP ) (10 .
to 500 uL final volume
mM)

32



Materials

DNA loading buffer (6x)

10 mM EDTA, pH 8.0; 0.2% (w/v) Orange G; 40%

(w/v) sucrose; stored at -20°C

Miniprep lysis buffer

0.2 M NaOH; 0.2 M NaOH

Miniprep neutralization
buffer

3 M NaOAc pH 4.8

Miniprep resuspension
buffer

1:1000 RNAse in TE buffer; stored at 4°C

PBS 1x

137 mM NaCl; 2.7 mM KCI; 10.1 mM Na2HPO4; 1.76
mM KH2PO4; autoclaved

Phenol-chloroform

25 ml phenol; 24 ml chloroform; 1 ml isoamyl alcohol,

prepare at least one day before using

Polybrene stock solution
(4mg/ml)

200 mg dissolved in 50 ml H20 sterile filtered with 0.2
MM syringe filter

Polyethylenimin (PEI)

450 pl PEI (10%, MW 25,000 g/mol, Sigma), 150 pl
HCI (2 N), 49.5 ml ddH20

RIPA lysis buffer

50 mM HEPES, pH 7.9; 140 mM NaCl; 1 mM EDTA;
1% Triton X-100; 0.1% Na-deoxycholate; 0.1% SDS;
stored at 4°C

SDS running buffer (1X)

25 mM Tris base, 250 mM glycine, 0.1% (v/v) SDS

SDS separating gel

7.5 -12.5% (v/v) acrylamide/bisacrylamide, 375 mM
Tris HCI pH 8.8, 0.1% (w/v) SDS, 0.1% (w/v) APS,
0.1% (v/v) TEMED

SDS stacking gel 4% (v/v)
acrylamide/bisacrylamide

125 mM Tris HCI pH 6.8, 0.1% (w/v) SDS, 0.1% (w/v)
APS, 0.1% (v/v) TEMED

Transfer buffer 10x

250 mM Tris base, 1.5 M glycine

Transfer buffer 1x

prepared by diluting Transfer buffer 10x with 15% (v/v)

methanol

500 mM Tris base, 2.8 M NaCl; adjusted to pH 7.4
TBS (20 x) _

with concentrated HCI
TBS-T 1 x TBS, 0.2% Tween-20
TE 10 mM Tris, pH 7.4; 1 mM EDTA, pH 8.0

Table-2.4.2: Solutions and buffers used in ChIP
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Blocking solution for ChlP

5 mg/ml BSA in PBS; ; Stock solution at 5g/mL stored
at -20

Lysis Buffer 1

5mM PIPES pH 8, 85 mM KCI, 0,5% NP40, 10 mM
Glycine+ 1:1000 protease and phosphatase Inhibitors

Lysis Buffer 2

RIPA Buffer: 10 mM Tris/HCI pH 7.5, 150mM NaCl,
1mM EDTA, 1% NP-40, 1% Deoxycholic acid sodium
salt, 0,1% SDS + 1:1000 protease and phosphatase

Inhibitors

20 mM Tris HCI pH 8.1; 150 mM NaCl; 2mM EDTA,;
Wash Buffer |

0.1% SDS; 1%Triton-X-100

20 mM Tris HCI pH 8.1; 500 mM NaCl; 2mM EDTA,;
Wash Buffer Il

0.1% SDS; 1%Triton-X-100

10 mM Tris HCI pH 8.1; 250 mM LiCl; 1 mM EDTA,;
Wash Buffer lIlI

1% NP-40; 1% Deoxycholic acid sodium salt

Proteinase K

10 mg/ml in ddH20; stored at -20 °C

Table-2.4.3: Solvents used for Mass spectrometry samples preparation

Name

Catalog
Company
number

Methanol LC-MS Opti Grade

Wicom WIC 60301

Formic acid (for LC-MS) Sigma 5330020050
Acetonitrile Hyper Grade for LC-MS :Ezlg/tics MC1000292500
n-Heptane Millipore 1036541000
1-Butanol Millipore 1019881000
Ethanol Sigma 32205-2.5L-D
Dimethyl sulfoxide (DMSO for cell culture) Sigma 41640-100ML
n-Hexane Sigma 104367

2.5 Markers, enzymes and kits

Table-2.5.1: Markers
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Name

Company

DNA marker Gene Ruler 1 kb Plus DNA ladder

Thermo Scientific

Protein marker Page Ruler Pre-Stained Protein Ladder

Thermo Scientific

Protein marker HiMark Pre-stained High molecular weight

standard

Life Technologies

Table-2.5.2: Enzymes

Name Company Catalog number
M-MLV Reverse Transcriptase Promega M1705

Q5® High-Fidelity DNA Polymerase | NEB Freezer MO0491 L

RQ1 RNase-Free DNase Promega Kabinett M6101

Absolute QPCR SYBR Green Mix Thermo Fisher Scientific | AB-1158/B

T4 DNA Ligase NEB Freezer M0202 S

Table-2.5.3: Kits

Name

Company

Catalog number

PGE2 CLIA kit- 96 wells

Enzo

ADI-910-001

Lysophosphatidic Acid (LPA) ELISA
Kit

Antibodies-online

ABIN2039318

Proteome Profiler Human

Angiogenesis Array Kit R&D Systems ARY007
Qiaquick Gel Extraction Kit (250) Qiagen Kabinett 28706
QlAprep Spin Miniprep Kit (50) Qiagen Kabinett 27104
Purelink Plasmid Maxi 25 Kit Life Technologies GmbH | K210007

2.6 Nucleic acids

2.6.1 RT-qPCR Primers

Most of the oligos were synthetized by and obtained from Sigma. All oligos were
synthetized at 0.025 umole scale and purified by desalting (DST) unless otherwise
indicated. Each primer was resuspended in Ampuwa H20 to 100 yM and used at 10
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MM final concentration, unless otherwise specified. Stock and diluted primers were
stored at -20°C.

Table-2.6.1: RT-qPCR primers

Name Forward Sequences Reverse Sequences
B2M GTGCTCGCGCTACTCTCTC GTCAACTTCAATGTCGGAT
B-Actin GCCTCGCCTTTGCCGAT CGCGGCGATATCATCATCC
SREBP1 | CGCTCCTCCATCAATGACA TGCGCAAGACAGCAGATTTA
SCD ECTAGAAGCTGAGAAACTGGTG ACATCATCAGCAAGCCAGGT
FASN CAGGCACACACGATGGAC CGGAGTGAATCTGGGTTGAT
PLA2G3 | ACAGGGTGGCCTAAAACCTC CAATCTGGTGCTCACACTGG
GGTATGAGGACCTGCAAGAGG | CTTGTGACCTCTGCTGGTTCT
DDIT3 T s
FASN CAGGCACACACGATGGAC CGGAGTGAATCTGGGTTGAT
CTGTTGTTAGCCTGGATGGAGA | CTCATAGTGGCGAACAGCAA
FABP7 c ce
SREBP2 | GAAAGGCGGACAACCCATAAT gGAACGCCAGACTTGTGCAT
HMGCR | GTTCGGTGGCCTCTAGTGAG EC?ATTCGAAAAAGTCTTGACA
HMGCS gAGTCACACAAGATGCTACACC 'giAGCGAAGACATCTGGTGC

2.6.2 ChIP Primers

Table-2.6.2: ChIP primers

Name Forward Sequences Reverse Sequences Source
ACLY CCTCTCTCCTCCCTG | CACACTGGGAAGTATG
GACTC CTCTG Gouw et al Myc
ACACA CCTTCTCCCGGTAAC | CCACATTCTGACACCA | ChIP Seq
TGATTC ACTTC
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FASN GAGGCTGCGAGTTTT | CCACGATTCGAGGAAT
(distal) CCAG CACT
sep AGTTGGCCTGACCCT | AGACAAGCACCTGGGA
GAGAC TTTC
CCGCCTCCATCACTC | GTCACCAACAAGTACG
RABS5B Reed et al
ACCTG AGCAAGG
SREBP1 ChIP
FASN GCGCAGCCCCGACG | CGGCGTATTTAAACCG s
eq
(proximal) | CTCATT CGG
2.6.3 Cloning Primers
Table-2.6.3: Cloning primers
Name Forward Sequences Reverse Sequences

mirE-Xhol TACAATACTCGAGAAGGTAT | ATTGCTGTTGACAGTGAGCG

mirE-EcoRI | TTAGATGAATTCTAGCCCCTT | GAAGTCCGAGGCAGTAGGCA

Sequencing
. TGTTTGAATGAGGCTTCAGTAC
primer

2.6.4 shRNA sequences

Table-2.6.4: shRNA sequences

Target Name Sequences

TGCTGTTGACAGTGAGCGCTGCGGAGAAGCTGC
LT3-BP1_01 | CTATCAATAGTGAAGCCACAGATGTATTGATAGG
CAGCTTCTCCGCATTGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGACCCAGTCTTTGAGG
SREBF1 LT3-BP1_03 | ACAGCAATAGTGAAGCCACAGATGTATTGCTGT
CCTCAAAGACTGGGCTGCCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGACACAAGGTACACAA
LT3-BP1_04 | CTTTTAATAGTGAAGCCACAGATGTATTAAAAGT
TGTGTACCTTGTGGTGCCTACTGCCTCGGA
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TGCTGTTGACAGTGAGCGCAAGGAAAATAAACA
LT3-BP1_05 | TCTTTTATAGTGAAGCCACAGATGTATAAAAGAT
GTTTATTTTCCTTATGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGACAGCAGCTACTGAC
LT3-BP1_06 | AGTCACATAGTGAAGCCACAGATGTATGTGACT
GTCAGTAGCTGCTGGTGCCTACTGCCTCGGA
LKO-BP1_07 | CCGGCCAGAAACTCAAGCAGGAGAACTCGAGTT
forward CTCCTGCTTGAGTTTCTGGTTTTT
LKO-BP1_07 | AATTAAAAACCAGAAACTCAAGCAGGAGAACTC
reverse GAGTTCTCCTGCTTGAGTTTCTGG
LKO-Scr CCGGCCTAAGGTTAAGTCGCCCTCGCTCGAGCG
forward AGGGCGACTTAACCTTAGG
Seramble LKO-Scr AATTCCTAAGGTTAAGTCGCCCTCGCTCGAGCG
reverse AGGGCGACTTAACCTTAGG
TGCTGTTGACAGTGAGCGCCAGGGTTGTGATGC
HTe AGATTAATAGTGAAGCCACAGATGTATTAATCTG
PLAZGS 01 CATCACAACCCTGTTGCCTACTGCCTCGGA
PLAzGs TGCTGTTGACAGTGAGCGAAGAGGTTGATGTAA
HTe CCTTTTATAGTGAAGCCACAGATGTATAAAAGGT
PLAZG305 TACATCAACCTCTCTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGACCGCAGTAATGTTC
LT3- TGCACAATAGTGAAGCCACAGATGTATTGTGCA
SOAT1_02 GAACATTACTGCGGG
SOAT1 TGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGACCGGTTCA
LT3- TCATTATATTCGATAGTGAAGCCACAG
SOAT1_03 ATGTATCGAATATAATGATGAACCGGG
TGCCTACTGCCTCGGA
2.6.5 Plasmids

All sequences cloned into the vectors refer to human sequences. All constructs

were verified by Sanger sequencing, which was carried out by LCG Genomics.
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Materials

Name Company Catalog number Provided by
psPAX.2 Addgene 12260 D. Trono
pMD2.G Addgene 12259 D. Trono
Tet-pLKO-puro Addgene 21915 D.Wiederschain
pLT3GEPIR Prof. Zender
2.7 Antibodies
Table-2.7.1: primary antibodies
Catalog
Name Company Size Dilution
number
Cell WB
Rabbit anti-AKT 9272 60kDa
Signaling (1:1000)
Rabbit anti-Phospho-Akt | Cell WB
9271 60kDa
(Serd73) Signaling (1:1000)
Rabbit anti-p44/42 MAP Cell WB
9102 42-44kDa
Kinase (ERK) Signaling (1:1000)
Mouse anti-Phospho-
p44/42 MAP Kinase Cell WB
9106 42-44kDa
(Thr202/Tyr204) (E10) Signaling (1:1000)
(PERK)
Rabbit anti-S6 Ribosomal | Cell WB
2217 32kDa
protein (5G10) Signaling (1:1000)
Rabbit anti-phospho-S6
Cell WB
Ribosomal protein . _ 2215 32kDa
Signaling (1:1000)
(Ser240/244) (pS6)
WB
SCD-1 (prestige antibody) | Sigma HPAO012107 | 32kDa
(1:1000)
Mouse anti-SREBP-1 BD WB
. 557036 120, 70kDa
(2A4) PharMingen (1:500)
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Mouse anti-SREBP-1 ChIP
Home made 120, 70kDa
(2A4) (1:30)
Cell WB
Rabbit anti-PLA2G3 . _ 3198 57kDa
Signaling (1:1000)
WB
Mouse anti-SOAT-1 Abcam ab39327 50-55kDa
(1:1000)
Mouse anti-beta-Actin WB
Sigma A5441 42kDa
(AC-15) (1:10000)
Mouse anti-Vinculin WB
Santa Cruz | sc-25336 120kDa
(hVIN-1) (1:10000)
ChIP and
c-Myc (y-69) abcam ab32072 55kDa WB
(1:1000)
Table-2.7.2: secondary antibodies
Catalog
Name Company Dilution
number
IRDye® 800CW Donkey anti- LI-COR Biosciences WB
926-32213
Rabbit IgG (H + L) GmbH (1:5000)
IRDye® 800CW Donkey anti- LI-COR Biosciences WB
926-32212
Mouse IgG (H + L) GmbH (1:5000)

2.8 Consumables

Consumables such as cell culture dishes, reaction tubes, cryotubes, syringes,

cuvettes and pipettes were purchased from the companies Eppendorf, Greiner,

Nunc, Sarstedt and VWR.

Table-2.8.1: Equipment and membranes

Equipment

Company
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Automated Electrophoresis

Experion Automated
Electrophoresis System (Bio-
Rad)

Chemiluminescence imaging

LAS-4000 mini (Fujifim)

Centrifuges

Avanti J-26 XP (Backman
Coulter)

Eppendorf 5417 R (Eppendorf)

Eppendorf 5425 (Eppendorf)

Eppendorf 5430 (Eppendorf)

Galaxy MiniStar (VWR)

Multifuge 1S-R (Heraeus)

Heating block

Dry Bath System (Starlab)

Thermomixer® comfort
(Eppendorf)

Immunoblot transfer chamber

PerfectBlue Tank Electro Blotter
Web S (Peqlab)

Microscopes

Axiovert 40CFL (Zeiss)

TCS SP5 (Leica)

PCR thermal cycler

C1000 Thermal cycler (Bio-Rad)

Photometer

Multiscan Ascent (Thermo
Labsystems)

UltrospecTM 3100 pro
UV/Visible (Amersham
Biosciences)

Spectrofluorometer NanoDrop
1000 (Thermo Scientific)

Power supply Power

Pac (Bio-Rad)

Consort EV231/EV243 (Roth)

Protein Sample Loading Buffer and PVDF
Membrane

Li-COR Biosciences GmbH -
926-31097

Quantitative RT-PCR

machine

StepOne plus (Applied
Biosystem)

SDS-PAGE system

Minigel (Bio-Rad)
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Mini-PROTEAN Tetra Cell (Bio-
Rad)

Sterile bench

HeraSafe (Heraeus)

Ultrasonifier

Digital Sonifier W-250 D

(Branson)

Vortex mixer

Vortex-Genie 2 (Scientific
Industries)

Water bath

Julabo ED-5M water bath
(Julabo)

Memmert waterbath (Memmert)

Whatman filter paper

Gel Blotting Paper (Schleicher
and Schuell)

Ultrapure water, Millipore water purification

system

Milli-Q Merck Millipore,
Darmstadt, Germany

Dionex Ultimate 3000 UHPLC system
hyphenated with a Q Exactive mass
spectrometer (QE-MS) equipped with a HESI

probe

Thermo Scientific, Bremen,
Germany

UPLC-precolumn, Acclaim 120 C8 (5 pm
particles, 10 x 2 mm)

Thermo Scientific, Bremen,
Germany)

UPLC-column, Acclaim RSLC 120 C8 (2.2 ym
particles, 50 x 2.1 mm)

Thermo Scientific, Bremen,
Germany)

2.9 Software and online programs

Table-2.9.1: Software and online programs

Software

Source

ApE plasmid

editor by M. Wayne Davis

BD FACSDiva v6.1.2

BD Biosciences

EndNote 20.1

Clarivate Analytics

lllustrator, Photoshop

Acrobat Adobe Inc.

Image J

by Wayne Rasband
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Mac OS X Apple Inc.

Image Studio lite Licor inc.

Stepone software v2.3 Applied Biosystem
Trace Finder Thermo Scientific
Microsoft office package Microsoft inc.

Prism4 GraphPad Software Inc.
HarmonyR High Content Imaging and )

Analysis Software PerkinElmer

UCSC Genome Bioinformatics http://genome.ucsc.edu
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Chapter 3: Methods

3.1 Cell biology methods

3.1.1 Thawing of eukaryotic cell lines

Cells frozen in cryotubes were placed in a water bath at 37°C for few minutes
and immediately transferred to 10mL appropriate medium used for culturing the cells.
The cell suspension was centrifuged at 1200 rpm for 5 minutes. After centrifugation
the supernatant was removed, and the cell pellet was re-suspended in 1 mL fresh

culture medium and plated on appropriate cell culture dish with fresh medium.

3.1.2 Cultivation of eukaryotic cell lines

Monolayer cell cultivation:

U87 (CRUK-LRI), U251 (ATCC), NCH644 (C. Herold-Mende, Heidelberg) and
HEK293-T (obtained from Prof. M. Eilers) cells were cultured as adherent cells in
DMEM (D6546, Sigma) media supplemented with 10% foetal bovine serum, 2mM L-
glutamine (Sigma) and 100units/ml penicillin/100ug/ml streptomycin (Sigma). Cells
were cultivated in a cell incubator at 37°C, 5% CO2 and a relative humidity of 95%.

Human umbilical vein endothelial cells (HUVECs) (Promocell) were cultured in
M200 (Thermo Fisher Scientific) media supplemented with 1% low serum growth
supplement (LSGS) (Thermo Fisher Scientific) and 100units/ml penicillin/100ug/ml
streptomycin (Sigma). Cells were cultivated in a cell incubator at 37°C, 5% CO2 and a
relative humidity of 95%. The day after thawing, fresh medium was added to these

cells for promoting cell growth in vitro.
Neurosphere cell cultivation:

NCHG644 (C. Herold-Mende) were cultured as neurospheres in GSC media 1:
DMEM F12 (Life technologies) media supplemented with 2mM L-glutamine (Sigma),
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100units/ ml penicillin/100 pg/ml streptomycin (Sigma), 20ng/mL bFGF (Biomol), 20
ng/mL EGF (Invitrogen) and 2% BIT Admixture (Pelo-Biotech). Cells were cultivated in
low attachment surface flasks (Sarstedt) and incubated at 37°C, 5% CO2 and a relative
humidity of 95%.

U87 cells were grown in low adhesion 6-well plates coated with poly-HEMA
(Poly 2-hydroxyethyl methacrylate; Sigma). 20,000 to 50,000 cells were plated per well
with 2mL GSC media 2: DMEM F12 (Life technologies) supplemented with 2mM
glutamine (Sigma), 100units/ml penicillin/100ug/ml streptomycin (Sigma), 20ng/mL
bFGF (Peprotech 100-18B), 20ng/mL EGF (Peprotech AF-100-15), 10ng/mL LIF
(Peprotech 0300-05) and 2% B27 (Thermo Fisher Scientific 12587010). Cells were
cultivated in a cell incubator at 37°C, 5% COZ2 and a relative humidity of 95%.

3.1.3 Cell passaging

Cells grown in monolayer were passaged every 3-5days approximately at 80-
90% confluency. The medium was aspirated, and the cells were washed with PBS
before addition of appropriate volume of trypsin to the cells based on the size of the
dish and placed at 37°C, 5% CO2 and a relative humidity of 95% for cell detachment
process. After detachment, the cells were collected in medium containing serum at 4:1
ratio to the volume of trypsin for its inactivation and centrifuged at 1200 rpm for 5
minutes. Supernatant was aspirated and the cell pellet was dissolved in cell culture
medium and depending on the requirement, only fraction of the cells was cultivated on
a dish with fresh medium. Some cells like HUVECs were split as low as 1:1 as they

only grew in vitro with more than 50% confluency.

Cells grown as neurospheres were passaged every 5days approximately when
they reached size of 500nm. The cells were collected in a 15 mL falcon tube and the
neurospheres were allowed to settle down for 5 minutes at the bottom of the tube.
Medium was removed by gently pipetting it out, without disturbing the neurospheres.
After that, 1 mL accutase (Sigma) was added to the neurospheres by slowly pipetting
up and down and then transferred to an Eppendorf tube and put in a block heater at
37°C, 1000 rpm for 5 minutes for mechanical dissociation of the neurospheres. After
dissociation, cells were centrifuged at 900rpm for 3 minutes and the accutase was

45



Methods

removed by pipetting. Cell pellet was dissolved in 1 mL medium, and a fraction was

plated on the same flask (flasks were re-used up to 2 times) or new flask.

3.1.4 Cell freezing

For monolayer culture the cells were harvested by trypsinization, as described
above. After centrifugation, cell pellet from an 80% confluent 10 cm dish was
resuspended in 2 mL freezing medium (8% DMSO + 20% FBS + 72% culture medium).
One mL of cell suspension was transferred to cryotubes and immediately transferred
into a freezing container filled with isopropanol and placed overnight at -80°C. Then

the cryotubes were stored in liquid nitrogen tanks for long term storage.

For neurosphere culture the cells were collected in a 15 mL falcon tube and the
neurospheres were allowed to settle down for 5 minutes at the bottom of the tube.
Medium was removed by gently pipetting it out, without disturbing the neurospheres.
The cells were resuspended in 2 mL freezing medium (8% DMSO + 92% culture
medium). One mL of cell suspension was transferred to cryotubes and immediately
transferred into a freezing container filled with isopropanol and placed overnight at -
80°C. Then the cryotubes were stored in liquid nitrogen tanks for long term storage.

3.1.5 Sprouting assay

HUVECs after trypsinization and counting were resuspended in M200 medium
with 1% LSGS supplement and 0.25% methylcellulose (Sigma). The resuspension was
made such that 25 pL consisted of 1000 cells and would be one hanging drop. The
hanging drops were made by pipetting the solution on to a non-adherent 10 cm petri
dish. The plates were flipped carefully and incubated for 24 hours at 37 °C 5% CO2
and a relative humidity of 95%. To prevent the hanging drops to dry out, 10 mL PBS
were added to the bottom of the dish. The spheroids were collected from the hanging
drops with PBS containing 10% FCS into a 50 mL falcon tube by using SmL/plate. The
collected spheroids were centrifuged at 300g for 5 minutes. The supernatant was
aspirated carefully without disrupting the pellet. The spheroids were resuspended in a
solution containing 43% collagen (3.5mg/mL stock Corning / OMNILAB GmbH & Co.
KG), 16.5% FCS (Sigma), 10.3% of 1% methyl cellulose solution, 14.3% of M200
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medium, 15% NaHCO3 (15.6 mg/mL) and 1% NaOH (1 M). The solution was mixed
gently on ice to stop polymerization in the tube. 250uL of the solution per well was
transferred to 48-well plate and let it polymerize at 37degree °C for 30 minutes. 250uL
of the test medium was added on to the collagen gel and the plate was incubated at
37 °C, 5% CO2 and a relative humidity of 95% for a minimum of 16 hours. The medium
was aspirated from the wells and the spheroids were fixed with 4% paraformaldehyde
(PFA) in PBS for 20 minutes at RT and then washed twice with PBS and stored in PBS
at 4°C. PFA procedure was performed in chemical hood. Spheroids were imaged on a

bright field microscope and the sprout length was analyzed using ImageJ.

3.1.6 Tube formation assay

For tube formation assay the Matrigel was thawed overnight at 4°C and always
used on ice. 150 L of Matrigel (BD Biosciences / Labor Schubert & Weiss) was added
to wells on a 24-well plate on ice and incubated at 37°C for Thour. HUVECs (Promocell)
were trypsinized and counted and 120K cells were resuspended in 500 uL appropriate
test medium and added to solidified Matrigel. The plates were incubated at 37 °C, 5%
CO2 and a relative humidity of 95% for a minimum of 16 hours. Pictures were taken
on a brightfield microscope and analyzed using ImagedJ for quantification of number of
tubes, number of branching points and number of loops.

3.1.7 Neurosphere formation assay

Primary neurospheres were formed in 96-well plates coated with poly-HEMA,
by plating 300 cells in 0.125 mL GSC1 media with 2.5 pM doxycycline (Sigma) or
ethanol (Sigma) in the medium. The plates were incubated at 37 °C, 5% CO2 and a
relative humidity of 95%. Doxycycline was added every 48 hours. 8 to 10 days after
plating, neurospheres formed in a well were counted (at least 4 wells were counted)
and the neurosphere size was quantified (at least 10 neurospheres) by Image J

software.

3.1.8 Neurosphere formation assay with 0.5 % methyl cellulose

Primary neurospheres were formed in 24-well plates coated with poly-HEMA,
by plating 5,000 cells in 0.5 mL with 0.5% methylcellulose GSC media 1. per well with
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2.5 yM doxycycline or ethanol in the medium. The plates were incubated at 37 °C, 5%
CO2 and a relative humidity of 95%. Doxycycline/ethanol was added every 48 hours.
8 to 10 days after plating, neurospheres formed in a well were counted (at least 4 wells
were counted) and the neurosphere size was quantified (10 neurospheres) by Image
J software. Neurospheres were then collected to a 15 mL falcon, centrifuged at 700
rom for 3 minutes and re-suspended in accutase for mechanical dissociation of the
neurospheres in a block heater at 37 °C, 1000rpm for 5 minutes. After dissociation,
cells were centrifuged at 900rpm for 3 minutes and the accutase was removed. Cell
pellet was dissolved in 0.5 to 1 mL medium and cells were counted for re-plating in the

same conditions for the secondary and tertiary generations of neurospheres.

3.1.9 Cell transfection by Polyethyleneimine (PEI)

Cells were washed twice with PBS and medium was changed to transfection
medium (DMEM with 2%FCS without antibiotics). In an Eppendorf tube 700 yl DMEM
(Sigma) was mixed with 30 pL PEI solution (1pg/uL) and incubated for 5 minutes at
RT; in a second Eppendorf tube 700 yL DMEM was mixed with the appropriate amount
of plasmid DNA. The reactions were mixed and incubated 20 minutes at RT. The mix

was added dropwise to the cells for both lentiviral and retroviral production.

3.1.10 Production of lentiviruses

Five million HEK293T cells were plated in 10 cm dishes. The day after, medium
was changed to DMEM 2% FBS without antibiotics. The cells were transfected by PEI,
using 12 pg lentiviral expression plasmid (LT3GEPIR), 9 ug packaging plasmid
(psPAX2) and 3 ug envelop plasmid (pMD2.G). Cells were incubated in a biosafety
level 2 (BSL-2) incubator and the following steps were performed in a BSL-2
environment. After 24 hours, transfection medium was replaced by DMEM 10% FBS
with antibiotics (Pen/Strep). Viral supernatants were harvested 48 hours post-
transfection, collected into a 15 mL falcon tube and filtered using a 0.45 pm syringe-
filter, aliquoted in cryotubes and stored at -80°C.

3.1.11 Infection of adherent cells with lentiviruses
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This lentiviral procedure was used for infecting U87 cells with shRNAs targeting
SREBF1, SOAT1 and PLA2G3 used in the thesis. Five hundred thousand U87 cells
were plated in a 10 cm dish the day before infection. The infections were performed in
a BSL-2 environment. Viral supernatants (2 mL) were mixed with 8 ml fresh medium
and polybrene was added to a final concentration of 5 pg/ml. After 48 hours post-
infection, cells were selected with puromycin (1 pyg/mL) with fresh medium. The
puromycin concentration was selected by a kill curve experiment on healthy cells.

3.1.12 Infection of suspension cells with lentiviruses

This lentiviral procedure was used for infecting NCH644 cells with shRNAs
targeting SREBF1 and SOAT1 used in the thesis. Cells were dissociated and 500,000
cells/plasmid were plated in a well of Poly-HEMA coated 6-well plate with 2 mL
medium. 3 mL virus supernatants were thawed in a water bath at 37° and ultra-
centrifuged for 90 minutes at 25.000 rpm, 4°C, to discard the FBS-containing medium
and re-suspend in 1 mL stem cell medium. Polybrene was added to the viral
supernatants to the final concentration of 5 pg/ml and added to the wells. After 72
hours post-infection, neurospheres were dissociated and selected with puromycin (1

pMg/mL) with fresh medium.

3.1.13 Crystal violet staining

This procedure was followed for cells seeded in 6-well plates or 10 cm dishes.
Cells were fixed for 20 minutes with 4% PFA in PBS at RT in a chemical hood. The
cells were washed with PBS to remove residual PFA. Then the cells were incubated
for 30 minutes with crystal violet solution. The crystal violet solution was removed, and
the plates were washed with distilled water and air-dried overnight. The colour intensity
was quantified by de-staining the cells with 10% w/v acetic acid solution. All samples
were diluted 1:2 or 1:4 with water, depending on the colour saturation, and the

absorbance was measured at 550 nm in a microplate reader.

3.1.14 Cell Number Assay using Operetta
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For the determination of cell number, 15,000 U87 and U251 cells were cultured
per well and treated with appropriate inhibitors in 96-well plates (Greiner) and fixed in
3.7% PFA in PBS for 10 minutes. After washing with PBS, cells were permeabilized
with 0.2% Triton X-100/PBS with 2.5 pg/ml Hoechst (Stock 5 mg/mL, Sigma) for 5
minutes. Images were acquired using the Operetta™ High Content Screening System
(PerkinElmer) with the following settings: objective: 20 x WD; optical mode: non-
confocal; excitation: 50 %. Ten images per well were acquired and analysis was
performed with the HarmonyR High Content Imaging and Analysis Software (Perkin
Elmer) by Ursula Eilers and Christina Schulein-Volk.

3.2 Molecular biology methods
3.2.1 RNA isolation

Medium from monolayer cells was aspirated and cells were lysed directly on the
plate with 1 mL peqGOLD TriFast (Peqlab); neurospheres were collected to a 15 mL
falcon, centrifuged 700 rpm for 3 minutes, the medium was removed, and cells were
lysed with 1 mL peqGOLD TriFast. Lysed cells were transferred to RNAse-free
Eppendorf tubes and incubated at RT for 5 minutes and either RNA was extracted after
that, or the tubes were stored at -80 °C. 200 pl chloroform per 1mL of TriFast was
added and the suspension was mixed by turning the tube upside down 15 times and
incubated at RT for 10 minutes. Samples were centrifuged for 15 minutes at 14,000
rpom, at 4°C. The upper aqueous phase containing the RNA was transferred into a new
reaction tube. To precipitate the RNA, 500 pl isopropanol was added and the samples
were incubated on ice for 15 minutes followed by centrifugation for 15 minutes at
14,000 rpm, at 4 °C. The supernatant was carefully discarded, and the RNA pellet was
washed twice with 70% EtOH. The pellet was air-dried and solubilized in 50 ul RNAse
free ddH20. The RNA was stored at -80°C.

