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Summa ry

SUMMARY

Inefficient vascularisation of solid tumours leads to the formation of oxygen and nutrient
gradients. In order to mimic this specific feature of the tumour microenvironment, a
multicellular tumour spheroid (SPH) culture system was used. These experiments were
implemented in p53 isogenic colon cancer cell lines (HCT116 p53 +/+ and HCT116 p53-
/-) since Tp53 has important regulatory functions in tumour metabolism. First, the
characteristics of the cells cultured as monolayers and as spheroids were investigated by
using RNA sequencing and metabolomics to compare gene expression and metabolic
features of cells grown in different conditions. This analysis showed that certain features
of gene expression found in tumours are also present in spheroids but not in monolayer
cultures, including reduced proliferation and induction of hypoxia related genes.
Moreover, comparison between the different genotypes revealed that the expression of
genes involved in cholesterol homeostasis is induced in p53 deficient cells compared to
p53 wild type cells and this difference was only detected in spheroids and tumour
samples but not in monolayer cultures. In addition, it was established that loss of p53
leads to the induction of enzymes of the mevalonate pathway via activation of the
transcription factor SREBP2, resulting in a metabolic rewiring that supports the
generation of ubiquinone (coenzyme Q10). An adequate supply of ubiquinone was
essential to support mitochondrial electron transport and pyrimidine biosynthesis in p53
deficient cancer cells under conditions of metabolic stress. Moreover, inhibition of the
mevalonate pathway using statins selectively induced oxidative stress and apoptosis in
p53 deficient colon cancer cells exposed to oxygen and nutrient deprivation. This was
caused by ubiquinone being required for electron transfer by dihydroorotate
dehydrogenase, an essential enzyme of the pyrimidine nucleotide biosynthesis pathway.
Supplementation with exogenous nucleosides relieved the demand for electron transfer
and restored viability of p53 deficient cancer cells under metabolic stress. Moreover, the
mevalonate pathway was also essential for the synthesis of ubiquinone for nucleotide
biosynthesis to support growth of intestinal tumour organoids. Together, these findings
highlight the importance of the mevalonate pathway in cancer cells and provide
molecular evidence for an enhanced sensitivity towards the inhibition of mitochondrial

electron transfer in tumour-like metabolic environments.



ZUSAMMENFASSUNG

In soliden Tumoren fiihrt die ineffiziente Bildung von Blutgefilen (Vaskularisierung) zu
einem Nihrstoff- und Sauerstoffgradienten im gesamten Tumor, welches eine spezifische
Tumormikroumgebung schafft. Um diese Tumorumgebung nachzuahmen, wurde ein
spezielles multi-zelluldres Tumorsphdroid (SPH) Zellkultursystem verwendet. Da Tp53
wichtige regulatorische Funktionen im Tumormetabolismus hat, wurde zur Generierung von
Sphiroiden p53 isogene Darmkrebs-Zelllinen HCT116 (p53 +/+ und p53 -/-) verwendet.
Zundchst wurden die Sphiroide mittels RNA Sequenzierung und Metabolomik
charakterisiert, um die Genexpression und metabolischen Eigenschaften in verschiedenen
Zellkulturbedingungen zu vergleichen. Diese Analyse hat gezeigt, dass gewisse
Genexpressionsmuster in Tumoren wie beispielsweise Proliferations- und Hypoxia verwandte
Gene in Sphéroiden iibereinstimmen, nicht jedoch in Monolayer-Kulturen. Vergleicht man
die zwei unterschiedlichen Genotypen miteinander, so sind Gene, die in der
Cholesterinhomdostase involviert sind, in p53 defizienten Zellen induziert, nicht jedoch in
p53 wildtypischen Zellen. Dieser Unterschied ist in Sphéiroiden vorhanden, nicht jedoch in
Monolayer-Kulturen. Verlust von p53 fiihrt iiber die Aktivierung des Transkriptionsfaktors
SREBP2 zur Induktion von Enzymen des Mevalonat-Synthesewegs und zudem zu einer
neuen metabolischen Vernetzung, die die Generierung von Ubichinon (Coenzym Q10)
unterstiitzt. Eine ausreichende Ubichinon-Versorgung ist wichtig, um den mitochondrialen
Elektronentransport und die Pyrimidin-Biosynthese in p53-defizienten Krebszellen unter
metabolischen Stressbedingungen zu unterstiitzen. Dariiber hinaus induziert die Inhibition des
Mevalonat-Synthesewegs durch Statine in p53-defizienten Darmkrebszellen, die Sauerstoff
und Nihrstoffmangel ausgesetzt sind, selektiv oxidativen Stress und Apoptose. Verursacht
wird dies durch einen Mangel an Ubichinon, welches flir den Elektronentransfer der
Dihydroorotatdehydrogenase, einem essentiellen Enzym der Pyrimidinnukleotid-Biosynthese,
notwendig ist. Gabe von exogenen Nukleosiden entlastete die Nachfrage an
Elektronentransfer und stellte die Lebensfahigkeit von p53-defizienten Krebszellen unter
metabolischem Stress wieder her. Dariiber hinaus konnte gezeigt werden, dass der
Mevalonat-Syntheseweg auch fiir die Synthese von Ubichinon fiir die Pyrimidinnukleotid-
Biosynthese unerlésslich ist, um das Wachstum von Darmtumor-Organoiden zu unterstiitzen.
Zusammengenommen interstreichen diese Ergebnisse die Bedeutung des Mevalonat-
Syntheseweg in Krebszellen und liefern den molekularen Mechanismus fiir die erhohte
Empfindlichkeit von Tumorzellen gegeniiber der Hemmung des mitochondrialen

Elektronentransfers in einer Tumor-dhnlichen Stoffwechselumgebung.

il



1 INTRODUCTION

1.1 Cancer metabolism

Cell growth and proliferation is a tightly controlled process in normal
cells. Extrinsic growth factors and intracellular signals are maintained in a balance
during normal cell proliferation. However, cancer cells represent uncontrolled, high
proliferation rates. Rapid cell proliferation requires energy in the form of ATP as
well as the synthesis or uptake of amino acids, nucleotides and lipids as building
blocks for the production of proteins, nucleic acids and biological membranes,
respectively (Lunt et al., 2011). In order to synthesize these precursors for
macromolecules, several processes of the intermediate metabolism are needed,
including glycolysis, for the formation of pyruvate or lactate from glucose, the
pentose phosphate pathway (PPP), for the formation of riboses and NADPH, the
citric acid cycle, for the generation of metabolic precursors and reducing
equivalents (NADH, FADH) and oxidative phosphorylation (OXPHOS) for the
generation of ATP. Moreover, fatty acid synthesis is essential for the formation of
phospholipids for membranes and triacylglycerides for energy storage, while
cholesterol synthesis also provides membrane lipids as well as other important
metabolic intermediates. Conversely, beta-oxidation contributes to the generation of
ATP from fatty acid catabolism. Therefore, it is evident that metabolism and high
proliferation rates of cancer cells are linked to each other. Similarly, cancer
metabolism has been recognised as one of the emerging hallmarks of cancer

(Hanahan et al., 2011).

Normal cells in a resting state direct glucose to mitochondria for
oxidation in order to generate ATP via the electron transport chain and oxidative
phosphorylation. This reaction also recycles NADH to NAD™. In contrast, rapidly
proliferating cells produce ATP mainly through glucose fermentation, which

requires the conversion of pyruvate to lactate to regenerate NAD™. Otto Warburg



stated that cancer cells metabolize glucose into lactate even in the presence of
oxygen, presumably because of defective mitochondria in cancer cells (Otto
Warburg, 1924) (O. Warburg, 1956). This phenomenon is called aerobic glycolysis.
As a consequence, cancer cells display more glucose uptake and high lactate
secretion compared to the normal cells and this phenomenon led to the invention of
FDG-PET (Gallamini et al., 2014). Later, it has been proven that cancer cells do not
switch to aerobic glycolysis because of defective mitochondria; it is rather because
of the perturbed signaling pathways driven by the activation of oncogenes and loss
of tumour suppressor function (Vander Heiden et al., 2009). Although aerobic
glycolysis yields less energy than respiration, the reason cancer cells preferentially
produce lactate via aerobic glycolysis remains to be explained. Taken together,
cancer cells rewire their metabolism at different levels in order to satisfy their

biosynthetic and bioenergetic demands and to maintain their redox balance.

1.1.1 Glycolysis

Cancer cells facilitate high rates of glycolysis by increasing the
expression of glucose transporters (GLUT1 and GLUT3) and hexokinase 2 (HK2)
(Patra et al., 2013). Another important rate-limiting step in glycolysis is the
conversion of fructose 6-phosphate to fructose 1,6-bisphosphate by
phosphofructokinase 1 (PFK1) (Mor et al., 2011) and this reaction involves
hydrolysis of ATP. PFK1 is regulated at different levels to function as a gatekeeper
of glycolysis and to regulate glycolytic flux. ATP levels inhibit PFK1 activity
whereas AMP levels activate it (Hers et al., 1982). Moreover, citrate levels
generated from the tricarboxylic acid cycle (TCA) cycle and long chain fatty acids
inhibit the activity of the PFK1 (Jenkins et al., 2011). An important allosteric
regulator of PFK1 is fructose 2,6-bisphosphate (F2,6BP) (Okar et al., 1999). Levels
of F2,6BP are controlled by the 6-phosphofructo-2-kinase/fructose 2,6-
bisphosphatases (PFK-2/FBPase-2), a family of bifunctional enzymes that have
both kinase and phosphatase function (Ros et al., 2013). As ATP levels repress the
activity of PFK-1, F2,6BP levels can release this inhibition and support the
glycolytic flux in the presence of ATP.



PFK-2/FBPase-2 enzymes are expressed by different genes in
mammals, PFKFBI, PFKFB2, PFKFB3, and PFKFB4. Although there is a
homology between these genes, they represent different regulatory and kinetic
features (Ros et al., 2013). Another glycolytic enzyme TP53-Inducible Glycolysis
and Apoptosis regulator (TIGAR) has been shown to have similar properties as the
phosphatase activity of PFK-2/FBPase-2 enzymes (Bensaad et al., 20006).
Expression of PFKFBs was reported be upregulated in several cancer types.
PFKFB3, which has predominant kinase activity, increases the F2,6BP levels and
glycolytic flux in cancer cells (Yalcin et al., 2009). On the other hand, PFKFB4
displays high expression levels in colon, lung and pancreatic cancer cell lines
(Minchenko et al., 2005). Prostate cancer cells lose their viability when PFKFB4 is
silenced (Ros et al., 2012) and PFKFB4 is an essential gene for the survival of p53
deficient colon cancer cells (Ros, Floter, et al., 2017). Interestingly, silencing of
PFKFB4 increased the glycolytic flux via increasing levels of F2,6BP. In the
presence of high glycolytic flux, cancer cells lose viability, as the need for NADPH
cannot be satisfied. The flux of glucose 6-phosphate to the oxidative branch of the
PPP is decreased and this leads to decreased levels of NADPH and the formation of
reactive oxygen species (ROS). Likewise, TIGAR functions as a similar manner to
PFKFB4 by increasing the flux to the oxidative branch of PPP to promote the
production of riboses and NADPH for DNA repair after DNA damage (Bensaad et
al., 2006)

The last committed step in glycolysis is the conversion of
phosphoenolpyruvate (PEP) to pyruvate by pyruvate kinases (PKM), a reaction that
also generates ATP. In cancer cells, this reaction is attenuated by expression of a
low affinity kinase isoform, PKM2. Although PKM? is widely expressed in tumour,
knockout studies have demonstrated that the enzyme is dispensable for tumour
growth in colon and breast cancer (Israelsen et al., 2013). In this study, however,
exon specific deletion of PKM?2 also resulted in the ablation of the PKM1 isoform,
demonstrating that low PKM activity is favourable for tumour growth. As affinity
of PKM2 is low and can be completely deleted, an alternatively mechanism for the
conversion of PEP to pyruvate can occur via phosphoglycerate mutase 1 (PGAM1),
an enzyme known to catalyze the formation of 2-phosphoglycerate from 3-

phosphoglycerate (Vander Heiden et al., 2010). Since the last step of glycolysis is



reduced in cancer cells, other anabolic reactions can use intermediates of the

glycolytic reactions, including serine biosynthesis and the PPP (Hay, 2016).

Conversion of pyruvate to lactate is highly enhanced in cancer cells by
the activity of lactate dehydrogenase enzymes (LDH), which are encoded by four
different genes (LDHA, LDHB, LDHC, LDHD) and work bidirectional. Given the
high affinity of LDHA towards pyruvate and of LDHB towards lactate, LDHA
favours the forward reaction by converting NADH to NAD", whereas the reverse
reaction is generally catalised by LDHB (McCleland et al., 2012). Tumour cells
express high LDHA levels resulting for the production of lactate (Valvona et al.,
2016). Lactate as well as protons are exported by the lactate transporters (MCTs) in
glycolytic cells to prevent the accumulation of metabolic waste and to prevent a
highly acidic intracellular environment (Marchiq et al., 2016). Different normal
tissues express different isoforms of MCTs (Halestrap et al., 2004); for example,
expression of MCT4 is high in white skeletal muscle fibers whereas MCT1 is
expressed at low levels in most tissues (Ritzhaupt et al., 1998). High levels of
MCT1 are detected in breast, colorectal, gastric, and cervical cancer as well as in
neuroblastoma and glioma (Doherty et al., 2013). As MCTs can also import lactate,
their expression can also be found in stromal cells and MCTs are involved in
metabolic symbiosis between different cancer cell populations and between cancer
and stromal cells (Perez-Escuredo et al., 2016). Therefore, several attempts have

been made to target lactate transporters for cancer therapy.

1.1.2 Fate of pyruvate

Warburg has made the assumption that the production of lactate from
glucose in cancer cells is the consequence of defective mitochondria. However, it
has been demonstrated since that many cancer cells can perform respiration; in fact,
the proportion of cancer cells that rely on glycolysis has been shown to be 60%
(Busk et al., 2008), while the rest rely on mitochondrial metabolism for ATP
production. Thus, pyruvate can enter two different directions that determine the
rewiring of cancer metabolism. As mentioned before, pyruvate can be converted to
lactate in the cytosol or it can be transported to mitochondria via mitochondrial

pyruvate carrier (MPC) (Herzig et al., 2012). Pyruvate can then be converted to



either oxaloacetate (OAA) by pyruvate carboxylase (PC) or acetyl-CoA by the
pyruvate dehydrogenase enzyme complex (PDH) (Olson et al.,, 2016). PDH is
inhibited post-translationally through phosphorylation by pyruvate dehydrogenase
kinases and expression of pyruvate dehydrogenase kinases isoform 1 (PDK1) is
associated with oncogenesis (Hitosugi et al., 2011). Pyruvate dehydrogenase
phosphatase isoform 2 (PDP2) reverses the activity of PDK1, thereby preventing
inhibition of PDH leading to the direction of pyruvate to acetyl-CoA. In addition,
PC dependent anaplerosis frequently occurs in cancer and the regulation of
expression of PC is determined transcriptionally and also metabolically (Christen et

al., 2016).

1.1.3 Regulation of the TCA cycle

In the first step of the TCA cycle, acetyl-CoA gets condensed with
OAA to form citrate (Rauckhorst et al., 2016) via citrate synthase (CS) in an
irreversible manner. Citrate then can be oxidized in the TCA in the mitochondrial
matrix or can be exported to the cytosol to provide the substrate for fatty acid
biosynthesis. In the cytosol, acetyl-CoA is produced from citrate by the activity of
ATP citrate lyase (ACLY). Acetyl-CoA levels are determined mostly by glucose
availability, fatty acid oxidation and mitochondrial respiratory function (Martinez-
Reyes et al., 2018). Acetyl-CoA has also been shown to be an important regulator
of histone acetylation (McDonnell et al., 2016). Acetate can also be converted to
acetyl-CoA under metabolic stress (Schug et al., 2015) and contributes to histone

acetylation when glucose availability is low (Galdieri et al., 2012).

The TCA cycle is a very important metabolic process for the
generation of substrates for anabolic reactions in tumour cells. Among the anabolic
output of the TCA cycle in aspartate, a non-essential amino acid, generated by the
transamination of OAA. Aspartate is required for protein and pyrimidine
biosynthesis. It has been shown that cancer cells require respiration to produce
electron acceptors for aspartate synthesis (Sullivan et al., 2015). Moreover, malic
enzymes have been shown to convert the TCA cycle intermediate malate to
pyruvate, thereby producing NADPH in the mitochondria and cytoplasm (P. Jiang

et al., 2013). This reaction is very important for the production of reducing



equivalents for the biosynthetic demands of cancer cells.

Furthermore, several intermediates of the TCA cycle have been shown
to function as oncometabolites by modulating the activity of important regulatory
processes. Succinate dehydrogenase (SDH) is an enzyme complex that converts
succinate to fumarate with a conversion of FAD to FADH,. SDH has been
identified as a tumour suppressor, as mutations in SDH lead to the accumulation of
the oncometabolite succinate (Frezza et al., 2009). Accumulation of succinate
causes inhibition of histone demethylases (M. Xiao et al., 2012) and stabilisation of
hypoxia inducible factor (HIF) (Selak et al., 2005). Malate is generated from
fumarate by fumarate hydratase (FH) and mutations in FH have been demonstrated
in hereditary leiomyomatosis and renal cell cancer (HLRCC) (Tomlinson et al.,
2002). Like succinate, fumarate also inhibits histone demethylases and leads to the
stabilisation of HIF (M. Xiao et al., 2012). In addition, fumarate leads to a
phenomenon called succination and important transcription factor Kelch-like ECH-
associated protein 1 (KEAP1) is subjected to succination in FH deficient cells and it
represses its inhibitory effect on nuclear factor (erythroid-derived 2)-like 2 (NRF2),
a transcription factor important for the antioxidant response. Through this
mechanism, inhibition of KEAP1 activates expression of NRF2 targets and supports

the survival of cancer cells under metabolic stress conditions (Adam et al., 2011).

The reactions of the TCA cycle produce reducing equivalents in the
form of NADH and FADH,. These reducing equivalents transfer their electrons to
the electron transport chain (ETC). In the ETC, Complex I transfers two electrons
from NADH to ubiquinone, an electron transfer molecule also known as coenzyme
Q10. Complex I therefore functions as a NADH:ubiquinone oxidoreductase.
Mutations or deficiency of complex I often result in electron leakage from the ETC
and the formation of ROS (Gaude et al., 2014). Complex II known as
succinate:uniquinone oxidoreductase (SQR) has four nuclear encoded subunits:
SDHA, SDHB, SDHC and SDHD. In addition, complex II is responsible from
oxidizing succinate to fumarate and it transfers electrons from succinate to
ubiquinone (Kluckova et al., 2013). Transfer of electrons from reduced ubiquinone
to cytochrome C is supported by Complex III, a coenzyme Q:cytochrome c

oxidoreductase. Cytochrome C then transfers the electrons to cytochrome ¢ oxidase,



Complex IV. This complex reduces oxygen to water and to four protons. Electron
transfer is coupled to the pumping of protons across the inner mitochondrial
membrane and generates a proton gradient, which can then be used to generate ATP

by the mitochondrial complex V, the ATP synthase (Weinberg et al., 2015).

1.1.4 Fatty acid synthesis and its regulation

Fatty acids are building blocks of membrane lipids in the human body
under physiological conditions. Fatty acids are carboxylic acids with a hydrocarbon
chain ranging from four to 36 carbon atoms. This hydrocarbon chain can consist of
carbon atoms connected by single bonds, thereby forming fully saturated fatty
acids. However, the hydrocarbon chains can also contain one or more double bonds
and the resulting fatty acids are then grouped into mono- or polyunsaturated fatty
acids. Length and degree of unsaturation determines the physical properties of fatty
acids. Fatty acids contribute to the formation of phospholipids. Therefore, synthesis

and degradation of fatty acids are important processes for the body homeostasis.

Fatty acids can be provided exogenously from the diet or generated by
the liver and distributed to different tissues via the circulation. Serum lipids are
transported to peripheral tissues in the form of lipid/protein complexes, called
lipoproteins, with a hydrophobic lipid core and hydrophilic protein side chains and
lipid head groups at the surface. Fatty acids are stored as triacylglycerols in lipid
droplets under normal physiological conditions. Lipid droplets contain a
phospholipid monolayer that covers a core of triacylglycerols and sterol esters, and

because of the chemical structure they are inert (Farese et al., 2009).

In the adult body, de novo synthesis of fatty acids only takes place in
the liver, the lactating breast and the cycling endometrium (Swinnen et al., 2006).
Malonyl-CoA, three-carbon intermediate, is required for fatty acid biosynthesis and
the conversion of malonyl-CoA from acetyl-CoA is catalyzed by acetyl-CoA
carboxylase (ACC). There are two isoforms of ACC in human body. ACCI1 is
predominantly responsible for the formation of malonyl-CoA for fatty acid

synthesis while ACC2 produces this metabolite mainly for the inhibition of



carnitine palmitoyltransferase (CPT1), thereby inhibiting fatty acid degradation
(Santos et al., 2012). ACCs are regulated allosterically in a positive manner by
glutamate and citrate, while fatty acyl-CoAs inhibit ACC activity. AMP-activated
protein kinase (AMPK) phosphorylates ACCs and this phosphorylation inhibits
their activity (Zaugg et al., 2011)

After formation of malonyl-CoA, successive condensation steps take
place in order to form the long carbon fatty acid chains. Palmitate, a fatty acid with
16 carbon atoms, is the product of fatty acid synthesis and gets released. Fatty acid
synthase (FASN) is a 250-270 kD, homodimeric enzyme and catalyzes fatty acid
biosynthesis and acetyl-CoA and NADPH are required for this reactions (Menendez
et al., 2007). The principal product of fatty acid biosynthesis is palmitate and longer
chain fatty acids can be formed by the fatty acid elongation systems in the
endoplasmic reticulum (ER) and mitochondria. In mammals, palmitate and stearate
are the important precursors for the formation of most common monounsaturated
fatty acids (MUFA), palmitoleate (16:1) and oleate (18:1), having a cis double bond
between Carbon 9 and 10. Generation of MUFAs from saturated fatty acids is
catalyzed by the enzyme stearoyl-CoA desaturase (SCD). This reaction requires
oxygen and NAD(P)-cytochrome b5 reductase and takes place in the smooth ER
(Peck et al,, 2016). Humans express two isoforms of SCD; SCDI that is
ubiquitously expressed and SCDJ5 expressed only in brain and pancreas (Paton et
al., 2009). In mammals, only the double bond at carbon-9 position can be generated
while other double bonds cannot be formed. Thus, mammals are unable to
synthesize linoleate, 18:2 (A”'?), a-linolenate, 18:3 (A%!'?!5) and, as they are
important for the production of other metabolites, they must be taken up from the
diet. Moreover, linoleate can be converted to other polyunsaturated fatty acids such
as arachidonate, which is important for the formation of the eicosanoids, important

signaling molecules (Baenke et al., 2013; Currie et al., 2013).

Fatty acid gets degraded via fatty acid oxidation (B-oxidation) in
humans and B-oxidation is often in balance with fatty acid synthesis. Free long
chain fatty acids get converted into fatty acyls-CoA esters by acyl-CoA synthetases
(ACSLs). ACSLs have different affinities towards different saturated or unsaturated

fatty acids. Once they get converted into fatty acyls-CoA esters, fatty acids become



substrates for either lipid synthesis or f-oxidation (Padanad et al., 2016). Fatty acyl-
CoAs get transported into mitochondria from cytosol by the carnitine acylcarnitine
translocase system. First, long chain acyl-CoAs are converted into acylcarnitines
and free CoA by CPTI. Acylcarnitine gets to the mitochondrial matrix and
converted back to acyl-CoA for B-oxidation by CPT2. Malonyl-CoA, the first
metabolite for the fatty acid biosynthesis, is a strong inhibitor of CPT1 and
determines the balance between fatty acid synthesis and B-oxidation (Qu et al.,
2016). Moreover, B-oxidation contributes to the energy needs of the cell and

increase the amount of NADPH.