RNA used for RNA-sequencing was isolated with the RNeasy Mini Kit and
additional DNase | digestion according to manufacturer’s protocol.

3.2.2 DNA isolation with phenol-chloroform
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DNA was used for chromatin immunoprecipitation (ChlIP) analysis. One volume
of phenol-chloroform-isoamyl alcohol solution was added to the de-crosslinked
chromatin and the mix was vortexed for 30 seconds. Samples were centrifuged at
14,000 rpm for 10 minutes at RT and the upper phase containing the DNA was
transferred to a new reaction tube. 900 pL 100% EtOH, 38 uL Na-acetate pH 5.2 and
3 UL Glyco blue were added to the mix. The samples were briefly vortexed and
incubated at -80°C for 40 minutes. Afterwards, samples were centrifuged at 14,000
rpm for 30 minutes at 4°C. The DNA pellet was washed with 80% EtOH, air-dried and
resuspended in TE buffer or ddH20.

3.2.3 cDNA synthesis

In order to perform the quantitative reverse transcriptase PCR reaction, 2 pg of
extracted RNA in a total volume of 8 yL was reverse transcribed into complementary
DNA (cDNA). Reactions were set up as follows: 2 ug RNA in 7uL water, 2.25 uL of
HexaN (stock 0.5 pg/ uL, Roche), 1 yL of dNTP (stock 10 mM, Invitrogen), 1 uL of
DNAse | (Promega) and 1.25 pL of DNAse buffer (Promega). The mixture was
incubated for 15 minutes at 37°C, 15 minutes at 70°C and at least 2 minutes at 4°C.
After that, 4 yL of M-MLV RT buffer (5x stock, Invitrogen), 2.4 yL of ddH20, 0.1 uL of
RNAseOUT (Invitrogen) and 1 pL of M-MLV RT (Invitrogen) was added to each
reaction and incubated for 10 minutes at 25°C, 50 minutes at 42°C and 15 minutes at
70°C (to inactivate M-MLV RT). The cDNA was stored at -20°C.

3.2.4 Polymerase chain reaction (PCR)

The reaction mixture contained 4 yL cDNA (1/10 diluted), 5 pl SYBRGreen Mix
(Thermo Scientific) and 1 pL forward and reverse primers (2.5 yM). The reaction was

performed in a quantitative RT-PCR machine as follows:

Step Cycles Temperature Time
Initial denaturation 1 95 °C 10 min
Denaturation 45 95 °C 15 sec
Annealing and extension 60 °C 1 min
Melting curve 1 95 °C 15 sec
60 °C 1 min
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95 °C 1 sec

Each sample was analysed in technical duplicate. Raw data were expressed as
Ct (threshold cycle), i.e., the cycle in which the fluorescence is above the background.
For gPCR experiments, B2M or B-Actin was used as housekeeping gene for internal
normalization. gPCR data were analysed according to the double Delta Ct method,
i.e., the fold induction relative to a control was calculated. First, the average Ct value
was calculated. The difference of Ct between average housekeeping gene and the
target gene was calculated per each condition (ACt). The standard deviation of the ACt
was calculated and the difference of ACt between the control (or monolayer) and the
treated (or neurospheres) sample was then quantified (AACT). The relative expression
per each condition was calculated (relative expression =2*- AACT).

ChlIP data were analyzed according to the Percent input method, i.e., the
enrichment of the immune-precipitated sample over the amount of chromatin.
Typically, 1% chromatin was used as input sample. First, the average Ct value of the
input sample was calculated. Using this value, the percentage input subtracted was
calculated per each immune-precipitated sample (nonspecific adjustment): Ctchp -
Average Ct input. The percentage of input was calculated per each immune-precipitated
sample: 0.5" percentage input subtracted.

3.2.5 Gel electrophoresis

Gels were prepared according to the expected size of the DNA fragments. The
appropriate amount of agarose was boiled in TAE, briefly cooled down, supplemented
with 0.4 pg/ml ethidium bromide and poured into a gel chamber with combs depending
on the volume of the sample to be loaded. The samples were mixed with DNA loading
buffer (1:5) and loaded into each well of the gel, as well as a DNA ladder. The
separation was performed at 120 V for one hour and the DNA fragments were

visualized on a UV trans-illuminator.

3.2.6 Extraction and purification of DNA fragments
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DNA fragments of the required size were cut out of the agarose gel and
extracted with the gel extraction kit according to the manufacturer’s protocol (Monarch
DNA Gel Extraction Kit, NEB or Qiaquick Gel Extraction Kit, Qiagen).

3.2.7 Nucleic acid quantification

DNA and RNA concentration were determined using the NanoDrop 1000. The
absorbance was measured at 260 nm. To assess the purity of the nucleic acid solution,
the ratio of absorbance at 260 and 280 nm was determined. A ratio of 1.8 for DNA and
2 for RNA indicate a pure preparation, i.e., without protein contaminants. RNA used for
library preparation for RNA-Sequencing, was quantified with the Experion Automated
Electrophoresis System from Bio-Rad, following the manufacturer’s protocol.

3.2.8 Digestion of DNA fragments

Restriction enzymes from New England Biolabs were used following the
manufacturer’s protocol, namely the recommended restriction buffers and enzyme
amounts. For cloning, EcoRI-HF and Xhol restriction enzymes were used. Cutsmart
buffer (NEB) was used for digestion.

3.2.9 Ligation of DNA fragments

A control reaction without insert was included as negative control. Ligation was
set up as follows: 2uL of 50ng/uL linearized vector, 1uL of 20ng/uL fragment, 1 yL T4
ligase, 2 yL 10x T4 ligase buffer, 9 uyL ddH20. The ligation reaction was performed by

incubating the mixture overnight at 4°C.

3.2.10 Transformation of competent cells with plasmid DNA

Competent bacteria prepared in-house was thawed on ice and 100 pyL were
mixed with the plasmid DNA. The bacteria were incubated on ice for 30 minutes,
followed by a heat shock for one minute at 42 °C. The reactions were shortly placed
on ice for 2 minutes and the mix was plated on carbenicillin LB-agar plate. Bacteria
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without plasmid DNA was used as negative control. LB agar plates were placed up-
side-down and incubated at 37°C overnight.

3.2.11 Preparation of plasmid DNA from bacteria

3.2.11.1 MiniPrep

A minimum of 3 bacterial colonies were picked and grown overnight in 3 mL LB
with ampicillin in 15 mL falcon tubes at 37°C with shaking. Bacteria culture was
transferred to an Eppendorf tube and the rest was stored at 4°C. PureYeld Plasmid
MiniPrep Kit (Promega) was used according to manufacturer’s instructions. DNA was
stored at -20°C.

3.2.11.2 MaxiPrep

Bacterial colonies that were sequenced and selected were grown in 200 mL LB
medium with ampicillin (5 mL) and grown overnight at 37°C with shaking. Bacteria
culture was processed according to the manufacturer’s protocol (PureLink HiPure
Plasmid Maxiprep Kit, Life Technologies). The purified plasmid DNA was solubilized in
TE and adjusted to a concentration of 1 pg/uL.

3.3 Biochemical methods

3.3.1 Whole cell protein lysates

For monolayer cells, the medium was aspirated, and the cells were scraped in
ice cold PBS and centrifuged to remove PBS. RIPA lysis buffer containing protease
and phosphatase inhibitors was added to the pellet and incubated for 15 minutes on
ice. Neurospheres were collected to a 15 mL falcon and centrifuged at 700 rpm for 3
minutes; the medium was removed, and cells were washed with PBS by centrifugation.

Neurospheres were then incubated with the same lysis buffer for 15 minutes on ice.
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After cell lysis, all samples were centrifuged at 14,000 rpm for 15 minutes, at
4°C and cleared lysates were transferred to new Eppendorf tubes. Lysates were stored
at -20°C or, alternatively, samples were directly prepared for SDS-PAGE.

3.3.2 Protein quantification by BCA assay

To determine the protein concentration of protein lysates, the bicinchoninic acid
(BCA) assay (Thermo Scientific) was applied. A BCA solution mix was prepared by
mixing BCA buffer A and BCA buffer B in a 50:1 proportion. 4 ul of sample (diluted
1:10) or water (as a blank) were mixed with 200 ul of BCA solution mix, incubated for
30 minutes at 37 °C and absorbance was measured at 550 nm. Protein concentrations
were determined using a BSA standard curve.

3.3.3 SDS-PAGE

The appropriate amount of 4x loading buffer was added to protein lysates (20 -
30ug) and samples were boiled at 95°C for 5 minutes. Protein samples and pre-stained
protein ladder (Thermo Scientific) were loaded into the gel pockets. SDS
polyacrylamide gels (7.5% - 12%) were used for separating the proteins according to
their molecular weight. The electrophoresis was performed using SDS-PAGE
chambers (Biorad) filled with 1x SDS running buffer at 80-120 V.

3.3.4 Immunoblot

After separating protein lysates by SDS-PAGE, proteins were transferred onto
a PVDF membrane. The PVDF membrane was activated by incubation in methanol for
30 seconds, followed by 2 minutes in H20. The membrane was equilibrated in the 1x
transfer buffer before proceeding to the immunoblot assembly. The immunoblot
sandwich was assembled in transfer buffer and the cassette was placed into the tank,
which was filled with 1x transfer buffer. The transfer was carried out at 4°C, at 300 mA
for 1 hour and 45 minutes. Afterwards, the membrane was stained with Ponceau to
check for efficient transfer and washed with water. Membranes were incubated in
blocking solution (LI-COR or 5% BSA in 1x TBS-T) for 1 hour at RT under constant
shaking. After blocking, the membrane was incubated with the primary antibody at 4°C

55



Methods

overnight. On the next day, the membrane was washed 3 times for 10 minutes with 1x
TBS-T and incubated for 1 hour with the secondary antibody (diluted in LI-COR or 5%
milk in 1x TBS-T) followed by additional 3 washing steps of 5 minutes each with 1x
TBS-T. Fluorescent signals were detected with a LI-COR Odyssey Infrared scanner.

3.3.5 Proteome profiler human angiogenesis array analysis

Media samples were collected from cells and centrifuged to remove cell debris
and transferred to fresh tubes. The media samples were stored at -80°C until use and
repeated freeze-thaw cycles were avoided. Proteome Profiler Human Angiogenesis
Array Kit from R&D Systems (ARY007) was used according to manufacturer’s
instructions. The data was analysed and quantified using ImagedJ software.

3.3.6 ELISA

Media samples without FCS were collected from cells and centrifuged to
remove cell debris and transferred to fresh tubes. The media samples were stored at
-80°C until use and repeated freeze-thaw cycles were avoided. The PGE2 CLIA kit
from Enzo (ADI-910-001PGE2) is a competitive immunoassay used for the quantitative
sensitive determination of Prostaglandin E2. Lysophosphatidic Acid (LPA) ELISA Kit
from Antibodies-online (ABIN2039318) that employs competitive inhibition enzyme
immunoassay technique was used for determination of LPA in the samples. The
manufacturer’s instructions were followed for effective measurement, analysis and

interpretation of the data collected from ELISA assays.

3.4 RNA sequencing

RNA sequencing data used in the thesis for U87 cells with SREBP1 silencing
was performed by Charlene Brault and analysed by Carsten Ade (AG Prof. Eilers) and
Susanne Walz (Bioinformatics Core Unit of the Comprehensive Cancer Center
Mainfranken). Compilation of 72 gene list and GO analysis utilizing gene expression
data of cells over-expressing SREBP1 and knockdown of SREBP1 was performed by
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Prof. Schulze. RNA-Seq data on monolayer and neurosphere comparison was

performed by Joana Peixoto and analysed by Susanne Walz.

3.4.1 Library preparation

The experiment was performed in triplicate for each condition. RNA for RNAseq
was extracted using the RNeasy Mini kit (Qiagen) and eluted in 40 yL RNAase free
H20. RNA samples were kept in ice and RNA concentration was measured using a
standard sense chip for Bioanalyzer. One ug/pL RNA per each condition was used for
library preparation. The library was prepared using the NEBNext Ultra RNA library prep
kit for lllumina and the NEBNext Multiplex Oligos for lllumina (Dual Index Primers Set
1), according to the manufacturer’s instructions. H20 was used as negative control to
check the purity of the preparation. The amplification by PCR was performed for 12
cycles and the PCR products were purified using the Agencourt AMPure XP beads.
The quality of the purified DNA was verified on the Bioanalyzer before performing the
sequencing, using the lllumina GAllx sequencer. All samples were mixed at equimolar

concentration of 300nM.

3.4.2 Data analysis

Base calling was performed with lllumina’s CASAVA software and overall
sequencing quality was tested using the FastQC script. Reads were aligned to the
human genome (hg19) with TopHat2 and Bowtie v0.12.8 using default parameters
(Langmead 2010, Kim, Pertea et al. 2013). Mapped reads per gene (EnsEMBL
GRCh37, release 74) were counted using the “summarizeOverlaps” function in the
GenomicAlignments R package, non-expressed genes were removed (mean read
count per gene over all samples >1) and TMM normalized with EdgeR. Gene set
enrichment analysis was performed with the C2, C5 and Hallmark collection from the
MSigDB v5.2 with default parameters and 1000 permutations (Subramanian, Tamayo
et al. 2005, Liberzon, Subramanian et al. 2011). Principle component analysis (PCA)
was performed with the prcomp function from R after centering sequencing depth-
normalized expression values of all expressed genes (n=18,457).
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3.5 Metabolic assays

3.5.1 Total fatty acid analysis

Media from cells were aspirated and the cells were washed and scraped in cold
154 mM ammonium acetate and centrifuged at 1500 rpm for 5 minutes. 190 pL cold
MeOH and 47 pyL cold H20 was added to the cell pellet. 20 pyL Standard-Mix
(containing 5 mM each of Lamivudine, tridecanoic acid, nonadecanoic acid and
Ibuprofen in MeOH / CHCI3 (1/1; v/v)) was added, followed by addition of 30 uL 0.2 M
HCI, 90 yL CHCI3, 100 yL CHCI3 and 100 uL H20. After addition of each solvent, the
samples were mixed vigorously. Finally, they were centrifuged at 14,000 rpm for 5
minutes and the lower phase was transferred to a new tube and evaporated at 45 °C
under nitrogen gas flow. The samples were resuspended in 0.5 mL 0.3 M KOH in
MeOH/H20 (9/1; vlv; freshly prepared) and heated at 80 °C for 1 hour. 50 pL formic
acid was added to the lower phase and upper phase containing fatty acids was
extracted twice with 0.5 mL hexane. The samples were evaporated at 45 °C under
nitrogen gas flow and resuspended in 100 pl of isopropanol (iPrOH). The samples were
manually injected by direct injection on to the mass spectrometer (MS). The scan rage
was selected at 150-400, polarity to negative, acquisition time to 0.75 minutes.

3.5.2 Lipidomics

Media from cells were aspirated and the cells were washed and scraped in cold
154 mM ammonium acetate and centrifuged at 1500 rpm for 5 minutes. 280 pL of n-
Butanol / Methanol (3/1, v/v) was added to the cell pellet, followed by addition of
(Hexanoyl-sphingomyelin and 1,2-Dimyristinoyl-glycero-3-phosphocholine) in n-
Butanol / Methanol (3/1 v/v) and 20 yL 1 mM standard (1,2-Dimyristinoyl-glycero-3-
phospho-L-serine (DGPS) in PBS. 20 ul n-Butanol / Methanol (3/1, v/iv) + 20 ul 1%
Acetic Acid (in water) was added and mixed and samples were ultrasonicated. Then
300 pL heptane / ethyl acetate (3/1, v/v) and 280 yL 1% acetic acid (in water) was
added and the samples were sonicated and mixed. Upper phase was transferred to
new tubes. This procedure was repeated twice, and the upper phases were combined
and evaporated at 35 °C under nitrogen gas flow. For 250 yL media samples the same
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procedure was followed but 280 yL 1% Acetic acid was replaced by 28 uL of 10%

Acetic acid.

For LC/MS analysis, samples were dissolved in 100 pl of iPrOH. Mobile phase
A consisted of CH3CN/H20O/FA (10/89.9/0.1, v/v/v) and mobile phase B consisted of
CH3CN/H20/FA (90/9.9/0.1, v/viv). With application of 3 yL sample to the C8 column
(at 40 °C), the separation was performed with a gradient: 20% solvent B for 2 minutes,
followed by a linear increase to 100% solvent B within 5 minutes, then maintaining
100% B for 27 minutes, then returning to 20% B in 1 minute and 5 minutes 20% solvent
B for column equilibration before each injection. The flow rate was maintained at 350
pML/minute. The eluent was directed to the ESI source of the QE-MS from 2 minutes to
29 minutes after sample injection. MS scan parameters used were the following: full
MS in positive/negative mode, runtime: 2 minutes - 29 minutes; resolution: 70,000,
AGC-target: 3E6; maximum Injection Time: 200 ms and scan range: 200 - 1500 m/z.
HESI source parameters were: sheath gas flow rate: 30; auxiliary gas flow rate: 10;
sweep gas flow rate: 3; spray voltage: 2.5 kV in positive mode and 3.6 kV in negative
mode; capillary temperature: 320 °C; S-lens RF level: 55.0 and aux gas heater
temperature: 120 °C. Peaks corresponding to the calculated lipid masses (MIM +/- H+
+ 2 mMU) were integrated using TraceFinder software (Thermo Scientific, Bremen,
Germany).

3.5.3 Thin layer chromatography (TLC)

Samples prepared for lipidomic analysis were used for thin layer
chromatography. Samples were evaporated with speed vac and redissolved in 10 pl
CHCI3/MeOH (1/1; viv). 5 pl of the extract was applied to a TLC plate (20cm*20cm),
at 1.5 cm from the bottom of the plate. First solvent line was drawn at 5 cm and the
plate was immersed in “Polar Solvent”: CHCI3/MeOH/20%AcOH (65/25/5; viviv). The
second solvent line was drawn at 12 cm and the plate immersed in “Medium polar
Solvent”: Hexane/Acetic Acid Ethylester/AcOH (59/10/1; v/v/v); and the third solvent
line was drawn at 15 cm and the plate immersed in “Unpolar Solvent”: Hexane/Acetic
Acid Ethylester (9/1; v/v). The TLC plate was dried using a hair dryer and the plate was
stained by dipping the plate into “SuperMix” (2.5% Molybdatophosphate, 1% Cer-IV-
Sulfate, 6% H2S04 in H20) and heating at 200 °C until bands appear. Standards (in
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MeOH/CHCI3; 1/1) used at 1 mg/ml each were the following: oleic acid, triolein,
cholesterol, cholesterolpalmitate, phosphatidylcholines (from egg yolk) and
Sphingomyelines (from egg yolk).

3.6 Statistical analysis

Quantitative data were displayed and analysed using GraphPad Prism 7.0. Data
are presented as mean values with error bars representing standard deviation (SD) or
standard error of mean (SEM), as described in figure legends. P-values were
calculated by using two-tailed unpaired student t-test and considered to be statistically
significant when smaller than 0.05.
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Chapter 4: Results

4.1 SREBP1 regulation in Glioblastoma

Proliferating cells need to synthesize and obtain macromolecules that are the
basic building blocks of the cell. Cancer cells are highly proliferative and are in great
demand for procuring necessary macromolecules. When cancer cells are exposed to
metabolic stress due to lack of access to necessary nutrients, they re-wire their
metabolism to de novo synthesis to accommodate for the changes relative to the
environment (DeBerardinis et al., 2008; Zhu and Thompson, 2019). This flexibility of
cancer cells promotes their growth and progression in harsh microenvironments and

also becomes a target for therapeutic intervention.

4.1.1 Low serum levels upregulate SREBP1 in Glioblastoma

When glioblastoma (GB) cells were cultured in low serum (1% FCS) condition,
they significantly upregulated their de novo fatty acid synthesis. U87 and U251 grown
in media containing 1% FCS had higher levels of mature SREBP1 protein, enhanced
SREBF1 mRNA levels and elevated expression of the target gene SCD compared to
cells in 10% FCS condition (Fig 4.1A and B). This is consistent with an increase in the
transcriptional output of the SREBP1 target gene network observed previously
(Griffiths et al., 2013; Lewis et al., 2015).
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Figure 4. 1: Low serum in the media upregulates both SREBP1 protein and mRNA levels
and induces expression of the target genes

A) Western Blot (WB) showing higher levels of mature SREBP1 (m-SREBP1) upon low serum (1%
FCS) treatment compared to 10% FCS condition in two Glioblastoma cell lines (U87 and U251).
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Cells were washed in PBS and grown in media containing 1% or 10% FCS for 24hours. Signal
intensities were normalized to p-actin and are shown relative to 10% FCS controls.

B) gRT-PCR to quantify mRNA levels of SREBF1 and SCD under the same conditions as in (A).
MRNA levels are shown relative to 10% FCS condition. Bars represent mean + SEM (n=3). p-
values were calculated using a two tailed student’s t-test (p-values are represented as * < 0.05,
**<0.01).

The cells grown in low serum condition also have reduced growth factors
available compared to full serum media. Growth factor signalling is important to direct
cells to take up nutrients or switch to de novo synthesis (Palm and Thompson, 2017;
Vander Heiden et al., 2001). To understand whether the upregulated fatty acid pathway
seen in GB cells upon low serum treatment was a consequence of reduced growth
factors, U87 cells were grown in 1% FCS, 10% FCS or in a serum substitute that does
not contain lipids or cholesterol but is supplemented with growth factors (Panex basic)
for 24hours. Cells grown in both 1% FCS and serum substitute without
lipids/cholesterol but with growth factors were able to increase SREBP activity and
upregulate enzymes involved in fatty acid and cholesterol biosynthesis compared to
cells grown in 10% FCS media (Fig 4.2). Hence, low serum conditions can upregulate
fatty acid metabolism in GB cells even in media containing reduced growth factors. But
it also needs to be noted that cells grown in serum substitute with growth factors had
further increase in mMRNA levels of the genes involved in fatty acid and cholesterol
biosynthesis compared to low serum condition without growth factors. Further
investigation is required to understand the consequences of absence of growth factors
which is not addressed in the current study.
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Figure 4. 2: Low amounts of lipids and cholesterol in the medium lead to the
upregulation of SREBF1 and its target genes

gRT-PCR showing mRNA levels of SREBF1, SREBF2 and their targets SCD, FASN and
HMGCR in U87 cells in medium containing 10% and 1% FCS or serum substitute (Panex basic
without lipids/cholesterol). mRNA levels are shown relative to 10% FCS. The cells were washed in
PBS and treatment was performed for 24hours. Bars represent n=1.
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4.1.2 shRNA mediated genetic ablation of SREBF1 with 2 different

vector systems

To study the loss of SREBP1 in GB cells, different sShRNA sequences targeting
SREBF1 were introduced into two different vector backbones to understand the effects
of loss of SREBP1 and to avoid conclusions based on potential off-target effects.
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Figure 4.3: SREBP1 knockdown leads to the downregulation of genes involved in fatty
acid biosynthesis and a decrease in its binding to the promoter regions of target genes

A) Schematic representation of time course of low serum treatment with shRNA mediated
knockdown of SREBP1 with doxycycline. Cells were seeded in 10%FCS media and treated with
ethanol (solvent control) or 2.25 uyM doxycycline for 72 hours. The cells were washed with PBS
and media was changed to 1% or 10% FCS with ethanol (solvent control) or 2.25 yM doxycycline
for the last 24hours.
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B) gRT-PCR showing mRNA levels of SREBF1, SCD, FASN, ACLY and ACACA in U87 cells. Cells
expressing shSREBP1_07 were treated as shown in A, only 1% FCS treated samples were
used for this analysis. Bars represent mean + SEM (n=12). p-values were calculated using a
two tailed student’s t-test (p-values are represented as *** < 0.001).

C) WB showing the mature form of SREBP1 upon SREBP1 knockdown in medium containing 10%
or 1% FCS (as in A). Signal intensities were normalized to 3-actin and are shown relative to the
10% FCS solvent control.

D) WB showing protein levels of SCD upon knockdown of SREBP1 in medium containing 1% FCS
under the same conditions as in B. Signal intensities were normalized to f-actin and are shown
relative to the solvent control.

E) ChIP gRT-PCR showing binding of SREBP1 to promoter regions of selected target genes in
cells cultured under the same conditions as in B. Bars represent percent of input chromatin
(n=1).

U87 cells transduced with a doxycycline (Dox) inducible pLKO-Tet-On vector
with shRNA targeting SREBF1 (LKO-BP1_07) were grown in 10% FCS with 2.25 yM
Dox or solvent control (ethanol) for 72 hours. Cells were washed with PBS and the
medium was changed to media containing 1% or 10% FCS with 2.25 yM Dox or
ethanol control (as represented in Fig 4.3A). Dox induction of shRNA mediated
knockdown of SREBP1 was confirmed by reduction of mRNA levels of SREBF1 and
its targets SCD, FASN, ACLY and ACACA (Fig 4.3B). The mature form of SREBP1
(Fig 4.3C) and protein levels of its target SCD (Fig 4.3D) were also strongly reduced
upon Dox treatment. These results were also confirmed by a reduction of binding of
SREBP1 to the promoter regions of several SREBP1 target genes by chromatin

immuno precipitation (ChlP) (Fig 4.3E).

For the second vector system, five shRNA sequences targeting SREBF1 were
obtained from genome-wide sensor-based shRNA predictions (Fellmann et al., 2013)
and were introduced into U87 cells via the pLT3-GEPIR Dox inducible vector system.
To check the knock down of SREBF1 with these shRNA sequences, cells were treated
with 2.25 yM Dox or solvent (ethanol) for 72 hours in media with 10% FCS. Expression
of all shRNA sequences resulted in a reduction of mMRNA levels of the SREBP1 target
gene SCD (Fig 4.4) but only shRNA sequences 01, 03 and 06 showed efficient
reduction of MRNA levels of SREBF1 (Fig 4.4).
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Figure 4.4: Selection of optimal shRNA sequences targeting SREBF1 using the pLT3-
GEPIR Dox inducible system

gRT-PCR showing mRNA levels of SREBF1 and SCD. Cells transduced with lentiviral
vectors (pLT3-GEPIR) encoding different shRNA sequences targeting SREBP1 (shSREBP1_01,
03, 04, 05 and 06) were treated with 2.25 yM Dox or ethanol (solvent control) for 72 hours in 10%
FCS medium. mRNA levels are shown relative to solvent control. Bars represent mean + SEM
(n=3). p-values were calculated using a two tailed student’s t-test (p-values are represented as * <
0.05, ** <0.01, *** < 0.001 and **** £ 0.0001).

The shRNA sequences 01, 03 and 06 that showed efficient SREBF1 silencing
were further validated by treating cells in 10% FCS media containing 2.25 yM Dox or
solvent (ethanol) for 72 hours and the media was changed to 1% or 10% FCS 2.25 yM
Dox or solvent (ethanol) for an additional 24hours (as shown in Fig 4.3A). mRNA levels
of SREBF1 and its target SCD were reduced by all 3 shRNA sequences (Fig 4.5).
shRNA sequences 01 and 06 both showed a more efficient reduction of SREBF1 and
SCD levels in both 10% and 1% serum conditions compared to sequence 03. As it had
been shown previously that silencing of SREBP1 induces ER stress in cells depleted
of exogenous lipids (Griffiths et al., 2013), mRNA levels of the ER-stress gene DDIT3
(CHOP) was used to check if the depletion of SREBP1 was sufficient to induce ER
stress. Only induction of sequences 01 and 06 indeed triggered ER stress in 1% serum
conditions (Fig 4.5), confirming previous results. Further, silencing efficiency and
induction of ER-stress was also confirmed by including cells expressing a non-
targeting control (shRenilla). The results obtained in this experiment showed that Dox
treatment of shRenilla expressing cells does not alter the expression of SREBF1 or
SCD and does not induce ER-stress, as indicated by the lack of DDIT3 induction (Fig
4.6).
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Figure 4.5: Validation of shRNAs targeting SREBF1 in PLT3-GEPIR Dox inducible
system

gRT-PCR showing mRNA levels of SREBF1, SCD and DDIT3. Cells expressing shRNA
sequences targeting SREBP1 (shSREBP1_01, 03 and 06) were grown in 10% FCS with 2.25 uyM
Dox or ethanol (solvent control) for 72 hours. Cells were washed with PBS and medium was
changed to media containing 1% or 10% FCS with 2.25 yM Dox or ethanol (solvent control) (as
represented in Fig 4.3A). mMRNA levels are shown relative to the ethanol control of each cell line.
Bars represent mean + SEM (n=3). p-values were calculated using a two tailed student’s t-test (p-
values are represented as * < 0.05, ** <0.01, *** < 0.001 and **** < 0.0001).
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Figure 4.6: Validation of shRNAs targeting SREBF1 in the PLT3-GEPIR Dox inducible
system with shRenilla control

gRT-PCR showing mRNA levels of SREBF1, SCD and DDIT3. mRNA levels are shown
relative to shRenilla. Cells expressing either non-targeting controls (LT3-Renilla) or sequences
targeting SREBP1 (LT3-BP1_01, LT3-BP1_02 or LT3-BP1_03) were treated with 2.25 yM Dox or
solvent (ethanol) for 72 hours in medium containing 10% FCS. Cells were washed with PBS and
medium was changed to media containing 1% or 10% FCS with 2.25 yM Dox or ethanol (solvent
control) (as represented in Fig 4.3A). Bars represent mean + SEM (n=3). p-values were calculated
using a two tailed student’s t-test (p-values are represented as * < 0.05, ** < 0.01, *** < 0.001 and
**** <0.0001).

The cells expressing shRNA sequences 01 and 06 were further investigated by
cell viability assays. Cells were grown in 10% FCS media containing 2.25 yM Dox or
solvent (ethanol) for 72 hours and the media was changed to 1% or 10% FCS with
2.25 yM Dox or solvent (ethanol) for an additional 24hours (as shown in Fig 4.3A).
Cells grown in low serum conditions are under ER stress and showed significant
reduction in cell viability upon SREBP1 knock down (Fig 4.7). Sequences 01 and 06
were therefore considered validated and used for further experiments.
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Figure 4.7: Decrease in cell viability upon SREBP1 knockdown and low serum treatment
using the pLT3-GEPIR Dox inducible system

A) U87 cells expressing inducible shRNA sequences targeting SREBP1 were treated with 2.25 uM
Dox or solvent (ethanol) in medium containing 10% FCS for 72 hours. Cells were washed with
PBS and medium was changed to media containing 1% or 10% FCS with 2.25 yM Dox or
ethanol (solvent control) (as represented in Fig 4.3A). Cell viability was determined by crystal
violet staining.

B) Quantification of crystal violet staining in (A). Values were normalized to ethanol control in 10%
FCS. Bars represent mean + SEM (n=3). p-values were calculated using a two tailed student’s
t-test (p-values are represented as * < 0.05 and ** < 0.01).

4.1.3 Proliferation of U87 cells with SREBP1 knockdown

U87 cells with shRNA sequences targeting SREBP1 in two different vector
systems, LKO-BP1_07 and LT3-BP1_06, and their respective controls, LKO-Scr and
LT3-Renilla, were grown in medium containing 10%, 1% or 0% FCS to study cell
proliferation in a time course experiment (Fig 4.8A).
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Figure 4.8: Cell proliferation upon SREBP1 knockdown in different FCS concentrations

A) Crystal violet staining of cells expressing shRNA sequences targeting SREBP1 (shSREBP1_07
and shSREBP1_06) or non-targeting controls (shScr and shRenilla) treated with 2.25 yM Dox
in medium containing 0%, 1% or 10% FCS for 24, 48, 72 and 96 hours. The cells were washed
with PBS after 24 hours of seeding in 10% FCS medium (referred to as 0 hours control) and
media containing 10%, 1% or 0% FCS were added to cells and treated for 24, 48, 72 and
96hours with 2.25 yM Dox.

B) Quantification of crystal violet staining in (A) shown as growth curves. The values of
quantification are normalized to the 0 hours control for each cell line. Each point on the curve
represent the mean £+ SEM (n=3). p-values were calculated using a two tailed student’s t-test
(p-values are represented as * < 0.05, ** < 0.01).
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Induction of shRNA with Dox was started at 0 hours and cell growth was
monitored over 96 hours. Cells expressing shBP1 in both vector systems showed
similar growth rates in 10% FCS compared to the control cell lines at 24, 48 and 72
hours after Dox treatment, while LKO-BP1_07 cells showed a significant reduction in
cell number at the 96-hour time point (Fig 4.8B, left graphs). In contrast, silencing of
SREBP1 using both vector systems in medium containing 1% FCS resulted in a
moderate reduction in growth after 72 hours and a significant reduction after 96 hour
of Dox treatment compared to control cells (Fig 4.8B, middle graphs). This indicates
that SREBP1 proficient cells have the ability to upregulate de novo fatty acid synthesis
and sustain proliferation even with reduced availability of fatty acids from the medium.
Nevertheless, their proliferation rate was reduced by about 50% compared to cells
grown in 10% FCS condition. However, cells grown in 0% FCS showed an overall
impaired proliferation, which was not further reduced by SREBP1 depletion (Fig 4.8B,
right graphs).
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4.2 The transcriptional signature controlled by SREBP1 in
GB cells

To understand the global effect of SREBP1 knockdown in GB cells, a genome-
wide RNA sequencing (RNAseq) analysis was performed in U87 cells expressing the
pLKO-TetOn vector encoding either a non-targeting sequence (shScr) or a sequence
targeting SREBP1 (shBP1_07). Cells were grown in 10% FCS with 2.25 yM Dox or
solvent (ethanol) for 48 hours. After this time, cells were washed with PBS and the
medium was changed to media containing 1% or 10% FCS with 2.25 yM Dox or
ethanol and cells were incubated for a further 24 hours. This experiment was
performed by C. Brault (Biochemistry and Molecular Biology, Biocenter Wurzburg).
RNAseq and data analysis was performed by C. Ade and S. Walz (Biochemistry and
Molecular Biology, Biocenter, Wurzburg and Comprehensive Cancer Center
Mainfranken).

4.2.1 Analysis of the SREBP1 gene expression network

RNA seq data analysis revealed that knockdown of SREBP1 resulted in
changes in regulation of number of genes in both 10% and 1% FCS treated cells (Fig
4.9A). Even though there were substantial number of genes that were regulated
similarly in both conditions (number of genes overlapped in the Venn diagram in Fig.
4.9A), cells in 1% FCS condition showed evidently more regulation. Results from the
RNAseq analysis were validated by performing RT-qPCR on the same RNA samples.
mMRNA levels of the previously identified SREBP1 target genes, SCD, FASN, FADS1,
FADS2 and FABP3 were analysed. All genes showed upregulation in the 1% FCS
conditions compared to 10% FCS, indicating induction of de novo fatty acid synthesis
(Fig. 4.9B). Also, the strong downregulation of these genes upon SREBP1 knockdown
confirmed the RNAseq data and placed these genes into the SREBP1 transcriptional

network.
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Figure 4.9: SREBF1 knockdown leads to downregulation of the transcriptional output
of SREBP1

A) Venn diagrams showing summary of number of genes upregulated or downregulated upon
SREP1 knockdown in both 10% and 1% FCS media, obtained from RNAseq data. Cells were
seeded in 10%FCS media and treated with ethanol (solvent control) or 2.25 yM Dox for 72
hours. The cells were washed with PBS and media was changed to 1% or 10% FCS with ethanol
(solvent control) or 2.25 uM Dox for the last 24hours.

B) qRT-PCR showing mRNA levels of SREBF1, SCD, FASN, FADS1, FADS2 and FABP3. mRNA
levels are shown relative to the 10% FCS condition of the control. Same samples were used in
the RNA seq experiment. Bars represent mean + SEM (n=3). p-values were calculated using a
two tailed student’s t-test (p-values are represented as * < 0.05, ** < 0.01, *** <0.001 and **** <
0.0001).

Gene set enrichment analysis (GSEA) showed that genes associated with Horton
SREBP1 targets gene set (Horton et al., 2003) were strongly reduced upon SREBP1

knock down in cells cultured in 1% FCS (Fig. 4.10). Furthermore, genes associated to
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the Ishida E2F targets gene set involved in cell cycle control (Ishida et al., 2001) also
showed reduced expression in SREBP1 knock down cells, indicating reduced
proliferation (Fig 4.10). Additionally, genes associated with the response to Salirasib,
an inhibitor of the farnesylation of Ras (Blum et al., 2007), and tumour necrosis factor
(TNF) (Phong et al., 2010) were strongly induced upon SREBP1 knockdown, indicating

a pro-inflammatory response compared to control cells (Fig 4.10).

HORTON_SREBP_TARGETS ISHIDA_E2F_TARGETS  BLUM_RESPONSE TO SALIRASIB_UP PHONG_TNF_TARGETS_UP
(NES -2.57 g<0.05) (NES -2.97 q<0.05) (NES 3.30 q<0.05) (NES 3.00 q<0.05)

+DOX -DOX  +pox -DOX +DOX -DOX  +DOX -DOX

Figure 4.10: Gene Set Enrichment Analysis of transcriptional changes upon SREBP1
knockdown

Gene Set Enrichment Analysis (GSEA) of RNAseq data comparing control (-DOX) to SREBP1
knockdown (+DOX) in U87 cells cultured in 1% FCS. Enrichment plots of
HORTON_SREBP_TARGETS (Horton et al., 2003), ISHIDA_E2F TARGETS (Ishida et al., 2001),
BLUM_RESPONSE_TO_SALIRASIB_UP (Blum et al., 2007) and PHONG_TNF_TARGETS_UP
(Phong et al., 2010) are shown. Cells expressing shSREBP1_07 were seeded in 10% FCS media
and treated with 2.25 yM Dox or solvent (ethanol) for 48 hours. The cells were then washed with
PBS and media was changed to 1% FCS with 2.25 yM Dox or solvent for the last 24hours.

Gene expression data previously generated in U87 cells with tamoxifen (TX)-
inducible activation of SREBP1 (Lewis et al., 2015) were combined with the RNA-seq
data generated with knockdown of SREBP1 to define a list of consensus genes
regulated by SREBP1 in glioma cells. Despite the different platforms used in both
experiments (lllumina bead array versus RNAseq), 72 genes showed overlapping but
opposing regulation and are shown in a Venn diagram (Fig 4.11A). Performing gene
ontology (GO) enrichment analysis using the DAVID pathway analysis tool

(https://david.ncifcrf.gov/) with these 72 genes revealed a strong association with

lipid/fatty acid synthesis and metabolism pathways (Fig 4.11B). Phospholipid metabolic
process was one of the pathways that was identified in this analysis and the individual
genes in this pathway were also significantly downregulated in the RNAseq analysis
of U87 cells after SREBP1 knockdown (Fig 4.11C). Downregulation of the most
regulated gene in the pathway, PLA2G3, was confirmed by RT-qPCR (Fig 4.11D).
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Interestingly, this experiment showed that PLA2G3 mRNA is strongly induced in cells

exposed to low serum containing medium (Fig. 4.11D).

Figure 4.11: SREBP1 regulates genes mapping to fatty acid and cholesterol
biosynthesis and phospholipid metabolic processes

A) Venn diagram showing genes downregulated upon SREBP1 silencing (LKO_BP1_07 + DOX,
RNAseq data) and upregulated upon SREBP1 activation (ER-SREBP1a + TX, lllumina bead
array, data from Lewis et al.) in U87 cells. 72 genes were found to be regulated in both datasets.

B) Gene ontology (GO) pathway enrichment analysis of the 72 genes list.

C) Logz-fold change (logz FC) of genes in the phospholipid metabolic process GO term upon
SREBP1 knockdown.

D) gRT-PCR showing mRNA levels of PLA2G3. mRNA levels are shown relative to 10% FCS
condition of the control. RNA samples from the experiments described in 4.10 were used to
perform gPCR. Bars represent mean + SEM (n=3). p-values were calculated using a two tailed
student’s t-test (p-values are represented as *** < 0.001).

4.2.2 Validation of PLA2G3 as SREBP1 target gene

The reduction in mMRNA levels of PLA2G3 observed upon knockdown of
SREBP1 was confirmed using U87 cells expressing shRNA sequences shBP1_01 and
06 in the pLT3-GEPIR vector system. U87 cells with LT3-Renilla, LT3- BP1_01 and
LT3-BP1_06 were treated with 2.25uM Dox or solvent (ethanol) in medium containing
10% FCS for 72 hours and incubated in medium containing 1% or 10% FCS with 2.25
MM Dox or solvent (ethanol) for further 24 hours (as shown in Fig 4.3A). WB analysis
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showed that protein levels of PLA2G3 were reduced upon knockdown of SREBP1 in
both 10% and 1% FCS samples (Fig 4.12A). PLA2G3 protein is detected as several
bands representing different glycosylated forms, with a sharp band at 53 kDa
(Murakami et al., 2005). Interestingly, the experiment also showed that the strong
induction of PLA2G3 mRNA observed after exposure to medium containing 1% FCS
(Fig. 4.11D) was not accompanied by a respective induction of PLA2G3 protein (Fig.
4.12A). However, mRNA levels of PLA2G3 were reduced by all three shRNA
sequences targeting SREBP1 in cells cultured in 1% FCS (Fig 4.12B).
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Figure 4.12: Decrease in PLA2G3 protein and mRNA levels upon SREBP1 knockdown

A) WB showing protein levels of PLA2G3 upon knockdown of SREBP1. Cells expressing shRNA
sequences targeting SREBP1 (LT3-BP1_01 and LT3-BP1_06) or non-targeting controls
(shRenilla) were seeded in 10% FCS media and treated with 2.25 yM Dox or ethanol (solvent
control) for 72 hours. The cells were then washed with PBS and media was changed to 10% or
1% FCS with 2.25 yM Dox or ethanol (solvent control) for the last 24 hours. Signal intensities
are normalized to B-actin and relative to the control sample. Red arrow shows the 53kDa band
for PLA2G3 according to the predicted protein size and the specification sheet of the antibody.

B) gRT-PCR showing mRNA levels of PLA2G3 upon SREBP1 knockdown in 1% FCS medium.
Cells expressing shRNA sequences targeting SREBP1 (LKO-BP1_07, LT3-BP1_01 or LT3-
BP1_06) were treated as described in A. Bars represent relative mRNA expression normalised
to B2M (n=1).

The duration of Dox treatment needed to efficiently deplete SREBF1 mRNA and
cause an optimal reduction in target gene expression was also investigated. U87 LKO-
Scr and LKO-BP1_07 cells were grown in medium containing 10% FCS and treated
with 2.25 yM Dox for 0, 48 and 72 hours and then incubated with medium containing
0% FCS with 2.25 uM Dox for an additional 24 hours. It was observed that 96 hours of
Dox treatment resulted in an 80% reduction of SREBF1 mRNA and a 60% reduction
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in SCD expression (Fig 4.13A and B). Moreover, PLA2G3 expression was reduced by
about 50% after 96 hours of Dox treatment (Fig 4.13C).
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Figure 4.13: Time course of doxycycline treatment to induce knockdown of SREBF1 and
downregulation of SCD and PLA2G3

A) gRT-PCR showing mRNA levels of SREBF1 upon knockdown of SREBP1. Cells expressing
LKO-Scr and LKO-BP1_07 were treated with Dox for the indicated time intervals. Cells were
seeded in 10%FCS media and treated with 2.25 yM Dox for 0, 24, 48 and 72 hours. The cells
were then washed with PBS and media was changed to media containing 0% FCS with 2.25
puM Dox for the last 24hours. Bars represent relative mRNA expression normalised to beta-actin
(n=1).

B) gRT-PCR showing mRNA levels of SCD under the same conditions as in (A).

C) qRT-PCR showing mRNA levels of PLA2G3 under the same conditions as in (A).

U87 cells with shRNAs targeting PLA2G3 expressed from the pLT3-GEPIR
vector were also generated, with the shRNA sequences obtained from Fellmann et al
(Fellmann et al., 2013). U87 shRen, shPLA2G3_01 and shPLA2G3_05 cells were
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grown in 10% FCS with 2.25 yM Dox for 72 hours, cells were washed with PBS and
the medium was changed to media containing 1% FCS with 2.25 yM Dox. A reduction
in both PLA2G3 protein and mRNA levels was observed upon induction of shRNA
expression (Fig 4.14A and B). Also, this analysis showed that the sharp band at 53
kDa was reduced upon PLA2G3 knockdown similar to what was observed after
SREBP1 silencing (Fig 4.14A). However, PLA2G3 knockdown also reduced additional
bands detected with the antibody, while SREBP1 knockdown mainly reduced the 53
kDa band (compare Fig 4.12A and 4.14A). It is possible that SREBP1 only controls the
expression of specific products of the PLA2G3 gene. Moreover, PLA2G3 is a secreted
protein, and the different bands could represent differentially glycosylated forms
(Murakami et al., 2005). Further work is required to determine the mechanism by which
SREBP1 selectively controls the expression of specific PLA2G3 forms.
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Figure 4.14: Decrease in PLA2G3 protein and mRNA levels upon PLA2G3 knockdown

A) WB shows protein levels of PLA2G3 upon knockdown in 1% FCS medium. Cells expressing
shRenilla, shPLA2G3_01 and 05 were seeded in 10%FCS media and treated with 2.25 yM Dox
for 72hours. The cells were washed with PBS and media was changed to media containing 1%
FCS with 2.25 uM Dox for 24hours. Three different replicates for each cell lines are shown.

B) gRT-PCR showing mRNA levels of PLA2G3 upon knockdown under the same conditions as in
(A). Bars represent mean + SEM (n=3). p-values were calculated using a two tailed student’s t-
test (p-values are represented as ** < 0.01 and *** < 0.001).

Time course of doxycycline treatment to efficiently reduce PLA2G3 mRNA was
tested by treating U87 shRen, shPLA2G3_01 and shPLA2G3_05 in medium containing
10%FCS and treated with 2.25 yM Dox for 0, 48 and 72 hours and then incubated with
medium containing 0%FCS with 2.25 yM Dox for an additional 24 hours. It was evident
that 96hours of Dox treatment was required to achieve about 80% reduction of PLA2G3
expression with both shRNA sequences (Fig 4.15).
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Figure 4.15: Time course of doxycycline treatment to induce knockdown of PLA2G3

gRT-PCR showing mRNA levels of PLA2G3 upon knockdown. Cells were treated with 2.25 yM
Dox for the indicated times. Cells were seeded in 10% FCS media and treated with 2.25 yM Dox
for 0, 48 and 72 hours. The cells were then washed with PBS and media was changed to media
containing 0% FCS with 2.25 uM Dox for an additional 24hours. Bars represent relative mRNA
expression normalised to beta-actin (n=1).

The effect of PLAGS3 silencing on cell viability was also determined. For this,
cells expressing shRNA sequences targeting PLA2G3 (LT3-PLA2G3_01 and LT3-
PLA2G3_05) or control LT3-Renilla were grown in medium containing 10% FCS with
2.25 yM Dox for 72 hours and cells were washed with PBS and the medium was
changed to media containing 0% FCS with 2.25 yM Dox. Despite the strong induction
of PLA2G3 expression under reduced serum conditions (see Fig. 4.11D), cell viability
was not reduced upon PLA2G3 silencing (Fig 4.16A-B).
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Figure 4.16: Cell viability of U87 cells upon PLA2G3 knockdown under serum starvation

A) Crystal violet staining of U87 cells expressing shRNAs targeting PLA2G3 (LT3-PLA3G3_01 and
LT3-PLA2G3_05) or control (LT3-Renilla) were treated with 2.25 yM Dox for 72 hours in medium
containing 10% FCS. Cells were washed with PBS and the medium was changed to media
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containing 0% FCS with 2.25 yM Dox for an additional 24hours. Cells were then fixed and
stained with crystal violet.

B) Quantification of crystal violet staining shown in (A). The O.D. values are normalized to the
shRenilla control. Bars represent mean + SEM (n=1, each in technical triplicate).

Together, the results presented in this chapter define the transcriptional network of
SREBP1 in GB cells. They identify SCD and PLA2G3 as important target genes of
SREBP1 in this cancer entity and demonstrate that SREBP1-dependent induction of
SCD is essential for GB cells to prevent the induction of ER stress and support cell
viability under conditions of reduced exogenous lipid availability. In contrast, the results
indicate that PLA2G3 is not essential for GB cell viability in vitro, but that this enzyme
may support a non-cell autonomous function that could only be relevant in vivo. Further
experiments, for example exposing cells to different growth conditions, are required to

reveal a potential role of PLA2G3 in GB cells viability in vitro.
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4.3 Analysis of total fatty acids and lipid profile in U87 cells
upon SREBP1 and PLA2G3 knockdown

SREBP1 transcriptionally controls genes involved in fatty acid biosynthesis and
upon its knockdown a significant reduction of these genes was observed (see Fig 4.9
to 4.11). It has been previously shown that depletion of SREBP1 strongly impacts
cellular fatty acid and lipid species in immortalised human retinal pigment epithelial
cells (Griffiths et al., 2013). Hence, analysing changes in fatty acids and lipids upon
SREBP1 and PLA2G3 knockdown in U87 cells might help to better understand their
potential roles in the regulation of GB growth.

4.3.1 Analysis of global changes in fatty acids and lipids

Thin layer chromatography (TLC) was performed on lipid extracts obtained from
U87 cells expressing either LKO-Scr or LKO-BP1_07. Cells were treated with 2.25 yM
Dox for 72 hours in medium containing 10% FCS, after which cells were washed with
PBS and the medium was changed to media containing 1% FCS with 2.25 yM Dox.
Lipids were extracted using Butanol and methanol (BuMe) extraction method. Levels
of total phosphatidylcholines, sphingomyelins, cholesterol, free fatty acids,
triglycerides and cholesterol esters were analysed, using respective standards. No
significant changes in the total levels of these lipid/ fatty acid species were observed
(Fig 4.17). Hence, it was concluded that a more detailed profiling of fatty acids and lipid

classes should be performed.
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Figure 4.17: Lipid profiling by thin layer chromatography (TLC) in U87 cells upon
SREBP1 knockdown

TLC showing different lipid species in control and SREBP1 knockdown cells. Cells expressing
shScr (LKO-Scr) and shSREBP1_07 (LKO-BP1_07) were grown in 10%FCS with 2.25 yM Dox
for 72 hours. Subsequently, cells were washed with PBS and the medium was changed to
media containing 1% FCS with 2.25 uM Dox for a further 24 hours. Total lipids were extracted
and resolved by TLC with cholesterol esters, triacylglycerides, free fatty acids, cholesterol,
phosphatidylcholines and sphingomyelins as standard (n=3).

4.3.2 Analysis of changes in fatty acid profile upon SREBP1

knockdown

To analyse whether SREBP1 depletion causes alterations in the fatty acid
composition in GB cells, total (hydrolysed) fatty acids were extracted from U87 cells
expressing shBP1_07 (LKO-BP1_07). Cells were treated with 2.25 yM Dox or solvent
(ethanol) for 72 hours in media containing 10% FCS and subsequently washed with
PBS, after which the medium was changed to media containing 0% FCS with 2.25 yM
Dox or solvent (ethanol) for an additional 24 hours. Fatty acids were extracted using
Bligh and Dyer two phase extraction and analysed by MS following direct injection.
Spectra were used to calculate relative contribution of each fatty acid species to the
total fatty acid pool (Fig. 4.18A).
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Upon SREBP1 knockdown, a significant downregulation of the mono-
unsaturated fatty acids palmitoleic acid (C16:1) and oleic acid (C18:1) was observed,
while the saturated fatty acid palmitic acid (C16:0) was upregulated (Fig 4.18A). This
confirms earlier results in human retinal pigment epithelial cells (Griffiths et al., 2013).
A relative accumulation of essential fatty acids, including linoleic acid (C18:2), linolenic
acid (C18:3), di-homo-linolenic acid (C20:3), arachidonic acid (C20:4),
eicosapentaenoic acid (C20:5), docosapentaenoic acid (C22:5) and docosahexaenoic
acid (C22:6) was also observed (Fig 4.18A). Furthermore, the ratios of
monounsaturated to saturated fatty acids (C16:1/C16:0 and C18:1/C16:0) were also
reduced upon SREBP1 silencing (Fig 4.18B), consistent with a reduction in the activity
of the D9 fatty acid desaturase SCD and the fatty acid elongase ELOVLG. In addition,
the observed decrease in the ratio of eicosadienoic acid and linoleic acid
(C20:2/C18:2) (Fig. 4.18B) could be indicative of reduced ELOVL5 activity which is

also a known target gene of SREBP1.
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Figure 4.18: Changes in total fatty acid profile in U87 cells upon SREBP1 knockdown

with the pLKO-Tet-On vector system

A) Overall changes in total fatty acid composition upon SREBP1 knockdown. Cells with
shSREBP1_07 (LKO-BP1_07) were treated with 2.25 yM Dox or ethanol (solvent control) in
medium containing 10%FCS for 72 hours. Cells were washed with PBS and the medium was
changed to media containing 0% FCS with 2.25 yM Dox or ethanol (solvent control) for 24hours.
Fatty acids were extracted and analysed by MS following direct injection. Bars represent mean

+ SEM (n=3).

B) Changes in the ratios of palmitoleic acid over palmitic acid (C16:1/C16:0), oleic acid over
palmitic acid (C18:1/C16:0) and eicosadienoic acid over linoleic acid (C20:2/C18:2) upon
SREBP1 knockdown. Bars represent mean + SEM (n=3).
p-values were calculated using a two tailed student’s t-test (p-values are represented as ** <
0.01, *** < 0.001 and **** < 0.0001).

To confirm these results, total (hydrolysed) fatty acids were extracted from U87
cells expressing shRenilla (LT3-Ren), shBP1_01 (LT3-BP1_01) and shBP1_06 (LT3-
BP1_06). Cells were treated with 2.25 yM Dox for 72 hours in media containing 10%
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FCS. Subsequently, cells were washed with PBS and the medium was changed to
media containing 0% FCS with 2.25 yM Dox for 24 hours. Fatty acids were extracted
and analysed by MS following direct injection. Spectra were used to calculate relative
contribution of each fatty acid species to the total fatty acid pool (Fig. 4.19A). Upon
SREBP1 knockdown, the same changes in oleic acid (C18:1), palmitic acid (C16:0),
linoleic acid (C18:2), linolenic acid (C18:3), arachidonic acid (C20:4), eicosapentaenoic
acid (C20:5), docosapentaenoic acid (C22:5) and docosahexaenoic acid (C22:6)
previously observed with the LKO vector system were confirmed (Fig 4.19A). However,
levels of eicosadienoic acid (C20:2), di-homo-linolenic acid (C20:3), docosadienoic
acid (C22:2) and docosatrienoic acid (C22:3) were reduced following SREBP1
depletion using the LT3-GEPIR vector system (Fig 4.19A). Similar to the results
observed with the LKO vector system, the ratios of C18:1/C16:0 and C20:2/C18:2 were
also decreased, again consistent with a reduction in SCD and ELOVLG6 activity
following SREBP1 depletion (Fig 4.19B).
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Figure 4.19: Changes in total fatty acid profile in U87 cells upon SREBP1 knockdown

using the pLT3-GEPIR vector system

A) Overall changes in total fatty acid profile upon SREBP1 knockdown with two shRNAs sequences
targeting SREBF1 (LT3-BP1_01 and LT3-06) compared to a non-targeting control (LT3-Renilla).
Cells were grown in medium containing 10% FCS with 2.25 yM Dox for 72 hours, washed with
PBS and the medium was changed to media containing 0% FCS with 2.25 yM Dox for 24 hours.
Fatty acids were extracted and analysed by MS following direct injection. Bars represent mean
+ SEM (n=3).

B) Ratio of oleic acid over palmitic acid (C18:1/C16:0) and eicosadienoic acid over linoleic acid
(C20:2/C18:2) upon SREBP1 knockdown. Bars represent mean + SEM (n=3).
p-values were calculated using a two tailed student’s t-test (p-values are represented as * <
0.05, ** <0.01, ** < 0.001 and **** <0.0001).
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4.3.3 Analysis of changes in fatty acid profile upon PLA2G3

knockdown and comparison to SREBP1 knockdown

In addition, changes in total (hydrolysed) fatty acid levels were investigated
upon PLA2G3 knockdown in U87 cells. For this, cells expressing either shRenilla (LT3-
Renilla) or two independent sequences targeting PLA2G3 (LT3-PL2G3_01 or LT3-
PLA2G3_05) were treated with 2.25 yM Dox for 72 hours in media containing 10%
FCS. After this, cells were washed with PBS and the medium was changed to media
containing 0% FCS with 2.25 yM Dox for 24 hours. Fatty acids were extracted and
analysed by MS following direct injection. Spectra were used to calculate relative
contribution of each fatty acid species to the total fatty acid pool (Fig. 4.20). This
analysis showed that levels of the mono-unsaturated fatty acid oleic acid (C18:1) was
moderately decreased upon PLA2G3 depletion (Fig 4.20). The essential fatty acids
linoleic acid (C18:2), arachidonic acid (C20:4), eicosapentaenoic acid (C20:5),
docosapentaenoic acid (C22:5) and docosahexaenoic acid (C22:6) were increased,
while eicosadienoic acid (C20:2), di-homo-linolenic acid (C20:3) and docosatrienoic
acid (C22:3) were reduced (Fig 4.20). However, the increase in C22:5 and C22:6 was

only significant in one of the two sequences.
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Figure 4.20: Changes in total fatty acid profile in U87 cells upon PLA2G3 knockdown

with the pLT3-GEPIR vector system

Overall changes in total fatty acid profile upon PLA2G3 knockdown using two independent
shRNA sequences (LT3-PLA2G3_01 and LT3-PLA2G3_05) compared to a non-targeting control
(LT3-Renilla). Cells were grown in 10% FCS with 2.25 yM Dox for 72 hours, washed with PBS and
the medium was changed to media containing 0% FCS with 2.25 uyM dox for 24 hours. Fatty acids
were extracted and analysed by MS following direct injection. Bars represent mean £ SEM (n=3).
p-values were calculated using a two tailed student’s t-test (p-values are represented as * < 0.05,
**<0.01 and *** <0.001).

Direct comparison of the effect of PLA2G3 and SREBP1 silencing on cellular
fatty acid profiles revealed that the decrease in oleic acid (C18:1) and the increase in
linoleic acid (C18:2), arachidonic acid (C20:4) and eicosapentaenoic acid (C20:5) was
similar after SREBP1 or PLA2G3 knockdown (Fig 4.21). However, the increase in
C20:5 after induction of shBP1_01, while showing a similar trend as the other samples,

failed to reach significance (Fig. 4.21, right graph).
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Figure 4.21: Comparison of changes in mono- and polyunsaturated fatty acids upon
SREBP1 or PLA2G3 knockdown

Decrease in the mono-unsaturated fatty acid oleic acid (C18:1) and increase in the
polyunsaturated fatty acids linoleic acid (C18:2), arachidonic acid (C20:4) and eicosapentaenoic
acid (C20:5) upon SREBP1 or PLA2G3 knockdown in the experiments described in Figs. 4.19 and
4.20. Bars represent mean + SEM (n=3).
p-values were calculated using a two tailed student’s t-test (p-values are represented as * < 0.05,
**<0.01 and *** < 0.001).

4.3.4 Analysis of changes in cellular lipids upon SREBP1 knockdown

To understand the implications of SREBP1 knockdown on different cellular lipid
species, lipidomic analysis was performed in U87 cells expressing shScr or shBP1_07
sequences in the LKO vector system. Cells were treated with 2.25 uM Dox for 72 hours
in media containing 10% FCS. After this, cells were washed with PBS and the medium
was changed to media containing 1% FCS with 2.25 yM Dox for 24 hours. Lipids were
extracted using the butanol/methanol method and analysed by LC-MS. As no
standards for every lipid class were used in this experiment, the data is presented as
the fraction of each individual lipid species normalised to the total amount of lipids
within each class. Only selected lipids that showed alterations after SREBP1
knockdown are shown. It should be noted that this was an exploratory experiment to
optimise extraction and analysis procedures. For the phosphatidylcholine (PC) lipid
class, a significant increase in the fraction of PC-(32:0), PC-(34:0), PC-(36:0) and PC-
(38:0) was observed following SREBP1 knockdown, while the fraction of PC-(32:2) and
PC-(36:2) were reduced (Fig 4.22A). In addition, among the phosphatidylethanolamine
(PE) species, a decrease in PE-(32:2) and PE-(36:2) and a significant increase in PE-
(38:4) was observed (Fig 4.22B).
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Figure 4.22: Changes in selected phosphatidylcholine and phosphatidylethanolamine
species upon SREBP1 knockdown

A) Distribution of phosphatidylcholine (PC) species upon SREBP1 knockdown. Cells
expressing shScr (LKO-Scr) and shSREBP1_07 (LKO-BP1_07) were grown in 10%FCS with
2.25 yM Dox for 72 hours. Cells were then washed with PBS and the medium was changed to
media containing 1% FCS with 2.25 yM Dox for 24 hours. Total lipids were extracted using
butanol/methanol and analysed by LC-MS. Bars represent mean £ SEM (n=3).

B) Distribution of phosphatidylethanolamine (PE) species upon SREBP1 knockdown. Cells
were treated as described in (A).

p-values were calculated using a two tailed student’s t-test (p-values are represented as * <
0.05, ** <0.01, *** < 0.001 and **** £0.0001).

In the lysophosphatidylcholine (LPC) lipid class, small but significant
accumulation of LPC-(16:0), LPC-(18:0), LPC-(18:2), LPC-(18:3) and LPC-(20:3) was
observed, while the mono-unsaturated species LPC-(16:1) and LPC-(18:1) were
reduced (Fig 4.23A). In the lysophosphatidylethanolamine (LPE) class, there was a
slight accumulation of LPE-(18:0), LPE-(18:2), LPE-(C18:3), LPE-(20:0), and a
reduction in LPE-(22:5) and LPE-(22:6) (Fig 4.23B). Interestingly, LPE-(20:4),
containing arachidonic acid as the acyl group, was increased upon SREBP1 depletion
(Fig 4.23B).
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Figure 4.23: Changes in lysophospholipid species upon SREBP1 knockdown

A) Distribution of lysophosphatidylcholine (LPC) species containing fatty acids with different chain
length and degree of saturation upon SREBP1 knockdown in the same samples described in
Fig. 4.22.