1.1.5 Regulation of cholesterol biosynthesis

Another pathway that uses acetyl-CoA as a substrate is cholesterol
synthesis. Two molecules of acetyl-CoA get combined to form acetoacetyl-CoA
that gets condensed with another molecule of acetyl-CoA to form B-hydroxy-f-
methylglutaryl-CoA (HMG-CoA) by the enzyme HMG-CoA synthase 1
(HMGCST). Next, HMG-CoA reductase (HMGCR) catalyzes the conversion of
HMG-CoA to mevalonate, requiring using two molecules of NADPH, and this is
the rate-limiting step of the cholesterol synthesis pathway. HMGCR is located on
the smooth ER and an important regulator of cholesterol biosynthesis. After several
phosphorylation steps requiring ATP, isopentenyl pyrophosphate (IPP) is formed.
This molecule gets condensed with dimethylallyl pyrophosphate to form geranyl
pyrophosphate (GPP), and then another condensation reaction forms the fifteen-
carbon molecule farnesyl pyrophosphate (FPP). This part of the cholesterol
pathway produces important intermediates that are essential for many cellular
functions. The hydrophobic chain in FPP and GGPP is important for the
isoprenylation of proteins. The 15-C farnesyl or 20-C geranylgeranyl isoprenoid is
covalently attached to cysteine residues or the carboxyl terminus of proteins by
farnesyltransferases (FTase) or geranylgeranyltransferase 1 (GGTase 1). Mainly,
small GTPases of the RAS and RHO/RAC families are subjected to this post-
translational modification and isoprenylation affects their stability, attachment to
different cellular membranes, subcellular trafficking and activity (M. Wang et al.,

2016).



Another important molecule produced from intermediates of the
cholesterol biosynthesis pathway is ubiquinone. In mammals, production of
ubiquinone follows several sequential reactions. The quinone part of the molecule is
formed from tyrosine that is converted via several steps to 4-hydroxybenzoate. The
isoprenoid side chain is formed from polyprenyl, which is made from FPP. FPP is
first converted to decaprenyl pyrophosphate, then condensed with 4-
hydroxybenzoate to form ubiquinone (Ernster et al., 1995). After it was discovered,
it has been shown that ubiquinone reversibly oxidizes and reduces electron transport
chain complexes (Crane et al., 1957). Later, ubiquinone has been recognised as an
important electron carrier from complex I and II to complex III (Kerscher et al.,
1999). However, more functions that are related to the electron transfer via
ubiquinone have been demonstrated (Y. Wang et al., 2016). For example, the
enzyme dihydroorotate dehydrogenase, which is localized in the mitochondrial
inner membrane, oxidises dihydroorotate to orotate and requires the transfer of
electrons into the ETC via ubiquinone (Evans et al., 2004). Additionally, farnesyl
chains contribute to the formation of heme A, an important component of the ETC

via serving as a prosthetic group in cytochrome c oxidase (Complex I'V).

In addition to serving as substrates for the synthesis of isoprenoid
chains, FPP can also remain in the cholesterol biosynthesis pathway. Here, two FPP
molecules condense head to head to form squalene with the elimination of
pyrophosphate groups. This is then further converted to squalene 2,3 epoxide,
circularized to form lanosterol, and eventually cholesterol is generated (Shimano et
al., 2017). Cholesterol is an important metabolite for the regulation of membrane
fluidity, the production of steroid hormones and has several fates in human body.
As it cannot be simply digested, it is converted to bile acids in the liver or to
cholesterol esters via acyl-CoA-cholesterol acyl transferase (ACAT) (Yamauchi et
al., 2018). This enzyme triggers the addition of fatty acid from coenzyme A to the
hydroxyl group of cholesterol to make it more hydrophobic. Cholesterol esters and
cholesterol can be stored as lipid droplets or can be transported as lipoprotein
particles in the body (Bensaad et al., 2014). In the case of excess lipids in the body,
triacylglycerols, cholesterol and cholesterol esters are packaged into very-low-
density lipoprotein (VLDL). Removal of triaclyglycerols from the VLDLs produces

low-density lipoproteins (LDL) and these carry mostly cholesterol and cholesterol
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esters. Cells can take up LDL particles by LDL receptors (LDLR) via endocytosis
(Jeon et al., 2012). Endosomes containing LDL particles then fuse with the
lysosome and release cholesterol and fatty acids to the cytosol if it is needed.
Cholesterol synthesis and uptake is quite complex and tightly regulated by different

mechanisms, which will be discussed later (Yamauchi et al., 2018).

1.2 Sterol regulatory binding proteins (SREBPS)

Three members of the family of sterol regulatory element binding
proteins (SREBP) were identified via cDNA cloning by Goldstein and Brown (Hua
et al., 1993). These proteins contain an N—terminal transcription activation domain,
a middle hydrophobic region containing two hydrophobic transmembrane segments
and a C-terminal regulatory domain. Human SREBP1a and SREBP1c are expressed
from a single gene located on chromosome 17p11.2, SREBF'I. Difference between
SREBP1a and SREBPIc is a 113 amino acid stretch, due to the alternative splicing
of the first exons (Yokoyama et al., 1993). Other member of SREBP family,
SREBP?2 is expressed by a different gene on human chromosome 22q13, SREBF2,
and only a single transcript of this gene has been identified in humans and mice so
far (Hua et al., 1995). Although there are differences in the gene length of SREBFI
and SREBF2 (26 kb versus 72 kb), exon-intron boundaries in both genes share high
similaritiecs. SREBPs have been demonstrated as evolutionary conserved

transcription factors throughout different species.

1.2.1 SREBP isoforms and SREBP targets

SREBPs have basic-helix-loop-helix-leucine zipper (bHLH-Zip) N-
terminal domains; this domain provides the ability to activate transcription (R. Sato
et al.,, 1994). As the acidic part of the N-terminal domain in SREBPIc includes
fewer amino acids, this isoform has a weaker transactivation ability compared to
SREBPla and SREBP2 (R. Sato, 2009). The bHLH-Zip domain is important for
DNA binding and dimerization of SREBPs. Most proteins containing bHLH-Zip
domains bind to E-boxes; however, SREBPs bind both E-boxes and Sterol
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Regulatory Elements (SRE)(Rawson, 2003). The LDL receptor has been shown to
have recognition sites consisting of 10 nucleic acids (5’-ATCACCCCAC-3") and
this site was identified as SRE (Briggs et al., 1993). Later, Kim ef al showed that
the ability of SREBPs to bind to both sequences is due to a single amino acid
substitution within the DNA binding domain of a tyrosine residue instead of
arginine found in other bHLH-Zip proteins (J. B. Kim et al., 1995). SREBPs have
several regulatory cofactors that enhance their efficiency in regulating the
expression of target genes. NF-Y/CBF, CREB/ATF, and Spl have been
demonstrated as regulatory cofactors at the promoters in different studies (Han et

al., 2015; Sanchez et al., 1995)

Studies with transgenic mice overexpressing active truncated versions
of SREBPs (nSREBPs) demonstrated the target specificity of different SREBP
isoforms. SREBP2 thereby preferentially regulates genes involved in cholesterol
synthesis (Horton et al., 2003), while SREBPIc mainly activates fatty acid
biosynthesis genes (Shimano, Horton, et al., 1997). SREBPla affects both
cholesterol and fatty acid synthesis (Horton et al., 2003).

Additionally, a ChIP-chip study has confirmed that SREBP1 regulates
the expression of targets in the cholesterol and fatty acid pathway, but also factors
involved in insulin signaling and cell cycle control (Reed et al., 2008). Another
study suggested NLR family protein as an SREBPI target in addition to lipogenesis
in macrophages (Im et al., 2011). Seo et al showed that genes involved in
autophagy and apoptosis are SREBP2 targets, using a ChIP-sequencing approach in
mouse liver (Seo et al.,, 2011). In addition, SREBP1 has been identified as a
transcription factor affecting the expression of S-adenosylmethionine (SAM) in C.
elegans (Walker et al., 2011). Likewise, SREBP1 but not SREBP2 has been shown
to be a regulator of heme oxygenase 1 (HMOX1) and other stress regulator genes in
fibroblasts. Moreover, HMOX1 includes a consensus SREBP binding site (Kallin et
al., 2007). As HMOXI-deficient cells are more sensitive to stress, induction of
HMOX1 by SREBPI could represent a protective role of SREBPs against stress
conditions. Likewise, DnaJA4, a heat shock chaperone, has been identified as
regulated by SREBP2 (Robichon et al., 2006). SREBPs also affect NADPH levels

during lipogenesis in order to protect cells from oxidative stress (Gorrini et al.,
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2013). Taken together, these findings demonstrate that SREBPs regulate genes
involved in cellular stress response, autophagy and apoptosis in addition to their

canonical function in fatty acid and cholesterol metabolism.

In vivo studies in mice demonstrated that srebf'is an essential gene. For
this purpose, several mouse models have been generated. Deletion of the srebf]
gene expressing both SREBP1a and SREBP1c isoforms in the liver by homologous
recombination led to death of most of the embryos at day 11. The small number of
survivors had elevated levels of SREBP2 and increased expression of amgcs! and
hmgcr in the liver, leading to the induction of cholesterol but not fatty acid
synthesis (Shimano, Shimomura, et al., 1997). The underlying reason why the
deletion of SREBP1 is embryonic lethal is still not well known. Moreover, it has
been suggested that the survival of some srebfl -/- embryos was due to
compensation by SREBP2. In another study, Srebplc was selectively deleted in
mice while Srebpla stayed intact; the resulting animals were viable in contrast to
the complete SREBP1 deficient mice with a similar increase in cholesterol levels in
addition to triacylgycerol levels (G. Liang et al., 2002). Lastly, tissue specific
deletion of srebf2 in the liver was shown to be embryonic lethal (Horton et al.,
2002a). These experiments performed in vivo demonstrate the importance of
SREBP1a and SREBP2 during mouse embryogenesis. However, more experiments
are needed to understand the exact compensatory mechanism between SREBP2 and

SREBPI.

SREBPla is highly expressed in intestinal epithelial, heart,
macrophage and bone marrow dendritic cells and activates lipid synthesis in fast
proliferating and growing cells, whereas SREBPI1c is expressed in most tissues at
low level and plays an important role in nutritional regulation of liver metabolism.
In contrast SREBP2 is present in every tissue and governs the sterol metabolism.
Overall, the tissue specific expression of the different SREBP isoforms is more

prominent in vivo than in vitro (Shimano et al., 2017).
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1.2.2 Regulation of SREBP activity

Protein abundance and transcriptional activity of SREBPs is regulated
by different mechanisms, including proteolytic cleavage, post-translational

modifications and regulation of protein stability.

1.2.2.1 Proteolytic cleavage

As mentioned previously, SREBPs are translated as full-length
precursors, which are found on the ER membrane, often bound in the vicinity of the
nuclear envelope. They form a hairpin structure consisting of three main domains:
the NH2 terminal domain (480 aminoacids), the COOH domain (590 aminoacids)
projecting into the cytosol and a short loop (31 aminoacids) into ER lumen or
nuclear envelope. After SREBPs are synthesized, they are bound by the SREBP
cleavage activating protein (SCAP). SCAP consists of two domains, NH2 domain
(730 aminoacids) with 8 membrane-spanning domains and more hydrophilic COOH
terminal domain (546 aminoacids). SREBPs and SCAP interact at the cytoplasmic
side of the ER. The structure of SCAP has been shown to resemble that of
HMGCR, an ER membrane resident enzyme that also has a sterol sensing function.
The NH2 terminal domain of SCAP has been shown to be a sterol sensor and (Sakai
et al., 1997). When sterol levels are low in the cells, SCAP/SREBP leaves the ER in
COP-II coated vesicles that bud from the ER membrane. This is initiated by Sarl,
small GTP binding protein that mediates the COP-II binding with Sec23/24. Sec24
binds to SCAP via the hexapeptide sequence (MELADL) and Sec23 helps the
attachment of other proteins (Shimano et al., 2017). In the presence of sterols,
binding the transmembrane domains of SCAP alter their structure, leading to a
conformational change, which results in the binding of SCAP to the insulin induced
gene (INSIG-1). Binding of INSIG to SCAP causes detachment of the
Sar1/Sec23/Sec24 complex from SCAP and retains the SREBP/SCAP complex at
the ER (L. P. Sun et al., 2005).

INSIG-1 was first identified as a SREBP target that co-
immunoprecipitates with SCAP at the ER. A closely related isoform, INSIG-2, was
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discovered later with a similar SCAP binding feature (Yabe et al., 2002). At low
sterol levels, SCAP and SREBP translocate from ER to Golgi for proteolytic
cleavage; whereas, in the presence of sterols because of the conformational change
SCAP binds to INSIG leading to accumulation of SCAP- SREBP complex in the
ER (L. P. Sun et al., 2005). INSIGs make cholesterol binding to SCAP easier.
Therefore, it can be concluded that cholesterol dissociates from SCAP easily unless
SCAP is bound by INSIGs and the INSIG/SCAP/SREBP complex can be retained
in the ER, when INSIG is bound to SCAP (Goldstein et al., 2006). INSIGs are
regulated via ubiquitinylation and degraded by the proteasome when sterol levels
are low (Gong et al., 2006). In the presence of sterols, SCAP binds to INSIG-1 and
prevents its degradation. Therefore, when cells are deprived of sterols the half-life
of the INSIGs is relatively short (less than 30 min), while the half-life of INSIGs in

the condition of high sterol is longer than 2 hrs.

In the low sterol condition where INSIG are not bound to SCAP, the
SREBP/SCAP complex moves from the ER to the Golgi. In the Golgi, a two-step
proteolytic cleavage takes place via Golgi membrane proteins, site-1 and site-2
proteases (S1P and S2P). At first, SREBP is cleaved at the hydrophilic loop that
projects into the ER lumen by S1P. This cleavage divides the SREBPs into two
parts, leaving the NH2-terminal domain membrane bound and it is defined as
intermediate fragment of SREBP. At this level of regulation, the COOH domain
cannot precipitate with the membrane bound NH2 domain (Sakai et al., 1997). After
the formation of intermediate form of SREBPs, S2P cleavage takes place of the
NH2 terminal domain within the membrane spanning part. At the end of these two
proteolytic cleavages, the N-terminal active transcription domain defined as mature
SREBP (mSREBP) is released and translocates to the nucleus, where it binds to the
promoters of its target genes and drives the expression of these genes (Brown et al.,

1999)

1.2.2.2 Transcriptional regulation

Expression of the different isoforms of SREBP is regulated through
different mechanisms. SREBP1a is expressed at low levels constitutively in the

liver and other tissues in adults. On the other hand, SREBP1c¢ and SREBP2 are
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transcriptionally regulated via several mechanisms.

SREBPlc is regulated transcriptionally by the liver X-activated
receptors (LXRs), and in response to insulin and glucagon. Nuclear LXRs generate
heterodimers with retinoid X receptors and are present as two isoforms: LXRa and
LXRp. Sterol intermediates formed during cholesterol biosynthesis bind to these
receptors and activate them (Janowski et al., 1999). SREBP1c has a LXR binding
site within its promoter region and LXR agonists activate transcription of the
SREBPIc gene. It has been demonstrated that LXR knock out mice have lower
levels of SREBPI1c and its target gene expression compared to wild type mice
(Repa et al., 2000). In addition to LXRs, agonists of the peroxisome proliferator
activated receptors (PPARs), another class of nuclear hormone receptors, also have
been shown to enhance the activity of the SREBPIc promoter (Kliewer et al.,
1997). Indeed, fatty acids and eicosanoids act as PPARs ligands to activate the
expression of SREBP1c (Fernandez-Alvarez et al., 2011).

Promoting lipogenesis as part of the insulin response is mediated by
several transcription factors. Forkhead box class-O transcription factor (FOXO) has
been suggested as an important regulator of this response and the modulation of
lipogenesis. FOXO transcription factors act downstream of AKT and play a role in
the control of key metabolic processes. AKT phosphorylates FOXOs in the nucleus,
and this phosphorylation inhibits the FOXOs transcriptional activity as well as
protein stability and nuclear translocation (Hay, 2011). Constitutively active FOXO
has been shown to decrease the basal expression of SREBP1¢c mRNA in liver, and
liver specific FOXO knock-out mice display elevated SREBPlc mRNA levels.
Moreover, FOXO-1 can bind to the promoter region of the SREBFI gene and
interferes with the components of the transcriptional complex. Therefore, FOXO-1
repressed the expression of SREBPIlc by disrupting the actions with other
transcription factors such as Sp1 (Deng et al., 2012)

Sterols and fatty acids also regulate the transcriptional activity of
SREBPs. Oleate, the MUFA (18:1) can contribute to the SREBP1 and SREBP2
transcriptional activity together with 25-hydroxychholesterol (Thewke et al., 1998).
Likewise, other MUFAs antagonize the LXR and down-regulate SREBPIlc
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expression in rat hepatoma cells (Ou et al., 2001). In addition, PUFAs repress
SREBP1-dependent gene transcription, while SREBP2 activity still remains intact
(H. J. Kim et al., 2002).

1.2.2.3 Post-translational modification of SREBPs

Several post-translational modifications have been reported to affect
either the stability of mSREBP or its transcriptional activity or both. Among these
post-translational modifications, phosphorylation seems to be the major mechanism

regulating the stability of SREBPs.

SREBP turnover has been shown to be regulated by the ubiquitin-
proteasome system (Osborne et al., 2009). Likewise, SREBPs can be stabilised
following treatment with proteasome inhibitors. Indeed, both SREBPla and
SREBP2 share PEST sequences that many other short-lived proteins contain and
these sequences contribute to their rapid degradation (Hirano et al., 2001). In
addition, the transcriptional activity of SREBPs affects its ubiquitination and
degradation, as mutations in the transactivation or DNA binding domain lead to the
stabilisation of the proteins (Shao et al., 2012). Therefore, transcription-dependent
degradation of SREBPs provides a mechanism for the rapid turnover and tight
control of the expression of genes responsible for cholesterol and fatty acid
synthesis (Sundqvist et al., 2003). Later, it was shown that the F-box and WD
repeat domain protein 7 (FBXW?7), the substrate recognition subunit of the

SCFFBXW7 E3_ubiquitin ligase complex, plays an important role in the
degradation of SREBP1la and SREBP2. Phosphorylation of SREBPs by glycogen
synthase kinase 3 (GSK3p) induces a recognition platform that mediates the
binding of FBXW7. GSK3f phosphorylates SREBP1a at threonine 426 (T426) and
serine 430 (S430) (T426/S430) leading to the formation of a CDC4 phosphodegron
(CPD) (Punga et al., 2006). These sites correspond to S432 and S436 in SREBP2.
FBXW?7 then binds to these motifs and causes ubiquitinylation of SREBPs
(SREBP1a and SREBP2). Any signaling event modulating GSK3 activity therefore
affects the phosphorylation of the CPD motif, thereby attenuating the degradation
by FBXW7 and leading to the accumulation of nuclear SREBP1 (Sundqvist et al.,
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2005). In a later study, another phosphorylation site, S434, was identified in the C-
terminal domain of mSREBPla (S410 in SREBPIc) that can also be
phosphorylated by GSK3p. This phosphorylation at S434 primes the phosphoryl-
ation of the CPD at T426/S430 by GSK3p (Bengoechea-Alonso et al., 2009).
SREBPs are also targets for extracellular signal-regulated kinase
(ERK), thereby providing a link between metabolic and growth factor signaling.
SREBPIla is phosphorylated by ERK1/2 at S117 in vitro and mutation of the
phosphorylation site abolishes the transcriptional activity of SREBPla in the
presence of insulin in vivo (Roth et al., 2000). SREBP2 was also shown to be
phosphorylated by mitogen activated protein kinases (MAPK) at S432 and S455 but
this phosphorylation does not affect its transactivation potential (Kotzka et al.,

2004).

In addition, proteolytic cleavage and processing of SREBPIlc and
SREBP2 is repressed by phosphorylation via AMPK. Under high glucose and
insulin conditions, AMPK agonists were shown to inhibit proteolytic cleavage and
nuclear translocation of SREBPI1c in hepatocytes (J. Yang et al., 2009). Moreover,
it was demonstrated that AMPK phosphorylates SREBPIc at S372 and this
phosphorylation prevents its cleavage and represses the transcription of SREBPIc

target genes (Y. Li et al., 2011).

Acetylation is another important post-translational modification that
affects gene expression and metabolism. SREBPs are in contact with many
cofactors; between those, CBP and p300 have histone acetyltransferase (HAT)
activity. Histone acetylation triggers an open chromatin conformation, making
promoters accessible to the transcriptional machinery. P300 also causes stabilisation
of SREBP1a and SREBP2 via acetylation. SREBP1a gets acetylated on a specific
lysine residue (K333) located in its core DNA-binding domain, and acetylation of
this residue prevents SREBP1a from getting degraded (Giandomenico et al., 2003).
Based on these findings, deacetylation was expected to decrease the stability of
SREBPs and increase SREBP turnover. Indeed, a member of the class III NAD" -
dependent family of protein deacetylase (SIRT1) can directly deacetylate SREBP1a

and increases its ubiquitination and proteasomal degradation (Walker et al., 2010).
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Moreover, the small ubiquitin-like modifier (SUMO) can also lead to
the post-translational modification of SREBPs. Sumoylation of SREBPs inhibits
their transcriptional activity by recruiting HDAC3 (Arito et al., 2008). SUMO-1 is a
101 amino acid protein with similar functions to ubiquitin (R. Sato, 2009).
However, unlike ubiquitination, sumoylation does not require prior phosphorylation

but rather competes with phosphorylation in response to growth stimuli.

1.2.3 SREBPs in cancer

As already outlined above, in adult humans, fatty acid biosynthesis
only takes place in the liver, the adipose tissue and lactating breast (Menendez et
al., 2007). Cancer cells display aberrant fatty acid and sterol biosynthesis in order to
satisfy their metabolic demands. Several studies demonstrated that some cancer
types rely on fatty acid and cholesterol biosynthesis and inhibition of these
pathways generate a vulnerability in cancerous tissues by blocking cancer cell

growth (Rohrig et al., 2016)

FASN was identified as a tumour antigen in aggressive breast cancer
(Kuhajda et al., 1994). Later it was shown that FASN is overexpressed in many
cancer types, such as breast, prostate, colorectal cancer (Menendez et al., 2007).
Small molecule inhibitors, such as cerulenin, C75 and orlistat, have been
demonstrated to induce apoptosis and reduce tumour growth in xenograft models,
but the mechanism is not well understood. Likewise, initial strategies have been
developed to inhibit FASN in preclinical cancer models, such as a breast cancer
mouse model induced by HER2/neu expression, where inhibition of FASN caused
chemoprevention (Alli et al., 2005). However, side effects leading to severe weight
loss have been observed in response to FASN inhibition, suggesting that better
strategies are needed (S. F. Jones et al., 2015). Moreover, ACLY and ACC are also
overexpressed in many cancers, including hepatocellular carcinoma, and
upregulation of ACLY has been correlated with decreased survival in glioblastoma
(Beckner et al., 2010). In addition, these enzymes, which have roles in fatty acid
biosynthesis, have been targeted experimentally. Silencing of 4CLY blocked the
cell growth both in vitro and in vivo (R. Lin et al., 2013). Likewise, the ACYL

inhibitor SB-204990 has been shown to repress tumour growth of prostate and lung
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xenografts (Shah et al., 2016),

Elevated levels of SREBFI expression were also found in many cancer
types, including breast, ovarian and prostate cancer (Swinnen et al., 2006). In
prostate cancer, elevated levels of SREBF2 were correlated with expression of high
levels of androgen receptor (AR), and this has been shown to induce proliferation,
migration and invasion (Huang et al., 2012). Moreover, a subtype of glioblastoma
which carries an activating mutation in epithelial growth factor receptor (EGFR)
has high levels of SREBFI expression, and treatment with fatty acid synthesis
inhibitors blocked xenograft tumour formation in this model (Guo et al., 2009). As
a consequence of increased de novo fatty acid synthesis, there is accumulation of
phospholipids containing saturated and monounsaturated fatty acids in cancer cells
(Baenke et al., 2013). Also, SCD1 is overexpressed in many cancer types such as
colon, hepatocellular carcinoma (Yahagi et al., 2005). Several cancer types have
been reported to rely on the expression of SCD for proliferation and survival, and
inhibition of SCD results in regression of xenograft tumours, suggesting an anti-
tumourigenic effect (Roongta et al., 2011). The decrease in the tumour growth was
explained with induction of ER stress causing apoptosis (Ariyama et al., 2010). In
addition, Griffiths et al demonstrated that inhibition of SREBP1 alone promoted the
ER stress in glioblastoma and caused decrease in size of xenograft tumours
(Griffiths et al., 2013; Williams et al., 2013), demonstrating the importance of a
balance between the regulation of fatty acid biosynthesis and the control of

desaturation of lipids in cancer (Peck et al., 2016)

As highly proliferative cancer cells need rapid membrane production,
the mevalonate pathway and cholesterol biosynthesis are also elevated in tumour
tissues (Mullen et al., 2016). Also, lipid rafts, which are necessary as signaling
platforms, contain high local concentrations of cholesterol. Cholesterol synthesis
was also shown to protect cancer cells from immune surveillance (H. Y. Li et al.,
2003). In addition, cholesterol is the substrate for steroid hormone synthesis and
elevation of this pathway could promote the initiation and progression of breast and
prostate cancers (Ko et al., 2004). Statins inhibit HMGCR, the rate-limiting enzyme
in the mevalonate pathway, have been used extensively in the treatment of

hypercholesterolaemia patients and have been tested as an anti-cancer therapy in

20



breast and prostate cancer (Nielsen et al., 2013), (Kuoppala et al., 2008). In
addition, combination therapies are currently developed to improve the efficacy of
statin treatment in cancer patients. Indeed, a combination of lovastatin with
thalidomide or dexamethasone has been shown to increase the overall survival in

refractory multiple myeloma (Hus et al., 2011).