B) Distribution of different lysophosphatidylethanolamine (LPE) species upon SREBP1
knockdown.

C) Distribution of different lysophosphatidate (LPA) species upon SREBP1 knockdown.
Bars represent mean + SEM (n=3). p-values were calculated using a two tailed student’s t-test
(p-values are represented as * < 0.05, ** <0.01, *** < 0.001 and **** < 0.0001).

In addition, the experiment showed a significant accumulation of
lysophosphatidates (LPA) species containing saturated fatty acids, in particular LPA-
(14:0), LPA-(16:0), LPA-(18:0), while LPA species containing mono-unsaturated fatty
acids, i.e., LPA-(16:1) and LPA-(18:1), were strongly reduced (Fig 4.23C).

Due to the specific reduction in unsaturated fatty acid species within the total
fatty acid pool observed upon SREBP1 knockdown (see Fig. 4.18), the ratio of
unsaturated/saturated lipid molecules of the same carbon chain length was analysed
to determine the implications of altered fatty acid desaturation on each lipid class.
These ratios are shown as a heat map displaying the log2 fold change between
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SREBP1 knockdown and control samples (Fig 4.24). This analysis revealed an overall
reduction of unsaturated lipid species following SREBP1 depletion. Importantly, a
major reduction in lipid desaturation was observed across all lipid classes, in particular
LPA, PC and PE. In contrast, desaturation in LPC and LPE species was only

moderately reduced.

As LPA is also an intermediate in the synthesis of PC and PE, this result
suggests that SREBP1 is required for the generation of mono-unsaturated fatty acids
to provide substrates for de novo synthesis of phosphoglycerides, including PC and
PE. In contrast, LPC and LPE are produced by the removal of an acyl-group from PC
and PE, respectively, by the action of different phospholipases, including PLA2G3, as
part of the lipid remodelling process. Here, the changes in desaturation were much

less pronounced.

91



Results

Figure 4.24: Decrease in the ratio of desaturated/saturated lipid species upon SREBP1
knockdown

Heat map showing the log2 fold change of the ratios of unsaturated over saturated lipid species
in SREBP1 knockdown compared to control cells. Values were calculated from data shown in
Fig 4.22 and 4.23.

4.3.5 Analysis of changes in different lipid species upon PLA2G3

knockdown and comparison to knockdown of SREBP1

In order to define similarities and differences in the effect of SREBP1 and
PLA2G3 silencing on cellular lipid composition, changes in several lipid classes upon
PLA2G3 knockdown were analysed. U87 cells expressing shRen (LT3-Renilla),
shPLA2G3_01 (LT3-PLA2G3_01) and shPLA2G3_05 (LT3-PLA2G3_05) were treated
with 2.25 yM Dox for 72 hours in media containing 10% FCS. Cells were then washed
with PBS and the medium was changed to media containing 1% FCS with 2.25 yM
Dox for 24 hours. Lipids were extracted using the butanol/methanol method and
analysed by LC-MS. In contrast to the results observed with SREBP1, no consistently
significant changes in PC, PE, LPC and LPA were found upon PLA2G3 knockdown
(Fig 4.25A-E). The only significant changes were small reductions in LPE-(16:1), LPE-
(18:2) and LPE-(20:3) (Fig 4.25D).
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Figure 4.25: Changes

in phosphatidylcholine,

phosphatidylethanolamine and

lysophospholipid species upon PLA2G3 knockdown

A) Distribution of phosphatidylcholines (PC) species upon PLA2G3 knockdown. Cells expressing
shRenilla (LT3_Renilla), shPLA2G3 01 (LT3_PLA2G3 01) and shPLA2G3 05 (LT3-
PLA2G3_05) were grown in 10% FCS with 2.25 yM Dox for 72 hours. Cells were then washed
with PBS and the medium was changed to media containing 1% FCS with 2.25 yM Dox for 24
hours. Total lipids were extracted using butanol/methanol and analysed by LC-MS.

B) Distribution of phosphatidylethanolamine (PE) species upon PLA2G3 knockdown.

C) Distribution of lysophosphatidylcholines (LPC) species upon PLA2G3 knockdown.

D) Distribution of lysophosphatidylethanolamine (LPE) species upon SREBP1 knockdown.

E) Distribution of lysophosphatidates (LPA) species upon SREBP1 knockdown.

Bars represent mean + SEM (n=3). p-values were calculated using a two tailed student’s t-test
(p-values are represented as * < 0.05, ** <0.01, *** <0.001 and **** < 0.0001).
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The experiments described in this chapter demonstrate the substantial impact of
SREBP1 depletion on the cellular lipid pool. Importantly, SREBP1 depletion reduces
the fraction of mono-unsaturated fatty acids, which can be observed in the total fatty
acid pool but also in different species of membrane phospholipids and
lysophospholipids. Interestingly, some membrane lipids containing poly-unsaturated
fatty acids were increased upon SREBP1 silencing, suggesting that SREBP1 reduces
the abundance of poly-unsaturated lipid species, mainly derived from exogenous
essential fatty acids, such as linoleic acid and alpha-linoleic acid. Importantly, changing
the abundance of poly-unsaturated fatty acid containing lipids in the plasma membrane
could have important consequences of GB cells viability and migration. Furthermore,
the results also reveal that modulation of PLA2G3, a target gene of SREBP1, does not
phenocopy the effect of SREBP1 depletion on the cellular lipid pool. It is more likely
that concomitant regulation of several SREBP1 target genes, most importantly SCD,

is required to shape the cellular lipid pool downstream of SREBP1.
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4.4 SREBP1 regulates tumour angiogenesis

GB tumours show rapid growth and are known to have extensive regions of
tumour hypoxia and areas with reduced access to nutrients from the blood supply.
These conditions might force tumour cells to induce de novo synthesis of necessary
metabolites and produce angiogenesis-stimulating signalling molecules to have
access to new blood vessels, which is a feature of these tumours (Jain et al., 2007).

4.4.1 HUVEC sprouting and tube formation assay

As SREBP1 transcriptionally regulates the secreted phospholipase PLA2G3,
which is involved in the production of lipid mediators (see Fig. 4.10A), it was
investigated whether this function of SREBP1 could be involved in the modulation of
angiogenesis. To test this hypothesis, conditioned medium (CM) was collected from
U87 cells expressing shScr (LKO-Scr) or shBP1_07 (LKO-BP1_07) which had been
grown in the presence of 2.25 yM Dox for 72 hours in media containing 10% FCS,
washed with PBS and switched to basic endothelial growth medium (M200) with 2.25
MM Dox for 24 hours. This medium was then tested for its ability to induce the sprouting
of primary human umbilical cord endothelial cells (HUVECs) embedded as spheroids
in a collagen matrix. As positive controls for endothelial cell sprouting, vascular
endothelial growth factor (VEGF), which is known to induce angiogenesis (Leung et
al., 1989) and growth factor supplement (LSGS), a mixture of several pro-angiogenic
factors, were used. Blank endothelial growth medium (M200) was used as a negative
control to assess the functionality of the assay. Indeed, both VEGF and LSGS were
able to induce strong endothelial cell sprouting while minimal or no sprouting was
observed in M200 blank media (Fig 4.26A). Interestingly, CM from U87 cells
expressing the non-targeting RNAi sequence (shScr) induced endothelial cell
sprouting to a similar extent as VEGF or LSGS, indicating that U87 cells secrete pro-
angiogenic factors (Fig 4.26B). Moreover, silencing of SREBP1 significantly reduced
the ability of U87 cells to produce CM that induces HUVEC sprouting (Fig 4.26B-C).
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Figure 4.26: Silencing of SREBP1 reduces the ability of conditioned medium from U87
cells to induce the sprouting of primary human endothelial cells

A) Representative images of spheroids of HUVEC cells embedded in a collagen matrix and
incubated with basic culture medium (M200) or medium supplemented with 50 ng/mL vascular
endothelial growth factor (VEGF) or with full growth supplement 1% LSGS.

B) Representative images of spheroids of HUVEC cells embedded in a collagen matrix incubated
with CM from U87 cells expressing shScr or shBP1_07. Cells were first grown in medium
containing 10% FCS with 2.25 yM Dox for 72 hours, then washed with PBS and changed to
M200 supplemented with 2.25 uM Dox for an additional 24 hours.

C) Quantification of spheroids treated as in B. 20 spheroids were used for the quantification in each
condition. Total sprout length is shown as fold change normalized to CM from shScr control
cells. p-values were calculated using a two tailed student’s t-test (p-values are represented as
**** <0.0001).

All spheroid images were taken at 10X magnification on a bright field microscope and quantified
using Image J.

The results obtained by sprouting assays with SREBP1 knockdown using the
shBP1_07 sequence in the LKO vector system were also re-confirmed by using all 3
shRNA sequences (shBP1_07, shBP1_01 and 06) in a tube formation assay. Again,
U87 cells were grown with 2.25 yM Dox or solvent control (ethanol) for 72 hours in
media containing 10% FCS. After this, cells were washed with PBS and the medium
was changed to blank M200 media with 2.25 yM Dox or solvent control (ethanol) and
CM was collected after 24 hours. HUVECs treated with CM obtained from all three
SREBP1 knock down cell populations showed a significant reduction in the number of
loops and number of tubes formed compared to HUVECs treated with CM from control
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cells (Fig 4.27A, B and D). The number of branching points was significantly reduced
in cells expression LT3-BP1_01 and LT3-BP1_6, while the results for LKO-BP1_07
failed to reach significance (Fig. 4.27C). Hence, it was concluded that SREBP1 plays
an important role in the induction of angiogenesis in GB.
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Figure 4.27: Conditioned medium from U87 cells with SREBP1 knockdown decreases
tube formation in primary Endothelial cells

A) Representative images of human umbilical cord endothelial cells (HUVEC) in a tube formation
assay seeded on a thin layer of matrigel in 24 well plates and incubated with CM from U87 cells
expressing different shRNA sequences targeting SREBP1. U87 shBP1_07 (LKO-BP1_07),
shBP1_01 (LT3-BP1_01) or shBP1_06 (LT3-BP1_06) were grown in 10%FCS with 2.25 yM Dox
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or ethanol (EtOH, solvent control) for 72 hours, washed with PBS and changed to M200 medium
with 2.25 yM Dox or ethanol (solvent control).

B) Quantification of number of loops formed by HUVECs grown as in A. 6 images were used for
the quantification in each condition.

C) Quantification of number of branching points formed by HUVECs grown as in A.

D) Quantification of number of tubes formed by HUVECs grown as in A.
p-values were calculated using a two tailed student’s t-test (p-values are represented as * <
0.05, ** < 0.01, *** < 0.001 and **** < 0.0001).
All images were taken at 10X magnification on a bright field microscope and quantified on Image
J.

4.4.2 Conditioned medium analysis to identify the factors inducing

angiogenesis in U87 cells

To further understand the role of SREBP1 in angiogenesis, CM was analysed
to identify factors, like proteins and lipid mediators, that could be involved in inducing
angiogenesis. Human angiogenesis array kit is a commercially available protein
screening kit for a set of 55 known human angiogenesis related proteins. CM from
SREBP1 proficient or deficient cells was incubated with the antibody-spotted
membrane and signals were developed (Fig 4.28A). The cut-off was set to 0.05 for
signal intensities to be considered as above background for the analysis performed on
Imaged (Fig 4.28C). The result of this analysis showed that several important proteins
known to be involved in angiogenesis, including angiogenin, IGFBP1, IL-8 and VEGFA,
were altered in CM obtained from SREBP1 knockdown cells compared to controls (Fig
4.28C). It should be noted, however, that this experiment was only exploratory and

performed with a single biological replicate.
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Figure 4.28: Quantification of angiogenesis-related proteins in conditioned medium of
SREBP1 knockdown and control U87 cells

A) Detection of angiogenesis-related proteins using an antibody array spotted in duplicates. CM
from U87 cells expressing shScr (LKO-Scr) or shBP1_07 (LKO-BP1_07) were grown in 10%
FCS with 2.25 pyM Dox for 72 hours. Cells were washed with PBS and the medium was changed
to blank M200 supplemented with 2.25 yM Dox for 24 hours.

B) List of proteins represented on the antibody array.

C) Relative changes of secreted angiogenesis factors in CM from SREBP1 knockdown and control
cells. Signal intensities shown in (C) were normalised to intensities in control cells. Bars
represent mean + SEM of the duplicate spots.

VEGEF is one of the best-known stimulator of angiogenesis (Leung et al., 1989). As
the signal for VEGF showed a reduction in CM from SREBP1 knockdown cells in the

angiogenesis antibody array, this protein was investigated in more detail. However,
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immunoblot analysis of VEGF in total lysates of U87 cells showed no reduction in

expression of the protein (Fig 4.30A).
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Figure 4.29: SREBP1 knockdown in U87 cells does not alter VEGF protein levels

A)WB shows VEGF protein levels in U87 cells with shRenilla, shBP1_07, shBP1_01 and
shBP1_06. Cells were treated with 2.25 uM Dox or ethanol (solvent control) in 10%FCS for 72
hours and cells were washed with PBS and the medium was changed to media containing 0%
with 2.25 yM Dox or ethanol (solvent control) for 24hours.

These results suggest that SREBP1 does not have a major effect on the
production of VEGF in U87 cells. However, other known angiogenic stimulators
involved in tumour angiogenesis, such as angiogenin (Sheng and Xu, 2016),
endothelin-l and IL-8 (David et al., 2016) showed substantial reduction upon SREBP1
silencing. Further investigation is necessary to understand the role of SREBP1 in the
context of the changes in these proteins and their possible role in angiogenesis in GB.

4.4.3 Lipid mediators induce angiogenesis

In addition to secreted proteins, lipid mediators can also contribute to the
induction of tumour angiogenesis. As the analysis of fatty acids and lipids in U87 cells
with SREBP1 knockdown showed significant differences in fatty acid species that
function as precursors of lipid mediators that might be involved in angiogenesis, the
potential role of lipid mediators in the induction of angiogenesis downstream of
SREBP1 was further investigated. To identify important nodes in the SREBP1 network

involved in this process, the SREBP1 pathway was intercepted at different levels.
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First, to understand whether these lipid mediators are present in the CM and
were capable of inducing angiogenesis in a sprouting assay, CM derived from U87
was subjected to different treatments and extraction protocols and subsequently tested
for its ability to induce HUVEC sprouting. CM was collected from U87 expressing shScr
which were cultured in M200 media supplemented with 0.1% DMSO for 24 hours (N.B.
DMSO was added as this also served as control for inhibitor treatments performed in
the following experiments). The CM was then either boiled at 95° C for 10 minutes to
denature and inactivate any protein-based angiogenic factors or subjected to a lipid
extraction protocol (Folch extraction, with the resulting lipid-containing pellet being
resuspended in M200 medium). Both treated media were then compared to untreated
CM or CM derived from U87 cells after silencing of SREBP1 using the established
protocol. Similar to the previous results (Fig 4.26), CM from U87 shScr cells was able
to induce substantial sprouting of HUVEC cells, which was significantly reduced
following SREBP1 silencing (Fig 4.30A-B). Interestingly, it was evident that the media
that was boiled at 95 °C and the lipids extracted from CM were clearly able to induce
HUVEC sprouting similar to the unmodified CM (Fig 4.30A-B).
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Figure 4.30: Lipids extracted from conditioned medium from U87 cells induce sprouting
in primary endothelial cells

A) Representative images of spheroids of endothelial cells (HUVEC) embedded in a collagen
matrix incubated with CM from U87 cells (CM_U87). The same medium was also boiled at 95
°C for 10 mins to denature all proteins (CM_U87_boiled) or used to extract lipids that were then
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resuspended in M200 and used in the assay (CM_U87 Lipid extract). As a comparison, CM from
U87 cells after SREBP1 silencing was also used (CM_LKO-BP1_07 +Dox).

B) Quantification of results shown in A. Total sprout length is shown as fold change normalised to
U87_DMSO control. Blank M200 medium represents the negative control for the assay. (at least
12 spheroids were used for each quantification).
p-values were calculated using a two tailed student’s t-test (p-values are represented as *** <
0.001).

The spheroid images were taken at 20X magnification on a brightfield microscope and quantified
using Image J.

As these results indicate that non-protein factors that can be extracted with the
lipid fraction can mediate HUVEC sprouting, it was investigated whether individual lipid
mediators could be candidates for this function. The first factor tested here was
lysophosphatidic acid (C18:1), a lipid mediator involved in the induction of cell motility
and angiogenesis. HUVECs spheroids were incubated with 10 uM lysophosphatidic
acid (LPA-C18:1), or with lipid extracts from M200 media to which 10 uM LPA-C18:1
had been added prior to extraction. In addition, medium containing 10 yM LPAC18:1
was used in the presence of 10 yM of a small molecule inhibition of the LPA receptor
(KI16425). As can be seen in Figure 4.31A-B, LPA-C18:1 both directly added to the
medium or after lipid extraction was able to induce HUVEC sprouting. Moreover,
treating HUVEC cells with the LPA receptor inhibitor prevented the induction of
sprouting by LPA-C18:1 (Fig 4.31A-B). Thus, it can be concluded that LPA is a lipid
mediator that is able to induce endothelial cell sprouting via activation of the LPA
receptor. It is thus possible that modulation of the cellular lipid network by SREBP1

alters the production of LPA-C18:1 to affect angiogenesis in GB.
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Figure 4.31: Lysophosphatidic acid (LPA-C18:1) induces sprouting in primary
endothelial cells

A) Representative images of spheroids of endothelial cells (HUVEC) embedded in a collagen
matrix incubated with either blank M200 medium, M200 medium with 10 uM LPA-C18:1 (blank
medium _LPA 10uM), with lipids extracted from M200 medium to which 10 yM LPA-C18:1 had
been added (blank medium +LAP10uM lipid extract) or 10 uM LPA-C18:1 plus 10 uM of the LPA
receptor inhibitor KI16425 (blank medium+LPA 10uM+LPARI).

B) Quantification of spheroids shown in A. Total sprout length is shown as fold change normalised
to U87 CM from a parallel experiment. M200 represents negative control for the assay. (at least
12 spheroids were used for quantification).
p-values were calculated using a two tailed student’s t-test (p-values are represented as * <
0.05, **<0.01, *** < 0.001 and **** < 0.0001).

All spheroid images were taken at 20X magnification on a brightfield microscope and quantified

using Image J.

Another lipid mediator that could be involved in the induction of angiogenesis is
prostaglandin E2 (PGEZ2), a product arising from the metabolism of arachidonic acid
(C20:4) that has previously been shown to induce angiogenesis (Form and Auerbach,
1983). To test the effect of PGE2 on angiogenesis, HUVEC spheroids were incubated
with M200 media containing 2 yM or 10 uM of PGE2 and sprouting length was
measured. The results clearly show that PGE2 was able to induce HUVEC sprouting

in a concentration dependent manner (Fig 4.32A-B).
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Figure 4.32: Prostaglandin E2 induces sprouting in primary endothelial cells

A) Representative images of spheroids of endothelial cells (HUVEC) embedded in a collagen
matrix and incubated with blank M200 medium and M200 medium supplemented with either 2
MM or 10 uM of prostaglandin E2 (PGE2).

B) Quantification of spheroids shown in A. Total sprout length is shown as fold change normalised
to U87 CM from a parallel experiment. Blank medium represents the negative control for the
assay. (at least 12 spheroids were used for quantification).
p-values were calculated using a two tailed student’s t-test (p-values are represented as * < 0.05
and **** < 0.0001).

All spheroid images were taken at 10X magnification on a bright field microscope and quantified
using Image J.

4.4.4 Inhibition of enzymes in the SERBP1 network blocks
endothelial cell sprouting

To further understand whether the SREBP1 pathway affects the synthesis of
lipid mediators that are contributing to the induction of angiogenesis, the pathway was
further dissected and interrogated using selective inhibitors for different points. In
particular, the contribution of SCD, PLA2G3, autotaxin (ATX1) and the LPA receptor
(LPAR) to the induction of HUVEC sprouting were investigated.

To be able to distinguish the effect of the inhibitors on the ability of U87 cells to
produce pro-angiogenic factors from a direct effect of the inhibitors on sprouting in
HUVEC cells, two types of inhibitor treatment were performed: pre-treatment (a) or
post-treatment (b) as represented in Fig 4.33A. Pre-treatment: CM was collected from
U87 cells which were treated with inhibitors in M200 media for 24 hours. Post-
treatment: CM was collected from U87 cells incubated in M200 media for 24 hours and
inhibitors were added to the CM before using it on HUVECs (4.33A). The controls for

this assay were CM obtained from U87 cells incubated in M200 media treated with
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solvent alone and CM from U87 cells after SREBP1 knockdown (already shown in Fig
4.30).

The CM obtained from pre-treatment with the SCD inhibitor CAY10566 (100
nM) showed significant reduction in endothelial cell sprouting while there was no
change observed when the inhibitor (100 nM) was added to U87 CM (post-treatment)
(Fig 4.33B-D). These results suggest that SCD activity is required for U87 cells to

produce the pro-angiogenic factors secreted by the cells.
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Figure 4.33: Inhibition of SCD blocks the ability of U87 cells to produce endothelial cell

sprouting-inducing factors

A) Diagram of the experimental conditions for the inhibitor experiments. For experimental condition
a, CM was obtained from U87 cells treated with the inhibitor for 24 hours (pre-treatment). For
experimental condition b, the inhibitor was added after the CM had been removed prior to its
addition to the endothelial cells (post-treatment).

B) Diagram showing the reactions affected by the SCD inhibitor used for the experiment.

C) Representative images of spheroids of endothelial cells (HUVEC) embedded in a collagen
matrix and incubated with CM from U87 cells treated with M200 medium supplemented with
100nM CAY 10566 (SCDi_pre). In comparison, HUVEC cells were incubated with conditioned
medium to which 100nM CAY 10566 had been added post incubation (CM+SCDi_post).

D) Quantification of spheroids shown in C. Total sprout length is shown as fold change normalized
over U87 control. Data obtained with CM from U87 cells incubated in M200 media and treated
with solvent alone (U87_DMSQO) and CM from U87 cells after SREBP1 knockdown (LKO-
BP1_Dox) already shown in Fig 4.30 are included as controls. (at least 12 spheroids were used
for quantification).
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p-values were calculated using a two tailed student’s t-test (p-values are represented as ** <
0.01).

The spheroid images were taken at 20X magnification on a bright field microscope and
quantified using Image J.

In a similar experiment, CM obtained from U87 cells treated with 2 uM of an
inhibitor targeting secreted phospholipases, thioetheramide-PC, showed a significant
reduction in its ability to induce endothelial cell sprouting, while there was no change
observed when the inhibitor (2 uM) was added to U87 CM using the post-treatment
protocol (Fig 4.34 A-C).

As the used inhibitor could affect several secreted phospholipases, the
involvement of PLA2G3 in the induction of endothelial cell sprouting was further
investigated using a gene silencing strategy. U87 cells expressing shRNA targeting
PLA2G3 (shPLA2G3_01 and 05) and control cells with shRenilla were treated with
2.25 yM Dox for 72 hours in media containing 10% FCS. After this, cells were washed
with PBS and the medium was changed to M200 media with 2.25 yM Dox for 24 hours.
CM from these cells was used in a HUVEC sprouting assay. Indeed, spheroids treated
with CM obtained from PLA2G3 knockdown cells showed a significant reduction in
sprouting compared to the control cells (Fig 4.34 D-E), confirming the importance of

PLA2G3 in the induction of pro-angiogenic factors by U87 cells.
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Figure 4.34: Inhibition or silencing of PLA2G3 reduces the ability of U87 cells to produce

factors that induce sprouting in primary endothelial cells

A) Diagram of the function of the secreted sPLAZ2 inhibitor used for the experiment and the reaction
affected by the inhibitor.

B) Representative images of spheroids of endothelial cells (HUVEC) embedded in a collagen
matrix and incubated with CM from U87 cells treated with 2 yM sPLA2i thioetheramide-PC or
with CM from U87 cells to which 2 yM sPLA2i had been added post-incubation.

C) Quantification of spheroids shown in B. Total sprout length is shown as fold change normalised
to U87 controls. Data obtained with CM from U87 cells incubated in M200 media and treated
with solvent alone (U87_DMSQO) and CM from U87 cells after SREBP1 knockdown (LKO-
BP1_Dox) already shown in Fig 4.30 are included as controls. (at least 12 spheroids were used
for quantification).

D) Representative images of spheroids of endothelial cells (HUVEC) embedded in a collagen
matrix and incubated with CM from U87 cells expressing shRenilla (LT3-Renilla_Dox),
shPLA2G3_01 (LT3-PLA2G3_01_Dox) or shPLA2G3_05 (LT3-PLA2G3_05_Dox). Cells were
first grown in medium containing 10% FCS with 2.25 yM Dox for 72 hours, then washed with
PBS and changed to M200 supplemented with 2.25 yM Dox for an additional 24 hours before
CM was collected.

E) Quantification of spheroids of shown in D. Total sprout length is shown as fold change
normalized over shRenilla condition. (at least 12 spheroids were used for quantification).
p-values were calculated using a two tailed student’s t-test (p-values are represented as * <
0.05, *™* <0.01 and *** <£0.001).

The spheroid images were taken at 20X magnification on a brightfield microscope and quantified
using Image J.
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As a third potential factor involved in the production of lipid mediators by U87
cells, the lysophospholipid lipase autotaxin (ATX) was investigated. ATX catalyses the
reaction of conversion of LPC to LPA (Fig. 4.35A). Furthermore, the effect of blocking
the LPAR on HUVEC cell sprouting was also investigated (Fig. 4.35D). In contrast to
the inhibition of SCD and PLA2G3, which only showed an effect on sprouting of
endothelial cells in pre-treated CM, both inhibitors to autotaxin (HA-130 used at 10 pM)
or LPAR (KI 16425 used at 10 uM) showed a significant reduction in endothelial cell
sprouting with CM obtained from both pre- and post-treatment (Fig 4.35 B, C, E and
F). This indicates that these two proteins exert their function on molecules already
produced by U87 cells. For example, ATX, a secreted protein, could be used to convert
secreted LPC into LPA that then induces sprouting in HUVEC cells. Similarly, the LPAR
could be required to allow the induction of HUVEC sprouting by LPA present in the
CM.
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Figure 4.35: Inhibition of autotaxin or LPAR reduces the ability of U87 cells to produce
and use factors that induce sprouting in primary endothelial cells

A) Diagram showing the function of the autotaxin inhibitor used for the experiment.

B) Representative images of spheroids of endothelial cells embedded in a collagen matrix and
incubated with CM from U87 cells treated with 10 yM ATXi HA-130 or with CM from U87 cells
to which 10 uM ATXi had been added using the post-treatment protocol.
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C) Quantification of spheroids shown in B. Total sprout length is shown as fold change normalised
to U87 controls. Data obtained with CM from U87 cells incubated in M200 media and treated
with solvent alone (U87_DMSO) and CM from U87 cells after SREBP1 knockdown (LKO-
BP1_Dox) already shown in Fig 4.30 are included as controls. (at least 12 spheroids were used
for quantification).

D) Diagram showing the mode of action of the LPA receptor inhibitor used for the experiment.

E) Representative images of spheroids of endothelial cells embedded in a collagen matrix and
incubated with CM from U87 cells treated with 10 yM LPARI KI 16425 or with CM from U87 cells
to which 10 uM LPARIi had been added using the post-treatment protocol.

F) Quantification of spheroids shown in E. Total sprout length is shown as fold change normalised
to U87 controls. Data obtained with CM from U87 cells incubated in M200 media and treated
with solvent alone (U87_DMSO) and CM from U87 cells after SREBP1 knockdown (LKO-
BP1_Dox) already shown in Fig 4.30 are included as controls. (at least 12 spheroids were used
for quantification).
p-values were calculated using a two tailed student’s t-test (p-values are represented as * <
0.05, **<0.01 and *** < 0.001).

The spheroid images were taken at 10X magnification on a brightfield microscope and quantified
using Image J.

4.5.5 Analysis of fatty acids and lipids in conditioned medium from
U87 cells

As the previous experiments suggested that lipid-based factors may play a
major role in the induction of endothelial sprouting by U87 cells, CM were subjected to
lipidome analysis. Lipid analysis of CM was performed similar to the lipid analysis
performed in total cell extracts (as discussed in chapter 4.3) in a stepwise manner:
global lipid analysis with TLC, fatty acid profiling and media lipidomics.
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Figure 4.36: Lipid profiling by thin layer chromatography (TLC) in conditioned medium
of U87 cells upon SREBP1 knockdown

TLC shows different lipid species in CM obtained by U87 cells expressing shScr or shBP1_07
in the LKO vector system. Cells were grown in 10% FCS with 2.25 yM Dox for 72 hours. After
this, cells were washed with PBS and the medium was changed to media containing 1% FCS
with 2.25 yM Dox for 24 hours. Total Lipids were extracted using a simple chloroform free
BUME extraction and analysed by TLC (n=3).

Thin layer chromatography of lipid extracts from CM obtained from U87 cells
expressing either shScr or shBP1_07 was performed. Cells were treated with 2.25 yM
Dox for 72 hours in media containing 10% FCS. After this, cells were washed with PBS
and the medium was changed to media containing 1% FCS with 2.25 yM Dox for 24
hours. Phosphatidylcholines, sphingomyelins, cholesterol, free fatty acids, triglycerides
and cholesterol esters were analysed with respective standards. No significant
differences in the overall levels of these lipids or fatty acid species was observed in
SREBP1 depleted cells compared to the controls (data not shown?).
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In a parallel experiment, total (hydrolysed) fatty acids and free (non-hydrolysed)
fatty acids extracted from CM from SREBP1 silenced and control cells were analysed
by MS following direct injection. The relative fraction of each fatty acid species within
the total and free fatty acid pool was calculated and is displayed in Fig. 4.37. Upon
SREBP1 knockdown, there were no significant changes in the mono-unsaturated total
fatty acids, palmitoleic (C16:1) and oleic acid (C18:1) present in the total fatty acid pool
(Fig. 4.37A). At the same time, accumulation of several poly-unsaturated fatty acids
was observed in the total fatty acid pool, including linoleic acid (C18:2), di-homo-
linolenic acid (C20:3), arachidonic acid (C20:4), eicosapentaenoic acid (C20:5),
docosatetraenoic acid (C22:4), docosapentaenoic acid (C22:5) and docosahexaenoic
acid (C22:6) (Fig 4.37A). In contrast, free fatty acids in the CM obtained from SREBP1
knockdown cells showed a significant reduction in mono-unsaturated fatty acids
palmitoleic (C16:1) and oleic acid (C18:1), while no changes in essential fatty acids
were observed (Fig 4.37B).
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Figure 4.37: Changes in total and free fatty acid profile in conditioned medium from U87
cells upon SREBP1 knockdown using the pLKO-Tet-On vector system

A) Overall changes in total fatty acids in CM obtained from U87 cells expressing shBP1_07 (LKO-
BP1_07). Cells were grown in 10% FCS with 2.25 yM Dox or ethanol (solvent) for 72 hours.
After this, cells were washed with PBS and the medium was changed to media containing 0%
FCS with 2.25 yM Dox or solvent for 24 hours. Total fatty acids were extracted, hydrolysed and
detected by MS following direct injection. Relative abundance of each fatty acid species is shown
relative to the total fatty acid pool (n=3).

B) Overall changes in the free fatty acid profile of CM obtained from U87 cells expressing
shBP1_07 (LKO-BP1_07). Cells were treated as described in A. Free fatty acids were extracted
and detected by MS following direct injection. Relative abundance of each fatty acid species is
shown relative to the total fatty acid pool (n=3).
p-values were calculated using a two tailed student’s t-test (p-values are represented as * < 0.05
and ** < 0.01).

Although fatty acid profiling already revealed interesting differences in the
relative abundance of several fatty acid species upon SREBP1 knockdown, the focus
of this analysis was the identification of specific lipid mediators, such as PGE2 and
LPA, that could be the downstream products of the SREBP1 network that are involved
in angiogenesis, as suggested by results discussed above. Hence, measuring these
specific mediators was crucial to determine whether their levels were modified by
SREBP1 knockdown. The analysis of the CM (shown in Fig 4.37) suggested that the
levels of PGE2 were too low for detection by MS without applying a further purification
strategy. Nevertheless, we observed a trend towards reduced levels for PGE2
following SREBP1 silencing (Fig 4.38A), albeit with high variance of the data. Hence,
a commercially available ELISA specifically designed for measuring PGE2 was used
to analyse the CM obtained from SREBP1 silenced and control U87 cells. Indeed, CM
from cells with SREBP1 knockdown showed a significant reduction in PGE2 levels
compared to the control condition (Fig 4.38B). Moreover, CM was also obtained from
U87 cells expressing shSREBP1_07 treated with 2.25 uM Dox for 72 hours in media
containing 10% FCS. After this, cells were washed with PBS and the medium was
changed to media containing 0% FCS with 2.25 yM Dox together with 100 uM oleic
acid (C18:1) or 100 yM arachidonic acid (C20:4) during the last 24 hours. Oleic acid
was added to rescue the loss of monounsaturated fatty acids, which were decreased
upon SREBP1 knockdown, while arachidonic acid was added to provide a substrate
for the synthesis of PGE2. The latter condition was chosen as it was hypothesised that
SREBP1 silencing inhibits the release of arachidonic acid from membrane
phospholipids by blocking the expression of PLA2G3 (discussed above). This is
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supported by the accumulation of arachidonic acid in the total fatty acid pool observed
in SREBP1 silenced cells (Fig. 4.18A and 4.19A). This experiment showed that
addition of 100 uM oleic acid (C18:1) resulted only in a mild increase in PGE2 levels
in CM from SREBP1 silenced U87 cells (Fig 4.38B). In contrast, addition of 100 uM
arachidonic acid (C20:4) resulted in about 60 times higher levels of PGE2 compared
to SREBP1 knockdown cells (Fig 4.38B). This result shows that U87 cells retain the
ability to synthesize PGEZ2, even after SREBP1 silencing, but lack sufficient amounts
of arachidonic acid as rate-limiting substrate for PGE2 synthesis.

Furthermore, PGE2 levels were also analysed in CM obtained from U87 cells
expressing shPLA2G3 (shPLA2G3_01 and 05) or controls expressing shRenilla
treated similarly as described above. While silencing of PLA2G3 using sequence 01
resulted in a significant decrease in PGEZ2 levels (Fig 4.38C), this was not recapitulated
with the second sequence, despite both sequences resulting in a substantial depletion
of PLA2G3 protein and mRNA (see Fig. 4.14A-B). Hence, reduction of PGE2 levels
upon knock down of PLA2G3 remains inconclusive and needs further experiments to
unravel a direct role of PLA2G3 in the regulation of PGE2 synthesis by SREBP1.
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Figure 4.38: Prostaglandin E2 levels in conditioned medium from U87 cells with SREBP1
or PLA2G3 knockdown

A) PGE:levels measured by MS following direct injection in CM obtained from U87 cells expressing
shBP1_07 (LKO-BP1_07). Cells were grown in 10% FCS with 2.25 yM Dox or ethanol (EtOH)
for 72 hours. Afterwards, cells were washed with PBS and the medium was changed to media
containing 0% FCS with 2.25 uM Dox or ethanol for 24 hours. Total fatty acids were extracted,
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hydrolysed and detected by MS following direct injection. Peak intensity was normalised to cell
number (n=3).

B) PGE:zlevels measured by ELISA in CM obtained from U87 cells expressing shScr or shBP1_07
were treated as in A. In addition, 100 uM oleic acid (C18:1) or 100 uM arachidonic acid (C20:4)
were added during the last 24 hours.

C) PGE2 levels measured by ELISA in CM obtained by U87 cells expressing shRenilla,
shPLA2G3_01 and shPLA2G3 06 cells. Cells were treated as described in A.

Bars represent mean + SEM (n=3). p-values were calculated using a two tailed student’s t-test
(p-values are represented as * < 0.05, ** <0.01, *** < 0.001 and **** < 0.0001).

The second lipid mediator that could be implicated in the induction of
angiogenesis downstream of SREBP1 is LPA. This lipid is produced by the reaction
catalysed by the secreted lysophospholipid lipase autotaxin which removes the head
groups from different lysophospholipids to release LPA. Importantly, the nature of the
LPA species produced by this reaction is governed by the relative availability of
lysophospholipids containing different acyl-chains, with LPA-18:1 being among the
most important molecules for signalling events. Several factors, among them SREBP1
(as discussed in chapter 4.3), can therefore play a role in determining the output of the
ATX reaction.

As PGEZ2 levels were affected by SREBP1 knockdown, synthesis of LPA, which
is also branching from the same upstream reaction, could also be affected. LPA in the
CM (described and used in Fig 4.36) was measured by LC-MS but, as the levels were
very close to the detection limit, the results were inconclusive (Fig 4.39A). Also,
measurement of LPA in CM obtained from cells with the 3 shRNA sequences targeting
SREBP1 (shBP1_07, 01 and 06) compared to the control cells shScr and shRenilla did
not lead to conclusive results (Fig 4.39B). One potential problem could be that the
commercial kits detects total LPA levels and not specifically LPA C18:1. Also, total LPA
measurement in CM obtained from PLA2G3 knockdown (shPLA2G3_01 and 05) cells
showed no difference compared to the control cells (Fig 4.39B).
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Figure 4.39: Lysophosphatidic acid C18:1 or total LPA in conditioned medium from U87
cells with SREBP1 or PLA2G3 knockdown

A) LPA C18:1 levels were measured by MS following direct injection in CM obtained from U87 cells
expressing shScr (LKO-Scr) or shBP1_07 (LKO-BO1_07) (see Fig. 4.36) (n=3).

B) Total LPA levels measured by ELISA in CM obtained by U87 cells with shScr, shBP1_07,
shBP1_07 cells treated with oleic acid (C18:1), shRenilla, shBP1_01, shBP1_06, shPLA2G3_01
and shPLA2G3_05. Cells were treated as described before (see Fig. 4.38) (n=3).

As efficient measurement of C18:1 LPA was technically challenging and
required further optimization of the extraction and measurement on LC-MS, a rescue
experiment was performed by adding increasing amounts of C18:1 LPA (1nM, 10nM,
100nM, 1uM and 10uM) into CM collected from U87 cells with SREBP1 knockdown.
LPA addition at the 100nM concentration started to rescue endothelial cell sprouting

and reached the same levels as sprouting induced by CM from control cells at the 1uM
and 10puM concentration (Fig 4.40A-B).
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Figure 4.40: Lysophosphatidic acid C18:1 rescue decreased sprouting in primary

endothelial cells with conditioned medium from U87 cells upon SREBP1 knockdown

A) Representative images of spheroids of endothelial cells (HUVEC) embedded in a collagen
matrix and incubated with CM from U87 cells from shScr or shBP1_07 cells. In addition, different
concentration of LPA C18:1 (1nM, 10nM, 100nM, 1 uM or 10 uM) were added to the CM from
shBP1_07 cells. CM were obtained from cells grown in 10% FCS with 2.25 yM Dox for 72 hours
after which cells were washed with PBS and the medium was changed to M200 media
containing 0% FCS with 2.25 uM Dox for 24 hours.

B) Quantification of spheroids shown in A. Total sprout length is shown as fold change normalised
to shScr control. (at least 5 spheroids were used for quantification for the rescue conditions).
p-values were calculated using a two tailed student’s t-test (p-values are represented as ** <
0.01 and **** < 0.0001).

The spheroid images were taken at 10X magnification on a brightfield microscope and quantified
using Image J.

44.6 SREBP1 ablation reduces blood vessel density in

subcutaneous tumours

Even though measurement of lipid mediators that could be potentially involved in
angiogenesis in GB needs more detailed experiments with improved technical
strategies, analysing whether SREBP1 knockdown could also alter blood vessel
formation in vivo was crucial. This analysis was performed on archival tissue material

from subcutaneous tumours obtained by injecting U87 cells expressing shScr or
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shBP1_07 into the dorsal flank of immunocompromised mice (ICRF nude strain)
treated with or without Dox from an experiment performed by Caroline Lewis, Susana
Ros and Bradley Spencer Dene. SREBP1 knockdown had been previously shown to
significantly reduce both volume and weight of the tumours and established the
importance of SREBP1 in tumour formation (Griffiths et al., 2013). Upon further
inspection of the tumours (images shown in Fig 4.41A), it was clear that SREBP1
silenced tumours were paler than the control tumours. Histological analysis by staining
for murine endomucin (EMCM) protein (performed by Bradley Spencer Dene, CRUK
London Research Institute) of those tumours revealed that blood vessel density was
significantly reduced upon SREBP1 silencing (Fig 4.41B-D).

A LKO-Scr LKO-Scr_Dox  LKO-BP1_07 LKO-BP1_07_Dox B

Blood vessel density

S ok

%Area of the endomucin stain

C LKO-Scr LKO-Scr_Dox LKO-BP1_07 LKO-BP1_07_Dox

118



Results

Figure 4.41: Subcutaneous xenograft tumours of U87 cells with SREBP1 knockdown
show significant reduction of blood vessel density

A) Representative images of subcutaneous tumours of U87 cells expressing shScr (LKO-Scr) or
shBP1_07 (LKO-shBP1_07) injected into immunocompromised mice treated with or without Dox
starting at day 8 post-implantation. Tumours were extracted at day 30 post-implantation.

B) Quantification of blood vessel density of the tumours shown in A. Tissue sections were stained
for murine endomucin and total signal areas were quantified from tumours of 3 individual mice
for each condition.

C) Representative images of murine endomucin staining detecting blood vessels in the tumour
sections.

D) Magnifications of images shown in C (square box in C indicates magnified region).
p-values were calculated using a two tailed student’s t-test (p-values are represented as ** <
0.01).

Collectively, the results discussed in this chapter indicate that altered lipid
synthesis downstream of SREBP1 shapes the extracellular lipidome and potentially
alters the availability of lipid mediators, including PGE2 and LPA, that contribute to the
induction of endothelial sprouting and could thus promote tumour angiogenesis. This
is summarised as a model for the regulation of angiogenesis by SREBP1 in GB (Fig
4.42). Further experiments are required to evaluate the specific nodes and the complex

molecular regulation involved in angiogenesis.
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Figure 4.42: Model for angiogenesis regulation by SREBP1 network in GB
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4.5 SREBP1 plays an important role in survival and

proliferation of glioblastoma stem like cells

Glioblastoma tumours are the most aggressive type of brain tumour and known
to recur in almost all patients despite surgery, radio- and chemotherapy (Osuka and
Van Meir, 2017). There is a large body of literature studying the presence of stem like
cells in GB, which are known to be resistant to the treatments and could be responsible
for tumour recurrence. Hence, analysing the metabolic phenotype and adaptations in
these types of cells could be crucial and utmost necessary to improve current
therapeutic strategies and enhance the survival of GB patients.

Metabolic adaptations also occur in response to environmental cues determined
by the nutrients available to the cells in the tumour bulk. As discussed in the earlier
chapters, SREBP1 becomes important in cancer cells needing to survive in
metabolically deprived conditions by supporting the switch to de novo fatty acid
synthesis. Investigating and analysing the role of SREBP1 in GB stem like cells might
reveal whether these cells have inherently rewired their SREBP1 network compared
to differentiated cancer cells and determine whether SREBP1 is required to maintain
the stem cell phenotype.

4.5.1 SREBP1 target genes are upregulated in glioblastoma stem-like

cells

GB stem like cells (GSC) used in this study were from a patient derived GB
NCHG644 cell line which are usually cultured as neurospheres in suspension cultures
using a defined medium. In order to study metabolic differences between GSCs and
differentiated cells, two culture systems were used: cells grown in monolayer culture
(differentiated) or cells grown as neurospheres (stem like enriched population) (Fig
4.43A). Monolayer cultures are grown in media containing serum (FCS), which gives
rise to a mixed population that contains a majority of differentiated cells and only a
small number of stem like cells. Neurosphere cultures are grown in serum free media
supplemented with growth factors (including transferrin, insulin, basic EGF and basic
FGF; either provided as part of a supplement mix or added individually) and selectively
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enrich the stem-like cell population. U87 cells grown in similar conditions were also

used as a comparison.

NCHG644 and U87 cells were grown in monolayer and neurosphere cultures (Fig.
4.43A) and RNA prepared from the cells was analysed by RNA-seq by Joana Peixoto
(Biochemistry and Molecular Biology, Biocenter Wurzburg). Data analysis was
performed by S. Walz (Comprehensive Cancer Center Mainfranken). In parallel,
metabolites were extracted from the same cell populations and used for metabolomics
by LC-MS. These data are described in (Peixoto et al., 2021). GSEA analysis of the
U87 data showed that HORTON SREBP1 targets are upregulated in neurospheres
compared to cells grown in monolayer (Fig 4.43B). Also, qPCR analysis of the same
RNA samples showed that the SREBP1 targets SCD, PLA2G3 and FABP3 are
upregulated in NCH644 neurospheres compared to monolayer cells, with FABP3 only
showing a trend towards upregulation (Fig 4.43C). Levels of GFAP mRNA (highly
expressed by differentiated GB cells) were largely downregulated showing that
neurosphere culture selects for stem-like cell population (Fig 4.43C). SCD protein
levels were also upregulated in neurospheres compared to monolayer culture (Fig
4.43D). Overall, these results show that GSC upregulate the SREBP1 network.
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Figure 4.43: Glioblastoma stem like cells grown as neurospheres upregulate SREBP1
target genes

A) Diagram representing the experimental conditions used where NCH644 patient-derived GB
stem cells or U87 cells were grown either as monolayer cultures in DMEM supplemented with
10% FCS or as neurospheres in suspension cultures in serum-free DMEM/F12 medium with
B27 supplement, EGF and bFGF (both 20 ng/ml).
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B) Enrichment plots of HORTON SREBP1 targets showing upregulation in U87 neurospheres
compared to monolayer cultures. Neurospheres were generated by plating U87 in serum free
media and culturing them for 4 days. Monolayer cells were grown adherent with media
containing 10% FCS for 4 days.

C) gRT-PCR showing mRNA levels of SREBF1, SCD, PLA2G3, FABP3 and GFAP in NCH644
monolayer and neurosphere conditions. Neurospheres were generated by plating NCH644 in
serum free media and culturing them for 4 days. Monolayer cells were grown adherent with
media containing 10% FCS for 4 days. mRNA levels are shown relative to monolayer condition.
Bars represent mean + SEM (n=3). p-values were calculated using a two tailed student’s t-test
(p-values are represented as ** < 0.01, *** < 0.001 and **** < 0.0001).

D) WB showing higher levels of SCD in NCH644 neurospheres compared to monolayer cultures.

4.5.2 Cell proliferation is reduced upon knockdown of SREBP1 in

glioblastoma stem-like cells

To investigate the role of SREBP1 in GSC, shRNAs targeting SREBP1 (LT3-
BP1_01 and 06) that were previously validated in U87 cells were introduced into
NCHG44 cells. NCH644 cells expressing shRen, shBP1_01 and shBP1_06 were
cultured in GSCs media containing 2.25 yM Dox or ethanol (solvent control) to form
neurospheres for 6 days (Fig 4.44A). mRNA levels of SREBF1, SCD and PLA2G3
were reduced upon SREBP1 knockdown in NCH644 cells grown as neurospheres (Fig
4.44B). Also, cell numbers were significantly reduced upon loss of SREBP1 with both
shRNA sequences compared to the shRenilla control cells (Fig 4.44C). Furthermore,
analysis of fatty acids in NCH644 neurospheres upon SREBP1 knockdown showed a
trend towards a reduction in the ratio of monounsaturated to saturated fatty acids and
accumulation of arachidonic acid (C20:4) (Fig 4.44D), similar to the findings obtained

in U87 cells described in chapter 4.3.
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Figure 4.44: SREBP1 knockdown reduces proliferation of Glioblastoma stem like cells

A) Diagram representing the experimental conditions where NCH644 patient derived GSC were grown
as neurospheres for 6 days in the presence of 2.25 yM Dox or ethanol (solvent).

B) gRT-PCR showing mRNA levels of SREBF1, SCD and PLA2G3 in NCH644 cells expressing
shRenilla (LT3-Renilla), shBP1_01 (LT3-BP1_01) and 06 (LT3-BP1_06) sequences. The cells were
cultured in GSC media 1 containing 2.25 uM Dox to form neurospheres for 6 days. mRNA levels are
shown relative to shRenilla condition.

C) Cell number of NCH644 cells expressing shRenilla, shBP1_01 and 06 sequences which were
cultured as is (B). After 6 days, neurospheres were dissociated and cell numbers were determined
by counting. Values are normalised to shRenilla treated with ethanol (n=3).

D) Parallel cultures were used for total fatty acid extraction and analysed by MS following direct injection.
Ratio of palmitoleic acid over palmitic acid (C16:1/C16:0), oleic acid over stearic acid (C18:1/C18:0)
and levels of arachidonic acid in SREBP1 silenced and control cells.

Bars represent mean + SEM (n=3). p-values were calculated using a two tailed student’s t-test (p-
values are represented as * < 0.05, *** < 0.001).

4.5.3 Capacity to form neurospheres is reduced upon knockdown of
SREBP1 in glioblastoma stem-like cells

SREBP1 knockdown was induced in a neurosphere formation assay by growing
NCHG644 cells expressing shRen, shBP1_01 and shBP1_06 in GSC media containing
2.25 yM Dox or ethanol (solvent) for 10 days while replenishing Dox/ethanol every 48
hours. After this time, multiple representative images of the cultures were taken and
analysed for the number of neurospheres per area and neurosphere size (area of

individual neurospheres) using imaged analysis. Furthermore, all remaining
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neurospheres were collected and segregated, and total cell number was determined
by cell counting. As shown in Figure 4.45D, SREBP1 knockdown did not alter the size
of the neurospheres formed. In contrast, neurospheres number and the cells number
at the end of the 10-day assay was significantly reduced following SREBP1 silencing
in NCH644 cells (Fig 4.45B-C). Also, it was confirmed that SREBP1 silencing was
maintained for 10 days as a reduction of mRNA levels of SREBF1 and SCD was
observed (Fig 4.45E).
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Figure 4.45: SREBP1 knockdown reduces number of neurospheres of glioblastoma
stem like cells in a neurosphere formation assay

A) Representative images of neurospheres of NCH644 cells expressing shRenilla (LT3-Renilla),
shBP1_01 (LT3-BP1_01) and 06 (LT3-BP1_06) sequences either treated with ethanol or Dox.
Neurospheres were grown in GSC media 1 containing 2.25 uM Dox or ethanol (solvent) to form
neurospheres for 10 days with Dox and ethanol being replaced every 48 hours in a 96 well plate.
Each condition had 48 wells. Spheroid images were taken at 20X magnification on a bright field
microscope.

B) Cell number of cells treated with the same conditions shown in A. All 48 wells were pooled for
the cell count for each condition.

C) Number of neurospheres treated with the same conditions shown in A. 16 wells were counted
for each condition.

C) Area of neurospheres treated with the same conditions shown in A. Image of all neurospheres
in 3 wells were taken and area of each neurosphere was quantified on ImageJ.

D) gRT-PCR showing mRNA levels of SREBF1 and SCD in neurospheres treated as in A (only
Dox samples are shown here). mRNA levels are shown relative to shRenilla Dox.

Bars represent mean + SEM (n=3). p-values were calculated using a two tailed student’s t-test
(p-values are represented as * < 0.05, ** <0.01, *** <0.001 and **** < 0.0001).
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To understand if SREBP1 is involved in the maintenance of GB stemness and
not just required for cell proliferation, the neurosphere formation assay was performed
by adding 0.5% methyl cellulose to the culture medium, to increase viscosity, and by
lowering the cell number seeded into wells do prevent cells from aggregating. Using
this technique, the resulting neurospheres are expected to derive from individual cells.
NCHG44 cells expressing shRen, shBP1_01 and shBP1_06 were seeded in GSCs
media containing 0.5% methyl cellulose and the same growth factors and supplements
as used in the previous assays. To induce silencing, 2.25 yM Dox or ethanol (solvent
control) was added and cells were incubated to form neurospheres for 10days, with
Dox and ethanol being replenished every 48 hours. In addition, 100 yM oleic acid
coupled to BSA or BSA alone was also added as control. This assay also involved the
serial generation of neurospheres (Fig 4.46A) to test the effect on long-term
maintenance of the stem cell population. For this, neurospheres formed after 10 days
were dissociated and cells were seeded at equal cell number to initiate the formation
of secondary neurospheres. This process was then repeated for the formation of

tertiary neurospheres.

Interestingly, the number of neurospheres in the primary neurosphere
generation was significantly reduced upon SREBP1 silencing and was restored by the
addition of oleic acid. These results were consistent for both shRNA sequences
targeting SREBP1, using shRenilla as control cells (Fig 4.46A). Cell counting at the
end of 10 days after harvesting of primary neurospheres also revealed a reduction in
cell number in SREBP1 knockdown cells, and addition of oleic acid was again able to
rescue this decrease in cell number (Fig 4.46B). However, it was also observed that
addition of oleic acid resulted in increased cell numbers in control cells, suggesting that
oleic acid has a positive effect on GSC proliferation. Importantly, despite reduction in
the number of neurospheres and the reduced cell number observed upon SREBP1
silencing, there was no reduction in the area of the individual neurospheres (Fig
4.46C).
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Figure 4.46: SREBP1 knockdown reduces number of primary neurospheres of GB stem
like cells in a neurosphere formation assay and can be rescued by oleic acid

A) Number of neurospheres in a primary neurosphere assay in NCH644 cells expressing shRenilla
(LT3-Renilla), shBP1_01 (LT3-BP1_01) or shBP1_06 (LT3-BP1_06). Cells were seeded in 48-
well plates in GSC media 1 with 0.5% methyl cellulose supplemented with either 2.25 yM Dox,
BSA, 100 uM BSA-coupled oleic acid or ethanol (solvent) and incubated to form neurospheres
for 10 days. Dox and ethanol were replenished every 48 hours. Every condition has 12 wells.
After 10 days, all neurospheres from 6 wells were counted per condition.
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B) Total cell number of neurospheres collected from primary neurosphere cultures shown in C. 12
wells were combined for each data point.

C) Representative images of primary neurospheres of NCH644 cells grown in same conditions as
in A. The spheroid images were taken at 5X magnification on a brightfield microscope.
p-values were calculated using a two tailed student’s t-test (p-values are represented as * <
0.05, **<0.01, *** < 0.001 and **** < 0.0001).

Number of neurospheres in the secondary neurosphere generation was also
significantly reduced upon SREBP1 silencing and rescued by the addition of oleic acid.
These results were also consistent for both shRNA sequences targeting SREBP1
(shBP1_01 and 06) and using shRenilla as control (Fig 4.47A). Cell counting at
secondary neurospheres after 10 days of culture also revealed a reduction in cell
number following SREBP1 knockdown and the addition of oleic acid was able to
restore this (4.47B). However, it has to be noted that there was a substantial effect of
Dox on cell number also in the non-targeting control. However, as the BSA treated
samples of control cells did not show this reduction in cell number, it is hard to conclude
about a potential Dox effect (Fig 4.47B). Also, neurosphere size (area of each
individual neurosphere) did not alter upon SREBP1 silencing in secondary
neurosphere cultures (Fig 4.47C).

During the preparation of the tertiary neurospheres, it was noted that only a
small number of cells remained in the SREBP1 silenced populations. Moreover, these
cells had lost GFP-positivity, indicating that cells expressing the shRNA hairpin had
been de-selected. Thus, conclusions from experiments with tertiary neurospheres

were hard to interpret and hence not included here.
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Figure 4.47: SREBP1 knockdown reduces number of secondary neurospheres of GB
stem like cells in a neurosphere formation assay and can be rescued by oleic acid

A) Number of neurospheres formed in secondary neurosphere cultures from NCH644 cells
expressing shRenilla (LT3-Renilla), shBP1_01(LT3-BP1_01) or shBP1_06 (LT3-BP1_06)
treated as described in Fig 4.46. Every condition has 12 wells. After 10 days, all neurospheres
from 6 wells were counted per condition.

B) Total cell number of secondary neurosphere cultures grown in same conditions as A. 12 wells
were combined for each data point.

C) Representative images of secondary neurospheres of NCH644 cells grown in same conditions
as A. The spheroid images were taken at 5X magnification on a bright field microscope.
p-values were calculated using a two tailed student’s t-test (p-values are represented as * <
0.05, **<0.01, *** < 0.001 and **** < 0.0001).

The results of the neurosphere assay performed in medium containing 0.5%
methyl cellulose was further confirmed in U87 cells. For these cells expressing shScr
and shBP1_07 were seeded in GSC media supplemented with 0.5% methyl cellulose,
growth factors and supplements, treated with 2.25 yM Dox or ethanol (solvent control)
and cultured for 10 days to form neurospheres. Dox and ethanol was replenished every
48 hours. It should be noted that U87 cells are not generally grown in neurosphere
culture and were not adapted to the GSC medium before the assay. Nevertheless, it
was observed that U87 cells readily form neurospheres under these conditions,

indicating that normal cultures contain a substantial number of stem like cells.

A significant reduction in the number of neurospheres formed by U87 cells was
observed upon SREBP1 knock down compared to solvent control (Fig 4.48A).
However, it should be noted that shScr cells treated with Dox also displayed a
significant reduction in the number of neurospheres. Nevertheless, SREBP1 silencing
also resulted in a significant reduction of neurosphere number compared to shScr cells
treated with Dox (Fig 4.48A) and further experimentation is required to resolve the
effect of Dox on U87 neurosphere formation. In addition, total cell number was strongly
reduced in neurosphere cultures after SREBP1 silencing compared to both solvent and
Dox treated controls. Here, Dox did not induce an alteration in cell number (Fig 4.48B).
In contrast to the results obtained with NCH644 cells, U87 cells upon SREBP1
knockdown also showed a significant reduction in neurosphere size, indicated by the
area of individual neurospheres in the culture (Fig 4.48C-D).
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Figure 4.48: SREBP1 knockdown reduces number of primary neurospheres of U87 cells

A) Number of neurospheres collected from primary neurosphere cultures of U87 cells expressing
shScr or shBP1_07. Cells were seeded in GSC media 2 containing 0.5% methyl cellulose
supplemented with 2.25 uM Dox or ethanol (solvent) and incubated to form neurospheres for 10
days. Dox and ethanol was replenished every 48 hours. After 10 days, neurospheres from 6
wells were counted for each condition.

B) Total cell number of primary neurosphere cultures grown in same conditions as A. Neurospheres
from 12 wells were combined for each data point.

C) Areas of individual neurospheres from primary neurosphere cultures shown in A. 6 parallel wells
per condition were analysed.

D) Representative images of primary neurospheres of U87 cells shown in A. Images were taken at
5X magnification on a brightfield microscope.
p-values were calculated using a two tailed student’s t-test (p-values are represented as * <
0.05, ** < 0.01, *** < 0.001 and **** < 0.0001).
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Similar to the experiments conducted in NCH644 cells, cells from the primary
neurosphere assays were also collected and seeded into secondary neurosphere
cultures and treated in an equivalent manner. Neurosphere number was reduced upon
SREBP1 silencing also in secondary neurospheres similar to primary neurospheres
and also the Dox effect was still present in the control (Fig 4.49A). However, a strong
reduction in total cell number in the secondary neurosphere cultures was only
observed in the SREBP1 silencing condition, as seen in primary neurospheres (Fig
4.49B). Furthermore, SREBP1 knockdown significantly reduced neurosphere size

compared to the Dox control (Fig 4.49C).
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Figure 4.49: SREBP1 knockdown reduces number of secondary neurospheres of U87
cells

E) A) Number of neurospheres in secondary neurosphere cultures of U87 cells expressing shScr
or shBP1_0Q7 treated as described in Fig 4.48. After 10 days, neurospheres from 6 wells were
counted for each condition.

A) B) Total cell number of neurospheres collected from secondary neurosphere cultures grown in
same conditions as A. Neurospheres from 12 wells were combined for each data point.

B) C) Neurosphere size (area of individual neurospheres) collected from secondary neurosphere
cultures grown in same conditions as A. All neurospheres in 6 wells were quantified for each
condition on ImageJ.

C) D) Representative images of secondary neurospheres of U87 cells grown in same conditions as
A. The spheroid images were taken at 5X magnification on a bright field microscope.
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It was evident that there was a drastic reduction in the number and size of
secondary neurospheres (Fig 4.49C-D) and there were far too few cells left to conduct
experiments with tertiary neurosphere cultures. U87 cells, unlike NCH644 cells, did not
exhibit loss of shRNA expression after long-term culture and still showed clear results
upon SREBP1 silencing even after two neurosphere generations. However, there were
not enough cells left to be seeded for tertiary neurosphere cultures. It could be
interesting to repeat these experiments in U87 cells that have been adapted to
neurosphere culture. Further experiments are also required to understand the
differences seen in U887 and NCH644 cells.
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4.6 Upstream regulation of SREBP1 by SOAT1

SOAT1 (also referred to as ACAT1) regulates the esterification of cholesterol-
to-cholesterol esters and their compartmentalisation into lipid droplets (Geng et al.,
2016; Lee et al., 2018; Peck and Schulze, 2014; Yue et al., 2014), thereby regulating
the sterol levels that control the activity of the SREBP1 pathway. SOAT1 can strongly
regulate SREBP1 and its target gene network in GB and could be a potential
therapeutic target for the treatment of GB patients, as there are already bio-available
drugs targeting SOAT1 used in different types of tumours (Cheng et al., 2018; Kroiss
and Fassnacht, 2016; Lee et al., 2015).