IPPs, which are the product of mevalonate pathway, have an important
role in activating effector T cells that can kill cancer cells (reviewed in (Mullen et
al., 2016)). Therefore, zoledronate has been developed, which leads to the
accumulation of IPP by inhibiting the activity of FDFT. Zoledronate combined with
interleukin-2 (IL-2) treatment led to the expansion of tumour infiltrating T cells and
this effect resulted in an improved clinical outcome in breast cancer (Meraviglia et
al., 2010) and prostate cancer (Dieli et al., 2007). As other mevalonate pathway
metabolites, GGPP and FPP, have roles in the prenylation of oncoproteins such as
RAS, inhibition of these enzymes has also been used as an anti-cancer strategy
(Casey et al., 1996) Moreover, ubiquinone has been shown to have an anti-oxidant
function in several diseases (Y. Wang et al., 2016) and its role in cancer treatment

has not been well characterized.

1.3 The PI3K/AKT pathway

Phosphatidylinositol 3-kinases (PI3Ks) combine signals from growth
factors, cytokines and other environmental cues and are important class of signaling
proteins. Class I PI3Ks were discovered as oncoprotein-associated kinases that
phosphorylate the 3°-OH group of the inositol lipids, PtdIns, PtdIns(4)P and
PtdIns(4,5)P2, to form PtdIns(3,4,5)P3 in response to growth factors (Sugimoto et
al., 1984; Whitman et al., 1985) They are classified as 3 main groups (class I, class
IT and class III) and several subgroups. Class IA PI3Ks consist of heterodimers that
include a p110 catalytic subunit (encoded by the PIK3CA, PIK3CB and PIK3CD
genes) and a p85 regulatory subunit (Vanhaesebroeck et al., 2012). p85a has two
SH2 domains that can bind to phosphorylated tyrosine residues on oncoproteins or
growth factor receptors and an inter-SH2 domain that attaches to the p110 catalytic

subunit (Vanhaesebroeck et al., 2012). In the resting state of the cells, the p85/p110
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complex is already present to get activated by external cues. Autophosphorylation
of receptor tyrosine kinases (RTK) promotes the recruitment of PI3Ks and the SH2-
phosphotyrosine interaction removes the inhibition of p110 by p85 so that the
catalytic subunit pl110 can phosphorylate PtdIns(4,5) to PtdIns(3,4,5)P; thereby
generating a lipid second messenger (Thorpe et al., 2015).

Several factors stimulate the PI3K activity and increase levels of PIPs.
One of the main downstream effectors of PI3K activity is the AKT kinase. AKT, the
cellular homologue of the retroviral oncogene v-AKT, has three isoforms (AKT]I,
AKT2, AKT3) (Manning et al., 2007). AKT1 and AKT3 are important for
embryonic and brain development, respectively. In addition, AKT1 and AKT2 have
been identified as playing major roles in glucose homeostasis (Lu et al., 2012;
Vivanco et al., 2002). After activation of PtdIns(3,4,5)P; by growth factors or other
external signals, AKT is recruited to the PtdIns(3,4,5)P3 via its PH-domain and
activates an intracellular signaling cascade. AKT localizes at the plasma membrane
where it is in close proximity to another kinase, the PH-domain containing protein
kinase 1 (PDK1), leading to the phosphorylation of AKT at T308. However, full
activation of AKT requires a second phosphorylation at S473 that is located in a
hydrophobic region close to the carboxyl terminus (Scheid et al., 2001). Later it has
been shown that mammalian target of rapamycin complex 2 (mTORC2) is
responsible for this phosphorylation (Sarbassov et al., 2005). S473 phosphorylation

also causes the translocation of AKT to the nucleus (Manning et al., 2007).

Activation of AKT promotes several downstream signaling events that
regulate proliferation, protein synthesis and metabolism. AKT phosphorylates
glycogen synthase 3 (GSK3) isoforms at an N-terminal serine residue (GSK3a-
Ser21, GSK3p-Ser9) and this phosphorylation leads to the inactivation of GSK3
(Cross et al., 1995). Interestingly, phosphorylation of some proteins by GSK3
generates a phosphodegron motif , which is recognized by E3 ubiquitin ligases and
promotes proteasomal degradation. This mechanism of regulation has been
described for the c-MYC transcription factor and, as previously mentioned, for
SREBPs. In addition, GSK3 inhibits the transcription factors NRF2 and (Robertson
et al., 2018). In metabolic regulation, GSK3 phosphorylates glycogen synthase; the

enzyme responsible for the last step in glycogen synthesis and this phosphorylation
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inactivates glycogen synthase (Cohen et al., 2001). In addition to GSK3, other
major downstream effectors of PI3K/AKT signaling are the FOXO transcription
factors that play important roles in the adaptation to low insulin and IGF signaling
(Webb et al., 2014). FOXO proteins are exported out of the nucleus when they get
phosphorylated by AKT and this inhibits their transcriptional activity. As a
consequence, the expression of FOXO targets is repressed, including factors that
promote apoptosis (BIM, PUMA), cell cycle arrest (p21, p27) and metabolic
changes (PEPCK-phosphoenolpyruvate carboxy kinase, G6PC-glucose 6-
phosphatase) (van der Vos et al., 2011).

Aberrant activation of the PI3K/AKT pathway has been demonstrated
in many cancer types. One of the main causes of this aberrant activation is the loss
of the phosphatase and tensin homolog deleted on chromosome 10 (PTEN). PTEN
acts as a phosphatase and dephoshorylates PIP3, thereby counteracting the function
of PI3K. Deletion of the PTEN locus or mutations leading to the loss of PTEN
function have been identified in a wide variety of cancers (Fruman et al., 2017). In
addition, mutations in the p110 and p85 subunits can lead to constitutively active
AKT in several cancer types, including ovarian and cervical cancers (Thorpe et al.,
2015). Moreover, AKT can also be hyperactivated by mutations of its PH-domain
(Manning et al., 2017). Therefore, as there are many upstream and downstream
mediators in the PI3K/AKT pathway, it is very important to understand the
mechanism of its regulation in specific contexts and conditions in order to develop

strategies for the targeting of this pathway for cancer therapy.

1.3.1 Role of PI3K/AKT pathway in metabolism

The PI3K/AKT pathway is a main mediator of insulin signaling. AKT
has a major role in the metabolic adaptations in response to elevated blood glucose
levels. Indeed, AKT2 knockout mice displayed insulin resistance and glucose
intolerance and this phenotype was diminished by the deletion of FOXO (Cho et al.,
2001). Active PI3K/AKT signaling leads to the translocation of GLUT4 to the
plasma membrane (Fruman et al., 2017). Moreover, it promotes the expression of
glycolytic enzymes by regulating HIFla and supports the ‘Warburg effect’ as
opposed to the effect of p53 (Robey et al., 2009). AKT also phosphorylates PPARG
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coactivator 1 alpha (PGC-1a.), a co-activator of FOXO, at S570 and thereby inhibits
fatty acid oxidation and gluconeogenesis (Manning et al., 2007). Lastly, AKT has
been shown to promote the activity of ACLY by direct phosphorylation (Berwick et
al., 2002). Therefore, the PI3K/AKT signaling cascade plays many important roles
in regulating glucose homeostasis and acts as a bridge between glucose signaling
and lipid biosynthesis, depending on the cellular metabolic constraints and the

presence of extracellular stimuli.

1.4 The mTOR complex

Initially, mTOR was identified as a serine/threonine protein kinase and
a member of the PI3K-related kinase family (Saxton et al., 2017). The mTOR
protein can be part of two different protein complexes; mTOR Complex 1
(mTORC1) and Complex 2 (mTORC2). The components of mMTORC1 are mTOR,
Raptor (Regulatory protein associated with mTOR) and mLST8 (mammalian lethal
with Secl13 protein 8). Raptor regulates the subcellular localization of mMTORCI. In
contrast, mMTORC2 contains mTOR, rapamycin-insensitive companion of mTOR
(RICTOR) and the mammalian stress-activated MAPK-interacting protein 1
(mSIN1, also known as MAPKAPI) as subunits different than mTORC]1 subunits
(Dibble et al., 2015).

Activation of mTORCI plays an important role in mediating the
downstream effects of PI3K/AKT signaling in many cancer types (Saxton et al.,
2017). Moreover, loss of tumour suppressors, such as p53 and LKB1, also leads to
the aberrant activation of mTORCI1 via affecting the activity of the tuberous
sclerosis complex proteins, TSC1 and TSC2 (Feng et al., 2007). In addition,
activation of AKT signaling can result in hyperactivation of mTORC?2, which also
has pro-proliferative functions such as increasing glucose uptake (Manning et al.,

2007).
Importantly, mTORC1 gets activated via nutrient and growth factor
signaling. As a result of aminoacid availability, mTORCI moves to the lysosome

and PI3K signaling activates AKT. AKT represses the activity of TSC1-TSC2
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complex, which functions as a GTP-ase promoting protein (GAP) for the small
GTPase Ras homolog mTORCI1 binding (RHEB). Activated RHEB moves to the
lysosome and binds to mTORCI1 in order to activate it (Saxton et al., 2017).
Cellular growth and proliferation are affected by mTORC1 and mTORC?2, as they
phosphorylate different metabolic enzymes and downstream effectors. mTORCI
affects cell growth by phosphorylating the ribosomal protein S6 kinase (S6K) at
T389. S6K then activates many substrates including elF4B, a positive regulator of
the 5’cap binding elF4F complex (Holz et al., 2005) to support mRNA translation
initiation. The elF4E binding protein (4EBP) is also phosphorylated by mTORCI to
promote translation. 4EBP then dissociates from elF4E and 5’cap dependent
translation can take place (Mossmann et al., 2018). Therefore, mTORC1 promotes
general mRNA translation by affecting several downstream effectors (Hsieh et al.,

2012).

1.4.1 Regulation of metabolism by mTOR

As mentioned before, glucose is a major nutrient source in most cancer
types, and cancer cells display increased glucose uptake and metabolism to support
their growth and proliferation. Moreover, cancer cells use glucose carbons for
anabolic reactions to produce amino acids, lipids and nucleotides. Indeed, mTOR
signaling has an important role in reprogramming anabolic reactions that cancer
cells need for their growth and proliferation (Mossmann et al., 2018). Firstly,
mTORCI regulates glucose metabolism by upregulating the expression of GLUTI
via inducing the translation of HIF1a and ¢c-MYC (Buller et al., 2008). Hexokinase
2 translation is also increased in PTEN-deficient prostate cancer cells via AKT-
mTORCI axis and supports the glycolysis phenotype of this cancer type (L. Wang
et al., 2014). Cancer cells also need nucleotides for the synthesis of DNA and RNA
and nucleotides can be either synthesized de novo or formed via the salvage
pathway. Ribose-5-phosphoribosyl-1-pyrophosphate (PRPP) is the key metabolite
for the generation of pyrimidine and purine bases. PRPP is generated through the
non-oxidative branch of the PPP from ribose-5-phosphate that is promoted by
mTOR signaling, and mTORCI1 activates the conversion of ribulose 5-phosphate to
ribose 5-phosphate (Patra et al., 2014). In hepatocellular carcinoma, it has been

demonstrated that mTORCI1 induces flux through the PPP by increasing both
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glycolysis and expression of G6PD thereby promoting the formation of ribose 5-
phosphate (Evert et al., 2012). The trifunctional enzyme that initiates pyrimidine
synthesis, carbamoyl phosphate synthetase 2, aspartate transcarbamylase and
dihydroorotase (CAD), was shown to be a c¢-MYC transcriptional target
(Miltenberger et al., 1995) and is also regulated by mTORCI. S6K has been
suggested to phosphorylate CAD thereby inducing pyrimidine biosynthesis (Ben-
Sahra et al., 2013). Moreover, the TCA cycle metabolite, aspartate, was reported as
a regulator of mTORCI activity and pyrimidine biosynthesis (Rabinovich et al.,
2015).

Fatty acids can be taken up or synthesized de novo by cancer cells and
mTOR signaling has an important role in regulating fatty acid metabolism. AKT
signaling promotes SREBP1 activation by inducing mTORCI1 (Porstmann et al.,
2008). Moreover, both mTORC1 and mTORC?2 have been reported to regulate the
proteolytic cleavage of SREBP1 (Yecies et al., 2011) (Hagiwara et al., 2012; J. L.
Owen et al., 2012). Nuclear entry of LPIN1, a negative regulator of SREBPI, is
inhibited by mTORCI in several cancer cell lines (Peterson et al., 2011). Moreover,
the stability of the SREBP1 target genes, FASN, ACLY and SCDI, is increased
through phosphorylation by mTORCI1-S6K signaling (Duvel et al., 2010).
mTORC2 promotes ACLY activation via phosphorylation and supports cell growth
in breast cancer (Chen et al., 2016). In addition to fatty acid synthesis, mTOR
signaling also regulates several enzymes in cholesterol biosynthesis. The mTORCI
phosphorylation target 4EBP1 has been shown to regulate SREBP2 activation by
affecting its 5’cap-dependent translation (B. T. Wang et al., 2011).

In addition to the regulation by growth factors and amino acids, mTOR
signaling also gets modulated in response to changes in cellular energy levels. In
response to glucose deprivation, AMPK is activated and represses mTORCI1
indirectly via phosphorylation of TSC2 or directly via phosphorylation of RAPTOR
(Shaw et al., 2004). Unexpectedly, mTORCI is repressed in cells without AMPK in
response to glucose deprivation via interfering with the activity of Rag GTPases
(Efeyan et al., 2013). Furthermore, mTORCI is inhibited in response to hypoxia via
AMPK activation but also via the action of the regulated in DNA damage and
development 1 (REDDI1) protein that activates the inhibitory action of TSC
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(Brugarolas et al., 2004). Indeed, DNA damage induces p53 target genes (PTEN,
TSC2) and this suppresses the mTORCI activity by promoting TSC activity (Feng
et al., 2007).
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Figure 1.1: Regulation of cancer metabolism by different signalling pathways

Glucose and glutamine are the major nutrients for cancer cells. Tumour cells carry
mutations that activate PI3K/AKT/mTOR signalling pathways, thereby promoting a
robust anabolic program involving increased glycolytic flux and fatty acid synthesis
through activation of hypoxia-inducible factor—1 (HIF1) and sterol regulatory element
binding protein (SREBP), respectively. Moreover, oncogenes like Kras, which is
frequently mutated in lung, colon, and pancreatic cancers, linked with the
physiological functions of to promote tumourigenicity (DeBerardinis et al., 2016).

1.5 Tumour suppressor pS3 (7P53)

TP53 was identified initially as a proto-oncogene in 1979. However,
later it was demonstrated that deletion or mutations in the 7P53 locus lead to the
formation of tumours (Finlay et al., 1989), (Eliyahu et al., 1989). TP53 encodes for
an important transcription factor, which is responsible for the expression of genes
involved in cell cycle regulation, apoptosis and DNA repair (Park et al., 2016).
Moreover, DNA damage, oncogene activation, nutrient and oxygen deprivation,

induction of ribosomal and ER stress induce the levels of p53 protein (Soussi,
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2007), (Vousden et al., 2007; Vousden et al., 2009), (Horn et al., 2007). The levels
of p53 protein are controlled by mouse/human double minute 2 homolog
(MDM2/HDM2) and MDM4 (or MDMX) (Marine et al., 2006), and MDM2
represses the expression of p53 response genes by governing the ubiquitinylation

and degradation of the p53 protein (Kruse et al., 2009; Wade et al., 2010).

1.5.1 Post-translational regulation of P53

Tumour suppressor 7P53, like other transcription factors, is subjected
to many post-translational modifications. As mentioned before, p53 gets
ubiquitinylated by MDM2 and degraded by the proteasome. The tumour suppressor
ARF disrupts the MDM2-p53 interaction thereby stabilizing p53 (Lowe et al.,
2003). MDMX was shown to be a negative regulator of MDM2, as MDM2 and
MDMX form a complex with p53 on the promoters of specific p53 targets (Shadfan
et al., 2012)

Different groups of kinases, such as ATM/ATR or CHK1/CHK2 can
phosphorylate and modify the activity of p53. Upon DNA damage, these kinases
phosphorylate p53 at S15 and S20 located at the N-terminus of the protein and
interfere with the binding of MDM2, thereby stabilizing the p53 protein.

Acetylation of several lysine residues of p53 blocks the sites from
ubiquitinylation and prevents p53 from getting degraded (Brooks et al., 2011).
CBP/p300 acetylates the six C-terminal lysines of p53 (Gu et al., 1997).
Ubiquitinylation is inhibited if p53 gets acetylated and there is a strong competition
between acetylation and ubiquitinylation to maintain the stability of p53.
Conversely, p53 can get deacetylated by histone deacetylase complexes (HDAC),
such as HDACI and Sir20/Sirtl (Luo et al., 2001). Deacetylation of p53 attenuates
the expression of p53 target genes, apoptosis, and growth arrest in response to DNA

damage and oxidative stress (M. Li et al., 2002).
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1.5.2 Canonical functions of p53

P53 is also known as the ‘guardian of the genome’ (D. Lane et al.,
2010). During the acute stress response to DNA damage, p53 provides signals to
facilitate transient cell cycle arrest and DNA repair and supports cell survival.
However, in severe stress conditions, p53 triggers the induction of apoptosis or
senescence by increasing the expression of several genes. Pro-apoptotic members of
the BCL-2 family, BAX, PUMA and NOXA, have been shown to be p53 targets
and they initiate cell death (Villunger et al., 2003). Moreover, senescence induction
is mediated by p21 and p53 thus provides a barrier against cell transformation

(Vousden et al., 2009).

As p53 is an important tumour suppressor, it is not surprising that at
least 50% of all the human tumours carry genetic alterations leading to the
inactivation of p53 (Freed-PastorPrives, 2012). Missense mutations are the most
frequent of these alterations and are found in solid tumours, often associated with
metastasis and invasive activity (Gasco et al., 2002). Most p53 mutations affect the
DNA binding domain, resulting in reduced DNA association (Vegran et al., 2013).
Mutant p53 cannot activate the expression of MDM2 and is therefore stabilized in

many cancers (Muller et al., 2013).

1.5.3 Role of p53 in glucose metabolism

The influence of p53 on cancer metabolism is very complex and
involves multiple nodes of regulation. To this end, many enzymes involved in
glycolysis, oxidative phosphorylation, fatty acid and cholesterol synthesis are
regulated via p53 through transcriptional and non-transcriptional mechanisms. The
adaptation of cancer cells to nutrient and oxygen deprivation is another feature of
p53 that controls the fitness of cancer cells in the metabolically compromised

environments (Floter et al., 2017).

In addition to its role as a ‘guardian of genome’, pS3 governs glucose
metabolism in cancer cells and thereby opposes the “Warburg Effect’ (Kruiswijk et

al., 2015). It generally promotes oxidative glucose metabolism while inhibiting
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glycolysis. p53 inhibits the expression of the glucose transporters GLUTI and
GLUT4 via transcriptional regulation (Schwartzenberg-Bar-Yoseph, 2004).
Moreover, it also inhibits expression of GLUT3 by repressing the activity of 1xB
kinases a and 3 (IKKo/ 3) and blocking the activation of nuclear factor kappa B1
(NF-%B) (Kawauchi et al., 2008). Likewise, pS3 can bind to the promoter of HK2 to
repress its expression and also inhibits HK2 activity (Mathupala et al., 1997).
Regulation of glucose transporters and HK2 points out the importance of G6P,
metabolite that can enter glycolysis, but also the PPP and glycogen synthesis
pathway. As mentioned above, G6P is converted to F6P, the substrate of PFKI.
PFKI1 is the rate-limiting enzyme in the glycolysis and it is regulated by p53 via
different mechanisms (Floter et al., 2017). In response to DNA damage, p53
induces the expression of TIGAR and this inhibits PFK1 by decreasing F2,6BP
levels. This mechanism prevents metabolites from glycolysis and promotes the flux
to PPP for the production of ribose for nucleotide synthesis in response to DNA
damage (Bensaad et al., 2006; J. Li et al., 2006). On the other hand, the expression
of the related enzyme PFKFB4 is repressed by p53. Ros et al demonstrated that p53
binds to the promoter of the PFKFB4 gene and mediates transcriptional repression
by promoting histone deacetylation (Ros, Floter, et al., 2017). Moreover, depletion
of PFKFB4 in p53 deficient colon cancer cells elevated F2,6BP levels and resulted
in increased flux through glycolysis. At the same time, NADPH levels were
decreased following PFKFB4 depletion, and this led to the formation of ROS, loss
of cell viability and reduced tumour growth (Ros, Floter, et al., 2017).

In addition to allosteric regulation of glycolysis, metabolite entry into
the PPP is also governed by the direct interaction of p53 with glucose-6-phosphate
dehydrogenase (G6PD), the rate-limiting enzyme of the PPP. Wild type p53
inhibits the activity of this enzyme while mutant p53 lacks this ability, thereby
promoting the flux of metabolites into the PPP (P. Jiang et al., 2011). Thus, p53 can
have opposing effects in balancing the flux between glycolysis and PPP, and it
exerts its influence depending on the level of stress and the metabolic demands of

the cells.

To control the fate of pyruvate, p53 transcriptionally inhibits pyruvate
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dehydrogenase kinase 2 (PDK2), which phosphorylates and represses PDH activity
(Contractor et al., 2012). Thus, pyruvate can be converted into acetyl-CoA to enter
the TCA cycle and, by this mechanism, p53 promotes oxidative glucose
metabolism. In addition, p53 inhibits the expression of MCT]1, thereby decreasing
the conversion of pyruvate to lactate (Boidot et al., 2012).

Mitochondrial metabolism plays an important role in regulating the
energy production of cancer cells. It has been demonstrated that p53 controls
mitochondrial copy number and mitochondrial mass (Lebedeva et al., 2009). In
addition, it supports oxidative phosphorylation via positive regulation of pS3R2
(RRM2B), a subunit of ribonucleotide reductase (Bourdon et al., 2007). The
expression of cytochrome c¢ oxidase assembly 2 protein (SCO2), which promotes
the formation of complex IV of the ETC {Matoba, 2006 #405; Kulawiec et al.,
2009), and apoptosis-inducing factor (AIF), a mitochondrial flavoprotein required
for complex I function (Stambolsky et al., 2006), are also transcriptionally
promoted by p53, resulting in increased ATP generation by oxidative

phosphorylation.

1.5.4 Regulation of lipid metabolism by p53

In addition to its role in controlling glucose metabolism, p53 also
affects lipid metabolism via several mechanisms, resulting in the overall repression
of fatty acid synthesis and increased fatty acid degradation (Feng et al., 2010). It
affects AMPK, which phosphorylates ACC1 and ACC2, thereby repressing fatty
acid biosynthesis (Feng et al., 2007). Deletion of p53 was also shown to elevate
lipogenesis in adipocytes in a genetic model of obesity (ob/ob mice) by inducing the
expression of SREBP1c (Yahagi et al., 2003). Interestingly, WT p53 inhibits lipid
synthesis under glucose starvation by affecting the expression of LPINI, a target of
mTORCI1 (Assaily et al., 2011). Freed-Pastor et al. demonstrated that mutant p53
binds to SREBP2 and induces the expression of SREBP2 target genes to promote
the formation of GGPP for the prenylation of Rho-GTPases. Thereby, mutant p53
drives the loss of normal breast tissue architecture and promotes cell motility and

invasion (Freed-Pastor, Mizuno, et al., 2012). Moreover, it has been shown that WT
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p53 suppresses the mevalonate pathway by inhibiting the activation of SREBP2 via
increasing the ATP binding cassette subfamily A member 1 (ABCA1), a cholesterol
transporter gene. The same study also showed that inhibition of the mevalonate
pathway limits the progression of p53 deficient hepatocellular carcinomas (Moon et

al., 2018).

While p53 limits lipid synthesis, it also promotes fatty acid P-oxidation
under nutrient deprivation by inducing AMPK (Buzzai et al., 2007). Also, p53
promotes the expression of genes that are responsible from mitochondrial oxidative
metabolism by binding to PGC-1a, (C. Liu et al., 2011) and this interaction also
induces fatty acid oxidation. P53 also induces CPT1C transcriptionally, both in vivo
and in vitro (Sanchez-Macedo et al., 2013). Lastly, expression of pantothenate
kinase-1 (PANKT1), which governs the cellular amount of coenzyme A, was also

shown to be increased by p53 (Zaugg et al., 2011).