To investigate the role of SOAT1 in GB, two shRNA sequences targeting
SOAT1 were obtained from the Fellmann shRNA predictions (Fellmann et al., 2013)
and introduced into the pLT3-GEPIR doxycycline inducible system. Silencing efficiency
in U87 cells expressing shSOAT1_02 and shSOAT1_03 sequences was validated
using shRenilla cells as control. Cells were treated with 2.25 yM Dox or ethanol
(solvent control) for 72 hours in medium containing 10%FCS. Afterwards, cells were
washed with PBS and media was changed to 10% or 1% FCS containing media with
2.25 yM Dox or ethanol (solvent control) for 24 hours. SOATT mRNA levels were
significantly reduced upon SOAT1 knockdown in both 1% and 10% FCS compared to
the solvent control (Fig 4.50A). Also, mRNA levels of SOAT1 were analysed by
comparing it to shRenilla cells treated with Dox, to avoid any fluctuations in the mRNA
levels induced by Dox treatment, and it was clear that reduction in the SOAT1 mRNA

was still strong and significant in this comparison (Fig 4.50B).

136



Results

A Il EtOH_10%FCS B
Il Dox_10%FCS
I EtOH_1%FCS
SOAT1 [ Dox_1%FCS

Il LT3-Renilla_Dox
Il LT3-SOAT1_02_Dox
SOAT1 Il LT3-SOAT1_03_Dox

N
o
1

P
3y
1

normalised B2M
=
T
—Ix
relative mRNA expression
normalised B2M

relative mRNA expression

Figure 4.50: Validation of shRNAs targeting SOAT1 in PLT3-GEPIR dox inducible
system

A) gRT-PCR showing mRNA levels of SOAT1. Cells expressing shRenilla (LT3-Renilla),
shSOAT1_02 (LT3-SOAT1_02) and 03 (LT3-SOAT1_03) were treated with 2.25 uM Dox or
ethanol (solvent control) in 10%FCS for 72 hours. Afterwards, cells were washed with PBS and
the medium was changed to media containing 10% or 1% FCS with 2.25 yM Dox or ethanol
(solvent control) for 24hours. mRNA levels are shown relative to shRenilla ethanol control.

B) Data for Dox treated samples presented as in A but normalised to shRenilla.

Bars represent mean + SEM (n=3). p-values were calculated using a two tailed student’s t-test
(p-values are represented as * < 0.05, ** <0.01 and *** < 0.001).

4.6.1 SOAT1 knockdown or inhibition reduces expression of SREBP

targets

Both shRNA sequences (shSOAT1_02 and 03) targeting SOAT1 were further
analysed for efficient knockdown by checking SOAT1 protein levels. Cells were grown
in the presence of 2.25 yM Dox or ethanol (solvent control) for 72 hours in medium
containing 10% FCS. Afterwards, cells were washed with PBS and media was
changed to 10% or 1%FCS containing media with 2.25 yM Dox or ethanol (solvent
control) for 24 hours. The adrenal cortical carcinoma cell line NCI-H295 was used as
a positive control, as these cells are known to display strong expression of SOAT1.
NCI-H295 were grown in RPMI1640 medium supplemented with 10% FCS, 5.2 ng/mL
sodium selenite, 100 pg/mL transferrin and 5 pyg/mL insulin (Fig 4.51A). Induction of
both shRNA sequences reduced SOAT1 protein levels in cells cultured in the 10% FCS
condition (Fig 4.51A). Cells grown in the 1% FCS condition expressed lower levels of
SOAT1 protein compared to the 10% FCS condition and it was difficult to conclude
whether its levels were further reduced following knockdown (Fig. 4.51A).
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Nevertheless, SOAT1 mRNA levels were substantially reduced by the induction of both
shRNA hairpins following Dox treatment in either 10% or 1% FCS conditions (Fig.
4.51B-C, left graphs). It should be noted that the experiment shown in Fig. 4.51C was
only performed in duplicate, preventing statistical assessment. Interestingly, mRNA
levels of the SREBP targets SCD and HMGCR were significantly reduced upon SOAT1
knock down only in 10% FCS, with both sequences showing this effect (Fig 4.51B).
But even though SOAT1 was efficiently silenced in cells cultured in 1% FCS, there was
no detectable regulation of SCD and only a small reduction in HMGCR mRNA levels
(Fig 4.51C). This indicates that regulation of cholesterol esterification by SOAT1 may
have a stronger effect on SREBP2, which is the transcription factor primarily involved
in the control of HMGCR expression.

Next, the effect of SOAT1 silencing on cell viability was determined. U87 cells
expressing shRenilla, shSOAT1_02 or 03 were grown in media containing 10% or 1%
FCS with 2.25 yM Dox or ethanol (solvent control) for 72 hours. Cells grown in low
serum conditions showed reduced cell viability upon SOAT1 knock down (Fig 4.52A-
B). Even though there was no change in SCD levels upon SOAT1 knockdown in cells
cultured in 1% FCS, it was still important to investigate whether loss of viability was
accompanied by the induction of ER stress, which can be induced by the inhibition of
SREBP1 in lipid depleted conditions. However, DDIT3 levels were reduced upon
SOAT1 knockdown rather than upregulated and hence it was concluded that loss of
SOAT1 did not reduce cell viability through the induction of ER stress (Fig 4.53). It
should also be noted that the shRenilla cells showed a strong decrease in DDIT3
expression upon Dox treatment, even though this result was not significant.
Nevertheless, the mechanism by which SOAT1 regulates cell viability in GB cells

cultured in 1% FCS condition still needs to be determined.
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Figure 4.51: SOAT1 knockdown reduces mRNA levels of SREBP targets

A) WB shows SOAT1 protein levels in U87 cells expressing shRenilla (LT3-Renilla), shSOAT1_02
(LT3-SOAT1_02) or shSOAT1_03 (LT3-SOAT1_03). Cells were treated with 2.25 yM Dox or
ethanol (solvent control) in medium containing 10% FCS for 72 hours. Afterwards, cells were
washed with PBS and the medium was changed to media containing 10% or 1% FCS with 2.25
MM Dox or ethanol (solvent control) for 24 hours. p-actin serves as loading control. NCI-H295
cells serve as positive control for SOAT1 protein and were grown in RPMI1640 medium
supplemented with 10% FCS, 5.2 ng/mL sodium selenite, 100 pg/mL transferrin and 5 pg/mL
insulin.

B) gRT-PCR showing mRNA levels of SOAT1, SCD and HMGCR under the same conditions as in
(A) but only the 10% FCS samples are shown. mRNA levels are shown relative to shRenilla
ethanol condition. Bars represent mean + SEM (n=4).
p-values were calculated using a two tailed student’s t-test (p-values are represented as * <
0.05, *™* <0.01 and **** £0.0001).
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C) gRT-PCR showing mRNA levels of SOAT1, SCD and HMGCR under the same conditions as in
(A) but only 1% FCS samples are shown. mRNA levels are shown relative to shRenilla ethanol
condition. Bars represent mean + SEM (n=2).
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Figure 4.52: Decrease in cell viability upon SOAT1 knockdown in U87 cells upon low
serum treatment

A) Crystal violet staining of U87 cells after SOAT1 silencing compared to control. U87 cells
expressing shRenilla (LT3-Renilla), shSOAT1_02 (LT3-SOAT1_02) and shSOAT1_03 (LT3-
SOAT1_03) were treated with 2.25 yM Dox or ethanol (solvent control) in medium containing
10% FCS for 72 hours. Afterwards, cells were washed with PBS and the medium was changed
to media containing 10% or 1% FCS with 2.25 yM Dox or ethanol (solvent control) for 24hours.
Cells were fixed and total protein was stained with crystal violet.

B) Quantification of crystal violet staining in (A). The values of quantification are normalised to
ethanol treated cells in 10% FCS condition. Bars represent mean + SEM (n=3). p-values were
calculated using a two tailed student’s t-test (p-values are represented as ** < 0.01, n.s.= not
significant).

DDIT3
CHOP
n.s. Il EtOH_1%FCS
5 . [ Dox_1%FCs
[}
Kk
S m1.04
L ©
<5
X«
£ £0.54
L O
2 <
o
©
= o0.04
N v NG
Qg}\\ 7 &7
& 0 B
< <
N A%

140



Results

Figure 4.53: SOAT1 knockdown in U87 cells cultured in 1% FCS does not induce DDIT3
expression

gRT-PCR showing mRNA levels of the ER-stress gene DDIT3. mRNA levels are shown relative to
ethanol control. Cells were treated as described in 4.52. Bars represent mean £ SEM (n=3). p-
values were calculated using a two tailed student’s t-test (p-values are represented as, ** < 0.01
and *** < 0.001).

To investigate the effect of SOAT1 inhibition on SREBP1 target genes
expression in GB cells, U87 and U251 cells were treated with the SOAT1 inhibitors
mitotane at 100 yM and ATR101 at 13 pM in medium containing 10% FCS medium,
using ethanol as a solvent control. U87 cells were treated with mitotane at 6 and 24
hours, while U251 cells were only treated for 24 hours. There was a strong reduction
in MRNA levels of SCD, SREBP1, HMGCR downstream of SOAT1 in both cell lines
upon treatment with mitotane compared to the solvent control (Fig 4.54A). Similarly,
the SOAT1 inhibitor ATR101 used at a concentration of 13 yM also showed reduction
in MRNA levels of SCD, SREBP1, HMGCR in both U87 and U251 cells (Fig 4.54B).
However, both experiments were exploratory and only performed in single replicates
precluding statistical analysis.
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Figure 4.54: Inhibitors targeting SOAT1 reduce mRNA levels of SREBP targets

A) gRT-PCR showing mRNA levels of SCD, SREBF1 and HMGCR in U87 cells treated with 100
MM mitotane for either 6 or 24 hours and U251 cells for 24hours in 10%FCS medium.

B) gRT-PCR showing mRNA levels of SCD, SREBF1 and HMGCR in U87 and U251 cells treated
with ATR101 13 uM for 24 hours in 10%FCS medium.
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As cell viability was reduced in U87 cells upon SOAT1 knockdown in cells
cultured in 1% FCS condition, mitotane was also used to investigate the effect of
SOAT1 inhibition on cell viability of U87 and U251. Cells were treated with mitotane at
a concentration of 100 yM in medium containing 10% or 1% FCS for 24hours with
ethanol used as solvent control. The mTORC1 inhibitor rapamycin was used at a
concentration of 50 nM as positive control for decrease in SREBP1 transcriptional
output. Rapamycin reduced cell viability by up to 50% in U87 cells both in the 10% and
1% FCS condition, but not in U251 cells (Fig 4.55A-B). Mitotane reduced cell viability
by about 50% in the 10% FCS condition in U87 cells, and to a minor extent in U251
cells (Fig 4.55A-B). However, in the 1% FCS condition, there was a drastic reduction
in cell viability in both cell lines (Fig 4.55A-B).
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Figure 4.55: Decrease in cell viability of U87 and U251 cells treated with mitotane in low
serum condition

A) Crystal violet staining of U87 and U251 cells treated with ethanol, 100 yM mitotane or 50nM
rapamycin in medium containing 10% FCS or 1%FCS for 24hours.
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B) Quantification of crystal violet staining shown in (A). Values are normalised to ethanol controls
in 10% FCS conditions. Bars represent mean £ SEM (n=2, each biological replicate in technical
duplicate).

While these results suggest that inhibition of SREBP function by blocking the
esterification of cholesterol could impair the viability of GB cells exposed to serum-
depleted condition, the drastic effect of mitotane could also have been due to higher
availability of the drug in the 1% FCS condition, as mitotane is known to bind to
lipoproteins and BSA in serum (Kroiss et al.,, 2016). Even though reduction in cell
viability of U87 cells was observed upon SOAT1 knockdown, it was not entirely clear
if the reduction in cell viability by mitotane was due to the inhibition of the SREBP1
pathway. To explore this further, cell viability assays were performed with different
mitotane concentrations in medium supplemented with 10, 5 and 1% FCS in both U87
and U251 cells (Fig 4.56A-B). This experiment showed that only the1% FCS condition
revealed a drastic reduction in cell viability at both 50 and 100uM of mitotane. In cells
cultured in 5 and 10% FCS, only 100 puM of mitotane caused a reduction in cell viability
(Fig 4.56A-B).
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Figure 4.56: Cell viability of U87 and U251 cells treated with different mitotane
concentrations in medium containing various FCS concentrations

A) Crystal violet staining of U87 and U251 cells treated with 10, 50 or 100 yM mitotane in medium
containing 1, 5 or 10% FCS for 24hours. Ethanol was used as solvent control.

B) Quantification of crystal violet staining in (A) shown as dose-response curves. The values of
quantification are normalised to ethanol controls in 10% FCS. Each point on the growth curve
represent mean + SEM (n=3). p-values were calculated using a two tailed student’s t-test (p-
values are represented as * < 0.05, ** < 0.01, *** < 0.001 and **** < 0.0001).

To confirm the reduction in cell viability observed upon SOAT1 inhibition using
mitotane, U87 and U251 cells were treated with another small-molecule SOAT1
inhibitor, avasimibe, in a dose-response experiment with increasing concentration
ranging from 1 to 50uM in medium containing 1% or 10% FCS for 24hours. The two
cell lines showed differential sensitivity to this compound, but both cell lines responded
with a complete reduction in cell viability when treated with 10 to 50 uM of avasimibe
in 1% FCS medium (Fig 4.57). Out of the two cell lines, U87 cells were more sensitive
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to avasimibe and displayed a 50% reduction in viability at a concentration of approx.
20 uyM in 10% FCS medium and at 1.5 pM in 1% FCS medium (Fig 4.57A). U251 cells
reduced viability by 50% at a concentration of 30 yM in 10% FCS medium and at 5 yM
in 1% FCS medium (Fig 4.57B).
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Figure 4.57: Cell viability of U87 and U251 cells treated with different avasimibe
concentrations in medium containing 10% or 1% FCS

U87 (A) and U251 (B) cells were treated with increasing concentration of avasimibe (1 to 50 uM)
or ethanol (solvent control) in medium containing either 1% or 10% FCS for 24hours. Cell viability
was quantified based on nuclei staining by DAPI and counted on an automated microscope (Perkin
Elmer, Operetta). Quantifications were used to generate dose-response curves. Values of
quantification are normalized to ethanol controls in 10% FCS sample. Each point on the growth
curve represent mean £ SEM (n=3).

p-values were calculated using a two tailed student’s t-test (p-values are represented as * < 0.05,
**<0.01, ** <0.001 and **** < 0.0001).

Next, rescue experiments were performed on cells treated with mitotane by
addition of oleic acid coupled to BSA. U87 and U251 cells were treated with mitotane
at 50 and 100 yM in medium containing 10% or 1%FCS. In addition, either BSA or
BSA-coupled oleic acid was added to the 1% FCS condition. All treatments were
conducted for 24 hours. As observed before, U87 cells showed more sensitivity to
mitotane in the 10% FCS condition, resulting in a substantial reduction of cell number
at 50 and 100 pyM of the drug, while U251 cells were not affected under these
conditions (Fig 4.58A-B). In contrast, both cell lines showed a similar response to
mitotane at 50 and 100 yM in medium containing 1% FCS (Fig 4.58A-B). Moreover,
addition of BSA reduced the effect of mitotane in both U87 and U251 cells in media
with 1% FCS, suggesting that mitotane binds to BSA reducing its toxicity. This was
most apparent in U251 cells, where BSA alone completely abolished the mitotane
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effect. Addition of oleic acid to mitotane treated cells cultured in medium with 1% FCS
induced a complete rescue of cell viability in U87 cells (Fig 4.58A). However, as viability
in U251 cells was already restored by BSA alone, it was impossible to determine the
effect of oleic acid in these cells (Fig 4.58B).
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Figure 4.58: Rescue of cell viability in U87 and U251 cells treated with mitotane in low
serum medium with oleic acid

U87 (A) and U251 (B) cells were treated with mitotane (50 or 100 uM) or ethanol (solvent) in
medium containing 1% or 10% FCS for 24hours. Oleic acid coupled to BSA was added at 300 yM
with equal concentration of BSA added as controls. Cell viability was quantified based on nuclei
staining by DAPI and counted on an automated microscope (Perkin Elmer, Operetta). The values
of quantification are normalised to ethanol controls in 10% FCS samples. Bars represent mean *
SEM (n=3).

p-values were calculated using a two tailed student’s t-test (p-values are represented as * < 0.05,
**<0.01, *** <0.001, *** < 0.0001, n.s.= not significant).

4.6.2 Understanding the regulation of SOAT1 by upstream signalling
pathways in GB

As SOAT1 is an important modulator of SREBP activity, understanding the
regulation of SOAT1 in GB cells by upstream signalling molecules, such as PI3K,
EGFR, AKT and mTORCA1, could be important as mutations in pathways involving
these factors are commonly seen in GB. To explore this, U87 and U251 cells were
treated with different inhibitors targeting PISK (NVPBKM120, used at 1uM), EGFR
(lapatinib, used at 1uM), AKT (MK2206, used at 1uM) or mTORC1 (rapamycin, used
at 100nM) in cells grown in medium containing 10% FCS for 72 hours. SOAT1 protein
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levels decreased upon PI3K and mTORCH1 inhibition in U87 cells, while U251 cells
showed a decrease of SOAT1 protein after exposure to PI3K, AKT and mTORCA1
inhibitors (Fig 4.59A). mRNA levels of SOAT1 and SREBPF1 showed a similar
response to these inhibitors in U87 cells (Fig 4.59B-C). U251 cells showed a reduction
in SOAT1 mRNA only in response to rapamycin, while SREBF1 mRNA was reduced
only mildly with rapamycin in both cell lines (Fig 4.59B-C). However, it should be noted
that SOAT1 regulates the activity rather than the expression of SREBP1. Thus,
additional analysis of SREBP1 target genes could be required to confirm this effect.
Moreover, this experiment was only exploratory and conducted in a single biological

replicate thus precluding statistical analysis.
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Figure 4.59: SOAT1 protein and mRNA levels are altered upon inhibition of signalling
molecules in GB cells

A) WB showing SOAT1 protein levels in U87 and U251 cells treated with 1uM of the PI3K inhibitor
NVPBKM120, 1uM of the EGFR inhibitor Lapatinib, 1uM of the AKT inhibitor MK2206, 100nM
of mMTORC1 inhibitor rapamycin or DMSO as solvent control in medium containing 10% FCS for
72 hours. B-actin serves as loading control. NCI-H295 cells serve as positive control for SOAT1
protein.
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B) gRT-PCR showing mRNA levels of SOATT and SREBF1in U87 and U251 cells under the same
conditions as in (A). mRNA levels are shown relative to DMSO condition. Bars represent mean
1+ SEM of technical replicates (n=1).

In a parallel experiment, U87 and U251 cells were treated with the same inhibitors in
medium containing 10% FCS for 24 hours to understand if there were short term
changes observed in mRNA levels of SOAT1, SREBP1 and SCD. To check the
efficacy of the inhibitor treatment, phosphorylation status of AKT and S6 proteins was
analysed. Decrease in phospho-Ser 473 in the AKT protein upon treatment with PI3K
and AKT inhibitors and a decrease in phospho-Ser 240/244 in the S6 protein upon
treatment with rapamycin confirmed the efficacy of these compounds in both cell lines
(Fig 4.60A). In U87 cells, PI3BK and mTORC1 inhibitors significantly reduced mRNA
levels of SOATT1, while PI3K, AKT and mTORCH1 inhibitors significantly reduced mRNA
levels of SREBF1 and SCD (Fig 4.60B). In U251 cells, AKT and mTORC1 inhibitors
significantly reduced mRNA levels of SOAT1, while only the mTORC1 inhibitor
reduced mRNA levels of SREBF1 and SCD (Fig 4.60C). Overall, rapamycin showed
the best decrease in SOAT1 protein and mRNA levels in both cell lines after treatment
for 24 and 72hours. Further experiments are required to unravel the molecular
mechanism of the regulation of SOAT1 by the PI3K, AKT and mTORC1 pathways.
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Figure 4.60: Validation of upstream signalling inhibition and effects on SOAT1, SREBP1
and SCD expression

A) WB showing protein levels of AKT, phopho-AKT (serine 473), S6 and phospho-S6 (serine
240/244) in U87 and U251 cells treated with DMSO, 1uM of the PI3K inhibitor NVPBKM120,
1uM of the EGFR inhibitor lapatinib, 1uM of the AKT inhibitor MK2206 or 100nM of the mTORC1
inhibitor rapamycin in medium containing 10% FCS for 24hours. B-actin serves as loading
control.

B) gRT-PCR showing mRNA levels of SOAT1, SREBF1 and SCD under the same conditions as in
(A). mRNA levels are shown relative to the DMSO condition. Bars represent mean + SEM (n=3).
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p-values were calculated using a two tailed student’s t-test (p-values are represented as * <
0.05, ** < 0.01).

4.6.3 Cell proliferation is reduced upon knockdown of SOAT1 in GB

stem-like cells

NCHG644 GB patient derived stem like cells described in chapter 4.5, showed
that SREBP1 plays a crucial role in their proliferation and their ability to form
neurospheres. To understand whether knockdown of SOAT1 would also impact GSC,
shRNA sequences targeting SOAT1 (LT3-SOAT1_02 and 03) that had already been
validated in U87 cells, were introduced into NCHG644 cells. NCH644 cells expressing
these sequences were grown in GSC media 1 containing 2.25 yM Dox or ethanol
(solvent control) for 6 days to form neurospheres, with Dox and ethanol being
replenished every 48 hours (Fig. 4.61A). mRNA levels of SOAT1, SCD, PLA2G3 and
HMGCR were reduced upon SOAT1 knockdown in GSCs (Fig 4.61C). Also, cell
numbers were significantly reduced upon depletion of SOAT1, with both shRNA
sequences showing equivalent results (Fig 4.61B). Hence, these results re-confirm the
importance of SREBP1 in the maintenance of GB stem cells and place SOAT1
upstream of this regulation. Further experiments are required to establish whether
pharmaceutical inhibition of SOAT1 can be used to impair GSC function in vitro and in

Vivo.
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Figure 4.61: SOAT1 knockdown reduces proliferation of GB stem like cells

A) Diagram representing the experimental conditions where NCH644 patient derived GB cells were
cultured as neurospheres in the presence or absence of Dox to induce shRNA expression.

B) Cell number of NCH644 cells expressing shRenilla, shSOAT1_02 and 03 sequences cultured as in
A. Values are normalised to shRenilla treated with ethanol.

C) gqRT-PCR showing mRNA levels of SOAT1, SCD, PLA2G3 and HMGCR in NCH644 cells expressing
shRenilla, shSOAT1_02 and 03 sequences. Cells were cultured as in A. mRNA levels are shown
relative to shRenilla controls.

Bars represent mean + SEM (n=3). p-values were calculated using a two tailed student’s t-test (p values
are represented as * < 0.05, **< 0.01, ***< 0.001).
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Chapter 5: Discussion

Cancer is one of the major causals of deaths worldwide and even though we
have made major advances to improve treatment for cancer, there is still a great
demand for better therapeutic treatments for cancers with advanced stages. GB is one
of the utmost feared and the most aggressive type of brain tumours with a median
survival rate of only 15 months (Osuka and Van Meir, 2017). These tumours are known
to mostly grow asymptomatic causing late diagnosis, leading to low survival rate
among patients and posing challenges for its treatment. Additionally, brain being a
difficult organ for treatment, many of the normal treatment strategies fail due to the
blood brain barrier (BBB) - a system that tightly regulates the transport of nutrients to
brain and separates it from the rest of its body and also, surgeries can be rather
challenging to even skilled neurosurgeons depending on the position of the tumour and
its accessibility. Even with precision surgeries in patients that are fortunate enough to
have huge portion of the tumour bulk removed, have to undergo rigorous radio and
chemotherapy to improve their length of survival (Osuka and Van Meir, 2017). After all
the few possible treatments these tumours are known to relapse in almost all cases,
posing the death sentence to people diagnosed with GB (Osuka and Van Meir, 2017,
Roy et al., 2015).

There are several known reasons for the high recurrence rate of these tumours
and some of them are being studied extensively to understand them better and also to
improve treatment strategies. First, their extraordinary capability of infiltration into
different parts of the brain from their primary tumour bulk probably allows them to stay
dormant after resection of the primary tumours and form secondary tumours at a later
stage (Osuka and Van Meir, 2017). Second, high heterogeneity in these tumours
poses difficulties to target all cell types with one treatment strategy. They are known to
have high mutational burden and have several different populations within the tumour
bulk and also have high infiltration of surrounding normal cells such as microglial cells
which can almost make up to 50% of the tumour bulk (Hambardzumyan et al., 2016).
Additionally, these tumours are also known to have stem-like cells that are highly
resistant to radio and chemotherapy, thus constituting the major cell population
contributing to relapse in patients (Lathia et al., 2015; Peixoto and Lima, 2018). Third,
these tumours exhibit vast neoangiogenic features that could also facilitate not only
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transfer of nutrients from the system but also transfer of signalling molecules or
metastatic cells from the tumour bulk to other parts of the brain. Hence, novel
therapeutic strategies with possible combinatorial treatments are necessary to target

different aspects of these tumours to effectively cure GB.

5.1 Glioblastoma cells under reduced serum depend on
SREBP1 pathway

Growth and proliferation of cancer cells can be determined by the environment
in which the tumour resides and the availability of the necessary nutrients to satisfy
their enhanced biosynthetic demand. Cancer cells in a microenvironment with limited
nutrients have to rewire their metabolism to perform de novo synthesis of
macromolecules to proliferate and survive. Brain is a lipid rich organ and is composed
of 60% of lipids (An and Weiss, 2016; Villa et al., 2016). But the availability of free lipids
is limited (Patel et al., 2019; Villa et al., 2016) and hence the tumour cells have to rely
on de novo synthesis of lipids or rewiring their metabolism to release signalling
molecules to obtain the lipids from their environment. GB tumours are already known
to have large hypoxic areas which further push the tumours to be self-reliant and
dependent on de novo synthesis (Jawhari et al., 2016; Monteiro et al., 2017). PISK/AKT
pathway is one of the most mutated pathways identified by TCGA in a comprehensive
analysis on genes and core pathways in GB patients (Cancer Genome Atlas Research,
2008). PIBK/AKT/mTORC1 is an important axis and upstream regulators of the
transcription factor SREBP1, that regulate de novo fatty acid synthesis in cells(Lewis
et al., 2011; Porstmann et al., 2005; Porstmann et al., 2008; Porstmann et al., 2009).
The reliability of cells to rewire their metabolism makes them more reliant on alternative
pathways such as SREBP1 network to support tumours under nutrient limited
conditions. Hence, such distinct pathways become relevant only in cancer cells and
set them apart from normal cells, providing a window of opportunity for effective cancer

treatment.

5.1.1 Upregulation of SREBP1 network in serum limited environment
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Fatty acids are among the necessary building blocks for growth and survival of
cells. Fatty acids are known to be involved in many important cellular functions like
membrane biogenesis, energy storage and are also involved in the formation of
signalling molecules (Snaebjornsson et al., 2020). When sterol levels are low in the
surrounding environment, cells activate the translocation of the inactive precursor (full
length) of SREBP1 bound to SCAP in the ER membrane via cop-2 mediated vesicles
to the Golgi apparatus. The proteases present in the Golgi apparatus proteolytically
cleaves the n-terminus of SREBP1 (known as mature SREBP1) which then enters the
nucleus and binds as homodimers to the SRE elements and transcriptionally regulates
the expression of the enzymes involved in fatty acid synthesis (Rohrig and Schulze,
2016). Accordingly, increased levels of mature SREBP1 were observed upon
incubating both GB cells U87 and U251 in media containing low serum (Fig 4.1A). The
MRNA levels of SREBF1 and its target SCD were upregulated in low serum conditions
in both cell lines (Fig 4.1B). Upregulation of SREBP1 and its increased transcriptional
output in low or serum free conditions are in line with different studies (Bertolio et al.,
2019; Griffiths et al., 2013; Lewis et al., 2015; Lo et al., 2018). The upregulation of
SREBF1, SREBF2 and their targets was observed in media containing serum
replacement without lipids and cholesterol but with growth factors, as opposed to cells
grown in full serum media (Fig 4.2), suggesting that low availability of fatty acids and
lipids rewire their metabolism to upregulate de novo fatty acid synthesis. Even though
the serum replacement increased SREBF1 and F2 and their targets to even greater
extent than low serum condition, as this media without any free lipids could have
accounted for the difference in the higher activation of the pathway.

5.1.2 SREBP1 knockdown with shRNAs are validated in two vector

backbones

shRNA mediated genetic ablation of SREBF1 was performed in 2 different
vector systems, i.e., pLKO-Tet-On and pLT3-GEPIR. Both vector systems were
inducible with doxycycline (Dox) treatment to induce shRNA expression and deplete
SREBF1 in the cells. The shRNA sequence shBP1_07 used in the LKO backbone was
already shown to significantly reduce SREBP1 and its target genes in U87 cells and
reduce tumour volume in subcutaneous tumours grown in nude mice (Griffiths et al.,
2013). Similar reduction in mRNA levels of SREBF1 and its targets SCD, FASN, ACLY
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and ACACA was observed upon SREBP1 silencing in this thesis (Fig 4.3B). This was
also confirmed by the depletion of mMSREBP1 in cells incubated in both 10% and 1%
serum (Fig 4.3C). Upregulation of mSREBP1 in control cells upon incubation in 1%
FCS compared to the 10% condition was observed, showing that overall the conditions
replicated earlier studies performed in U87 cells (Fig 4.3C) (Griffiths et al., 2013; Lewis
et al., 2015). Further, depletion of SREBP1 also led to a decrease in protein levels of
SCD, confirming the effectiveness of inhibiting gene expression downstream of
SREBP1 (Fig 4.3D). Binding of SREBP1 to the promoter regions of its targets was also
captured by ChIP experiments and a strong reduction of promoter binding of SREBP1
to its targets FASN, ACLY, ACACA, RABS and SCD was observed upon knockdown
(Fig 4.3E). The different sites within the FASN promoter tested for SREBP1 binding
were obtained from different sources. The first FASN primer sequence, amplifying a
region spanning the proximal site and used in Fig 4.3E, was obtained from a SREBP1
ChIP sequencing data set that was validated to confirm SREBP1 binding (Reed et al.,
2008). The other FASN primer sequence, amplifying a region spanning the distal site
used in Fig 4.3E, was obtained from a ChIP sequencing experiment performed with
MY C antibody (Gouw et al., 2019). This region not only shows binding of MYC but also
a weaker binding of SREBP1 (Gouw et al., 2019). It was clear that binding to both the
distal site, with low binding efficiency, and the proximal site, with strong binding
efficiency to SREBP1 in low serum condition, was efficiently abrogated by SREBP1
knockdown (Fig 4.3E). Taken together, these results positively confirmed the loss of
SREBP1 activity in U87 cells upon its knock down with the pLKO-Tet-On system.

For the pLT3-GEPIR system, shRNAs targeting SREBP1 were obtained from
a genome wide collection of sensor based shRNA predictions provided by Fellmann et
al (Fellmann et al., 2013). This vector system was used as the miR-E backbone boosts
the knockdown efficiency of shRNAs by several fold by enhancing the pri-miRNA
processing. Also, a second system with shRNA targeting SREBP1 was used to
exclude off-target effects and to better understand the biological consequences of
SREBP1 knockdown. Out of the five miR-E-based shRNA sequences targeting
SREBP1 tested, only three showed a substantial reduction in SREBF1 mRNA levels
while all significantly reduced the mRNA levels of SCD (Fig 4.4). SREBP1
transcriptionally regulates its own expression and hence the three sequences 01, 03
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and 06 were chosen for further experiments, despite the observed reduction in SCD

levels for all sequences.