As loss or mutation of p53 can cause resistance towards DNA
damaging drugs in cancer, maintaining p53 function can be a useful strategy in
cancer treatment (Khoo et al., 2014). Restoring the normal structure of the DNA-
binding domain of mutant p53 by chemical compounds such as PRIMA-1 has been
shown to repress the growth of p53 mutant tumours (Zache et al., 2008). Inhibition
of MDM2 by chemical inhibitors (Nutlin) has also been tried as a strategy to
stabilise and activate wild type p53, thus restoring its tumour suppressive function

(Vassilev et al., 2004).

Under nutrient starvation, p53 deficient cells are unable to repress
those biosynthetic processes that demand ATP. This causes further decrease of
essential nutrients and the formation of ROS, which can lead to cell death.
Therefore, it is crucial to assess the metabolic processes that function in a
synthetically lethal manner with loss and mutation of p53. Moreover, targeting
NADPH production could lead to the inhibition in macromolecule synthesis and
decrease antioxidant production. Thus, targeting G6PD with a chemical inhibitor

(RRx-001) is a strategy that has already been tested in clinical trials (Reid et al.,
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2015). Lastly, targeting lipid metabolism could be a strategy in p53 deficient
cancers, and a FASN inhibitor (TVP-2647) is currently tested in solid tumours
(Rohrig et al., 2016). Importantly, statins could also be an effective strategy in p53

deficient or mutant tumours (Thurnher et al., 2012).
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Figure 1.2: Regulation of lipid metabolism by p53

Fatty acids are taken up by the cells through receptor and non-receptor mediated
transport. Unless prior shortening of very long chain fatty acids in peroxysomes is
required, medium and short chain fatty acids are coupled to coenzyme A (CoA) in the
cytoplasm and then transferred to carnitin by CPT1 for transport across the
mitochondrial membrane. In the mitochondria, the acyl-chain is transferred back to
CoA and then undergoes repeated shortening by the beta oxidation process. P53
promotes fatty acid metabolism by increasing the expression of CPT1C. p53 also
activates AMPK, which phosphorylates and inhibits ACC, leading to reduced
production of malonyl-CoA, thereby releasing the inhibition of CPT1. High levels of
mitochondrial acetyl-CoA also block PDH and reduce the use of glucose-derived
pyruvate in the TCA cycle. The TCA cycle also provides citrate, which is transported
out of the mitochondria and is converted to acetyl-CoA and oxaloacetate (OAA) by
ACLY. Another source of acetyl-CoA is the direct conversion of acetate to acetyl-
CoA by ACSS2. Acetyl-CoA is the substrate for the synthesis of fatty acids and
cholesterol. For fatty acid synthesis, acetyl-CoA is first converted to malonyl-CoA by
ACC, and the two metabolites are then sequentially condensed by the multifunctional
enzyme FASN to form the fatty acid palmitate. This is then further elongated and
desaturated to contribute to the cellular fatty acid pool. For cholesterol biosynthesis,
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acetyl-CoA is first converted to acetoacetyl-CoA, which enters the mevalonate
pathway. In addition to cholesterol, this pathway produces multiple metabolic
intermediates including farnesyl-pyrophsophate and geranyl-geranyl-phosphate,
which are required for protein prenylation and the synthesis of heme, ubiquinone and
dolichol. As fatty acid and cholesterol biosynthesis require large amounts of NADPH,
reduction of NADPH levels by p53 reduces the overall activity of these biosynthetic
reactions. fatty acid elongase (ELOVL), lanosterol synthase (LSS); pantothenate
kinase-1 (PANK1) (Floter et al., 2017)

1.6 Hypoxia

Molecular oxygen (O;) is important for many biological reactions,
especially for oxidative mitochondrial metabolism that produces ATP with high
efficiency. Because of uncontrolled proliferation, cancer cells often reside in an
environment where fluctuating levels of nutrients, such as glucose and glutamine,
and oxygen are present depending on the distance from blood vessels. Cancer cells
that are further from the blood vessels often lack sufficient oxygen supply. The
ambient oxygen percentage is 21% (150 mm Hg) and in normal tissues this
percentage drops down to 2-9% (average 40 mm Hg). Conditions with less than 2%
O are defined as hypoxic, whereas less than 0.02% O> can be considered as severe
hypoxia or anoxia (Bertout et al., 2008). Cells in the tumour microenvironment
mostly face hypoxia and activate O sensing pathways to cope with the hypoxia-
related stress (Semenza, 2012). Moreover, it has been suggested that hypoxia
generates a resistance in cancer cells as response to cytotoxic drugs and

radiotherapy (Gorrini et al., 2013)

The hypoxia inducible transcription factor (HIF) controls the cellular
adaptations to hypoxia and can promote the formation of new blood vessels. It is
composed of a heterodimer, consisting of either HIFla or HIF2a subunit (also
known as endothelial PAS domain protein 1 (EPAS1)) and the HIF 1 subunit (also
known as aryl hydrocarbon receptor nuclear translocator 1, ARNT) (Denko, 2008).
The von Hippel-Lindau (VHL) tumour suppressor protein is a component of a E3
ubiquitin ligase complex that also includes elongin B (TCEB2), elongin C
(TCEB1), CUL2 and the ring box protein 1 (RBX1). VHL binds to the alpha

subunit of HIF, leading to its ubiquitinylation and proteasomal degradation when
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oxygen is present (normoxia). Two proline residues on the HIF alpha subunits are
hydroxylated by the HIF prolyl hydroxylase (PHD) family of enzymes, and the
VHL protein then recognizes these hydroxylated residues (Choudhry et al., 2018).
In hypoxia, the prolyl hydroxylation reaction is inhibited and the HIF alpha subunits
are stabilized and can move to the nucleus, where they bind to the constitutively
expressed ARNT1. As mentioned for SREBPs, p300 and CBP serve as cofactors for
the transcriptional activation by HIF. The HIF/ARNT complex binds to hypoxia
response elements (HREs) and supports the expression of genes responsible from
metabolic adaptation, survival, migration and angiogenesis (Eales et al., 2016). As
there are two HIF alpha subunits with different expression profiles, different tumour
types exhibit different hypoxia responses (Bertout et al., 2008). Indeed, HIF1a is
ubiquitously expressed, while HIF2a expression differs between cell types and is

more restricted (Eales et al., 2016)

Hypoxia and HIF activation can affect the expression, stability and
function of several oncogenes and tumour suppressor proteins that have roles in
cellular metabolism (Choudhry et al., 2018). It has been shown that p53 is activated
by severe hypoxia due to DNA damage (Sermeus et al., 2011). Previously, it was
shown that hypoxia-induced cell death is decreased in tumours that have lost the
p53 tumour suppressor (Leszczynska et al., 2015). However, lack of oxygen can
also generates a selective pressure for the cancer cells that requires adaptation to the
metabolic stress in the tumour environment (Graeber et al., 1996). Interestingly, An
et al suggested that physical interaction between p53 and HIFla promotes p53
stabilisation (An et al., 1998). Moreover, it was also shown that HIF2a can interact
with MYC:MAX heterodimers and promote c-MYC-induced transcriptional
changes (Gordan et al., 2007). Thus, interactions between oxygen level adaptations
and transcription factors that are regulating cell growth are key elements

determining cell fate in the tumour microenvironment.
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Figure 1.3: Oxygen dependent regulation of HIFs in cancer cells

Under normoxia, prolyl hydroxylases (PHDs) and factor inhibiting HIF (FIH)
hydroxylate specific residues of HIF subunits. VHL recognizes the hydroxylated
residues leading to its proteasomal degradation. Under hypoxia, activity of PHD
and FIH is inhibited leading to the HIF translocation into nucleus where it binds to
HREs in a complex with its coactivators, CBP and p300 and drives the expression
of its target genes (Wilson et al., 2014).

1.6.1 Hypoxia and metabolism

As rapidly dividing cells rely on glycolysis even under normoxic
conditions to generate NADPH, nucleotides, aminoacids, lipids and glycogen as
well as ATP, aberrant stabilisation of HIFs in cancer can contribute to metabolic
reprogramming and oncogene signaling to support the cell proliferation. HIFla
increases the expression of glucose transporters and enzymes responsible for
glycolysis (Iyer et al., 1998; Semenza et al., 1996). HIF1 was reported to direct
metabolites away from mitochondria by transactivating the gene PDKI, which is
the kinase that phosphorylates and inhibits PDH and shunts pyruvate away from
mitochondrial metabolism. This results in decreased ATP production and prevents
ROS formation (J. W. Kim et al., 2006). In breast cancer, HIFla dependent PDK]
expression was shown to be a requirement for cancer cells to metastasize to the
liver (Dupuy et al., 2015). However, there are other reports stating that
mitochondrial ROS generated by the superoxide anions in hypoxic conditions

contribute to the stabilisation of HIF1a (Guzy et al., 2005). In addition, LDHA and
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MCT4 expression is directly regulated by HIFla and this causes glucose-derived

metabolites to be directed away from oxidative metabolism (Doherty et al., 2013).

In addition to p53, HIF was also demonstrated to be a transcriptional
regulator of TIGAR, which functions as a fructose 2,6-bisphosphatase, and
promotes its expression. In addition to repressing PFK1 activity through allosteric
regulation, TIGAR also promotes the activity of HK2 and increased PPP flux
(Cheung et al., 2012). HIF1a also regulates mitochondrial metabolism directly by
inducing the change of the cytochrome c oxidase subunit COX4-1 to COX4-2,
which helps transferring electrons to oxygen more efficiently under hypoxia,

thereby decreasing ROS levels (Fukuda et al., 2007).

As hypoxia decreases the levels of glucose-derived acetyl-CoA
entering into the TCA cycle, cancer cells develop a metabolic rewiring under these
conditions to maintain the activity of the TCA cycle. Indeed, hypoxic cancer cells
convert mitochondrial 2-oxoglutarate (also known as o-KG), that has been
generated from glutamine, into citrate to form acetyl-CoA for the production of
fatty acids and cholesterol, a phenomenon called ‘reductive carboxylation® (Metallo
et al., 2011; Wise et al., 2011). Thus, hypoxic cells display high levels of glutamine
uptake to compensate for the inhibition of glucose entry to the TCA cycle because
of HIF stabilisation and inhibition of PDH. Hypoxia pushes cells towards metabolic
reprogramming, where they switch from oxidative metabolism to reductive
carboxylation by promoting the expression of the EI1 subunit of 2-OG
dehydrogenase (OGDH), mediated by HIFla (R. C. Sun et al., 2014).

Interestingly, several studies showed that HIF stabilisation and
activation is also regulated by metabolites of TCA cycle. For instance, mutations in
FH or SDH that are frequent in hereditary leiomyomatosis and renal cell carcinoma
(HLRCC) and hereditary paraganglioma— pheochomocytoma syndrome,
respectively, lead to the accumulation of succinate and fumarate, two TCA cycle
intermediates with oncometabolite function. In these tumours, accumulation of
oncometabolites causes high HIF1[] levels and the expression of HIF target genes

(Selak et al., 2005) (Isaacs et al., 2005) by inhibiting the catalytic activity of PHD

37



proteins (Koivunen et al., 2007). In addition, PHD hydroxylase levels get elevated
in conditions where intracellular ascorbate is increased and this leads to HIF
destabilisation and a less aggressive phenotype in colorectal cancers (Kuiper et al.,

2014).

In hypoxic cells, extracellular acetate was shown to directly fuel the
acetyl-CoA pool by the action of acetyl-CoA synthetase 2 (ACSS2) when the cells
are under hypoxia to support lipid metabolism (Comerford et al., 2014; Mashimo et
al., 2014) (Schug et al., 2015). Taken together, cancer cells reprogram their
metabolism by several ways to replenish their acetyl-CoA pools under hypoxic

conditions (Schug et al., 2016)

In cancer cells, the demand for lipids can be satisfied via de novo fatty
acid and cholesterol synthesis, mostly from glucose derived carbon or by taking up
the lipids especially under hypoxia. For this purpose, hydrolysing the lipids from
circulating lipoprotein particles by lipoprotein lipase (LPL) and promoting fatty
acid uptake by the activity of the CD36 transporter is very important for some
cancer types to satisfy their demands for fatty acids and cholesterol under hypoxia

(Kuemmerle et al., 2011).

When lipids are not available within the tumour microenvironment,
cancer cells with highly activated mTOR signaling undergo apoptosis under
hypoxic, nutrient-limited conditions. This is mediated by reduced activity of the
SCD enzyme leading to the deregulation of desaturation (Young et al., 2013).
Inhibition of this enzyme under hypoxia leads to the generation of ER stress and
induction of a toxic unfolded protein response (UPR). Therefore, the ratio between
saturated and unsaturated lipids is a determining factor for membrane homeostasis
of the ER under hypoxia (Young et al., 2013). In addition, mild hypoxia causes to
increase expression of SCDI and scd? in glioblastoma and in mice respectively
(Lewis et al., 2015; J. Li et al., 2006). Interestingly, cells under hypoxia develop a
mechanism to take up lysophosholipids containing mono-unsaturated fatty acids in
order to bypass the need for fatty acid desaturation (Kamphorst et al., 2013). Lastly,
it was reported that HIF1a promotes the expression of genes responsible for fatty

acid uptake (FABP3, FABP7) and this causes an increase in lipid droplets under
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hypoxic conditions in breast cancer and glioblastoma (Bensaad et al., 2014).
Moreover, several reports have shown that FASN expression is increased through
activation of AKT and SREBPI in hypoxic regions of breast cancer xenografts

(Furuta et al., 2008).

Interestingly, activation of HIF2[] represses fatty acid biosynthesis
and B-oxidation in liver cells, whereas repression of HIF2[ increases fatty acid
storage (Rankin et al., 2009). On the other hand, cancer cells in hypoxic conditions
sustain certain level of B-oxidation by increasing the expression of CPTIC to
survive under metabolic stress (Zaugg et al., 2011). In addition, in yeast it has been
shown that cholesterol biosynthesis is repressed under hypoxic conditions and low
levels of cholesterol activates the proteolytic processing of SREI, the yeast
homolog of mammalian SREBP, which acts as an oxygen sensor in yeast (Hughes
et al., 2005). Taken together, cancer cells are flexible to reprogram their metabolism
under metabolic stress by changing the expression of many genes encoding for key
metabolic enzymes due to the regulatory functions of tumour suppressors and

oncogences.
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1.7 Aims of the thesis

The progression of a tumour implies the acquisition of additional
mutations, such that cancer cells survive and proliferate, despite adverse conditions.
The inefficient vascularisation of solid tumors leads to the formation of oxygen and
nutrient gradients throughout the tumour and this generates a tumour
microenvironment. Tumour suppressor p53 has been demonstrated to play an
important role in metabolic reprogramming. Therefore, the first aim of this thesis
was to identify specific vulnerabilities that can be observed under metabolic stress
with the effect of tumour suppressor p53. This was achieved by characterising
multicellular tumor spheroids, which recreate the nutrient and oxygen gradients

found in tumours, using RNA-SEQ and a metabolomics approach.

The second aim was to decipher metabolic liabilities depending on the
p53 status in these metabolically compromised environments. This aim was
accomplished by performing a pooled shRNA screen with a library consisting of

several shRNAs targeting 5000 genes that are involved in signaling pathways.
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2 MATERIALS

2.1 Cell lines and bacteria strains

2.1.1 Human cell lines

Cell lines were validated using STR analysis and routinely tested for mycoplasma

contamination

HEK293T human embryonic kidney cell line (ATCC)

HCT116 human colon carcinoma cell line, wildtype (p53-++) or pS3-deficient (p53--)
(B.Vogelstein)

HCT116 human colon carcinoma cell line wildtype (p21++) or p21-deficient (p21--)
(M.Dobbelstein)

2.1.2 Mouse cell lines
Mouse small intestines were isolated from wild-type, VillinCre®RApc" or

VillinCre*™RApc"1Kras®1?P™* mice (O.Sansom)

2.1.3 Bacteria strains

DH5a Escherichia coli, genotype F— ®80lacZAM15 A (lacZY AargF)
U169 recAl endA1 hsdR17 (rK—,mK+) phoA supE44
A— thi-1 gyrA96 relAl;

used for plasmid amplification

XL1 blue Escherichia coli, genotype recAl endA1 gyrA96 thi-
1hsdR17 supE44 relAl lac [F proAB laclqgZAM15 Tnl0 (Tetr)];

used for plasmid amplification

2.2 Culture media and supplements
2.2.1 Cell culture media
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Reconstituted media (#2) were sterile filtered with 0.45 pm, 250 ml vacuum filter

immediately after preparation; all materials are from Sigma unless it is stated.

Table-2.1: Cell culture medium component

Name Use Supplements
DMEM (6546) Cell lines | 10% FBS
propagation/infection 4 mM Glutamine
1% Penicillin/Streptomycin
DMEM  (5030) | Metabolic labeling 3.7 g/l Sodium Bicarbonate
dissolved in | Starvation experiment | 10% dialyzed FBS
ddH>0O 4 mM Glutamine

1% Penicillin/Streptomycin

Freezing medium

Cell line storage

20% FBS

8% DMSO
Agilent Seahorse | Oxygen Consumption | 100 mM Na pyruvate
XF Base Medium | Rate 200 mM Glutamine

2.5 M Glucose
Advanced Mouse organoids EGF-recombinant human
DMEM/F-12 Recombinant  murine  Noggin
(Thermo Fisher) (PeproTech)

B-27 supplement minus vitamin A,

N2, GlutaMAX (Thermo Fi

sher)

2.3 Bacterial Medium and Supplements

2.3.1 Culture media

Name

Components and preparation
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LB medium 10% (w/v) Bacto tryptone (Roth)
0.5% (w/v) yeast extract (Roth)
1% (w/v) NaCl (Roth)
autoclaved immediately after preparation

LB agar LB-medium with 1.2% (w/v) agar-agar (Roth)
autoclaved, heated in a microwave oven, cooled down
to 50°C; antibiotics were added the medium poured into
10 cm dishes

2.3.2 Antibiotics

All powder formulations were obtained from Roth. Stock solutions were prepared in
ddH20 and sterile filtered before use.

Ampicillin 100 pg/ml final concentration
Kanamycin 30 pg/ml final concentration
Chloramphenicol 25 pg/ml final concentration

2.4 Chemical & Reagents

All reagents were obtained from Sigma, unless otherwise indicated

Table-2.2: Chemicals and reagents

Stock Final
Name concentration concentration
5-Bromouridine5'-triphosphate sodium salt | 20 mM 20 uM
D-Glucose (U-13C6, 99%) (Cambridge | 1M in H20 stored | 22.5 mM
Isotope Laboratories,Inc) at
Lamivudine I mM in MeOH/ | 0.1 uM
H>O
Etoposide 20 mM 20 uM
Rapamycin (LCLabs) 100 uM, in 20 nM
DMSO:;
CHIR99021 1 mM in DMSO 10 uM
SB216763 7.5 mM in 30 uM
DMSO
Doxycycline hyclate I mg/ml in EtOH; | 1 pg/ml
Puromycin (Invitrogen) 10 mg/ml 1 pg/ml
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Hexadimethrine Bromide 8 mg/ml 8 ng/ml
Mevastatin (Biomol) 10 mM in EtOH 10 uM
(R)-Mevalonic acid lithium salt IM 0.5 mM
Hoechst 33258 5 mg/ml 1 pg/ml
Simvastain 10 mM in DMSO | 10 uM
Zoledronic acid monohydrate IM 25 uM
YM-53601 (Biomol) IM 4 uM
Coenzyme Q9 1 mM 1 uM
Oligomycin (Merck) 6.3 mM 2 uM
FCCP 100 mM 0.5 uM
Antimycin A from Streptomyces sp. 100 mM 1 uM
Rotenone 100 mM 1 uM
Coenzyme Q10 1 mM 10 uM
NAC (N-Acetyl-L-cysteine) IM 5 mM
EmbryoMax Nucleosides (100x) (Merck) 100X 5X
Fluorouracil 1 mM 10 uM
Matrigel Matrix (BD BIOSCIENCE) IM 1 uM

2.5 Solutions and buffers

All solutions and buffers were prepared using ddH20, unless otherwise indicated.

All solutions were stored at RT, unless otherwise specified.

All chemicals were purchased from Sigma and Roth.

Ammonium persulfate (10%)

5 g ammonium persulfate (APS) dissolved in 50

ml ddH20; aliquots stored at -20°C

Ampicillin stock solution

10 g ampicillin solubilized in 100 ml ddH20 and

sterile filtered; aliquots stored at -20°C

Crystal violet solution

0.1% (w/v) crystal violet

20% (v/v) ethanol

Deoxynucleotide triphosphate
(ANTP ) (10 mM)

50 ul each ANTP (100 mM) mixed with 300 pl
ddH20 to 500 pl final volume




DNA loading buffer (6x)

Kanamycin stock solution

Miniprep lysis buffer

Miniprep neutralization
buffer

Miniprep
resuspension buffer

Nuclear extraction
Buffer C

Nuclear extraction
Buffer D

PBS 1x

Phenol-chloroform

10 mM EDTA, pH 8.0
0.2% (w/v) Orange G
40% (w/v) sucrose;
stored at -20°C

1 g kanamycin solubilized in 100 ml ddH20
and sterile filtered; aliquots stored at -20°C

0.2 M NaOH
1% SDS
3 M NaOAc pH 4.8

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

10 mM HEPES/KOH pH 7.6

10 mM KCL

1.5 mM MgCI2

1 mM EDTA

1 mM EGTA

0.5 mM DTT

Protease Inhibitor Cocktail and PhosStop
Inhibitor

20 mM HEPES/KOH pH 7.6

0.5 M NaCl

1.5 mM MgCl2

1 mM EDTA,

1 mM EGTA,

25 % (v/v) glycerol

Protease Inhibitor Cocktail and PhosStop
Inhibitor

137 mM NaCl
2.7 mM KClI
10.1 mM NaZHPO4

1.76 mM KHZPO4 autoclaved

25 ml phenol

24 ml chloroform

1 ml isoamyl alcohol

prepare at least one day before using, stored at
4°C
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Polybrene stock 200 mg dissolved in 50 ml H20

solution (4mg/ml) sterile filtered with 0.2 uM syringe filter
Polyethylenimin 450 pl PEI (10%, MW 25,000 g/mol, Sigma)
(PEI) 150 ul HCI (2 N), 49.5 ml ddH20
RIPA lysis buffer 50 mM HEPES, pH 7.9

140 mM NaCl

I mM EDTA

1% Triton X-100
0.1% Na-deoxycholate
0.1% SDS;

stored at 4°C;

Sample buffer (6 x) 1.2 g SDS pellet
6 mg bromphenol blue
4.7 ml 100% glycerol
1.2 ml 0.5 M Tris, pH 6.8
2.1 ml ddH20
heated up, then dissolved 0.93 g DTT;
aliquoted and frozen at -20°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
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Transfer buffer 10x

Transfer buffer 1x

TAE (50 x)

TBS (20 x)

TBS-T

TE

250 mM Tris base

1.5 M glycine

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

2 M Tris, pH 8.0
5.7% acetic acid
50 mM EDTA

500 mM Tris base
2.8 M NaCl;
adjusted to pH 7.4 with concentrated HCI

1 x TBS
0.2% Tween-20

10 mM Tris, pH 7.4
1 mM EDTA, pH 8.0

2.6 Standards, enzymes and Kits

2.6.1 Standards

DNA marker

Protein marker

Protein marker

2.6.2 Enzymes

M-MLYV Reverse Transcriptase

Gene Ruler 1 kb Plus DNA ladder (Thermo
Scientific)

PageRuler Prestained Protein Ladder (Thermo
Scientific)

HiMark Prestained High molecular weight
Standard (Life Technologies)

Promega
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Phusion HF DNA polymerase
RNase-free DNase

SYBR Green qPCR Master Mix
T4 DNA ligase

2.6.3 Kits
Experion DNA 1K analysis kit

Experion RNA StdSense
Analysis Kit

GenelET Gel Extraction Kit
RNeasy Mini Kit

NEBNext Poly (A) mRNA
Magnetic Isolation Module

NEBNext Multiplex Oligos
for Illumina
(Index Primer 1-12)

PureLink HiPure Plasmid
Maxiprep Kit

QIAquick Gel Extraction Kit

2.7 Nucleic acids

2.7.1 Primers

Most of the oligos were synthetized by and obtained from Sigma. Several QPCR

oligos were bought from Qiagen.

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 uM and used at 10 uM final

concentration, unless otherwise specified. Stock and diluted primers were stored at

-20°C.

Thermo Scientific

Qiagen
Thermo Scientific

NEB

Bio-Rad

Bio-Rad

Thermo Scientific

Qiagen

NEB

NEB

Invitrogen

Qiagen
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Table-2.3: Primers for shRNA cloning

Target

Forward sequence (5’-3’) | Reverse sequence (5’-3%)

SREBF2 #384

CCGGCCTGAGTTTCTC | AATTAAAAACCTGAG
TCTCCTGAACTCGAGT | TTTCTCTCTCCTGAAC
TCAGGAGAGAGAAAC | TCGAGTTCAGGAGAG
TCAGGTTTTT AGAAACTCAGG

SREBF2 #385

CCGGCCTCAGATCATC | AATTAAAAACCTCAG
AAGACAGATCTCGAG | ATCATCAAGACAGAT
ATCTGTCTTGATGATC | CTCGAGATCTGTCTTG
TGAGGTTTTT ATGATCTGAGG

Exon-exon spanning primers were designed with Primer 3, according to default

parameters. Specificity of alignment was verified by nucleotide Blast alignment.

Specific product amplification after gPCR was evaluated from the melting curve.

Table-2.4: Custom Primers for gPCR

Target Forward sequence (5°-3’) Reverse sequence (5’-3%)

Human GCCTCGCCTTTGCCGAT CGCGGCGATATCATCATCC
beta actin

Human TCACTGTCTTGTACCCTTGTGC | GGCGTTTGGAGTGGTAGAAA
CDKNAI

Table-2.5: Ready Primers for gPCR

Target Source Identifier

Human HMGCS! | Quantitect QT00055531
Human MVD Quantitect QT00044779
Human HMGCR Quantitect QT00004081
Human DHCR7 Quantitect QT00074606
Human FDFTI Quantitect QT00092365
Human SREBF2 Quantitect QT00052052
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Table-2.6: Primers for shRNA screen

Oligo indexes

(5-3)

decipherPCR 3 r TGC

aatgatacggcgaccaccgagatctacacT GCctattctttccectgeactgtacc*c

decipherPCR 3 r GCT

aatgatacggcgaccaccgagatctacacGCTctattctttccectgeactgtacc*c

decipherPCR 3 r ACG

aatgatacggcgaccaccgagatctacacACGetattctttcccetgeactgtace™c

decipherPCR 3 r GTA

aatgatacggcgaccaccgagatctacacGT Actattctttcccetgeactgtacc*c

decipherPCR 3 r CAT

aatgatacggcgaccaccgagatctacacCATctattctttccectgeactgtacc™c

decipherPCR 3 r TAG

aatgatacggcgaccaccgagatctacacT AGetattctttcccetgeactgtacc*c

decipherPCR 3 r ATC

aatgatacggcgaccaccgagatctacac AT Cetattctttccectgeactgtacc*c

decipherPCR 3 r TCA

aatgatacggcgaccaccgagatctacacTCActattctttccectgeactgtacc*c

decipherPCR 3 r GAC

aatgatacggcgaccaccgagatctacacGACctattctttcccetgeactgtace™c

decipherPCR 3 r CTG

aatgatacggcgaccaccgagatctacacCTGcetattctttccectgeactgtacc*c

decipherPCR 3 r AGT

aatgatacggcgaccaccgagatctacacAGTctattctttcccetgeactgtacc*c

decipherPCR 3 r ATG

aatgatacggcgaccaccgagatctacacATGetattctttccectgeactgtacc*c

decipherPCR 3 r CGT

aatgatacggcgaccaccgagatctacacCGTctattctttcceetgeactgtace™c

decipherPCR 3 r GCA

aatgatacggcgaccaccgagatctacacGC Actattctttcccctgeactgtace™c

decipherPCR 3 r TGA

aatgatacggcgaccaccgagatctacacTGActattctttccectgeactgtacc*c

decipherPCR 3 r CAG

aatgatacggcgaccaccgagatctacacCAGctattetttccectgeactgtace™c

decipherPCR 3 r TAC

aatgatacggcgaccaccgagatctacacT ACctattctttcceetgeactgtacce™c

decipherPCR 3 r ACT

aatgatacggcgaccaccgagatctacacACTctattctttcceetgeactgtace™c

decipher_seq readl 1

TCAGAGGTTCAGAGTTCTACAGTCCGAA

decipher_seq index1 2

ATACGGCGACCACCGAGATCTACAC

2.7.2 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.

Table-2.7: Plasmids
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psPAX.2 Addgene | Cat# 12260

D. Trono
pMD2.G Addgene | Cat# 12259

D. Trono
Tet-pLKO-puro Addgene | Cat#21915

D.Wiederschain
pRSI9-U6-(sh)-UbiC-TagRFP-2A-Puro Addgene | Cat#28289
(DECIPHER shRNA Expression Vector) A.Chenchik
pGIPZ deltaEco GFP empty vector N/A from M.Eilers Lab
pGIPZ deltaEco GFP empty vector N/A from M.Eilers Lab

2.8 Antibodies

Table-2.8:Primary Antibodies

Target Company Order number | Use
Mouse monoclonal anti-p53 Santa Cruz Catftsc-126 WB
(DO-1) RRID: (1:1000)
AB 628082
Mouse FITC anti-BrdU, IgG1, | Biozol/BioLegend | Clone: 3D4 FACS
kappa Cat# BLD-
364104

Rabbit monoclonal anti-Ki67 | Thermo Fisher RM-9106-S IHC
(SP6) (1:250)
Rabbit polyclonal anti- Abcam Cat#Ab155787 | WB
HMGCSI1 (1:1000)
Mouse monoclonal anti- Novus Cat#NBP1- WB
SREBP-2 (1D2) 54446 (1:500)
Goat polyclonal-SREBP-2 R&D Systems Cat#AF7119 WB

(1:500)
Rabbit monoclonal anti-S6 Cell Signaling Cat#2217 WB
ribosomal protein (5G10) (1:1000)
Mouse monoclonal anti- Milipore Cat#05-412 WB
GSK3a (4G-1E) (1:1000)
Rabbit polyclonal anti- Cell Signaling Cat#9331 WB
phospho-GSK3a/b (Ser21/9) (1:1000)
Rabbit polyclonal anti- Cell Signaling Cat#2215 WB
phospho-S6 Ribosomal protein (1:1000)
(Ser240/244)
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Rabbit polyclonal anti-Histone | Abcam Cat#ab1791 WB

H3 (1:1000)

Rabbit polyclonal anti-p21 (C- | Santa Cruz Cat#sc-397 WB

19) (1:1000)

Mouse monoclonal anti-beta- | Sigma-Aldrich Cat#A5441 WB

Actin (AC-15) (1:10000)

Mouse monoclonal anti-beta- | Sigma-Aldrich Cat#A3854 WB

Actin-Peroxidase (AC-15) (1:10000)

Mouse monoclonal anti- Sigma-Aldrich Cat#V9131 WB

Vinculin (hVIN-1) (1:10000)

Table-2.9: Secondary Antibodies

IRDye® 800CW Donkey anti- | LI-COR Cat# 926- WB

Rabbit IgG (H+ L) Biosciences 32213 (1:5000)
GmbH

IRDye® 800CW Donkey anti- | LI-COR Cat#926-32212 | WB

Mouse IgG (H + L), Lot: Biosciences (1:5000)

C61116-02 GmbH

Biotinylated Anti-Rabbit IgG | Vector Cat#¥BA-1000 | IHC

(H+L) Laboratories (1:1000)

2.9 Consumables

Consumables were purchased from the companies Eppendorf, Greiner, Nunc, Sarstedt

and VWR and included disposable plastic items such as cell culture dishes, reaction

tubes, cryotubes, syringes, cuvettes, pipettes.

2.10 Equipment and membranes

Automated Electrophoresis

Cell culture incubator

Centrifuges

Experion Automated Electrophoresis System

(Bio-Rad)

BBD 6220 (Heraeus)
Avanti J-26 XP (Backman Coulter)

Eppendorf 5417 R (Eppendorf)

Eppendorf 5425 (Eppendorf)
Eppendort 5430 (Eppendorf)
Galaxy MiniStar (VWR)
Multifuge 1S-R (Heraeus)
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Deep-sequencer

Flow cytometer

Heating block

Immunoblot transfer chamber

Mass spectrometry

Microscopes

PCR thermal cycler
Photometer

PVDF transfer membrane
Quantitative RT-PCR
SDS-PAGE system
Strata® C18-E column
Strata® SI-1 column
Ultrasonifier

Whatman filter paper

llumina GAIIx sequencer (Illumina)
NextSeq 500 (Illumina)

BD FACS Canto II (BD Biosciences)
BD FACS Aria III (BD Biosciences)

Dry Bath System (Starlab)
Thermomixerea comfort (Eppendorf

Bio-Rad

Q- Exactive mass spectrometer

Axiovert 40CFL (Zeiss)
TCS SP5 (Leica)

C1000 Thermal cycler (Bio-Rad)

Multiscan Ascent (Thermo Labsystems)
Immobilon-P transfer membrane (Millipore)
StepOne plus (Applied Biosystem)

Minigel (Bio-Rad)

Phenomenex

Phenomenex

Digital Sonifier W-250 D (Branson)
Gel Blotting Paper (Schleicher and Schuell)

2.11 Software and online programs

ApE plasmid editor
BD FACSDiva v6.1.2
Bowtie v1.1.2
EndNote X7

FlowlJo v8.8.6

by M. Wayne Davis
BD Biosciences
Langmead et al, 2009
Clarivate Analytics

FlowJo, LLC
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FreeStyle 1.4 Thermos Fisher
[lustrator, Photoshop, Acrobat Adobe Inc.
Image J by Wayne Rasband

Image Studio Lite Version 5.2.5 Licor

MSigDB v3.1 Subramanian et al, 2005
Prism7 GraphPad Software Inc.
R version v3.1.0 R core team

R samtools v1.16.0

EdgeR v3.6.2

Stepone software v2.3 Applied Biosystem
TraceFinder 4.1 Thermo Fisher

54



3 METHODS

3.1 Molecular biology methods

3.1.1 Transformation of competent cells with plasmid DNA and plasmid
amplification

Chemically competent bacteria were thawed on ice and 90 pl were mixed with the
plasmid DNA. The bacteria were incubated on ice for 30 min, followed by a heat
shock for 30 sec at 42 °C. The reactions were shortly placed on ice for 2 min. 250 pl
of pre-warmed LB medium were added and the mix was incubated for 1 hr at 37°C on
a shaker. The mix was plated on pre-warmed LB-agar plate containing the appropriate

antibiotic for selection. LB agar plates were incubated at 37°C over night.

3.1.2 Analytical preparation of plasmid-DNA from bacteria (Miniprep)

A bacteria overnight culture was transferred to a 1.5 ml tube and the rest was stored at
4°C. The bacteria were spun down for 5 min at RT and the culturing medium was
completely removed. The bacteria pellet was re-suspended in 150 pl miniprep
resuspension buffer, followed by the addition of 150 pl miniprep lysis buffer. The mix
was inverted 5 times and incubated for 5 min at RT. Afterwards, 150 pl miniprep
neutralization buffer were added to stop the reaction of lysis. The samples were spun
down for 5 min at 4°C and the supernatant was transferred into a new 1.5 ml tube.
800 pl isopropanol were added and each sample was briefly vortexed and spun down
for 30 min at 4°C. The supernatant was carefully removed, the pellets were washed
with 500 pl 70 % EtOH and spun down for 10 min at 4°C. The supernatant was
removed; the pellets were air-dried and re-suspended in 20-40 pl of TE buffer. The

samples were stored at -20°C.

3.1.3 Preparative isolation of plasmid DNA (Maxiprep)

Two hundred ml overnight 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.
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3.1.4 Restriction analysis of DNA

Restriction endonucleases from Fermentas and New England Biolabs were used
following the manufacturer’s protocol, i.e. the recommended restriction buffers and
enzyme amounts.

Analytical digestion was set up as follows:

0.5-1 ug DNA

0.5 pl restriction endonuclease (or 0.2 pl each, if two different enzymes were used)

2 ul 10x reaction buffer

up to 20 ul ddH20

Preparative digestion was set up as follows:

5 ug DNA

2.5 pl restriction endonuclease (or 1 pl each, if two different enzymes were used)
5 ul 10x reaction buffer

up to 50 ul ddH20

3.1.5 Gel electrophoretic separation of DNA fragments

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. The
samples were mixed with DNA loading buffer and loaded into each well of the gel. A
DNA ladder was loaded. The separation was performed at 120 V for 1 hr and the

DNA fragments were visualized on a UV transilluminator.

3.1.6 Extraction and purification of DNA fragments and PCR products
The DNA fragment was cut out of the agarose gel and extracted with the gel
extraction kit according to the manufacturer’s protocol (GeneJET Gel Extraction Kit,

Thermo Scientific).

3.1.7 Nucleic acid quantification

3.1.7.1 Nanodrop

DNA and RNA concentration was determined with the NanoDrop 1000, unless
specifically indicated. The absorbance was measured at 260 nm. To assess the purity

of the nuclei acid solution, the ratio of absorbance at 260 and 280 nm was determined.
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A ratio of 1.8 for DNA and 2 for RNA indicate a pure preparation, i.e. without protein
contaminants.

3.1.7.2 Bioanalyzer

RNA, which was used for library preparation for RNA-Sequencing, as well as the
prepared DNA-libraries, were quantified with the Experion Automated
Electrophoresis System (Bio-Rad) and Fragment Analyzer (Advanced Analytical),

following the manufacturer’s protocol.

3.1.8 Nucleic acid isolation

3.1.8.1 RNA isolation with TriFAST

Total RNA was isolated with peqGOLD TriFast (Peqlab), unless otherwise specified.
Cells plated on a tissue culture dish or approximately 12 spheroids in a 1.5 ml tube
were washed two times with PBS, lysed directly with 1 ml Trifast and monolayer
cells were transferred into a 1.5 ml reaction tube. The mix was incubated for 5 min at
RT. 200 pl chloroform was added and the suspension was vortexed for 30 s. The
reactions were centrifuged for 15 min at 14,000 rpm, at 4 C°. The upper aqueous
phase containing the RNA (c.ca 500 pl) was transferred into a new reaction tube. To
precipitate the RNA, 500 pl isopropanol was added. The samples were incubated on
ice for 15 min followed by centrifugation for 15 min at 14,000 rpm, at 4 C°. The
supernatant was carefully discarded and the RNA pellet washed twice with 70%
EtOH. The pellet was air-dried and solubilized in 50 pl RNAse free ddH2O. The
RNA was stored at -80°C.

3.1.8.2 RNA isolation with the RNeasy Mini
RNA used for RNA-Sequencing (see 3.3.2), isolation was performed with the RNeasy

Mini Kit and additional DNase I digestion according to manufacturer’s protocol.

3.1.8.3 DNA isolation with phenol-chloroform

DNA used for shRNA screen library preparation. Cell suspension was lysed with a
lysis buffer and 10% SDS from Maxi prep kit.One volume of phenol-chloroform-
isoamyl alcohol solution was added to the mixture volume and vortexed for 30 sec.
Samples were centrifuged for at 8,700 rpm for 30 min at RT and the upper phase
containing the DNA was transferred to a new reaction tube. 4 ml isopropanol, 500 pl

Na-acetate pH 5.2 and 30 pl Glyco blue were added to the mix. The samples were
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briefly vortexed and incubated over night at RT. Afterwards, samples were
centrifuged at 8,700 rpm for 30 min at 4°C. The DNA pellet was washed with 70%
EtOH, air-dried and resuspended in TE buffer or ddH20O.

3.1.9 cDNA synthesis

In order to perform the quantitative reverse transcriptase PCR reaction (see 3.2.10),
extracted total 2 ug RNA in a total volume of 7 pl water was reverse transcribed into
complementary DNA (cDNA).

Reactions were set up as follows:

2 ug RNA

2.5 pl random hexanucleotide primers (2 pg/ml Stock, Roche)

1 ul DNAse 1

1 ul NAse buffer

1 ul ANTP (10 mM stock)

Mixture was incubated for 15 minutes at 37°C and 15 minutes at 70°C. Then,
followings were added:

0.2 ul RiboLock RNase Inhibitor (40 U/ul, Invitrogen)

5x First strand reaction buffer (Promega)

1 ul M-MLYV reverse transcriptase (200 U/ul, Promega)

up to 20 ul ddH20

A reaction without M-MLYV reverse transcriptase was included as used as negative
control for the following quantitative reverse transcriptase PCR reaction.

The samples were incubated in a PCR thermal cycler as follows,

10 min 25°C

50 min 42°C

15 min 70°C

The cDNA was stored at -20°C.

3.1.10 Polymerase chain reaction (PCR)
3.1.10.1 PCR to amplify DNA
Custom primers (see Table-2.6 ) were used according to the purpose. Reactions were

set up as follows:
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10 ng DNA template

5 ul 5x Phusion High-Fidelity (HF) reaction buffer

1 wl dNTPs (10 mM Stock, Roth)

1ul forward primer (10 uM Stock)

1l reverse primer (10 uM Stock)

1 pl Phusion HF DNA polymerase (2.5 U/ ul, Fermentas)
up to 50 ul nuclease-free H20

The reaction was performed in a PCR thermal cycler as follows,

Segment Cycles | Temperature | Time
Initial denaturation | 1 95 °C 1 min
Denaturation 30 98 °C 15 sec
Annealing 55-62 °C 50 sec
Extension 72 °C 30 sec/kb
Final extension 1 72 °C 7 min

3.1.10.2 Quantitative real-time PCR (qPCR)

For a typical reaction, 100 ng cDNA from section 3.2.9 was used as a template for
semi-quantitative PCR (RT-QPCR) analysis Reactions were set up as follows:

4 ul cDNA (see 3.2.9)

5 ul SYBRGreen Mix (Thermo Scientific)

1 ul forward + revers primer mix (10 uM Stock)

The reaction was performed in a quantitative RT-PCR machine as follows,

Segment Cycles | Temperature | Time
Initial denaturation 50 °C 2 min
1 95°C 2 min

95 °C 3 sec
Denaturation 40 60 °C 30 sec
95 °C 15 sec
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Melting curve 1 60 °C 1 min
95 °C 15 sec

Each sample was analyzed in technical duplicate. Raw data were expressed as Ct
(threshold cycle), i.e. the cycle in which the fluorescence is above the background.
For qPCR experiments, B-actin was used as housekeeping gene for internal
normalization. qPCR data were analyzed 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 average between B-actin and the target gene was calculated per
each condition (ACt).

The SD of the ACt was calculated: SD ACt =V (SDrarget gene”2+SDactin”2).

The difference of ACt between the control and the treated sample was calculated
(AACT). The relative expression (RE) per each condition was calculated (relative
expression =2"*- AACT).

The SD of the relative expression was calculated: SD RE = v ((REconrol * In
(2))*2*SDcontrol2);

or SD RE =V ((REreatea * In (2))*2*SDireatea’2)

3.2 Cell biology methods

3.2.1 Cultivation of eukaryotic cell lines

HCT116 p53+/+, HCT116 p53-/- and HCT116 p21 +/+ and HCT116 p21-/- cell lines
were obtained from B.Vogelstein (Johns Hopkins University, Baltimore) and M.
Dobbelstein (Georg-August University, Gottingen). Human embryonic kidney (HEK)
293-T cells were obtained from M. Eilers (University of Wiirzburg, Wiirzburg). All
cell lines were grown in a monolayer and maintained in DMEM media supplemented
with 10% foetal bovine serum (FBS, Sigma), 4mM L-glutamine (Sigma) and
100units/ml penicillin/100pg/ml streptomycin (Sigma) and were cultivated in a cell
incubator at 37°C in 5% CO2.
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3.2.1.1 Cell passaging

Cells were passaged every two to three days, when they reached approximately 80%
confluency. After medium removal, cells were washed twice with PBS and
trypsinized to detach them from the cell culture dish. Once detached, serum-
containing medium was added to the trypsin, in a ratio 4:1, in order to stop the
enzymatic activity of the trypsin. The cells were collected into a 15 ml tube and
centrifuged at 1500 rpm for 3 min. Supernatant was removed, the cell pellet re-
suspended in the cell culture medium and a fraction of the cell suspension was plated

on a new cell culture dish with fresh medium.

3.2.1.2 Cell freezing

Cells were harvested by trypsinization, as described above. After centrifugation, the
cell pellet was re-suspended in the appropriate volume of freezing medium, e.g. 1 ml
for cells collected from an 80% confluent 10 cm dish. Cell suspension was transferred
to a cryotubes and immediately transferred into a freezing container filled with
isopropanol and placed overnight at -80°C. Afterwards, cryotubes were transferred to

storage boxes in liquid nitrogen tanks.

3.2.1.3 Cell thawing

Cryotubes were placed for few min in a water bath at 37°C. The cell suspension was
transferred to a 15 ml falcon tube containing 5 ml fresh medium and centrifuged at
1500 rpm for 3 min. This step helped removing the DMSO present in the freezing
medium. After centrifugation the supernatant was removed, the cell pellet re-
suspended in 1 ml fresh culture medium and plated on a new cell culture dish with
fresh medium. Thawed cells were passaged at least 2 times before performing

experiments.

3.2.1.4 Culturing of the cells in hypoxic conditions

Cells cultured in hypoxia were incubated in a Don Whitley Hypoxia Workstation in
0.1-0.5% 02 and 5% CO2 at 37°C and 77% humidity. Dishes and plates containing
cells were wrapped in aluminium foil to prevent evaporation of the media and to

protect the cells from light.
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3.2.1.5 Cell starvation

In order to perform starvation experiments, specific number of cells was plated, as
described in 3.2.1.1. 24 hrs later cells were washed twice with PBS and the medium
was changed to the reconstituted DMEM (D5030), lacking glucose, glutamine and
FBS as indicated.

3.2.1.6 Culturing cells as multicellular tumour spheroids

Cells were passaged every two to three days, when they reached approximately 80%
confluency. After medium removal, cells were washed twice with PBS and
trypsinized to detach them from the cell culture dish. For individual spheroids 10000
cells were placed in each well in 96-well ultralow attachment plates (Corning®
CORN7007). Spheroid formation was initiated by centrifugation at 850g for 10 min.
For the bulk spheroid formation, 3 million cells were put into spinner flasks with a
500 ml DMEM on the magnetic stirrer and grown. Culture media was changed every

fourth day.

3.2.2 Cell transfection

3.2.2.1 Transfection by Polyethylenimine (PEI)

This method was used for lentiviral production (3.2.3). Cells were washed twice with
PBS and medium was changed to transfection medium. In one 1.5 ml reaction tube
250 ul Opti-MEM (Gibco) were mixed with 24 ul PEI and incubated 5 min at RT; in
a second 1.5 ml reaction tube 250 pl Opti-MEM were mixed with the appropriate
amount of plasmid DNA. The reactions were mixed and incubated 20 min at RT. The

mix was added drop-wise to the cells.

3.2.2.2 Transfection by Lipofectamine 2000

This method was used for lentiviral production (3.2.3). The amount of each reagent
refers to a single well of a 24-well dish. Cells were washed twice with PBS and
medium was changed to transfection medium. In one 1.5 ml reaction tube 25 pul Opti-
MEM were mixed with 1.2 pl Lipofectamine 2000 (Invitrogen) and incubated 5 min
at RT; in a second 1.5 ml reaction tube 25 ul Opti-MEM were mixed with 10 ng
plasmid DNA. The reactions were mixed and incubated 20 min at RT. The mix was

added dropwise to the cells.
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3.2.3 Production of lentiviruses

Five million HEK293T cells were plated in 10 cm dish. After 24 hrs cells were
transfected by PEI, using 8 pg lentiviral expression plasmid, 5 pg psPAX.2 plasmid
and 1.25 pg 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 hrs
transfection medium was replaced by 5 ml DMEM containing FBS and antibiotics.
Viral sups were harvested for 3 times every 12 hrs, collected into a 15 ml falcon tube
and stored at 4°C. After the last harvesting the viral sup was filtered using a 0.44 um

syringe-filter, aliquoted in cryotubes and stored at -80°C.

3.2.4 Cell infection with lentiviruses

One million HCT116 cells were plated in a 10 cm dish. The infections were
performed in a BSL-2 environment after 24 hrs. The viral sups were thawed in a
water bath at 37°C and 0.5 to 1 ml viral sup were used for each infection. Viral sups
were mixed with 5 ml fresh medium and polybrene was added to a final concentration
of 8 ng/ml. After 24 hrs the procedure was repeated. After 48 hrs from the first
infection cells infected with Tet-pLKO-puro plasmids were selected with puromycin
and cells infected with pRSI9 plasmids were sorted according to the highest RFP

signal.

3.2.5 Crystal violet staining and quantification

Cells were fixed for 15 min with 3.7% formaldehyde, incubated for 1 hr with crystal
violet solution, washed under tap water and air-dried. The color intensity was
quantified by de-staining the cells with 10% w/v acetic acid solution. An aliquot of
de-stained solution was diluted 1:4 with water and the absorbance at 550 nm was read

with a microplate reader.