It has been shown previously that cells exposed to lipid-deplete conditions
upregulate SREBP1 and its targets (Griffiths et al., 2013; Lewis et al., 2015; Reed et
al., 2008). Hence, U87 cells expressing the three shRNA sequences 01, 03 and 06
targeting SREBP1 were further investigated in medium containing 1% FCS to enhance
the activity of the SREBP1 network, and mRNA levels of SREBF1 and SCD upon
SREBP1 knockdown were determined. Indeed, a substantial decrease in mMRNA levels
of SREBF1 and SCD in both 10% and 1% FCS condition was observed with all three
shRNA sequences (Fig 4.5). However, the shRNA sequence expressed from the LT3-
BP1_03 vector did not reduce the mRNA levels of SREBF1 to the same extent as the
other sequences and in 1% FCS condition failed to reach significance. Also, the mRNA
levels of SCD were not depleted to the same extent in cells expressing this vector
compared to the other sequences. SCD catalyses the formation of a double bond at
the D9 position of the two saturated fatty acyl-CoAs: palmitoyl- (C16:0) and stearoyl-
(C18:0) CoAs into monounsaturated fatty acyl-CoAs: palmitoleoyl- (C16:1) and oleoyl-
(C18:1) CoAs. Indeed, monounsaturated oleic acid (C18:1) is one of the most
abundant non-essential fatty acids in the cells, and ablation of SCD in low serum
condition leads to accumulation of saturated FAs (SFA) and a decrease in mono-
unsaturated FAs (MUFA), resulting in ER stress and apoptosis due to the build-up of
reactive oxygen species, which can be rescued by addition of MUFAs (Ariyama et al.,
2010; Griffiths et al., 2013; Williams et al., 2013; Young et al., 2013). Hence, mRNA
levels of DDIT3 gene that codes for the protein CHOP were analysed, as it was
previously shown to be induced upon ER stress (Griffiths et al., 2013; Roongta et al.,
2011). mRNA levels of DDIT3 were significantly upregulated upon knockdown of
SREBP1 with shRNA sequences LT3-BP1_01 and 06 in medium containing 10% FCS
and to an even larger extent in the 1% FCS condition (Fig 4.5). But there was no
significant change in DDIT3 mRNA levels with the sequence LT3-BP1_03 (Fig 4.5).
This might be due to insufficient knockdown of SREBP1, in which case the residual
SREBP1 is enough to retain sufficient SCD activity and maintain the balance of
saturated and unsaturated FAs, thus not resulting in ER stress. These results were
confirmed using the shRenilla sequence as control to exclude any effects caused by
Dox used for the shRNA induction. We observed substantial reduction in mRNA levels
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of SREBF1 and SCD upon SREBP1 knockdown with all three sequences, still LT3-
BP1_03 did not reduce SCD levels to the same extent or increase DDIT3 as the other
2 sequences in 1% FCS condition (Fig 4.6). Next, the cells with LT3-BP1_01 and 06
shRNA sequences were tested in a cell viability assay. Reduction in cell viability in low
serum conditions was in line with the induction of ER stress leading to apoptosis and
consistent with earlier studies (Fig 4.7), thus validating the new system to match results
obtained with the LKO-BP1_07 sequence or other methods of SREBP1 inhibition
(Griffiths et al., 2013; Roongta et al., 2011).

5.1.3 SREBP1 is essential for GB cell survival under reduced serum

condition

The SREBP1 network is upregulated in low serum and becomes indispensable
for survival under this condition, as serum is the only source of exogenous lipids in
tissue culture (Griffiths et al., 2013; Lewis et al., 2015; Reed et al., 2008). Growth rates
of U87 cells in 10%, 1% and 0% FCS with and without SREBP1 expression using LKO-
BP1_07 and LT3-BP1_06 shRNA sequences and LKO-Scr and LT3-Renilla as controls
were assessed. Cells grown in 10% FCS condition were able to proliferate similar to
control cells upon SREBP1 knockdown for 72 hours with the shRNA sequences
expressed in the LT3-GEPIR system, while at 96hours cells with LKO-BP1_07 showed
significant reduction in proliferation compared to its control LKO-Scr (Fig 4.8). SREBP
proficient cells in the 1% FCS condition are able to proliferate, as they can upregulate
SREBP1 to accommodate for lower availability of exogenous fatty acids, even though
they do not proliferate to the same extent as cells in the 10% FCS condition. The cells
did not reach a good knockdown of SREBP1 until 72 hours, and at 96 hours we
generally saw the maximal decrease of SREBP1 and its targets (Fig 4.13). In line with
this, we start to see the reduction in cell growth at 72 hours of Dox treatment with both
shRNA sequences compared to control and a significant difference in proliferation at
96 hours (Fig 4.8). Hence this confirms that SREBP1 becomes crucial for cell survival
and proliferation under low serum condition. Cells without any serum were able to
survive but not able to proliferate either with or without SREBP1 (Fig 4.8). This might
be due to arrest in cell growth as we also deplete essential fatty acids from the media
(McGregor et al., 2020).

157



Discussion

5.2 SREBP1 transcriptionally controls genes involved in

fatty acid synthesis and phospholipid modification in GB

Previous studies using overexpression of SREBP1 in GB cells revealed a gene
expression signature that was also found to be overexpressed in patients with poor
survival (Lewis et al., 2015). To obtain a comprehensive insight into gene expression
networks controlled by SREBP1 and to identify genes that are regulated by SREBP1
in GB, a genome wide RNA sequencing analysis was performed in U87 cells following
shRNA-mediated gene silencing of SREBP1 in cells cultured in both full and reduced

serum conditions.

5.2.1 Analysing the SREBP1 network by gene expression analysis in
GB

RNAseq analysis in U87 cells after SREBP1 silencing in the two serum
conditions confirmed that many SREBP1 target genes are induced by low serum
culture. SREBP1 silencing in the 10% FCS condition resulted in reduced expression
of 53 genes, while 218 genes showed reduced expression when SREBP1 was
silenced in cells cultured in 1% FCS (Fig 4.9A). Performing gene set enrichment
analysis on RNAseq data obtained from U87 cells after SREBP1 knockdown in 1%
FCS condition showed significant down regulation of HORTON_SREBP1 targets (Fig
4.10). This gene set had been obtained by Horton et al by performing gene expression
analysis on livers of mice transgenic for SREBP1a, SREBP2 and from SCAP knock
out mice and identifies genes that are controlled by the family of SREBP transcription
factors (Horton et al., 2003). Downregulation of genes in the HORTON gene set further
confirmed the efficient depletion of SREBP1 function in GB cells by the shRNA strategy
and increased the confidence in the expression data. We also observed a
downregulation of ISHIDA_EZ2F targets upon SREBP1 knock down (Fig 4.10). This
gene list was generated by Ishida et al and identified genes related to cell proliferation
that are controlled by E2F proteins (Ishida et al., 2001). Downregulation of genes in
this gene list confirmed our findings that loss of SREBP1 leads to ER stress and arrests

cell growth and proliferation in the low serum condition (Fig 4.6, 4.7 and 4.8). We also
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saw that SREBP1 knock down in the low serum condition leads to upregulation of
genes related to transcriptional response to salirasib, a specific inhibitor of Ras
farnesylation (Blum et al., 2007). Further interrogation revealed that this gene list also
contains genes involved in apoptosis, cell death and stress response pathways (Blum
et al., 2007), suggesting that the depletion of SREBP1 induces loss of viability and
stress in GB cells. Accordingly, we also saw PHONG_TNF targets upregulated upon
SREBP1 depletion. This gene set consists of genes related to the tumour necrosis
factor (TNF) signalling pathway, which controls cell survival, stress response and the
induction of pro-inflammatory cytokines (Phong et al., 2010). Even though we have not
explored the mechanism underlying the induction of both pro-survival and apoptotic
pathways, we concluded that the pro-inflammatory response might be induced due to
the stress that is induced by SREBP1 depletion under low serum conditions that can
eventually lead to loss of cell viability due to the induction of apoptosis or other cell
death pathways (Griffiths et al., 2013; Lewis et al., 2015).

Some of the genes downregulated by SREBP1 (shown in Fig 4.9A) found in the
RNA-seq data were also validated by RT-qPCR using the same RNA samples. These
results also re-confirmed the upregulation of the SREBP1 pathway when cells were
grown in low serum compared to cells grown in 10% FCS (Fig 4.9B). SREBF1 and its
targets SCD, FASN, FADS1, FADS2 and FABP3 were significantly downregulated
upon SREBP1 depletion.

5.2.2 PLA2G3 is regulated by SREBP1 in GB cells under low serum

condition

Expression data obtained from the SREBP1 overexpression studies in U87 cells
(Lewis et al., 2015) was overlapped with genes from RNAseq data with SREBP1
knockdown and a gene list consisting of 72 genes was defined (Fig 4.11A). This 72
gene list consisted of genes that were upregulated in the overexpression data set and
downregulated following SREBP1 depletion, resulting in genes that were strongly and
consistently regulated by SREBP1. Next, this gene list was used in a pathway analysis
to identify processes that are impacted by SREBP1. This analysis revealed SREBP1’s
strong involvement in several lipid related processes, and notably one of the pathways
that was revealed in this analysis was phospholipid metabolism (Fig 4.11B). PLA2G3
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was the most depleted gene upon SREBP1 silencing in the RNAseq data and all genes
involved in phospholipid metabolic process were significantly downregulated (Fig
4.11C). Interestingly, PLA2G3 was strongly induced by the low serum condition and
significantly reduced upon SREBP1 knockdown (Fig 4.11D) and was therefore
identified as a novel target regulated by SREBP1 in GB. SREBP1 is known to regulate
PLA2G3 by binding to its promoter region and this regulation is preserved between
humans and several other species (Gijs et al., 2015). PLA2G3 is a phospholipase that
hydrolyses the ester bond linking the fatty acid present at the sn-2 position in
phospholipids (Park et al., 2012). The products of this reaction are used as precursors
for the synthesis of signalling molecules, in particular prostaglandins and LPA. Hence,
this pathway could play a prominent role in supporting tumour growth and proliferation
under lipid-deplete conditions in GB. The regulation of PLA2G3 upon SREBP1
depletion was confirmed also using the LT3-GEPIR system and a similar regulation of
PLA2G3 mRNA with all 3 shRNA sequences targeting SREBP1 was observed (Fig
4.12B). SREBP1 regulated PLA2G3 also on the protein level in both 1% and 10% FCS
condition, as SREBP1 silencing reduced its levels in both conditions (Fig 4.12A).
However, it was surprising that SREBP1 also regulated PLA2G3 protein levels in the
10% FCS condition as the expression of PLA2G3 mRNA was extremely low in 10%
FCS compared to the 1% FCS condition. Also, the PLA2G3 protein levels were not
increased in 1% FCS compared to 10% FCS condition, suggesting that mRNA and
protein levels are regulated differently in response to low serum. However, PLA2G3 is
a secreted protein and the amount detected in cell lysates may only represent a fraction
of the total protein produced. Due to the lack of detailed studies on PLA2G3, it remains
to be analysed further to understand its regulation.

Cells expressing shRNA sequences targeting PLA2G3 obtained from Fellmann
et al (Fellmann et al., 2013) showed a reduction in protein and mRNA levels of PLA2G3
upon Dox treatment compared to the shRenilla control (Fig 4.14). PLA2G3 protein
levels upon SREBP1 knockdown showed the strongest reduction in the 53 kDa form,
while direct PLA2G3 knockdown reduced all three bands that were detected with the
antibody. PLA2G3 is a secreted protein and glycosylated at several sites (Murakami
et al., 2005). Further experiments are needed to identify the different bands observed
and assign them to specific forms of glycosylated-PLA2G3. Silencing of PLA2G3 for
96 hours and incubating the cells in media without serum for the last 24 hours did not
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result in reduced cell viability (Fig 4.16). This suggests that PLA2G3 is not essential
for cell proliferation and survival of GB cells in vitro, at least not under the conditions
studied here, but that might be involved in non-autonomous functions of cancer cells,
for example cell-cell communication mechanisms that depend on the formation of

certain lipid mediators.

5.3 SREBP1 controls the composition of fatty acids and
lipids

After confirmation of the efficient decrease in SREBP1 regulated enzymes (Fig
4.9), analyses of fatty acids and lipid species were performed, as changes in fatty acids
and lipids would allow us to further understand the downstream effects of SREBP1
depletion in GB. Global profiling of fatty acids and lipids upon SREBP1 depletion using
thin layer chromatography did not show any gross changes in the total levels of these
lipids (Fig 4.17) and a deeper analysis of individual fatty acids and lipid species across

several classes was performed.

5.3.1 Decrease in total MUFA and increase in total PUFA upon
SREBP1 and PLA2G3 depletion

Upon measuring total fatty acids in the cells, a significant reduction of oleic acid
was observed upon SREBP1 silencing with all three shRNA sequences in the two
different vector systems (Fig 4.18 and 4.19). This reduction in oleic acid was shown in
several earlier studies with SREBP1 depletion or SCD inhibition and was known to
induce ER stress due to loss of MUFA and increase in saturated FAs (Ariyama et al.,
2010; Griffiths et al., 2013; Williams et al., 2013). Further interrogation on the changes
in the total fatty acid profile upon SREBP1 silencing was done as most enzymes
involved in the fatty synthesis network regulated by SREBP1 were downregulated
upon its depletion (Fig 4.9). As SREBP1 transcriptionally regulates enzymes involved
in fatty acid desaturation and elongation, in particular SCD and ELOVLSG, the ratio of
oleic acid over palmitic acid (C18:1/C16:0) was analysed. This analysis showed a clear
reduction in the ability to convert palmitic acid to oleic acid in SREBP1 depleted cells.
We also measured ratios of eicosadienoic acid over linoleic acid (C20:2/C18:2), which
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requires ELOVLS activity (Baenke et al., 2013; Snaebjornsson et al., 2020). This
analysis also showed a significant reduction in this ratio, indicating that the activity of
ELOVLS is reduced after SREBP1 depletion. The significant reduction in these ratios
upon SREBP1 depletion confirmed that the output of the SREBP1 network, i.e., de
novo fatty acid synthesis and desaturation as well as the elongation of some essential
fatty acids, was decreased (Fig 4.18 and 4.19). In addition, we also observed that
SREBP1 depletion caused the accumulation of several PUFA species within the total
fatty acid pool. The vast majority of fatty acids represented in the total fatty acid pool
are those that are released from membrane phospholipids and cholesterol esters upon
saponification. These fatty acids are relatively stable and represent membrane fatty
acid composition. As PLA2G3 was strongly downregulated upon SREBP1 silencing,
the increase of PUFA in the total fatty acid pool could indicate a reduction in the release
of PUFA-containing acyl-chains that are known to reside preferentially on the sn-2
position (Murase et al., 2017). To confirm this, a further analysis of total fatty acids in
cells after knockdown of PLA2G3 was performed and a similar increase in PUFA was
observed (Fig 4.20). Hence, both SREBP1 and PLA2G3 silencing showed a
comparable increase in PUFA (Fig 4.21), indicating that PLA2G3 contributes to the
modulation of cellular lipid composition by SREBP1. Also, it was evident that oleic acid
was similarly decreased by both SREBP1 and PLA2G3 depletion. However, it is not
clear whether the decrease seen in PLA2G3 depleted cells was a direct effect of
reduced PLA2G3 function or an indirect effect, for example due to higher activity of
phospholipases which act on the sn-1 position. Further experiments are required to
understand the decrease on oleic acid upon PLA2G3 knockdown.

5.3.2 SREBP1 depletion changes the composition of phospholipids

and their derivatives

Lipidomic analysis of the cells with SREBP1 and PLA2G3 silencing was studied
further to unravel the specific lipid composition alterations and connect them to the
changes observed in total fatty acids. Upon SREBP1 silencing, there was an overall
decrease in the ratio of unsaturated to saturated fatty acids, showing that SREBP1
regulates the composition of phospholipids and their derivatives (Fig 4.24). Analysing
different PC and PE species, we observed that PC-C32:0, PC-C34:0, PC-C36:4 and
PC-C38:4 was significantly upregulated upon SREBP1 silencing (Fig 4.22). Even
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though MS2 analysis was not performed on these lipids to correctly annotate the fatty
acid chains associated with the lipid species, the identity of phospholipids was only
inferred based on the abundance of fatty acids in the total fatty acid profile of the cells.
PC comprises the major component of lipids in the cell membranes followed by PE
(Harayama and Riezman, 2018). Both lipid species showed a similar trend that led to
conclusion that SREBP1 changes the composition of phospholipids by reducing the
amount of MUFA-containing acyl-chains but increasing the amount of PUFA. This also
corresponds with the changes in the fatty acid composition observed. Surprisingly,
these changes in phospholipids were not observed in cells following PLA2G3 silencing

even though similar fatty acid changes were seen (Fig 4.25).

Further analysis of different lysophospholipid species derived from PC and PE
was performed to determine whether SREBP1 and PLA2G3 gave rise to similar
changes. As LPC, LPE and LPA contain only one acyl-chain, it was possible to directly
determine the identity of these molecules from the MS spectra. A significant increase
in saturated LPC (C16:0 and C18:0), LPE (only C18:0) and LPA (C14:0, C16:0 and
C18:0) was seen upon SREBP1 silencing. Also, a significant decrease in MUFA-
containing LPC (C16:1 and C18:1), LPE (C16:1 and a trend in C18:1) and LPA (C16:1
and C18:1) was observed. Changes in the PUFA lysophospholipids differed a bit from
those seen in the total fatty acid profile. In LPC there was an increase in C18:2, C18:3
and C20:3 while other species did not change; in LPE there was an increase in the
PUFA-containing species C18:2, C18:3, C20:4 but a decrease in C22:5 and C22:6. As
the total fatty acid profile shows a summary of all the lipid species in the cells, it is hard
to explain differences between fatty acids and lysophospholipids. However, changes
in LPA species were more pronounced than the changes in the other two classes of
lysophospholipids. Moreover, PLA2G3 silencing did not completely recapitulate the
changes observed in LPA species after SREBP1 depletion. There were no strong
changes in PUFA-containing LPA species upon PLA2G3 depletion (Fig 4.25). The
differences observed between cells with SREBP1 silencing and PLA2G3 silencing
were not completely unexpected, as total fatty acids and lipid species are the result of
multiple metabolic reactions and SREBP1 depletion alters the expression of multiple
enzymes in the lipid biosynthesis pathway in addition to PLA2G3. Importantly, LPA is
not only produced from membrane lipids through the action of different lipases but is
also an intermediate of the biosynthetic pathway leading to phosphoglyceride
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synthesis. Thus, the changes in LPA observed in response to SREBP1 silencing most
likely represent alterations in phosphoglyceride synthesis. Further experiments with
lipid standards for specific lipid classes are required to validate these results and MS2
analysis is needed to identify specific lipid species and to fully unravel the impact of
SREBP1 on the cellular lipidome in GB.
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5.4 Involvement of SREBP1 in the production of angiogenic

mediators to promote angiogenesis in GB

Identifying the processes that are affected by the changes seen in fatty acids
and the lipid species upon SREBP1 knockdown would be crucial to provide better
insights for its role in GB biology. As some of the lipid mediators that are produced as
an output of the SREBP1 network such as LPA and PGEZ2, are known to be involved
in signalling events that support cell migration, invasion and angiogenesis (Auciello et
al., 2019; Form and Auerbach, 1983; Hisano and Hla, 2019; Knowles et al., 2005;
Namkoong et al., 2005; Ning et al., 2011; Tabuchi, 2015), it was investigated whether
SREBP1 could also modulate non-cell autonomous processes in GB.

5.41 SREBP1 silencing reduces angiogenic mediators in

conditioned medium

Whether SREBP1 contributes to angiogenesis in GB was studied by incubating
HUVECs with conditioned medium (CM) obtained from U87 cells with or without
SREBP1 silencing and conclusions were drawn based on the ability of the CM to
induce sprouting or tube formation in the endothelial cells. Lack of sprouting in blank
medium and the induction of sprouting by addition of VEGF or the LSGS supplement
were used as controls in the assay. A significant decrease in the ability of HUVECs to
sprout upon incubating them with CM from SREBP1 silenced cells was observed (Fig
4.26). Also, HUVECs incubated with medium from U87 cells that were depleted for
SREBP1 using three individual shRNA sequences showed a significant reduction in
the number of loops, branching points and tubes in a tube-formation assay (Fig 4.27).
Both assays clearly showed that SREBP1 depletion reduces the ability of cancer cells
to secrete pro-angiogenic factors that drive angiogenesis in endothelial cells. This led
to further analysis of the CM to identify the crucial factors that are reduced upon
SREBP1 knockdown that could be involved in the regulation of angiogenesis by
SREBP1.

First, expression levels of a panel of angiogenesis related proteins were
analysed in CM from cells with and without SREBP1 silencing. Many of the proteins

165



Discussion

that were detected by the antibody array were above the set cut off limit for detection
and several of these were changed (Fig 4.28). VEGF is one of the best-known inducers
of neovascularization in normal and tumour tissues, and there is a vast body of
literature showing the role of VEGF specifically in tumour angiogenesis (Carmeliet,
2005; Jain et al., 2007; Leung et al., 1989; Sheng and Xu, 2016). Importantly, anti-
angiogenic therapy is a crucial part of present clinical trials investigating combinatorial
therapy in GB, although anti-angiogenic drugs such as Bevacizumab have so far not
been so successful as a single agent therapy (Cuncannon et al., 2019; Kim et al., 2018;
Li et al., 2017b). But there was only a marginal decrease in VEGF protein detected in
the CM upon SREBP1 silencing and its intracellular levels were not altered (Fig 4.28
and 4.29). Hence, VEGF levels were not depleted upon SREBP1 silencing and this led
to the conclusion that SREBP1 might not modulate angiogenesis by reducing VEGF

levels in cancer cells.

A strong reduction in angiogenin, endothelin-l and IL-8 was observed upon
SREBP1 silencing by analysing their protein levels in the CM (Fig 4.28). Angiogenin is
a polypeptide member of the RNase A superfamily and is known to be associated with
cancer cell survival, proliferation and neovascularization in vitro and in vivo (Miyake et
al., 2015). Angiogenin is known to enter endothelial cells by endocytosis, where it
accumulates in the nucleolus to regulate rRNA transcription and ribosome biogenesis
and therefore plays an important role in angiogenesis. Also, it has been already shown
that depletion of angiogenin ablates angiogenic capacity in endothelial cells (Kishimoto
et al., 2005). Angiogenin is also known to induce tumour cell proliferation and plays an
important role in tumour growth and survival. Angiogenin is shown to be regulated
downstream of AKT pathway in prostate cancer (Yoshioka et al., 2006). This is
particularly interesting, as SREBP1 is also regulated downstream of the PISK/AKT
pathway (Porstmann et al., 2005; Porstmann et al., 2008; Porstmann et al., 2009).
Further analysis is required to unravel the molecular regulation of angiogenin by
SREBP1, its relation to angiogenesis and whether its control is related to a lipid
molecule regulated downstream of AKT/SREBP1.

Endothelin-1, another factor that was reduced upon SREBP1 silencing in CM, is
a known G-protein coupled receptor agonist that is involved in angiogenesis.

Endothelin-1 is involved in the regulation of proliferation, migration, invasion and
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neovascularisation in tumours (Bagnato and Spinella, 2003). Like angiogenin,
endothelin-1 is also known to be regulated by hypoxia and downstream of AKT and
acts through endothelin receptors (Bagnato and Spinella, 2003). Endothelin-|
stimulates endothelial cells to produce VEGF and thereby regulates angiogenesis (Wu
et al., 2014). Furthermore, it is known that endothelin-l can indirectly induce
angiogenesis by promoting the secretion of angiogenic proteases from cancer cells
and fibroblasts (Knowles et al., 2005). But it is still not clear how endothelin-I is
regulated by SREBP1 downstream of the AKT pathway and further research is needed
to understand the mechanism of its regulation.

Another important known regulator of tumour angiogenesis that was
downregulated upon SREBP1 silencing was IL-8. This was rather unexpected, as the
RNA-seq data showed a strong upregulation of pro-inflammatory signalling and
cytokine signatures, including IL-8, upon SREBP1 depletion in low serum condition. IL-
8 is a pro-inflammatory chemokine which is a known regulator of tumour growth,
metastasis and angiogenesis in many cancers (Ning ef al., 2011). IL-8 is also known
to regulate endothelial cell survival, proliferation and the production of matrix
metalloproteinases (Li et al., 2003). Also, it is known that exposing endothelial cells to
IL-8 induces synthesis of VEGF and increased angiogenesis (Shi and Wei, 2016). The
regulation of IL-8 by SREBP1 is novel and the molecular mechanisms governing this
relationship needs to be explored in further studies.

Overall, these observed changes point to a connection between SREBP1 and
angiogenesis. It is still unclear whether SREBP1 regulates these proteins and thereby
alters VEGF production in endothelial cells indirectly affecting angiogenesis. Further
analysis of VEGF levels should be conducted in HUVEC upon incubation with CM
obtained from cells with or without SREBP1 silencing or media containing angiogenin,
endothelin-l and IL-8, to understand whether the specific regulation of angiogenesis is
dependent or independent of VEGF.

5.4.1 Lipid mediators induce sprouting in endothelial cells

It was hypothesised that the depletion of SREBP1, the transcription factor that
regulates fatty acid biosynthesis and phospholipid composition, could lead to changes
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in lipid mediator synthesis that could also impact non-cell autonomous functions. It was
still unclear whether changes in fatty acid synthesis and the composition of
phospholipids can also lead to changes in the lipid secretome of cancer cells that are
involved in autocrine and paracrine signalling. The activity of group 2 phospholipases
is vital in cancer cells to mediate signalling processes, as these enzymes are involved
in the degradation of phospholipids to lysophospholipids by releasing the fatty acids
that are present on the sn-2 position (Hisano and Hla, 2019). Acyl-groups present on
sn-2 positions in phospholipids are mostly PUFAs, such as arachidonic acid (C20:4)
or DHA which are precursors for synthesis of prostaglandins and leukotrienes (Park et
al., 2012). Once the fatty acids are cleaved off by phospholipases, the different
lysophospholipids released are either further modified to synthesise signalling
molecules, such as LPA, or new fatty acid chains are added during the process of lipid
remodelling for membrane biogenesis (Moessinger et al., 2014; Shindou and Shimizu,
2009). As lipid mediators are already known to be involved in angiogenesis (Beloribi-
Djefaflia et al., 2016; Hisano and Hla, 2019), it was determined whether the lipids
produced downstream of SREBP1 are responsible for the regulation of angiogenesis.
U87 CM that had previously been boiled at 95°C for 10 mins retained the ability to
induce endothelial cell sprouting (Fig 4.30). Moreover, lipids that had been extracted
from CM of U87 cells also induced sprouting to a similar extent as the untreated control
medium (Fig 4.30). This indicated that lipid mediators present in the medium can
induce angiogenesis even when all proteins are denatured by boiling (Bazzani et al.,
2017; Liu et al., 2012). Similarly, the lipid fraction derived from CM alone was sufficient

to induce sprouting.

The reaction catalysed by phospholipases produces precursors for the
synthesis of lysophospholipids and proinflammatory lipid molecules. Both end products
of these reactions, LPA-18:1 and PGE2, were added to the assay to test their ability to
induce angiogenesis. Indeed, addition of either LPA-18:1 or PGE2 was able to induce
angiogenesis to a similar level also observed with CM from U87 cells (Fig 4.31 and
4.32).

Endothelial spheroids were also incubated with LPA-C18:1 or with lipids
extracted from CM and tested in the sprouting assay using a specific inhibitor of the
LPA receptor (LPARI, KI 16425) (Ohta et al., 2003). It was clear that addition of the
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inhibitor blocked endothelial cell sprouting induced by LPA-C18:1 but, importantly, also
by the lipids purified from CM of cancer cells (Fig 4.30 and 31). These results strongly
suggest that the mediator lipid present in the CM could indeed be LPA. LPA regulates
angiogenesis by binding to LPAR, belonging to the family of G protein-coupled
receptors, and many studies have shown that LPA is involved in the regulation of
endothelial cell proliferation, migration and wound healing, and play a vital role in
tumour progression (Rivera-Lopez et al., 2008; Teo et al., 2009).

Similarly, HUVECs spheroids incubated with increasing concentration of PGE2
showed an increase in sprouting in a concentration dependent manner (Fig 4.32).
PGEZ2 is also a known inducer of angiogenesis and is involved in the regulation of
proliferation and signalling in both cancer and endothelial cells (Form and Auerbach,
1983; Namkoong et al., 2005). Even though it was clear that lipid mediators that are
linked to the SREBP1 network were able to induce angiogenesis, it was not clear which
nodes of the pathway were necessary for the process. Hence, the SREBP1 pathway
was inhibited at several points by treating U87 cells with selective inhibitors during CM
production (termed as pre-treatment). Alternatively, the inhibitor was added to the CM
obtained from untreated U87 cells (termed as post-treatment). Next, the ability of the
different media to induce endothelial sprouting was assessed (as represented in Fig
4.33A). Interestingly, SCD inhibition using the inhibitor CAY10566 (SCDi) showed a
decrease in sprouting only with pre-treated CM, while post-treatment did not alter the
ability of CM to induce sprouting in endothelial cells (Fig 4.33B-D). This suggests that
SCD inhibition in cancer cells affects the formation of factors that are involved in the
induction of angiogenesis and that SCD inhibition does not affect endothelial cells
directly. Hence, it can be concluded that SCD is necessary for cancer cells to produce
mediator lipids and influence angiogenesis in a paracrine fashion. Next, an inhibitor of
secreted phospholipase, thioetheramide-PC (sPLAZ2i), was used to assess the effect
of loss of PLA2G3 activity. This compound acts as a competitive inhibitor and binds to
both catalytic and activator site of the enzyme and thereby reduces the activity of
secreted phospholipases (Plesniak et al., 1993; Yu et al., 1990). The pre-treated CM
obtained by using sPLA2i showed a significant reduction in the ability to induce
sprouting, while post-treated CM failed to reduce sprouting to the same extent (Fig
4.34A-C). This was similar to the observations made with SCDi. In addition, CM from

PLA2G3 knockdown U87 cells were used to further assess the contribution of this
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enzyme. Indeed, PLA2G3 silencing caused a significant decrease in sprouting of
endothelial cells that was comparable to the effect of the inhibitor (Fig 4.34D-E). These
results implied that, similar to SCD, PLA2G3 is also necessary for the production of
pro-angiogenic factors by the cancer cells. Even though the role of PLA2G3 in tumour
angiogenesis downstream of SREBP1 is novel and needs to be further investigated,
previous results have shown that overexpression of PLA2G3 in colorectal cancer cells
implanted in nude mice results in larger tumours with increased tumour neo-
vascularization, supporting its involvement in tumour growth and angiogenesis via
PGEZ2 synthesis (Murakami et al., 2005).