3.2.6 Cell Number Assay

For the determination of cell number, 5000 cells per well were cultivated in 96-well
plates (Greiner, #655986) and fixed in 3.7% PFA for 10 min. After washing with
PBS, cells were permeabilized with 0.2% Triton X-100/PBS and blocked in 3%
BSA/PBS. After washing with PBS, nuclei were stained with 2.5 ng/ml Hoechst
33342 for 5 min. Images were acquired using the Operetta™ High Content Screening

System (PerkinElmer) with the following settings: objective: 20 x WD; optical mode:
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non-confocal; excitation: 50 %. Ten images per well were acquired and analysis was
performed with the Harmony® High Content Imaging and Analysis Software (Perkin
Elmer).

3.2.7 Colour competition assays

250000 HCT116 p53 +/+ cells carrying pGIPZ deltaEco GFP vector and 7500000
HCT116 p53 -/- cells carrying pGIPZ deltaEco RFP vector was mixed and placed into
spinner flasks. Fluorescence intensity was measured by using BD FACSCanto II

every third day for 14 days.

3.2.8 BrdU Incorporation and Flow Cytometry Analysis FACS Analyses
Monolayer and spheroid cells were incubated with 20 uM 5-Bromo-2’-deoxyuridine
(BrdU, Sigma) for 24 hr. Monolayer cells and spheroids were incubated with trypsin
for 1 min or 10 min, respectively and collected together with supernatant in ice cold
PBS. Cells were fixed in 80% EtOH over night at -20°C. Cells were washed with cold
PBS and incubated in 2 M HCI with 0.5% Triton X-100 for 30 min at room
temperature. Cell pellets were neutralized with Na>B4O7. Pellets were incubated with
anti-BrdU-FITC antibodies (Biozol) diluted in 100 pl 1% BSA, 0.5% Tween-20 in
PBS for 30 min at room temperature in the dark. Cell were washed with PBS,
resuspended in PBS with RNAse A (24 pg/ml) and propidium iodide (54 pM) and
incubated for 30 min at 37°C. Analysis was performed on a BD FACSCanto II flow
cytometer using BD FACSDIVA™ gsoftware.

3.2.9 Immunohistochemistry

For immunohistochemical staining of spheroids grown in vitro, spheroids were
collected with a cut 200 pl pipette tip and fixed in 3.7% PFA for 16 hrs at 4°C. The
spheroids were then centrifuged and washed with 70% EtOH for short-term storage.
To facilitate handling and sectioning, spheroids were rehydrated in distilled water and
transferred into liquid molten 2% agarose in a petri dish and then, when cooled, a
small block of agarose containing the spheroids was isolated and paraffin processed.
After embedding, serial 4 pm sections were cut onto positively charged slides and
dried overnight at 37°C. To remove paraffin, slides were incubated for 2 x 3 min in
xylene, then for 2 x 3 min in 100%ethanol and rehydrated in 70% ethanol and

distilled water. For antigen retrieval, slides were microwaved in 0.01 M sodium
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citrate (pH=6) for 6 min (900W oven, on medium setting), and then cooled for 3 min.
To block endogenous peroxidase activity slides were incubated for 10 min in 3%
H»0,/PBS. After brief washes in distilled water and PBS, slides were blocked in 1%
BSA/PBS for 30 min before the primary antibody was applied. Primary antibodies
were all diluted in 1% BSA/PBS and incubated overnight at 4°C (dilutions are shown
in Table-2.8 and 2.9). After primary incubation slides were washed 3 x 3 min in PBS
and incubated in biotinylated goat anti rabbit IgG (1/2000 in 3%BSA) for 1 hr at RT.
After 3 x 5 min PBS washes slides were incubated in Avidin-Biotin-Complex (Vector
Labs) for 30 min washed again in PBS then developed with Diaminobenzidine
(DAB). After washing in distilled water, slides were counterstained with
haematoxylin, washed in tap water, dehydrated, cleared and finally mounted in DPX
mountant. As positive controls, different tissues were the protein of interest is
expressed, were used. Moreover, secondary antibody only stain as negative control

was performed on some tissue samples to check for unspecific binding.

3.2.10 TUNEL staining

For TUNEL staining (In Situ Cell Death Detection Kit, Fluorescein, Sigma) , sections
were heated in citrate buffer (pH 6.0) in a 900W oven, on medium setting for 2 min.
slides were blocked in 1% BSA/PBS for 30 min before TUNEL reaction was carried
out for 1 hour according to manufacturer’s instructions and counterstained with

Hoechst (Sigma).

3.2.11 Organoid Culture

Mouse small intestines were isolated from wild-type, VillinCre®™®4pc™™ or
VillinCre"™®ApcV1Kras'?P™* mice sacrificed three days post-induction with tamoxifen,
opened longitudinally and washed with PBS. Crypts were isolated as previously
described (T. Sato et al., 2011). Isolated crypts were mixed with 20 ul of Matrigel
(BD Bioscience), plated in 24-well plates in Advanced DMEM/F12 (Thermo Fisher)
supplemented with 1% penicillin-streptomycin, 10 mM HEPES, 2 mM glutamine, N2
(Thermo Fisher) , B27 (Thermo Fisher), 100 ng/ml Noggin and 50 ng/ml EGF (both

from Peprotech). Growth factors were added every two days.
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3.3 Next-Generation Sequencing

3.3.1 shRNA screen

3.3.1.1 Viral transduction and cell sampling

Lentivirus was generated with Decipher lentiviral library module-I library as
described in 3.2.3 and transduced into HCT116 cells using conditions that
predominantly resulted in a single stable shRNA integration per cell (MOI of <0.3).
To this end, a total of 10® cells were infected and selected for three days using 1 pg/ml
puromycin in four biological replicates (n=3). At each passage three million cells
were maintained to preserve library representation throughout the experiment. Cells
were either cultured as monolayer or as spheroids in the spinner flasks representing

seven to ten population doublings.

3.3.1.2 shRNA recovery and sequencing library preparation

Cells were harvested, genomic DNA was isolated and purified by phenol-chloroform

extraction and ethanol precipitation (see section 3.1.8.3). The shRNA sequences were

recovered from the genomic DNA of each sample in two subsequent amplification
steps. First, multiple parallel PCRs were done using a standard PCR reaction mixture
(see section 3.1.10.1) with 100 pg genomic DNA and a custom primer pair (listed in
Table 2.6). PCR products from the first amplification step were gel purified (see
section 3.1.6) and used as template for the subsequent PCR. The final library was
amplified using custom primers (7able 2.6) that added barcodes for multiplexing and
adaptors suitable for next generation sequencing. This second PCR was done
according to protocol as in section 3.1.10.1 with 12 denaturation/ annealing/ extension
cycles. Libraries were size-selected by excision from an agarose gel followed by gel
extraction with the GeneJET Gel Extraction Kit (3.1.6). The Experion system
(3.1.7.2) was used for sizing and quantification. The libraries were sequenced on a
NextSeq 500 (Illumina) platform with a custom sequencing primer (listed in 7able
2.6) generating more than 450,000 reads per sample. Bioinformatics analysis of the

data is described in section 3.3.1.3.

66



3.3.1.3 shRNA screen data analysis

Reads of recovered guide-stem sequences were aligned to a reference file containing
oligo sequences of all 27500 shRNAs included in the library using Bowtie v0.12.8
(Langmead, 2010). The total number of library-specific reads was used for
normalization of reads per shRNA between different samples. Only shRNAs
represented by >0.01 % of all normalized reads in the initial untreated population
were included in the primary analysis. Fold changes (FC) of shRNA abundance
between time point zero (To) and at the end of the screen after 14 days (Tend) wWere
generated by calculation a ratio of the means of the normalized reads of all three
replicates. Z-scores were calculated for each log2FC based on this ratio. ShRNAs with
z-scores <(-2) (implicating a depletion of more than 2 standard deviations below the
mean of Top) were defined as “scoring” shRNAs. A gene was defined as a “hit” in the

screen if more than 2 oligonucleotides displayed z-scores <(-2).

3.3.2 RNA Sequencing

3.3.2.1 Library preparation

The experiment was performed in triplicate per each condition. RNA for RNA-seq
was extracted using the RNeasy Mini kit. The RNA was eluted using 40 pul RNAase-
free H20. The samples were kept in ice and the RNA concentration was measured
using a standard sense chip for Bioanalyzer (see 3.1.7.2). One ug/ul RNA per each
condition was used for library preparation. The library was prepared using the
NEBNext Ultra RNA library prep kit for [llumina and the NEBNext Multiplex Oligos
for Illumina (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 (see 3.1.7.2) before performing the sequencing, using the
Illumina GAIIx sequencer. All samples were mixed at equimolar concentration of 50

nM.

3.3.2.2 RNA-Sequencing data analysis
RNA-seq data analysis was performed by Susanne Walz. The main steps are
described. Base calling was performed with Illumina’s CASAVA software and

overall sequencing quality was tested using the FastQC script. Reads were aligned to
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the human genome (hgl9) with TopHat2 (D. Kim et al.,, 2013) Bowtie v0.12.8
(Langmead, 2010) using default parameters. 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 analyses (Subramanian et al., 2005) were performed with the C2 and
Hallmark collection from the MSigDB v5.2 (Liberzon et al., 2011) with default
parameters and 1000 permutations. Principle component analysis (PCA) was
performed with the prcomp function from R after centering sequencing depth-

normalized expression values of all expressed genes (n=20,434).

3.4 Biochemical methods

3.4.1 Preparation of whole cell protein extracts

Cells were washed with ice cold PBS, harvest by scraping with ice cold PBS (1 ml/10
cm tissue culture dish) (100 pul for 12 spheroids) and collected into a 1.5 ml tube.
Cells were centrifuged at 1,500 rpm, for 5 min, at 4°C. Samples were kept on ice for
the whole procedure. The cell pellet was resuspended in RIPA lysis buffer, containing
proteinase and phosphatase inhibitors, using a 10:1 ratio (e.g. 1 ml RIPA buffer for
100 pl pellet). Samples were incubated on ice for 30 min. Afterwards, samples were
centrifuged at 14,000 rpm, for 15min, at 4°C and cleared lysates were transferred to a
new pre-chilled 1.5 ml tube. Lysates were stored at -80°C. Alternatively, samples

were directly prepared for SDS-PAGE (see 3.3.6).

3.4.2 Nuclear fractionation of cells

The following protocol is based on that originally described by Wang and colleagues
for the nuclear fractionation of mature SREBP proteins (Wang et al., 1994) and has
been adapted to ensure optimal enrichment of nuclear proteins from HCT116 cells
(Porstmann et al., 2008). HCT116 cells from two 15 cm dishes were washed once in
ice cold PBS, scraped into 1 mL ice cold PBS containing Protease Inhibitor Cocktail
and PhosStop Phosphatase Inhibitor Cocktail (Roche) and transferred to 15 mL falcon
tubes (on ice). Cells were centrifuged for 5 minutes at 650 x g at 4°C and transferred

to fresh 1.5 mL microcentrifuge tubes in 1 mL ice cold PBS containing the inhibitor
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cocktails described above. Cells were centrifuged again at 855 x g for 5 minutes at
4°C and all PBS was removed. The cell pellets were resuspended in 3 volumes of
Buffer C (10 mM HEPES/KOH pH 7.6, 10 mM KCL, 1.5 mM MgCI2, 1 mM EDTA,
I mM EGTA, 0.5 mM DTT, Protease Inhibitor Cocktail and PhosStop Inhibitor
Cocktail) and swelled on ice for 10 minutes. The cells were disrupted by trituration 15
times with a 23G needle and the lysate was centrifuged at 855 x g for 10 minutes. The
supernatant (containing the membrane and cytoplasmic fractions) was transferred to a
fresh 1.5 mL microcentrifuge tube and centrifuged for another 5 minutes at 855 x g at
4°C to remove any nuclei. The cleared supernatant fraction was then snap frozen on

dry ice and stored at -80°C.

To continue nuclear lysis, the pelleted nuclei were washed twice in 200 pL Buffer C
and centrifuged at 855 x g at 4°C for 5 minutes between washes. Nuclei were
centrifuged again for 3 minutes at 855 x g and any remaining Buffer C was removed
using a gel-loading tip. The pelleted nuclei were then re-suspended in one volume of

Buffer D (20 mM HEPES/KOH pH 7.6, 0.5 M NaCl, 1.5 mM MgCl2, 1 mM EDTA,
I mM EGTA, 25 % (v/v) glycerol, Protease Inhibitor Cocktail and PhosStop) and
incubated on ice for 30 minutes with occasional votexing. The nuclear lysates were
cleared by centrifugation at 16,000 x g for 10 minutes at 4°C, transferred to a fresh,

cold 1.5 mL microcentrifuge tube, snap frozen on dry ice and stored at -80°C.

3.4.3 Bicinchoninic acid assay (BCA) assay

As second way to determine the protein concentration of protein lysates, the
bicinchoninic acid (BCA) assay was applied. A BCA solution mix was prepared
consisting of 49 parts of BCA buffer A and 1 part BCA buffer B. 4 ul sample or lysis
buffer (as a blank) were mixed with 200 pl of BCA solution mix, incubated for 20
min at 37 °C and absorbance was measured at 550 nm and protein concentrations

were determined using a BSA standard curve.

3.4.4 SDS Polyacrylamide gel electrophoresis (SDS-PAGE)

The appropriate amount of sample buffer 6x was added to the protein lysates, samples
were boiled at 95°C for 5 min and spun down. An equal amount of proteins was
loaded into the gel pockets using a 50 pl glass syringe (Hamilton). The PageRuler

Pre-Stained Protein Ladder (Thermo Scientific) was used as a molecular weight
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marker. SDS polyacrylamide gels 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.

3.4.5 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 sec, followed by 2 min in H20. The membrane was equilibrated in the transfer
buffer 1x before proceeding to the immunoblot assembly. The immunoblot sandwich
was assembled in transfer buffer as follows: starting from the black side of the
cassette (i.e. towards the negative charged site of the immunoblot chamber), 1 sponge
layer, 2 Whatman filter paper layers, the gel, the membrane, 2 Whatman filter paper
layers, 1 sponge layer, ending with the red site of the cassette (i.e. towards the
positive charged site of the immunoblot chamber). During the preparation, the
immunoblot sandwich was inspected for the absence of air bubbles. The cassette was
placed into the tank, which was filled with transfer buffer 1x. The transfer was carried
out at 4°C, at 300 mA for 2 hrs. Afterwards, the membrane was briefly washed in
TBS-T and incubated in blocking solution (LI-COR) for 1 hr at RT under constant
shaking. BSA blocking solution was used only for subsequent detection of
phosphorylated proteins. After blocking, the membrane was incubated with the
primary antibody at 4°C over night. On the next day, the membrane was washed 3
times for 10 min with 1x TBS-T and incubated for 1 hr with the secondary antibody
(diluted 1:5000 in blocking solution) followed by additional 5 washing steps of 5 min
each with TBS-T. Fluorescent signals were detected with a LI-COR Odyssey Infrared
scanner and quantified using Image Studio Lite Version 5.2.5 (LI-COR).

3.5 Metabolic Assays

3.5.1 Stable Isotope Labelling

For monolayer culture, HCT116 cells (1x10°) were seeded in 6-well plates (for polar
metabolites) or (2.5x10°) in 10 cm plates (for cholesterol and ubiquinone) and
cultured in normal growth medium for 16 hr. For spheroid culture, 12-16 spheroids

per replicate sample were initiated and grown for 12 days, during which medium was
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replaced every three days. For glucose labelling, cells or spheroids were washed with
PBS and medium was replaced with either complete medium or glucose-free medium
with 25 mM [U"3C] glucose (Cambridge Isotope Laboratories). Cells were incubated

for the indicated times.

3.5.2 Extraction and Liquid Chromatography-Mass Spectrometry of polar
metabolites

Cells were washed with cold 154 mM ammonium acetate, snap frozen in liquid
nitrogen and scraped off after addition of 0.5 ml ice-cold extraction buffer consisting
of 0.1 uM lamivudine (Sigma) in MeOH/H>O (80/20, v/v). The resulting suspension
was transferred to a reaction vial, mixed vigorously and centrifuged (2 min 16,000g).
Supernatants were transferred to a Strata® C18-E column (Phenomenex) which has
been conditioned with 1 ml of CH3CN and 1 ml of MeOH/H,0O (80/20, v/v). The
eluate was taken to dryness in a SpeedVac and dissolved in 50 pl of a mixture of
CH3CN and 5 mM NH4OAc (25/75, v/v). Samples were diluted 1:2 with CH3CN and
5 ul of each sample was applied to a HILIC column (Acclaim Mixed-Mode HILIC-1,
3um, 2.1*150 mm). Metabolites were separated at 30°C by LC using a DIONEX
Ultimate 3000 UPLC system and the following solvents: Solvent A consisting of 5
mM NH4OAc in CH3CN/H2O (5/95, v/v) and solvent B consisting of 5 mM NH4OAc
in CH3CN/H»O (95/5, v/v). A linear gradient starting at 100% solvent B decreasing to
50% solvent B over 6 min was applied followed by 15 min constant elution with 40%

solvent B.

3.5.3 Extraction and Liquid Chromatography-Mass Spectrometry of Cholesterol
and Ubiquinone

Cells were washed with cold 154 mM ammonium acetate, snap frozen in liquid
nitrogen and scraped off after addition of 0.4 ml ice-cold MeOH/H20 (80/20, v/v)
containing 1 pM CoQ9 (Sigma). The resulting suspension was transferred to a
reaction vial, mixed vigorously and centrifuged (2 min 16,000g). Supernatants were
extracted twice with 0.4 ml of hexane each. The combined extracts were collected and
taken to dryness under a stream of nitrogen gas at 35°C. The residues were
redissolved in 150 pl of hexane and transferred to Strata® SI-1 columns
(Phenomenex). Undesired compounds were washed out with 750 ul hexane and 500

ml hexane/acetic acid ethyl ether (18/1, v/v). Ubiquinones and some cholesterol were
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eluted with 0.5 ml hexane/acetic acid ethylester (9/1, v/v). Complete elution of
Cholesterol was accomplished applying another 0.5 ml hexane/acetic acid ethylester
(9/1, v/v). Eluates were taken to dryness under a stream of nitrogen gas at 35°C. The
resulting residues were dissolved in 50 ul iPrOH. For LC/MS analysis of ubiquinones,
5 ul of each sample was applied to a C8 column (Acclaim RSLC C8 column, 2.2 um
particles, 50 x 2.1 mm, Thermo Scientific, Bremen, Germany) (at 40°C). Ubiquinones
were eluted isocratically with 5 mM NH4OAc in CH3CN/H2O (95/5, v/v) for 30
minutes at a flow rate of 350 pl/min. The eluent was directed to the ESI source of the
QE-MS from 15 min to 29 min after sample injection. For cholesterol measurements,
both cholesterol-containing fractions were combined and also separated on the C8
column with mobile phase buffer A consisting of 0.1% formic acid in CH3CN/H20
(10/90, v/v), and solvent B consisting of 0.1% formic acid in CH3CN/H>O (90/10,
v/v). After application of 5 ul sample (at 40°C), the LC gradient program was 20%
solvent B for 2 min, followed by a linear increase to 100% solvent B within 5 min,
then maintaining 100% solvent B for 12 min. The flow rate was maintained at 350
pl/min. The eluent was directed to the ESI source of the QE-MS from 7.0 min to 13.0
min after sample injection. Exactive mass spectrometer) applying the following scan
and HESI source parameters: Scan Ranges: For polar metabolites: 810 - 950 m/z
(alternating positive and negative mode), for ubiquinones: 810 - 950 m/z (positive
mode) and for cholesterol: 365 - 400 m/z (positive mode). Resolution: 70,000, AGC-
Target: 1E6, Maximum Injection Time: 200 ms. Sheath gas: 30, auxiliary gas: 10,
sweep gas: 3, Aux Gas Heater temperature: 120 °C. Spray voltage: 2.5 kV, Capillary
temperature: 320 °C, S-lens RF level: 55.0. Signal determination and quantitation was

performed using TraceFinder™ Software Version 4.1 (Thermo Fisher)

3.5.4 Measurements of extracellular flux

To determine cellular bioenergetics of the two main metabolic processes:
mitochondrial respiration (OCR) and extracellular acidification (ECAR)
simultaneously in HCT116 monolayer cultures, a XF96e Extracellular Flux Analyser
(Seahorse Biosciences, North Billerica, MA, USA) for 96-well plates was used. A
flux analyser kit consisted of a dual-analyte sensor XFe96 cartridge plate and a
XFe96-well microplate. Briefly, cells were plated in a volume of 80ul per well of a
XFe96-well microplate in their normal medium conditions 24 hrs prior to the

experiment. The XFe96 flux cartridge plate includes a hydrogen and oxygen sensor
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that needed calibration for at least 6 hrs in the XFe96 flux analyser. On the day of the
experiment, the injection ports of the XFe96 flux assay cartridge plate were loaded
with different metabolite solutions (pH7.4). The cartridge plate was then loaded into
the flux analyser. The cells were then rinsed once with assay medium pH 7.4 before
cultured in 200 pl assay medium. The cells were incubated for 25 min before plate
was loaded onto the analyser. The standard protocol included three readings of 3 min
each per treatment. Between each reading there was a 3 min waiting time. The values
were normalised to protein content of the cells. For spheroids, prior to analysis, they
were washed twice in complete growth media and transferred directly into XFe96
Spheroid Microplates containing 160 ul of Seahorse XF Assay Medium supplemented
with 25 mM D-glucose and 10 mM sodium pyruvate at pH 7.4. Plates were incubated
in a CO; free incubator for 1 hr. Oxygen consumption rates (OCR) were determined
using an XF96¢ Extracellular Flux Analyzer (Software Version 1.4) (Agilent). During
the experiment, 2 uM Oligomycin (Merck-Milipore), 0.5 uM FCCP (Sigma) and 1
uM Rotenone/Antimycin A (Sigma) were injected to determine ATP-coupled,
maximal and mitochondrial dependent basal OCR. OCRs were normalized to

spheroid area.

3.6 Statistical analysis

Data are usually presented as mean or median values and the error bars
represent either the standard deviation (SD) or standard error of the mean (SEM) as
described in the figure legend. The quantitative data are depicted using GraphPad
Prism 7.0 (GraphPad software). All experiments have been preformed at least twice
independently from each other with multiple replicates for each experiment or
otherwise indicated. The p-values were obtained by using a two-tailed paired/unpaired
student t-test. P-values smaller than 0.05 were considered to be statistically

significant.
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4 RESULTS

4.1 Identification of metabolic features of cancer cells in

metabolically compromised environments

Cancer cells reprogram their metabolism in order to fulfil their demands
for macromolecules, which are essential for proliferation. They also need to change
their metabolisms to survive under the metabolically compromised conditions of the
tumour microenvironment. Oncogenes and tumour suppressors play important roles in
remodelling tumour metabolism. For instance, the PI3K/AKT pathway is essential for
regulating growth and proliferation and it has a role in governing lipid and amino acid
metabolism via mTOR (Manning et al., 2017). In addition, the tumour suppressor p53
has been recognised as an essential part of in cell transformation, tumour progression

and in cancer metabolism (Humpton et al., 2016).

Colorectal cancer (CRC) is the most widespread malignant
gastrointestinal cancer type. Although recent studies have shown that its incidence
rates have gone down in recent years, 14% of the men and 9% of the women in the
USA were reported to suffer from this disease in the last years (Siegel et al., 2016).
The current treatments for CRC include surgery, chemotherapy and targeted
therapies. However, there is still need for new potential therapeutic targets and

prognostic markers.

As mentioned above, the tumour microenvironment pushes cancer cells
to adapt their metabolisms in order to survive under unfavourable conditions. As
tumours increase in size and outgrow the existing vascular network, cancer cells are
subjected to gradients of nutrients, oxygen and pH. As a result of these
microenvironmental adjustments, tumour cells located far from the nearest blood
vessel have to adapt their metabolism in order to continue proliferating under reduced
nutrient and oxygen provision. In addition, poorly vascularised tumour areas are also

protected from the delivery of anti-cancer drugs, resulting in treatment resistance and
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relapse. Therefore, targeting this population of cells is very important for cancer

therapy

Cancer cells exposed to classical cell culture conditions are not restricted
by the availability of basic nutrients. They have access to high concentrations of
glucose and glutamine provided by the culture medium. However, in tumours, access
of cells to these nutrients is frequently impaired due to the distance to the closest

blood vessel.

4.1.1 Assessing the effects of oxygen and nutrient deprivation on cells in

monolayer

HCT116 cells were obtained that are either wild type for p53 (p53+/+) or
an isogenic derivative, in which p53 was removed by homologous recombination
(p53-/-)(Bunz et al., 1998). For both cell types, p53 levels were assessed under basal
levels and in the presence of etoposide, a commonly used chemotherapeutic agent. As

a result, levels of the p53 target gene p21 were induced under the condition where

DNA damage occurs (Fig 4.1A).

In order to observe whether lack of nutrients has an effect on the
viability of colon cancer cells, HCT116 cells were cultured in different conditions in
monolayer cultures. Culture medium with 2.5 g/L. glucose was used without FBS to
test the effect of serum and without glutamine to check the effect of glutamine and
same for the glucose. HCT116 p53 isogenic cells were cultured at 80% confluency in
these conditions for 24 hrs. Since hypoxia is another important factor of the tumour
microenvironment, cells were incubated in the presence of 0.5% O (hypoxia) and
20% O2 (normoxia) for 24 hrs. To check the effect of nutrient starvation, serum
deprivation and oxygen limitation, crystal violet (CV) staining was performed and
quantified. Under normoxia, reduced cell viability was observed in the absence of
serum, glucose and glutamine (Fig 4.1C) although p53 deficient cells were less
affected by the absence of serum, suggesting that these cells can continue to

proliferate in the absence of serum-derived factors. The effect of glutamine deficiency
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was similar in both wild type and p53 deficient cells. This is in contrast to resistance
of wild type HCT116 cells to glutamine deprivation reported by Tajan et al. (Tajan et
al., 2018). Moreover, glucose deprivation affected p53 deficient cells more severely
than p53 wild type cells. This is consistent with previous findings showing that
activation of AMPK induced p53 dependent metabolic arrest but not cell death (R. G.
Jones et al., 2005). Moreover, p53 deficient cells seem to be less resistant to hypoxic
conditions and serum deprivation, as seen in Fig 4.1C. Taken together, these
experiments show that p53 isogenic cells undergo different metabolic reprogramming

and are affected severely under conditions where several nutrients and oxygen are

lacking.
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Figure 4.1: Serum, glutamine and glucose starvation reduces cell viability both in

normoxic and hypoxic conditions

A) HCT116 p53+/+ and p53-/- cells were cultured as monolayers and treated with

20 uM etoposide for 24 hrs. Cells were lysed and protein extracts were analysed for
expression of p53 and p21.

B) CV staining of HCT116 cells cultured either in complete medium or in nutrient
and serum deprived conditions both in normoxia and hypoxia for 24 hrs.

C) Quantification of the CV staining shown in B. Left graph represents the cells
cultured in normoxia and right graph represents cells in hypoxia (0.5% O2). Values
represent mean + SEM (n=3 independent biological replicates). p values were
calculated using two tailed student t-test. (**** p<0.0001; *** p<0.001; ** p<0.01; *
p<0.05)
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4.1.2 Characterization of HCT116 tumour spheroids

In order to mimic a tumour-like environment in vitro, multicellular tumour
spheroids (SPH) were generated by using ultra-low attachment 96-well plates.
Spheroids were grown for 14 days in complete medium. To compare the proliferation
between cells cultured in monolayer and as spheroids, BrdU labelling was performed
for 24 hrs. This analysis showed that spheroid culture decreases cell proliferation by
more than 60% compared to monolayer cultures and the reduction was similar in both
genotypes (Fig 4.2A). In order to further characterise the properties of cells cultured
in this condition, spheroids were grown for 15 days, fixed, paraffin embedded and cut
into serial sections, which were then stained for markers of cell proliferation (Ki67)
and apoptosis (TUNEL). Spheroids formed by p53+/+ cells displayed a ring of
proliferating cells on the outside of the spheroid. In contrast, spheroids show Ki67
positive cells throughout the diameter of the spheroid (Fig. 4.2B). Moreover, TUNEL
staining for apoptotic cells revealed that cell death is observed in the core of the
p53+/+ spheroids, whereas p53-/- cells show no evidence of apoptotic cells (Fig.
4.2B). These results indicated that pS3+/+ cells are more vulnerable to the deficiency
of nutrients and oxygen available within the spheroid core. In contrast, cells lacking

p53 are protected from apoptosis under metabolically compromised environments.

In order to determine the effect of hypoxia, H1F1a protein amounts were
analysed for spheroid and monolayer cultures under normal (20% O.) or severely
hypoxic (0.5% O.) conditions. HIFla protein was observed only in monolayer cells
exposed to severe hypoxia, demonstrating that the oxygen levels in spheroid cultures
are higher than 0.5% suggesting only a mildly hypoxic environment (Fig. 4.3A).
Moreover, there was no difference in the induction of HIF1a between p53 wild type
and deficient cells. Although it has been shown that p53 suppresses HIF1a (Yeung et

al., 2008), the mechanism of this regulation 1is not well-defined.
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Figure 4.2: HCT116 spheroids display reduced proliferation compared with
monolayer cultures

A) HCT116 p53+/+ and p53-/- cells were cultured as monolayers for 48 hrs or as
multi-layered tumour spheroids on ultra-low attachment plates for 14 days. Cells were
incubated with BrdU for 24 hrs and BrdU incorporation was determined by FACS.

B) HCT116 p53+/+ and p53-/- cells were cultured as spheroids for 14 days, fixed and
embedded in paraffin. Histological sections were analysed for expression of the
proliferation marker Ki67 and for cell death by TUNEL. Representative images are
shown.

In addition, spheroids from both genotypes were treated with
pimonidazole to detect regions of hypoxia. Pimonidazole forms adducts with thiol
groups in proteins, peptides and amino acids, which are increased when oxygen is
absent. As expected, pimonidazole staining was observed in the spheroid sections.
Interestingly, p53+/+ sections displayed a ring of hypoxia between the core and the
outside of the spheroids. In contrast, p53-/- spheroid sections revealed an intense
hypoxia staining mostly in the inner parts of the spheroid (Fig 4.3B). Taken together,
mild hypoxia seems to be induced in the spheroid conditions and this is more
pronounced in the core of p53 deficient spheroids. It is possible that the fact that p53
deficient cells continue to proliferate induces a larger region of hypoxia in the centre

of the spheroid.

After having evaluated the levels of hypoxia in the spheroids, metabolic

assays were performed to determine whether spheroids are dependent on respiration
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or glycolysis. To assess the effect of spheroid culture on oxygen consumption and
lactate export, the extracellular acidification rate (ECAR) and the oxygen
consumption rate (OCR) were measured in p53+/+ and p53-/- spheroids formed after
15 days of spheroid growth. Interestingly, p53-/- spheroids showed increased oxygen
consumption rates compared to p53+/+ cells (Fig 4.3C). This might be related to the
homogenous proliferation pattern in p53 deficient cells under metabolically
compromised conditions. In contrast, pS3-/- spheroids displayed slightly higher
ECAR levels compared to p53+/+ cells, which could be related to HIF1a activation

under metabolic stress, but this difference was not significant.
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A) Cells cultured in normoxia (20% O2) and hypoxia (0.5% O2) for 24 hrs or grown
as spheroids for 15 days. HIFla levels were detected in whole cell extracts by
Western blot.

B) HCT116 p53+/+ and p53-/- cells were cultured as spheroids for 14 days, fixed and
embedded in paraffin. Histological sections were analysed for hypoxia by
pimanidazole detection. Representative images are shown.

C) Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
measured using the Seahorse Bioanalyzer in p53+/+ and p53-/- spheroids grown for
15 days. Mean basal respiration and glycolysis levels were calculated from 48
replicate spheroids. Error bars represent SEM. (*¥*** p<0.0001).
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4.1.3 Identification of gene expression differences between HCT116 p53+/+ and

p53-/- cells cultured as monolayer, spheroids or subcutaneous xenograft tumours

Having confirmed that there are differences between p53 wild type and
deficient HCT116 cells cultured as monolayer and tumour spheroids; RNA-SEQ was
performed to obtain a global transcription profile of cells cultured in the different
conditions. For this purpose, RNA was isolated from HCT116 isogenic cells cultured
as monolayers, as spheroids for 15 days or grown as subcutaneous tumours in
immunocompromised mice. Archival tumour material was obtained from a previous
study (Ros, Floter, et al, 2017). Sequencing was performed for biologically
independent triplicate samples and data were analysed by Susanne Walz
(Bioinformatics Core Unit of the Comprehensive Cancer Centre Mainfranken).
Firstly, principal component analysis (PCA) was performed in order to compare how
the different conditions relate to each other. PCA is a statistical tool that is used to
visualise the likelihood of similarity in different populations. Different components
(PC1, PC2 etc.) determine the level of variance. Thus, PCA performed with the
normalised read counts of all samples showed that the replicates from each condition
accurately grouped together. Interestingly, tumour samples clustered close to the
spheroid samples, particularly in PC1, which accounts for 80% of the variance (Fig
4.4A). These results show that global gene expression in cells grown as spheroids has

similar characteristics to those observed in tumours.

In addition, gene set enrichment analysis (GSEA) was performed in
order to obtain insight into different gene expression signatures induced by the
different culture conditions. GSEA is a statistical approach designed to rank pre-
designed gene lists according to the strength of association with a specific condition
(Subramanian et al., 2005). The molecular signature database C2, which contains
4729 curated gene sets, and the HALLMARK database, which contains 50 gene sets
associated with crucial biological processes (Liberzon et al., 2015), were used for this
analysis. Normalised enrichment scores (NES) and false discovery rates (FDR) g-
values were used to define the significance of a given gene set. NES shows the
ranking of a certain gene set in a whole ranking list. The higher the absolute NES, the

more genes in a given gene set are differentially expressed between two conditions.
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FDR g-values smaller than 0.25 were considered to indicate a significant enrichment

(Hochberg et al., 1990).

As a result of the GSEA, both p53+/+ and p53-/- cells showed very
strongly enriched proliferation of associated gene signatures in monolayers compared
to spheroid cultures or tumours (Fig 4.4B and C). In addition, hypoxia related
signatures were strongly increased in spheroids, irrespective of p53 status (Fig 4.4B).
Strong enrichment of the hypoxia signature was also observed in tumours as well as

in spheroids compared to monolayer cultures (Fig 4.4C).

Overall, these results demonstrate that the spheroid condition
recapitulates some of the features that are also found in tumours and thus represents a

suitable in vitro model to study cancer cells in a tumour-like environment.

In order to gain more insight into the p53 effects, gene expression data
from the isogenic cell lines in the different culture conditions were compared by
GSEA. Interferon signalling signatures were enriched in p53+/+ cells compared to
p53-/- cells in all conditions (Fig. 4.5A). In contrast, p53 targets associated signatures
were only enriched in p53+/+ cells cultured as monolayer (Fig 4.5A). Surprisingly,
“HORTON_SREBF TARGETS” and
“REACTOME_CHOLESTEROL BIOSYNTHESIS” gene signatures were enriched
in p53-/- spheroids and tumours compared to their pS3+/+ counterparts (Fig 4.5B).
This finding suggests that loss of p53 function increased the expression of genes
involved in cholesterol biosynthesis, in particular under the conditions of a tumour-

like environment.
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Figure 4.4: Spheroids recapitulate tumour features in vitro

A) RNA from HCT116 p53+/+ and p53-/- cells grown either as monolayers (ML), as
spheroids (SPH) or as subcutaneous tumours in immunocompromised mice (T) was
analysed by RNA-SEQ. PCA was performed on normalised read counts and principal
component 1 (PC1) and PC2 are displayed. Each replicate sample is represented by a
single dot.

B) Gene set enrichment analysis (GSEA) comparing monolayer (ML) and spheroid
(SPH) cultures of HCT116 p53+/+ cells was performed. Enrichment plots for
HALLMARK E2F TARGETS (Liberzon et al., 2011),
BROWNE INTERFERON RESPONSE GENES (Browne et al, 2001) and
MANALO HYPOXIA_ UP (Manalo et al., 2005) are shown.

C) Enrichment plots for the same gene sets comparing monolayer cultures (ML) and
tumours (T) of HCT116 p53+/+ cells.

D) Table showing the gene sets mentioned above regulated both in p53+/+ and p53-/-
ML, SPH and T conditions
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Figure 4.5: Loss of p53 induces enzymes of the mevalonate pathway only in
spheroids and tumours

A) Heat maps showing the normalised enrichment scores (NES) of a gene set
enrichment analysis (GSEA) comparing RNA-SEQ data from HCT116 p53+/+ and
p53-/- cells cultured as monolayer or spheroids cultures or grown as xenograft
tumours (Ros, Floter, et al., 2017). Gene sets were from the MSigDB Hallmark
collection (Liberzon et al., 2015).

B) Enrichment plots for HORTON_SREBF TARGETS (Horton et al., 2003) for
HCT116 p53+/+ and p53-/- cells cultured as monolayer or spheroid culture or as
xenograft tumours.

Following RNA-SEQ analyses, QPCR results, which were performed to
validate global expression analysis, revealed similar results. Both in wild type p53
and p53 deficient spheroids and tumours individual hypoxia target genes the vascular
endothelial growth factor A (VEGFA), lactate dehydrogenase A (LDHA) and pyruvate
dehydrogenase 1 (PDHK) were upregulated (Fig 4.6A and B), confirming the RNA-
SEQ results. Interestingly, expression of the canonical HIF target LDHA was different
between p5S3 WT and p53 deficient spheroids (Fig 4.6A), leading to the question
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whether LDHA expression is regulated independent of hypoxia. Indeed, LDHA was
identified as a miR-34 target in breast cancer (X. Xiao et al., 2016). miR-34 was
described as a bona fide p53 target and p53 induces its expression in many cancer
types to prevent tumour progression (Okada et al., 2014). Therefore, the decrease in

the expression of LDHA in the wild type spheroids could be explained via p53-

induced, miR-34 dependent inhibition.
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Figure 4.6: Hypoxia target genes are upregulated in tumour spheroids and
tumours.

A) Expression of VEGFA, LDHA and PDHKI genes was determined in RNA from
monolayer cultures (ML) or from cells grown as spheroids (SPH) and normalized to
B-actin. Values represent mean = SEM (n=3, each biological replicate in technical
duplicates). p-values were calculated using unpaired two tailed student t-test.
(p<0.0001, **** : p<0.001, ***; p<0.01, **; p<0.05, *).

B) Expression of VEGFA, LDHA and PDHKI in RNA from monolayer cultures (ML)
or tumours was determined and normalized to -actin. Values represent mean + SEM
(n=3, each biological replicate in technical duplicates). p-values were calculated using
unpaired two tailed student t-test. (p<0.0001, **** ; p<0.001, ***; p<0.01, **
p<0.05, *).
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Comparison of gene expression differences according to the p53 status in
spheroids and tumours revealed the upregulation of cholesterol biosynthesis in p53
deficient condition. Expression of genes involved in cholesterol biosynthesis is
regulated by the transcription factor SREBP2. Therefore, expression of SREBP2 and
its targets was investigated in order to validate the results observed in the RNA-SEQ

experiment.

The mevalonate pathway is an important process that uses acetyl-CoA,
NADPH and ATP for the generation of isoprenoids and sterols and expression of the
enzymes of this pathway is driven by SREBP2. First, three molecules of acetyl-CoA
get condensed to form HMG-CoA by the enzyme HMGCS1. HMG-CoA is then
reduced to mevalonate by the rate-limiting enzyme HMGCR. In the following
reactions, the enzymes MVD and FDFT1 generate IPP and FPP that are important for
protein prenylation and the formation of other important metabolites. After several
additional steps, cholesterol is formed by the DHCR7 enzyme (reviewed in (Mullen et
al., 2016)) (Fig 4.7).

acetyl-CoA

acetoacetyl-CoA
HMGCS1y
HMG-CoA

HMGCR
mevalonate

mevalonate-5PP

MVD ¥
isopentyl-PP
farnesyl-PP

FDFT1
squalene

DHCR7l
cholesterol

Figure 4.7: Schematic representation of the cholesterol biosynthesis pathway

To this end, expression of the genes in the mevalonate pathway was
investigated. Expression of HMGCR, the rate-limiting enzyme, HMGCSI, MVD and

FDFTI was overall increased in spheroid condition compared to monolayer (Fig.
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4.8). Induction of SREBP?2 targets in spheroid cultures might be due to the hypoxia as
it was shown that cholesterol biosynthesis could function as a sensor for the oxygen

levels in yeast (Hughes et al., 2005). Moreover, it is possible that deprivation of
serum-derived sterols could contribute to increased expression of SREBP2 target

genes in this condition.

Recently, p53 has been established as a transcription factor which
inhibits SREBP in certain conditions (Moon et al., 2018) consistent with the data
shown here. However, in contrast to the findings reported in the study by Moon et al.,
p53-dependent differences in the expression of SREBP2 target genes was not present
in monolayer cultures (Fig 4.1A). This could suggest that under monolayer culture
conditions p53 is not sufficiently active to block the activation of SREBP2 targets.
However, in p53 deficient spheroids expression of SREBP2 targets was significantly

upregulated (Fig. 4.8), suggesting an inhibitory effect of p5S3 under these conditions.
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Figure 4.8: Increased expression of cholesterol biosynthesis genes in p5S3 deficient
spheroids

HCT116 p53+/+ and HCT116 p53-/- cells were cultured as monolayer (ML) for 48
hrs or as tumour spheroids (SPH) for 15 days. Expression of several SREBP2 targets
was determined and normalised to B-actin. Values represent mean = SEM (n=3, each

biological replicate in technical duplicates). p-values were calculated using unpaired
two tailed student t-test. (p<<0.0001, **** ; p<0.001, ***; p<0.01, **; p<0.05, *).

Taken together, by using spheroids as a model, it was revealed that p53
exerts an inhibitory effect on the expression of SREBP2 target genes. This could
indicate a tumour specific metabolic vulnerability of pS3 deficient cells that depends

on the tumour microenvironment.
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4.1.4 1dentification of detailed metabolic features of HCT 116 p53+/+ and HCT

116 pS3-/- cells cultured as monolayer and spheroids

Transcriptomic analyses revealed the specific features of tumour
spheroids, such as hypoxia and reduced proliferation (Fig 4.4A). In addition,
comparison of p53 isogenic cells in different culture conditions demonstrated that p53
deficient spheroids increased the expression of genes that are involved in cholesterol
biosynthesis. Therefore, further analyses were performed to investigate the activity of

metabolic pathways in the different culture conditions.

In order to gain insight into the metabolic alterations between the
monolayer and spheroid cultures, stable isotope tracing experiments were performed
using [U*C] glucose. By using stable isotope tracing, which was performed in a
dynamic manner as a time course, the contribution of glucose carbons to different
metabolic pathways was identified. Both mass isotopomer distribution (MID) and
levels of individual isotopologues were determined. MID analysis provides
information about the metabolite contribution to the pathway and it is independent of
the metabolite levels (Buescher et al., 2015). This analysis helps to understand the
fractional contribution of the nutrient to specific pathways as cancer cells can be fed
by different metabolites such as glucose, glutamine and acetate. In both conditions,
steady state labelling for pyruvate and lactate was already reached after 2 hrs (Fig
4.9), indicating that the contribution of glucose to pyruvate and lactate is similar in

monolayer and spheroid cultures.

Interestingly, fractional labelling to alanine, glutamate and other TCA
cycle metabolites reached a steady state more rapidly in spheroids than monolayers
suggesting additional carbon contribution in spheroids. However, labelling was
overall not affected by p53 status as labelling patterns were similar between p53 wild

type and p53 deficient cells (Fig 4.9A and B).
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Figure 4.9: Reprogramming of glucose metabolism in spheroid cultures

HCT116 p53+/+ and p53-/- cells were cultured as monolayer (ML) for 24 hrs or as
spheroids (SPH) for 14 days and used for stable isotope tracing analysis. After
incubation with [U'*C] glucose for 48, 16, 4 or 2 hours, cells were extracted and
metabolites were analysed by LC-MS. Values represent mean + SEM (n=3

independent biological replicates).
A) % labelling for pyruvate, lactate, alanine, gluatamate, aspartate was shown

B) % labelling for TCA cycle metabolites was shown.

Moreover, the abundance of lactate was increased in both p53+/+ and
p53-/- spheroids, suggesting the induction of glycolytic mechanism (Fig 4.10B).
Indeed, this increase in lactate levels was also consistent with the induction of

hypoxia gene signatures found by GSEA.
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Figure 4.10: Spheroid cultures promote ‘glycolytic phenotype’

A) Diagram showing the labelling of TCA cycle metabolites from [U'3C] glucose
B) HCT116 p53+/+ and p53-/- cells were cultured as monolayer (ML) or spheroid
(SPH) cultures and stable isotope tracing analysis was performed. After 16 hours of
incubation with [U¥C] glucose, cells were extracted and metabolites were analysed
by LC-MS. Values represent mean + SEM (n=3 independent biological replicates)

Interestingly, pyruvate dependent anaplerosis was observed in both p53
wild type and p53 deficient cultures. As seen from Fig 4.10A, pyruvate is usually
converted to acetyl-CoA and contributes to the m+2 fraction of citrate and other TCA
cycle metabolites. During anaplerosis, pyruvate can enter the TCA cycle by the
conversion to oxaloacetate via pyruvate carboxylase enzyme and this leads to the
formation of m+3 fractions in the TCA cycle intermediates. A relative increase in
m+3 over m+2 isotopologues can be attributed to the activity of pyruvate dependent
anaplerosis (Buescher et al., 2015). Indeed, higher m+3/m+2 ratios for aspartate and
malate detected in spheroid cultures compared to monolayers indicate the presence of
pyruvate dependent anaplerosis, which are the metabolic consequences of a hypoxic

environment (Fig 4.11).
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Figure 4.11: Spheroid cultures show pyruvate dependent anaplerosis

HCT116 p53+/+ and p53-/- cells were cultured as monolayer (ML) or spheroid (SPH)
cultures and stable isotope tracing analysis was performed. After 16 hours of
incubation with [U¥C] glucose, cells were extracted and metabolites were analysed
by LC-MS. Ratios of M+3 and M+2 isotopologues for malate and aspartate are

shown. Values represent mean + SEM (n=3 independent biological replicates)

Furthermore, analysis for the p53 specific differences revealed that
levels of aspartate are higher only in p53 wild type spheroids (Fig.4.12A). Aspartate
has been demonstrated to be very important for cell proliferation because it provides
essential carbon atoms for pyrimidine biosynthesis (Sullivan et al., 2015). Indeed,
incorporation of glucose carbons into UMP was overall lower in spheroid cultures
compared to monolayers, most likely representing reduced proliferation. However,
this reduction was less pronounced in p53 deficient cells (Fig. 4.12B). This result
suggests that p53 deficient cells maintain higher levels of pyrimidine nucleotide
biosynthesis under spheroid culture conditions compared to their p53 wild type
counterparts. As pyrimidine synthesis also requires aspartate, this results in a reduced

accumulation of this metabolite in p53 deficient cells.
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Figure 4.12: Glucose labelling to UMP is higher in p53 deficient spheroids

A) HCT116 p53+/+ and p53-/- cells were cultured as monolayer (ML) or spheroid
(SPH) cultures and stable isotope tracing analysis was performed. After 16 hours of
incubation with [U¥C] glucose, cells were extracted and metabolites were analysed
by LC-MS. Relative peak intensities of aspartate was shown. Values represent mean +
SEM (n=3 independent biological replicates)

B) Incubation with [U'3C] glucose for 48, 16, 4 or 2 hours, cells were extracted and
metabolites were analysed by LC-MS. % labelling for UMP was shown.

Taken together, spheroids undergo metabolic reprogramming in order to
survive under hypoxia with reduced glucose oxidation, enhanced lactate production
and increase TCA cycle anaplerosis. Moreover, while these adaptations were
observed in cells with both genotypes only aspartate showed reduction in p53

deficient spheroids to support pyrimidine biosynthesis.

4.2 Regulation of SREBP2 and cholesterol metabolism by pS3

Metabolic reprogramming takes place in cancer cells for the tumour
formation. During this transformation, elevated levels of de novo lipid synthesis were
identified as an important feature of tumour cells (Menendez et al., 2007). While
enhanced lipid synthesis in cancer is established, the mechanisms and consequences
of this deregulation are not fully understood (Rohrig et al., 2016) Especially, the

regulation of sterol synthesis in colorectal cancer is not well studied.

SREBP?2 is a transcription factor that is responsible for the expression of

genes involved in cholesterol biosynthesis (Osborne et al., 2009). Activation and

92



stability of SREBPs are tightly regulated by the availability of the sterol levels and
other signalling events (Shao et al., 2012) (Osborne et al., 2009). SREBPs are
synthesized as inactive precursors bound to the ER membrane where they are
associated to SCAP. Under conditions where sterol levels are low, the SREBP/SCAP
complex translocates to the Golgi where SREBP is proteolytically cleaved and the N-
terminal half of the protein is released, which then translocates to nucleus to drive the

expression of target genes by binding to SRE (Goldstein et al., 2006; Horton, 2002).