Further inhibitors of lipid modifying reactions downstream of PLA2G3 were also
used to block either the processing of lysophospholipids to LPA or the activity of the
LPA receptors. HA-130 inhibits autotaxin (ATX) (Auciello et al., 2019), a secreted
enzyme that has lysophospholipase activity and catalyses the conversion of different
lysophospholipids to LPA. The inhibition of ATX reduced sprouting in endothelial cells
with CM obtained from both pre- and post-treatment (Fig 4.35A-C). It is known that
ATX is involved in angiogenesis by promoting the growth of endothelial cells and
inducing vessel formation (Nam et al., 2001). Incubation with pro-angiogenic growth
factors, such as bFGF, induces high expression of ATX in endothelial cells and ATX
influences angiogenesis through the production of LPA. Also, a study in GB has shown
that ATX inhibition renders cancer cells sensitive to radiation treatment, with a strong
reduction in tumour vascularisation and delayed tumour growth, thus highlighting the
important role of this enzyme in GB (Bhave et al., 2013). Since LPA is capable of
inducing angiogenesis, we further tested its effect by adding the LPA receptor inhibitor
Kl 16425 that inhibits LPAR1, LPAR2 and LPAR3 (Ohta et al., 2003). Both pre- and
post-treated CM with LPA receptor inhibitor showed reduced ability for sprouting
induction in endothelial cells (Fig 4.35D-F). These results together confirmed that LPA
is important for inducing sprouting by U87 cells and implicate this lipid as one of the
mechanisms through which cancer cells can promote angiogenesis. These results are
in accordance with earlier studies that have shown LPA’s involvement in angiogenesis
(Lee etal., 2000; Rivera-Lopez et al., 2008; Tabuchi, 2015; Teo et al., 2009). Moreover,
LPA induced blood vessel formation was shown to be more robust compared to VEGF
in a chicken chorioallantoic membrane angiogenesis model, suggesting its

involvement not only in vessel formation but also in vessel maturation (Rivera-Lopez
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et al., 2008). The same study also showed that LPAR1, LPAR2 and LPAR3 are
involved in the LPA-mediated effects in vessel formation and that its inhibition reduces
angiogenic capability in cancer cells (Rivera-Lopez et al., 2008). Taken together, the
results obtained with inhibitors targeting ATX or the LPA receptors strongly suggest
that production of LPA is involved in the induction of endothelial cell sprouting.
However, it is possible that LPA might also function in a paracrine manner to connect

pro-angiogenic signalling between tumour and endothelial cells.

5.4.2 Analysis of lipid mediators in conditioned medium

The results shown so far indicate that mediator lipids secreted from U87 cancer
cells can induce sprouting of endothelial cells, though it was still unclear whether these
factors can indeed be detected in CM and whether they are altered upon SREBP1
silencing. To analyse medium lipid composition globally, total levels of different lipid
species in CM were analysed by TLC. However, levels of most lipids were far too low
to identify any changes in CM with or without SREBP1 silencing (Fig 4.36). Hence,
changes in the relative fractions of both free and total fatty acids were analysed in CM

from U87 cells upon SREBP1 silencing by MS, following a direct injection protocol.

The main change observed in total fatty acids in the CM was an increase in the
fraction of several PUFA species (Fig 4.37), similar to the effect of SREBP1 silencing
on the cellular total fatty acid pool. This suggested that lipids secreted from the cancer
cells contain higher levels of fatty acids that are typically present in the sn-2 position
of phospholipids. Unexpectedly, no decrease in the amount of MUFA was detected in
the total fatty acid pool present in condition medium from SREBP1 silenced cells. But
indeed, a significant decrease in MUFAs in the free fatty acid pool present in condition
medium from SREBP1 silenced cells was observed (Fig 4.37) and this data aligns with
the free fatty acid profile of cells with SREBP1 silencing, shown in other studies
(Griffiths et al., 2013). Further investigation is necessary to identify the individual lipid
species in the medium and to understand the discrepancy between the cellular and

medium lipidomes.

Next, PGE2 levels were assessed in the CM obtained from cancer cells using

MS following direct injection. This analysis only showed a minor trend towards lower
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levels of PGE2 upon SREBP1 silencing, albeit with large variability (Fig 4.38A). As CM
are obtained from cancer cells cultured with serum-free medium, it was challenging to
measure lipid signalling molecules that are generally very close to the detection
threshold of the mass spectrometer, leading to high variation. However, PGE2 levels
measured by ELISA showed a significant reduction upon SREBP1 silencing (Fig 4.38
B). Next, addition of oleic acid (C18:1) was tested to determine if this could restore the
production of PGE2 in SREBP1 silenced cells. Oleic acid can prevent the induction of
ER stress caused by the accumulation of saturated fatty acids and depletion of mono-
unsaturated fatty acids (Griffiths et al., 2013). While addition of oleic acid somewhat
increased PGE2 levels in CM from SREBP1 silenced cells, the effect was only partial,
suggesting that a reduction in oleic acid did not completely account for the decrease
in PGE2 synthesis induced by SREBP1 silencing (Fig 4.38B). In contrast, arachidonic
acid (C20:4), which is the direct substrate for PGE2 synthesis, was added to SREBP1
silenced cells before CM was collected, and this strongly induced PGE2 levels to a
much higher extent than in control medium (Fig 4.38B). This observation confirmed
that arachidonic acid is the limiting factor for the synthesis of PGE2 upon SREBP1
silencing. PLA2G3 silencing also led to a reduction in PGE2 levels, but this was only
observed with one of the shRNA sequences (Fig 4.38C) and further investigation is
necessary to understand the differences between the two shRNA sequences.
However, taken together the total fatty acid profiles obtained from both SREBP1 and
PLA2G3 silenced cells, it seems likely that the decrease in PGEZ2 levels observed after
SREBP1 silencing could be attributed to a reduction in the releasing of arachidonic
acid from the sn-2 position of membrane phospholipids, making this fatty acid available
as a substrate for PGE2 synthesis.

Next, the analysis of LPA-C18:1 in the CM from U87 cells by mass spectrometry
was performed and only showed a trend towards a decrease following SREBP1
silencing, most likely due to its low abundance and the detection limit of the instrument
(Fig 4.39). A commercially available ELISA showed that SREBP1 silencing led to an
increase in total LPA levels, but this experiment was conducted with only one shRNA
sequence. Moreover, PLA2G3 silencing did not change total LPA levels (Fig 4.39).
This data was hard to interpret, as LPA-C18:1 needs to be analysed specifically to
draw conclusions, so other more sensitive methods have to be established to obtain
these results. Nevertheless, addition of increasing amounts of LPA-C18:1 to CM from
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SREBP1 silenced cells efficiently restored endothelial cell sprouting, starting at a
concentration of 100 nM and fully restoring sprouting at around 1uM with no further
increase observed beyond that concentration (Fig 4.40). These results, together with
the LPARI results, convincingly showed that LPA contributes to the regulation of
endothelial cell sprouting downstream of SREBP1.

5.4.3 Xenografts of SREBP1 silenced cells show reduced blood

vessels density

As it is important to analyse if SREBP1 reduction affects angiogenesis in
tumours and validate our findings in vivo, tumour sections from an earlier study that
showed reduction in tumour volume upon SREBP1 depletion (Griffiths et al., 2013)
were used to analyse changes in vessel density. The tumours with SREBP1 silencing
were not only smaller but also paler in comparison to control tumours (Fig 4.41 A).
Staining of blood vessels with an antibody detecting mouse endomucin showed a
significant reduction in blood vessel density (Fig 4.41 B-D). This observation confirmed
that SREBP1 depletion reduced blood vessel formation in tumours in vivo and thus
was in agreement with our results in vitro. Taken together, our data suggests that
SREBP1 depletion affects several proteins and lipids involved in angiogenesis in GB.
Even though we have not been able to attribute this reduction to a specific mediator,
our data supports a model in which changes in fatty acid and phospholipid composition
induced as a result of the decreased expression of several targets of the SREBP1
transcriptional network affect endothelial cells. In addition, we have uncovered several
novel downstream targets that are altered upon SREBP1 depletion in GB cells (as
shown in Fig 4.42). At this stage, the data shows that regulation of angiogenesis by
SREBP1 works through a cascade of several factors. It can be concluded that SREBP1
not only regulates cell proliferation and survival but is also involved in the control of
tumour angiogenesis, thus posing itself as a potential target in GB patients to limit

tumour growth and prevent relapse of this aggressive tumour.
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5.5 SREBP1 is indispensable for survival of glioblastoma

stem-like cells

Another important factor that contributes to relapse in almost all cases of GB
patients is the presence of cancer stem-like cells (CSC), also known as tumour
initiating cells (TIC). CSC often escape surgery and are mostly resistant to radio- and
chemotherapy (Batlle and Clevers, 2017; Lathia et al., 2015). Many studies have
prioritized on understanding and targeting specifically cancer cells that have stem-like
properties to improve treatment strategies and increase the overall survival of GB
patients (Prasad et al., 2015; Zhu et al., 2014). CSC are characterised similar to stem
cells with self-renewal properties and are known to have a distinct metabolism
compared to differentiated cancer cells (Li et al., 2017a; Peixoto et al., 2021; Peixoto
and Lima, 2018; Pinkham et al., 2019; Wang et al., 2017) and this feature adds
advantage to targeting them specifically, making them attractive for the development

of novel treatments.

5.5.1 The SREBP1 pathway is upregulated in glioblastoma stem-like

cells and its depletion leads to decreased cell viability

A large body of literature has shown that lipid metabolism plays an important
role in the survival and proliferation of cancer stem-like cells (Ben-David et al., 2013;
Li et al., 2017a; Rios-Esteves and Resh, 2013; Wen et al., 2018; Yasumoto et al.,
2016). The study presented in this thesis characterised both U87 and NCH644 patient-
derived GB stem-like cells by cultivating them either as monolayer or as neurospheres
(Fig 4.43A). Growing cancer cells in suspension on Poly-HEMA coated plates in serum
free media with growth factors and supplements is known to enrich the culture for stem-
like cells capable of forming neurospheres, while differentiated cells undergo anoikis
(Campos et al., 2010). The cells grown in neurosphere culture show high expression
of stem cells markers, such as nestin and CD133, and decreased expression of
differentiated markers, such as GFAP (Fig 4.43C) (Ardebili et al., 2011; Campos et al.,
2010). Gene expression analysis using RNAseq revealed that U87 cells grown as
neurospheres show upregulation of HORTON_SREBP1 targets compared to
monolayer cells, suggesting the induction of the SREBP1 pathway in neurospheres
(Fig 4.43B). Also, upregulation of mMRNA levels of the canonical SREBP1 target genes
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SCD, PLA2G3 and FABP3 was observed in NCH644 cells grown in neurospheres
compared to monolayer cultures (Fig4.43C). GFAP mRNA levels were massively
downregulated in neurospheres, validating the enrichment of GSCs in this culture
system, in line with the literature (Ardebili et al., 2011; Campos et al., 2010). Several
studies have already highlighted the importance of fatty acid desaturation by SCD in
GSC survival and proliferation (Ben-David et al., 2013; Li et al., 2017a; Pinkham et al.,
2019; Rios-Esteves and Resh, 2013), and high SCD protein levels were observed in
GSC compared to monolayer cells (Fig 4.43D). So, further analyses were performed
to understand if the genetic depletion of SREBP1 using shRNAs (validated in U87 cells
and discussed in earlier chapters) could have an impact on GSC growth and
proliferation. Knockdown of SREBP1 also successfully depleted mRNA levels of
SREBF1 and its targets SCD and PLA2G3 in neurospheres derived from NCH644 cells
(Fig 4.44B). A significant decrease in GSC cell number was seen upon SREBP1
depletion, showing the importance of this pathway for survival in these cells (Fig
4.44C). Upon analysing total fatty acid profiles in these cells upon SREBP1 depletion,
a decrease in desaturation ratios for C16:1/C16:0 and C18:1/C18:0, and a slight
increase in arachidonic acid levels were seen (Fig 4.44D). These results are similar to
a study utilizing Raman spectroscopy in ovarian CSC, revealing the increased
presence of unsaturated fatty acids over saturated fatty acids and highlighting the
importance of SCD in CSC (Li et al., 2017a). Together, these results emphasise the
importance of the SREBP1 pathway in supporting the survival of GSC. As it was still
unclear whether depletion of SREBP1 affected stem-like properties of GCSs, serial
neurosphere formation assays were performed to further unravel the role of SREBP1
in GSC maintenance. The depletion of SREBP1 did not alter size of the neurospheres
formed over 10 days (Fig 4.45A and D). However, SREBP1 silencing caused a
significant decrease in the number of neurospheres formed and decreased the total

number of cells present in the cultures at the end of the assay (Fig 4.45B-C).

A study previously showed that loss of SCD leads to ER stress in CSC and
renders them sensitive to treatment with temozolomide, an alkylating agent used as
first and second line treatment of GB, and thereby resulted in reduced tumour growth
(Pinkham et al., 2019). FASN, another enzyme in the SREBP1 network, is also known
to be associated with an increase in stem cell markers (Yasumoto et al., 2016), and
the inhibition of FASN leads to a decrease in CSC survival in breast cancer (Pandey
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et al.,, 2011). Also, ELOVL2, which is involved in the synthesis of some poly-
unsaturated fatty acid species, was shown to be important to maintain cell membrane
integrity, and its inhibition was detrimental for CSC survival(Gimple et al., 2019).
Hence, SREBP1 and its target genes may play an important role in maintaining specific
cellular functions that are indispensable for CSC survival.

5.5.2 Oleic acid rescues loss of cell viability and neurosphere

formation upon SREBP1 knockdown

The most important readout of the neurosphere assay is the number of
neurospheres formed by seeding a limited cell number in every condition, as each cell
is thus tested for its ability to initiate the formation of a neurosphere. Even though this
assay is originally derived from the neurosphere assay used for neuronal stem cells
(Reynolds and Weiss, 1992) and has been since used in mammosphere assays to
determine stemness of breast cancer cells (Bailey et al., 2018; Lombardo et al., 2015),
it has also been adapted to monitor CSC growth in glioma. To be able to determine the
stemness of individual cells and to avoid potential clumping, a modified neurosphere
assay with the addition of methylcellulose was developed. This increases the viscosity
of the medium and allows single cells to be embedded with limited movement and this
protocol was used to determine the stemness of the cells (Kaufman et al., 2001). A
methylcellulose assay using NCH644 cells with or without SREBP1 knockdown was
assessed with serial generation of neurospheres (Fig 4.46). Cells were also
interrogated by the addition of BSA-coupled oleic acid or BSA alone as control. This
experiment showed that the number of neurosphere and the total cell number at the
end of the primary neurosphere assay were decreased upon SREBP1 silencing, while
no change was observed in neurosphere area, similar to the results seen using the
first assay protocol (Fig 4.46). Interestingly, addition of oleic acid was able to restore
both number of neurospheres and cell number that was decreased due to loss of
SREBP1 (Fig 4.46 A-B). A decrease in number of neurospheres and cell number upon
SREBP1 silencing and rescue with oleic acid was also observed in secondary
neurospheres, generated from cells seeded from primary neurospheres (Fig 4.47 A-
B). It had previously been shown that inhibition of SCD in ovarian CSC could be
rescued with addition of oleic acid (Li et al., 2017a). In this system, SCD was important

in CSCs to induce sphere formation in in vitro assays and also crucial in the induction
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of tumours in vivo. Moreover, fatty acid desaturation levels in the cells was shown to
play an important role in the maintenance of stem cell markers and to govern the
cancer-relevant NFkB pathway (Li et al., 2017a). Also, in human pluripotent stem cells,
fatty acids desaturation inhibitors were identified as being detrimental to survival and
causing ER stress and apoptosis, emphasizing the significance of oleic acid in stem
cells (Ben-David et al., 2013).

Performing methylcellulose assays on U87 cells with LKO-BP1_07 also showed
a decrease in the number of neurospheres and overall cell nhumber in primary
neurospheres (Fig 4.48A-B). Additionally, a strong decrease in neurosphere area was
observed upon SREBP1 knockdown, but also to some extent in the dox in control
conditions (Fig 4.48C-D). Similar results were obtained by seeding cells into secondary
neurospheres, where the effect of SREBP1 knockdown was much stronger, and
almost completely abolished neurosphere numbers. It has to be noted that U87 cells
were not adapted to neurosphere culture before the experiment, and that these cells
are known to have strong heterogeneity of both differentiated and stem-like cells.
However, U87 cells even without prior adaptation were still able to survive for 20 days
as neurospheres in the control conditions. This indicates that U87 cells do not undergo
anoikis, a specific form of cell death of cells in suspension culture (Ayla and
Karahuseyinogluc, 2019; Gilmore, 2005), and also confirms the importance of
SREBP1 in the adaptation to suspension culture and the formation of neurospheres.
However, although further investigation is required to understand the difference seen
between the two cell lines and to determine whether oleic acid would also restore
neurosphere formation in SREBP1 silenced U87 cells, it is clear that SREBP1 is
necessary for neurosphere formation in GB cells.

Understanding the role of SREBP1 pathway in stemness could help to uncover
the Achilles heel of GSC that could be targeted to eliminate both stem and
differentiated cancer cells. It is known that MUFAs are involved in the regulation of
Whnt/b-catenin signalling and promote the maintenance of stem like features in CSC.
Activation of Wnt protein requires post-translational acylation that is regulated by the
porcupine O-acyltransfaerase (PORCN), that adds acyl chains to conserved cysteine
and serine residues on the Wnt protein (Nusse, 2008; Nusse et al., 2008). This
translational modification is necessary for the translocation of Wnt proteins from the
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ER to the plasma membrane and is essential for their secretion, which is important for
their function in stem cells (Herr et al., 2012; Nusse, 2008; Nusse et al., 2008). It was
specifically shown that PORCN prefers MUFAs for acylating Wnt, as these molecules
can bend and fit perfectly into the hydrophobic groove of these proteins, thus facilitating
their activation compared to a saturated fatty acid, that is stiff or PUFAs, that have long
carbon chains (Asciolla et al., 2017; Rios-Esteves and Resh, 2013). Utilizing
radioactively labelled palmitic acid, it was shown that Wnt proteins are biased towards
utilising palmitic acid over other fatty acids for acylation at Ser209 by PORCN (Takada
et al., 2006). To facilitate availability of MUFAs, SCD activity becomes obligatory for
WNT acylation and activation by PORCN (Rios-Esteves and Resh, 2013). Also
downstream of Wnt signalling, B-catenin regulation is connected to fatty acid
availability. Unsaturated fatty acids are also required to stabilize 3-catenin and prevent
its binding to FAS associated proteins (FAF1), which normally degrade 3-catenin, thus
facilitating its nuclear localization (Kim et al., 2015). It remains to be further
investigated if oleic acid can substitute for palmitic acid in our rescue experiment, but
together with the evidence obtained from the literature it is clear that SCD activity is

necessary and indispensable for Wnt activation and maintenance of stem cell features.
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5.6 SREBP1 is regulated by the upstream regulator SOAT1

The PI3K/AKT pathway is one of the most prominent and most frequently
mutated pathways in GB patients (Cancer Genome Atlas Research, 2008), and it is
know that SREBP is regulated downstream of this pathway (Lewis et al., 2011,
Porstmann et al., 2005; Porstmann et al., 2008). Hence, other nodes within the
pathway that are involved in this regulation were studied. A study in prostate cancer
with loss of PTEN showed upregulation of the PISK/AKT pathway, resulting in
increased uptake of lipoproteins from the environment (Yue et al., 2014). These cells
also showed high levels of cholesterol esterification, as free cholesterol can inhibit lipid
synthesis by limiting SREBP processing. It was shown that these prostate cancer cells
modulate cholesterol levels by esterifying via SOAT1, thereby keeping both lipid
uptake and lipid synthesis active, thus promoting cell growth and metastatic behaviour
(Peck and Schulze, 2014; Yue et al., 2014). Inhibition of cholesterol esterification led
to a significant reduction in cancer cell proliferation, invasion and tumour growth, and
overall decreased the aggressiveness of these tumours in mouse xenografts (Yue et
al., 2014). This study opened up to a new possible node of SREBP regulation in cancer
cells. Also, GB tumours obtained from orthotopic mouse xenografts using several GB
cell lines, patient-derived cancer cells and also patient biopsies showed high levels of
lipid droplet accumulation and cholesterol esterification (Geng et al., 2016). Hence,
understanding the regulation of SREBP and its targets by SOAT1 could provide an

alternative mechanism to inhibit the pathway.

5.6.1 SOAT1 depletion reduces SREBP targets

2 shRNAs targeting SOAT1 obtained from Fellmann et al (Fellmann et al., 2013)
showed significant downregulation of SOAT7T mRNA levels in 10% and 1% FCS
compared to the control (Fig 4.50). Adrenocortical carcinoma cell line NCI-H295 was
used as a positive control for SOAT1 protein detection, as these cells are well
characterised and known to have overexpression of SOAT1 (Sbiera et al., 2015).
Surprisingly, SOAT1 protein levels were significantly less in 1% FCS compared to
10%FCS (Fig 4.51A). It was clear that shRNA against SOAT1 reduced their protein
levels in 10%FCS but since low FCS condition had low SOAT1 levels it was hard to
interpret the loss of SOAT1 (Fig 4.51A). Interestingly, upon SOAT1 knockdown SCD
MRNA levels decreased significantly with both shRNAs in 10%FCS and no change
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was seen in 1%FCS condition (Fig 4.51B-C). Also, HMGCR mRNA levels were
significantly decreased upon SOAT1 silencing in 10% FCS condition and also slightly
reduced in 1%FCS condition (Fig 4.51B-C). Further, treatment of U87 and U251 cells
with SOAT1 inhibitors Mitotane and ATR101 (also known as PD-132301) also showed
reduction in SREBF1c, SCD and HMGCR mRNA levels (Fig 4.54) (Kroiss and
Fassnacht, 2016). Taken together these results show that depletion of SOAT1 reduces
SREBP1 targets in 10%FCS condition. Knockdown of SOAT1 and its inhibition by
Avasimibe, a SOAT1 inhibitor was shown to reduce SREBP1 targets mRNA and
protein levels and also mature SREBP1 and 2 in glioma cells (Geng et al., 2016).

In this thesis, analysis of GB cell viability upon knockdown of SOAT1 showed
no effect in medium containing 10% FCS. However, cells cultured in 1% FCS showed
a significant reduction in cell viability (Fig 4.52). Treating U87 and U251 cells with
mitotane showed small reduction in cell viability in 10% FCS, and in 1% FCS mitotane
caused massive cell death eliminating almost the entire population (Fig 4.55). Mitotane
is known to induce apoptosis in cells via ER stress, but it is also known to have strong
affinity towards BSA (Kroiss et al., 2016). Binding of Mitotane to BSA present in serum
could explain the large difference in its effect observed between 1% and 10% FCS
conditions. Hence, we tested the effect of increasing mitotane concentrations in
medium with different FCS levels and observed that mitotane caused a reduction in
cell number already at lower concentrations in 1% FCS medium compared to the other
conditions in both U87 and U251 cells (Fig 4.56). However, the effect of BSA in this
context was not studied. In order to understand the effect of inhibition of SOAT1 despite
the problems caused by potential BSA binding, we used another compound,
Avasimibe, that is already known to specifically inhibit SOAT1 (Cheng et al., 2018; Li
et al., 2016). It was clear that cells in 1% FCS medium compared to 10% FCS were
more susceptible to the inhibition of SOAT1 with Avasimibe in both cell lines (Fig 4.57).
These results confirmed that depletion of SOAT1 activity, either by genetic ablation or
by inhibitor treatment, reduces cell viability in 1% FCS to a larger extent than in 10%
FCS. As there was no induction of DDIT3 (CHOP) upon SOAT1 silencing in 1% FCS
in U87 cells (Fig 4.53) and no reduction in the expression of SCD, this indicates that
these cells are not undergoing ER stress that is usually caused by SREBP1 silencing.
Most likely, SOAT1 silencing did not reduce SREBP1 activity to the extent needed to
fully inactivate the pathway. Nevertheless, it is still possible that treatment with
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inhibitors, such as mitotane, ATR101 or Avasimibe, could cause cell death by ER
stress that also leads to apoptosis (Kroiss and Fassnacht, 2016; Sbiera et al., 2015).
Indeed, also in GB cells, it had been shown that oleic acid addition was able to rescue
cell viability upon inhibition of SOAT1 (Cheng et al., 2018). Similarly, we found that
oleic acid restored cell viability in the presence of mitotane, at least in U87 cells, while,
U251 cells, which already showed a lower sensitivity towards the drug, addition of BSA
alone could already partially restore cell viability (Fig 4.58).

Interestingly, we found that the expression of SOAT1 is controlled by
components of the PISK/AKT/mTORC1 pathway. Inhibition of PI3K or mTORC1
reduced SOAT1 levels in both U87 and U251 cells, while inhibition of AKT only affected
SOAT1 levels in U251 cells (Fig 4.59). Interestingly, U87 cells also showed a reduction
in the mRNA levels of SOATT upon PI3K and mTORCH1 inhibition, suggesting that a
transcriptional process is involved in its regulation, while U251 cells showed a small
reduction in SOATT mRNA only after mTORC1 inhibition, suggesting a different
mechanism of regulation (Fig 4.59). Moreover, expression of SREBF1 mRNA
resembled that of SOATT mRNA in U87 cells, and U251 cells showed an inconsistent
response. These results were obtained after 72 hours of inhibitor treatment and we
anticipated signalling events could already take effect at shorter time points. Indeed,
24 hours of inhibitor treatment already showed an effective reduction in the
phosphorylation of key components within the PISK/AKT/mTORC1 pathway (Fig 4.60)
and hence, analysis of gene expression was conducted also at an earlier time point.
Here, U87 cells showed a significant reduction of SOAT7T mRNA upon PI3K and
mTORCH1 inhibitor already after 24 hours of inhibitor treatment, while expression of
SREBF1 and SCD were significantly downregulated by inhibition of PI3K, AKT or
mTORC1 (Fig 4.60). In contrast, U251 cells did show significant reduction in mRNA
levels of SOAT1 with AKT and mTORC1 inhibition, while SREBF1 and SCD did not
show significant effects. It is unclear how inhibition of the same upstream pathway
leads to different outcomes in these 2 cell lines, but it was clear that PI3K and mTORC1
regulated SOAT1 in both cell lines. Even though many studies have related SOAT1 to
the regulation of lipid biosynthesis, the transcriptional regulation of SOAT1 by the
PISBK/AKT/mTORC1 signalling axis is novel and interesting and further studies are
necessary to shed light on mechanistic regulation of SOAT1 by these upstream

pathways.
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5.6.2 SOAT1 silencing decreases GSC proliferation

To also investigate the role of SOAT1 in the regulation of stem cell function,
shRNA sequences targeting SOAT1 that were already validated in U87 cells were also
used in NCH644 patient derived GB stem-like cells. These sequences efficiently
reduced SOAT1 mRNA levels and also caused a significant depletion in the SREBP1
targets SCD, PLA2G3 and HMGCR (Fig 4.61). Loss of SOAT1 also reduced cell
proliferation in NCH644 cells cultured as neurospheres (Fig 4.61), similar to the results
observed with SREBP1. As SOAT1 regulates SREBP1 activity by reducing the amount
of free cholesterol in the cells, these results re-confirmed that SREBP1 is important in
GB stem-like cells. It had been previously shown in GB30 patient-derived glioma cells
that inhibition of either SREBP1 or SOAT1 leads to a decrease in tumour formation,
highlighting the importance of this pathway in this disease entity (Cheng et al., 2018).
Another study reported that SOAT1 inhibition reduced Wnt acylation and activation,
thereby reducing metastatic capacity in prostate cancer (Lee et al., 2018). Further in
vivo experiments with orthotopic models using limiting dilution assays that account for
stemness regulation are necessary to delineate the mechanism of this pathway in
controlling the function of cancer stem cells in GB.
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Chapter 6: Appendix

Abbreviations

AA: arachidonic acid, a fatty acid with 20 carbon units and 4 double bonds (C20:4)
ACACA: acetyl-coA carboxylase alpha

ACYL: ATP citrate lyase

AKT: Protein Kinase B, a set of three serine/threonine-specific protein kinases
ATXi: autotaxin inhibitor

BIT ad: BIT admixture

BSA: bovine serum albumin

BUME: butanol: methanol extraction for total lipids

cDNA: complementary DNA

CSCs: Cancer stem like cells

DDIT3: DNA Damage Inducible Transcript 3, also called CHOP
Dox: doxycycline

DNA: deoxyribonucleic acid

EGF: epidermal growth factor

EGFr: EGF receptor

ELOVL: elongation of very long chain fatty acids

ER: endoplasmic reticulum membranes

FADS: fatty acid desaturase

FASN: fatty acid synthase

FCS: fetal bovine serum

FGF: fibroblast growth factor

GB: glioblastoma

GO: gene ontology

GSCs: glioblastoma stem like cells

GSEA: gene set enrichment analysis

HMGCR: HMG-coA reductase

IL8: Interleukin 8

INSIG: insulin-induced genes

LDL: low-density lipoproteins

LPA: lysophosphatidic acid
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LPAR1/2: lysophosphatidic acid receptor 1 or 2
LPARI: lysophosphatidic acid receptor inhibitor
LPC: lysophosphatidyl choline

LPE: lysophosphatidyl ethanolamine

MeOH: methanol

MS2: fragmented mass spectra or MS/MS
MUFA: monounsaturated fatty acids
MBTPS1/2: membrane-bound transcription factor site 1 protease and 2
MMP2: matrix metalloproteinase 2

mTORC: Mammalian target of rapamycin

Neg: negative

NF-kB: Nuclear factor kappa B

OA: oleic acid (C18:1)

PA: phosphatidic acid

PC: phosphatidyl choline

PE: phosphatidyl ethanolamine

PFA: paraformaldehyde

PGEZ2: prostaglandin E2

PI3K: Phosphoinositide 3-kinase

PLA2G3: Phospholipase A2 Group llI
polyHEMA: poly-2-hydroxyethyl methacrylate
PORCN: porcupine O-acyltransferase

Pos: positive

PUFA: poly unsatured fatty acids

RB: retinoblastoma tumor suppressor

Rheb: Ras homolog enriched protein in brain
RNA-seq: Ribonucleic acid sequencing

RTK: Receptor tyrosine kinases

RT-gPCR: quantitative reverse transcription polymerase chain reaction
SCAP: SREBP cleavage activating protein
SCD: stearoyl-coA desaturase

SCDi: SCD inhibitor

Scr: scramble control sequence

SOATT: sterol O-acyltransferase 1
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sPLAZ2i: secreted phospholipase A2 inhibitor

SRE: sterol regulatory elements

SREBF1: gene encoding Sterol regulatory binding protein 1
SREBF2: gene encoding Sterol regulatory binding protein 2
SREBP1/BP1: Sterol regulatory binding protein 1
SREBP2/BP2: Sterol regulatory binding protein 2

TCGA: The cancer genome atlas

TICs: Tumour initiating cells

TLC: thin layer chromatography

VEGF: Vascular endothelial growth factor

VEGFR: Vascular endothelial growth factor receptor

WB: western blot

WHO: World health organization
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