Several reports demonstrated that the activity of SREBPs is needed for
cancer cell proliferation. For instance, activation of SREBP1 was shown to be
necessary for the growth of xenograft models of glioblastoma multiforme that carry
EGFR mutations (Guo et al., 2009). Moreover, activation of SREBP as a result of
PI3BK/mTORCI1 signalling was demonstrated as an important factor for the growth
and proliferation in breast cancer (Ricoult et al., 2016). p53 has been identified as a
negative regulator of SREBP and lipogenesis in mice from a genetic model of obesity
(ob/ob) in a fed state (Yahagi et al., 2003). In addition, mutant p5S3 was shown to bind
to SREBP2 to drive the expression of genes that have roles in mevalonate pathway to
disrupt breast tissue architecture (Freed-Pastor, Mizuno, et al., 2012). Moreover, a
recent paper demonstrated that wild type p53 correlates with the inhibition of
mevalonate pathway in hepatocellular carcinoma (Moon et al., 2018). However, the
exact mechanism of how wild type p53 regulates SREBP2 in cancer is not well

defined.

4.2.1 Evaluation of SREBP2 levels in monolayer and spheroid cultures

The results described in section 4.1.3 showed that the SREBP2 targets
are upregulated in spheroid cultures compared to monolayers and were most abundant
in p53 deficient spheroids. However, expression of SREBF2 mRNA itself was similar
between p53 isogenic spheroids (see Fig. 4.8), suggesting a post transcriptional
mechanism of regulation for SREBP2. Therefore, levels of mature SREBP2 and
SREBP targets were investigated at the protein level. As Fig 4.13 demonstrates, levels
of mature SREBP2 protein were increased in p53 deficient cells, especially in

spheroids.
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Figure 4.13: Loss of p53 promotes formation of mature SREBP2 and expression
of HMGCSI protein in spheroids

Western blots showing expression of HMGCS1 and mature SREBP2 in HCT116
p53+/+ or p53-/- cells grown as monolayer or spheroid cultures. Actin is shown as
loading control.

As SREBP gets processed at low sterol levels (Brown et al., 1997)
experiments were performed in medium containing 1% FCS, a serum concentration at
which sterol levels should not be sufficient to block SREBP activation, in order to
check how SREBP?2 is regulated in monolayer cultures. For this, mRNA expression of
SREBP?2 target genes in p53+/+ and p53-/- cells treated with 10% and 1% FCS for 24
hrs were analysed by qPCR. Interestingly, expression of HMGCSI and HMGCR was
induced in p53 deficient cells by low serum condition (Fig 4.14A). In contrast, low
serum was not able to increase expression of these proteins in p53 wild type cells,

suggesting an inhibitory effect of p5S3 on SREBP2 activation.

Nuclear fractionation was performed to enrich the mature form of
SREBP2 from cells cultured either in 10% or 1% FBS for 24 hrs. Nuclear SREBP2 is
subjected to multiple phosphorylation (Sundqvist et al., 2003) making the protein
appear as multiple bands. It can be concluded that there is a moderate upregulation of
mature SREBP2 in nuclear fractions of p53 deficient cells incubated with 1% FBS
(Fig 4.14B), confirming the results of the qPCR analysis. In contrast, p53 wild type
cells did not increase levels of mature SREBP2 when cultured in low serum (Fig
4.14B), indicating that sterol levels affect the mature SREBP levels in monolayer
cultures only in p53 deficient cells. Consistent with these findings, it can be
speculated that cells in spheroid cultures are exposed to low sterols levels and this
induced the formation of mature SREBP when p53 is absent. Conversely, the
presence of p53 inhibits the formation of mature SREBP2 under metabolic stress,

thereby blocking the expression of SREBP2 target genes.
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Figure 4.14: Loss of p53 promotes activation of SREBP2 by sterol deprivation in
monolayer cells

A) Expression of HMGCSI and HMGCR mRNA in HCT116 p53+/+ and p53-/- cells
cultured as monolayers either in full medium (FS) or in lipid-reduced medium (LS,
1% FCS) for 24 hours.

B) Western blot of nuclear extracts from HCT116 p53+/+ and p53-/- cells cultured as
monolayers either in full medium (FS) or lipid-reduced medium (LS) for 24 hours.
mSREBP2 was detected in the upper blot with lamin as a loading control.

4.2.2 Establishing cell lines expressing shRNAs targeting SREBP2 and effects of
SREBP2 silencing

In order to gain more insight into the mechanism by which p53 regulates
SREBP2, p53 isogenic cell lines were generated stably expressing short-hairpin RNA
interference (shRNA) constructs targeting SREBF2. First, the knock-down efficiency
of two different shRNA sequences was established and it was confirmed that SREBP2
levels were downregulated by at least 70% in p53 deficient cells by both sequences
(Fig 4.15A). Sequence #484 also efficiently reduced SREBF2 expression in p53 wild
type cells, while the results for sequence #485 were inconclusive in these cells (Fig
4.15A). Moreover, silencing of SREBP2 using this approach did not alter levels of
SREBF I expression (Fig 4.15A), confirming the specificity of the constructs.

Spheroids were generated from these cell lines and knock-down of
SREBF?2 was induced for 72 hrs. Investigation of HMGCS protein levels revealed that
HMGCSI1 levels were higher in p53 deficient spheroids compared to the p53+/+
confirming that p53 inhibits SREBP2 and its target gene expression under metabolic
stress (Fig 4.15B). Moreover, SREBF2 silencing only decreased HMGCS1 levels in
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spheroids from p53 deficient cells. In contrast, the basal level of HMGCSI1 in p53+/+
cells was not affected by SREBF2 knock-down-down (Fig 4.15B). These results
suggest that p53 dependent regulation of mevalonate pathway genes is mediated

through SREBP2.
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Figure 4.15: Loss of p53 activates HMGCS1 via SREBP2

A) HCT116 p53+/+ and p53-/- cells expressing doxycycline-inducible shRNA
sequences targeting SREBF2 (sequence #484 and #485) were cultured in monolayer
cultures and treated with 1 pg/ml doxycycline (DOX) for 72 hours. Expression of
SREBF?2 and SREBF1 was determined. Values represent mean + SEM (n=2, each
biological replicate in technical duplicates).

B) HCT116 p53+/+ and p53-/- cells expressing doxycycline-inducible shRNA
sequences targeting SREBF2 (sequence #84 and #85) were cultured as spheroids and
treated with 1 pg/ml DOX for 72 hours. Expression of HMGCSI was determined by
western blotting. Actin is shown as loading control.

4.2.3 Mechanism of SREBP2 regulation by p53

Several mechanisms were suggested for the post-translational regulation
of SREBPs by oncogenic signalling pathways. Increased processing and nuclear
accumulation of SREBP1 can be promoted via the AKT/mTORCI1 pathway (Duvel et
al., 2010). In addition, stability of SREBPs is controlled by glycogen synthase kinase
3 (GSK3). GSK3 dependent phosphorylation of SREBPs lead to their recognition and
ubiquitination by a FBXW7-containing ubiquitin ligase complex (Sundqvist et al.,
2005) and the activity of GSK3 can be controlled by inactivating phosphorylation by
AKT (Manning et al., 2017). In order to reveal the mechanism by which SREBP2 is

regulated by p53 in different culture conditions, the activation status of several
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signalling pathways was investigated in cells cultured in monolayer and spheroid

conditions.

Interestingly, phosphorylation of ribosomal S6 protein was prominently
observed especially in spheroid cultures both in p53 wild type and p53 deficient
spheroids (Fig 4.16A). In addition, western blot analyses revealed increased
phosphorylation of GSK3 in p53 deficient spheroids (Fig 4.16B), consistent with an
inactivation of its activity. This could explain the presence of more mature SREBP2
in p53 deficient spheroids, as inactive GSK3 cannot phosphorylate SREBP2, leading

to its accumulation in the nucleus.
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Figure 4.16: Spheroids induce phosphorylation of SORB and GSK3

A) Western blots showing levels of phosphorylated ribosomal protein S6 (P-S6RB)
and total ribosomal protein S6 expression (S6RB) in HCT116 p53-+/+ or p53-/- cells
grown as monolayer or spheroids. Actin is shown as loading control

B) Western blots showing phosphorylation on GSK3a/b (serine 21/9) and total
GSK3a/b protein expression in HCT116 p53+/+ or p53-/- cells grown as monolayer
or spheroid cultures. Actin is shown as loading control.

To confirm the involvement of GSK3 in the regulation of SREPB2 by
p53, spheroids were treated with different GSK3 inhibitors. First, the effect of GSK3
inhibition of HMGCS1 protein levels was determined in spheroids treated with the
inhibitors for 24 hrs. Interestingly, HMGCSI1 levels in p53 deficient spheroids treated
with GSK3 inhibitors were increased to the same levels as those observed in p53 wild
type spheroids without inhibitor (Fig 4.17A), suggesting that SREBP2 might be
regulated via GSK3. In addition, expression of HMGCSI and HMGCR was increased
after GSK3 inhibition for 72 hrs in p53 wild type spheroids confirming the previous
results and suggesting that GSK3 regulates SREBP2 stability (Fig 4.17B).
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Figure 4.17: GSK3 regulates the stability of SREBP2

A) HCT116 p53+/+ or p53-/- cells were grown as spheroids and treated with 30 uM
of SB216763 (SB) or 10 uM of CHIR99021 (CHIR) for 24 hours. Levels of
HMGCST1 protein expression were determined by western blotting. Actin is shown as
loading control

B) Expression of HMGCSI mRNA in HCT116 p53+/+ or p53-/- cells grown as
spheroids and treated with 10 uM of CHIR99021 (CHIR) for 72 hours. Values
represent mean = SEM (n=3, each biological replicate in technical duplicates). p-
values were calculated using unpaired two tailed student t-test. (p<0.01, **; p<0.05,

As high levels of S6RB were observed in both p53 wild type and p53
deficient spheroids, it was reasoned that mTORC1 might also play a role in the
regulation of SREBP2 by p53. Thereby, rapamycin, a specific mTORCI inhibitor,
was used to treat both p53 wild type and p53 deficient spheroids for 72 hrs. As a
result, HMGCSI and HMGCR levels were decreased strongly in p53 deficient
spheroids (Fig 4.18), suggesting that mTORCI activity is required for the activation
of SREBP2 in p53 deficient cells.
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Figure 4.18: mTORCI regulates the activity of SREBP2

Effect of rapamycin on HMGCS1 and HMGCR expression in spheroid cultures of
HCT116 p53+/+ or p53-/- cells. Values represent mean = SEM (n=2 each biological
replicate in technical duplicates). p-values were calculated using unpaired two tailed
student t-test. (p<0.001, ***; p<0.05, *)

4.2.4 Metabolic characterisation of cholesterol pathway

Cholesterol biosynthesis has been shown to play a role in many
metabolic processes and the production of mevalonate from acetyl-CoA with NADPH
and ATP was demonstrated as a rate-limiting step in the cholesterol pathway (Mullen
et al., 2016). After having shown that cholesterol biosynthesis is transcriptionally
regulated by the transcription factor SREBP2, levels of metabolites that play a role in
the cholesterol biosynthesis were determined. Stable isotope labelled glucose was
traced into acetyl-CoA in both monolayer and spheroid condition of p53 isogenic
cells. As seen in Fig 4.19A, steady state levels of labelled acetyl-CoA were reached in
monolayer cultures already after 16 hrs. In contrast, steady state was not reached even
after 48 hrs in spheroid cultures, suggesting that low PDH activity in the hypoxic

environment reduces the efficiency of acetyl-CoA production from glucose
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Figure 4.19: Metabolic characterization of HCT116 cells in monolayer and

spheroids reveals differences in acetyl-CoA labelling

A) HCT116 p53+/+ and p53-/- cells were cultured as ML for 24 hrs or as SPH for 14
days and used for stable isotope tracing analysis. After incubation with [U"C]
glucose for 48, 16, 4 or 2 hours, cells were extracted and metabolites were analysed
by LC-MS. Values represent mean + SEM (n=3 independent biological replicates)

B) Relative peak intensities for acetyl-CoA at 16 hrs.

In order to gain more insight into the metabolic activity of the
mevalonate pathway, labelled glucose was traced into mevalonate, cholesterol and
CoQ10 in spheroids and relative peak intensities of different isotope fractions were
calculated. Relative peak intensities of mevalonate labelled from glucose were
increased in p53 deficient spheroids (Fig 4.20B) and this difference was observed
across all mevalonate isotopologue fractions (Fig 4.20C), suggesting that mevalonate
production is higher in these cells. Interestingly, the distribution of the different
isotopologues for cholesterol showed significant changes between cells from the two
genotypes. The fraction of labelled cholesterol isotopologues was higher in wild type
p53 spheroids compared with those in p53 deficient cultures (Fig 4.20D).
Surprisingly, most labelled fractions of CoQ10 isotopologues were higher in the p53
deficient compared to wild type spheroids (Fig 4.20E). This pattern of labelling was
opposite to that of cholesterol, leading to a conclusion that p53 deficient cells
reprogram their metabolism to favour the production of CoQ10 instead of cholesterol

under metabolically compromised conditions.
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Figure 4.20: Loss of p53 results in metabolic rewiring of the mevalonate pathway

A) Schematic representation of cholesterol pathway.

B) HCT116 p53+/+ or p53-/- cells were grown as spheroids and labelled with [U'*C]
glucose for 16 hrs before cells were extracted and analysed for mevalonate levels.
Values represent mean + SEM (n=3 independent biological replicates). p-values were
calculated using unpaired two tailed student t-test. (p<0.05, *).

C) Relative peak intensities of mevalonate isotopologues.

D) HCT116 p53+/+ or p53-/- cells were grown as spheroids and labelled with [U'*C]
glucose for 72 hrs before cells were extracted and analysed for the abundance of
cholesterol isotopologues.

E) Relative peak intensities of individual labelled fractions for CoQ10.

Taken together, this analysis showed that cholesterol levels are higher in
p53 WT spheroids, which might be necessary for production of membranes. In
contrast, pS3 deficient spheroids display higher levels of glucose-dependent CoQ10
synthesis, indicating that rewiring of the mevalonate pathway could support important
metabolic functions in these cells under nutrient and oxygen restricted environment,

which will be discussed in the next chapter.
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4.3 Effects of mevalonate pathway inhibition

In the result shown so far, induction of cholesterol biosynthesis in p53
deficient cells in metabolically compromised environment has been demonstrated.
Likewise, different rewiring of the mevalonate pathway in spheroids was observed.
Cholesterol levels were higher in wild type p53 spheroids whereas CoQ10 levels were
more abundant in p53 deficient spheroids. As shown previously, oncogenic signalling
plays a role in regulating the mevalonate pathway for cell survival and growth. Thus,
the mevalonate pathway can be suggested as a potential vulnerability that can be
targeted as therapeutic strategy. Statins are commonly used drugs that block the

activity of HMGCR, the rate-limiting enzyme of this pathway.

4.3.1 Effect of inhibition of mevalonate pathway in monolayer cultures

To investigate the effect of drugs that inhibit the activity of the
mevalonate pathway, monolayer cultures were treated with statins. To this end, first,
metabolomic analyses were performed to determine the effects of statins on
cholesterol and CoQ10 levels in monolayer cultures. Interestingly, p53 deficient cells
seem to have more cholesterol in contrast to the spheroid condition although this
difference failed to reach significance. Moreover, CoQ10 levels were restored in p53
deficient cells suggesting the absence of metabolic reprogramming in monolayers.
Cholesterol and CoQ10 levels were found to be blocked by the statins in the
monolayer cultures (Fig 4.21) suggesting the complete inhibition of the mevalonate

pathway.
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Figure 4.21: Simvastatin blocks the mevalonate pathway metabolites in
monolayer cultures

HCT116 p53+/+ and p53-/- cells were cultured as ML for 24 hrs and treated with 10
uM simvastatin for 48 hrs. Cholesterol and CoQ10 levels were analysed by LC-MS.
Values represent mean + SEM (n=3 independent biological replicates). p-values were
calculated using unpaired two tailed student t-test. (p<<0.05, *)

CoQ10 acts as an electron carrier that transfers electrons from respiration
complex I to respiration complex III (Y. Wang et al., 2016). Since statins decreased
the levels of CoQ10, their effect on respiration was investigated. For this purpose,
metabolic assays measuring the oxygen consumption rate (OCR) were performed
either in basal state or after sequential addition of oligomycin, FCCP and
antimycin/rotenone in order to determine mitochondrial function. In p53 WT cells,
simvastatin reduced both basal and maximal OCR, but this was not restored by
mevalonate addition (Fig 4.22 left graph). In p53 deficient cells, simvastatin addition
also caused a reduction in basal and maximal OCR and this was further enhanced in
the presence of mevalonate (Fig 4.22 right graph). This result either suggests that
mevalonate addition does not restore CoQ10 synthesis in monolayer cells or that the
reduction in respiration in the presence of statins is caused by a mechanism not
related to CoQ10. The further inhibition of respiration by mevalonate addition in p53
deficient cells could be related to oxygen usage by enhanced cholesterol synthesis as
shown before in yeast (Hughes et al., 2005), which is more active in these cells

suggesting that mevalonate pathway acts as an oxygen sensor.
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Figure 4.22: Inhibition of mevalonate pathway inhibits mitochondrial
respiration

HCT116 p53+/+ (LEFT) or p53-/- cells (RIGHT) were grown as monolayers for 24
hrs and treated with solvent (DMSO), 10 uM simvastatin (SIM) or either alone or in
the presence of 0.5 mM mevalonate for 24 hrs. Oxygen consumption rates (OCR)
were determined using the Seahorse Bioanalyzer. Oligomycin (oligo), FCCP and
rotenone/antimycin A (R/A) were added to determine ATP-dependent, maximal and
basal respiration. Values represent mean+=SEM of the 8 technical replicates (n=2)

Next, the effect of statins on the colon cancer cell viability was
investigated as statins were shown to kill cancer cells (Wong et al., 2002). Initially,
three different statins (mevastatin, simvastatin, cerivastatin) were used to inhibit
HMGCR, the rate-limiting enzyme of the mevalonate pathway. Different doses of
statins had significant effects on both p53 WT and p53 deficient monolayer cell
viability (Fig 4.23A, B and C). Moreover, loss of cell viability was rescued with the
addition of mevalonate, showing the specificity of the inhibitory effect of the
compounds. As CoQI10 levels showed changes after statin treatment, exogenous
CoQ10 effect on the cell viability was investigated. However, addition of CoQ10 was
not able to rescue viability in the presence of mevastatin and simvastatin (Fig 4.23A

and B) suggesting that CoQ10 is not the rate-limiting factor in monolayer cultures.
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Figure 4.23: Inhibition of mevalonate pathway is detrimental for cells cultured in
monolayer

A) Monolayers of HCT116 p53+/+ or pS3-/- cells were treated with the indicated
concentrations of mevastatin (MST) alone or in combination with 0.5 mM mevalonate
or 10 uM CoQ10 for 48 hours. Cell numbers were determined by DAPI staining and
automated counting. Values represent mean + SEM (n=3 independent biological
replicates). p-values were calculated using unpaired two tailed student t-test.
(p<0.0001, **** : p<0.001, ***; p<0.01, **; p<0.05, *)

B) Monolayers of HCT116 p53+/+ or p53-/- cells were treated with 10 uM
simvastatin (SIM) alone or in combination with 0.5 mM mevalonate or 10 uM CoQ10
for 48 hours.

C) Monolayers of HCT116 p53+/+ or p53-/- cells were treated with 10 puM
cerivastatin (CERI) alone or in combination with 0.5 mM mevalonate for 48 hours.

In addition, the effect of inhibitors, which target the downstream
reactions of mevalonate pathway, such as YM-53601 and zoledronic acid, were
investigated. YM-53601 is a squalene synthetase inhibitor and zoledronic acid has
been used as a farnesyl diphosphate synthase inhibitor and doses of these drugs were
chosen in a range that they affected the proliferation of cancer cells in other
studies(Freed-Pastor, Mizuno, et al., 2012; Sorrentino et al., 2014). Cell viability was
reduced dramatically after zoledronic acid treatment with two different doses (Fig
4.24B), suggesting the importance of the FDPS enzyme for cell survival. In contrast,
the YM-53601 effect on cell viability was mild both in p53 WT and p53 deficient
cells cultured in monolayer (Fig 4.24C), confirming the essentiality of mevalonate
pathway upstream of FDPS. Moreover, as expected, cell death could not be rescued

with the addition of mevalonate after YM-53601 and zoledronic acid treatment.
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Figure 4.24: Inhibition of mevalonate pathway with zoledronic acid reduces cell
viability in monolayer cultures

A) Schematic representation of mevalonate pathway.

B) Monolayers of HCT116 p53+/+ or p53-/- cells were treated with the indicated
concentrations of zoledronic acid (Zol acid) either alone or in combination with 0.5
mM mevalonate for 48 hrs. Cell numbers were determined by DAPI staining. Values
represent mean = SEM (n=3 independent biological replicate). p-values were
calculated using unpaired two tailed student t-test. (p<<0.0001, ****)

C) Monolayers of HCT116 p53+/+ or p53-/- cells were treated with the indicated
concentrations of YM-53601 (YM) either alone or in combination with 0.5 mM
mevalonate for 48 hrs. Cell numbers were determined by DAPI staining. Values
represent mean = SEM (n=3 independent biological replicate). p-values were
calculated using unpaired two tailed student t-test. (p<<0.05, *)

In order to reveal the mechanism of reduction in the cell number induced
by statins, mRNA and protein levels of several candidate genes were investigated. For
this purpose, induction of SREBP targets expression levels was evaluated. Expression
of FASN was upregulated with the addition of simvastatin to monolayer cultures in
both cell lines (Fig 4.25), suggesting an increase in SREBP activity due to reduced
cholesterol levels relieving the feedback inhibition. However, because of the high
variation for expression of SCD, ACSS2 in p53 wild type cells, results have been

found inconclusive and needed further validation.
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Figure 4.25: Inhibition of mevalonate pathway induces SREBP target genes in
monolayer cultures

HCT116 p53+/+ and HCT116 p53-/- cells cultured as monolayer for 24 hrs and
treated with 10 uM simvastatin (SIM) either alone or in the presence of 0.5 mM
mevalonate for 48 hrs. Expression of SCD, FASN and ACSS2 mRNA was determined
and normalized to B-actin. Values represent mean = SEM (n=3, independent
biological replicates in technical duplicates). P-values were calculated using unpaired
two tailed student t-test. (p<0.0001, **** ; p<0.001, ***; p<0.01, **; p<0.05, *).

MYC has been shown to be related to the proliferation and growth (Ji et
al., 2011). Loss of MYC has been demonstrated to affect the growth and proliferation
programs in many cancer types (Zanet et al., 2005), (Sansom et al., 2007). Stability of
MYC was identified to be regulated via phosphorylation of S62 and T58 by
MAPK/ERK and GSK3 3 respectively (Gregory et al., 2003; Yeh et al., 2004).
Moreover, inhibition of mevalonate pathway was demonstrated to affect MYC
phosphorylation and MYC levels in hepatocellular carcinoma (Cao et al., 2011).
Therefore, protein levels of MYC and p-MYC were checked. As a result, MYC and p-
MYC levels were restored (Fig 4.26). These results might suggest the decrease in cell
number after statin treatment is not dependent on MYC under these conditions
suggesting a different mechanism. Another explanation could be that there could be

another factor keeping MYC levels the same, which requires further investigation.
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Figure 4.26: Cell death induced by statins suggested to be independent of MYC
induction in monolayers

Western blots showing levels of phosphorylated MYC at S62 (P-MYC), MYC in
HCT116 p53+/+ or p53-/- cells grown as monolayer and treated with 10 puM
simvastatin (SIM) either alone or in the presence of 0.5 mM mevalonate for 48 hrs.
Actin is shown as loading control.

Taken together, it can be concluded that inhibition of the mevalonate
pathway results in low levels of cholesterol and CoQ10 leading to inhibition in cell
respiration in both p53 wild type and p53 deficient cells cultured in monolayer. In
addition statins block viability of both p53 WT and p53 deficient cells cultured in
monolayer and decrease in cell viability is not dependent on MYC levels. Moreover,
from the observation that CoQ10 does not restore cell viability and the mild effect of
YM-53601 on the cell number, it can be concluded that CoQ10 is not required for the

cell survival in monolayer cultures.

4.3.2 Effect of inhibition of mevalonate pathway in metabolically compromised

environments

Having investigated the effect of statins in monolayer culture, spheroids
were also used to see their effect on cell viability under metabolically compromised
environment. For this purpose, control or statin treated spheroids were fixed, paraffin
embedded and sectioned into thin slices. dUTP nick end labelling (TUNEL) staining
(used to detect double-strand DNA breaks associated with the induction of apoptosis)
and counterstaining with Hoechst was performed. Following mevastatin treatment,

p53 deficient cells displayed evidence of apoptosis restricted to the centre of the
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spheroids. In contrast, p53 WT cells were fully resistant to the statin treatment, as no
apoptosis could be detected in the centre of the spheroids (Fig 4.27A). Cell death was
rescued by the addition of mevalonate in p53 deficient spheroids, confirming the
specific effect of mevastatin. Quantification of TUNEL positive cells revealed a
significant effect of statins causing death of p53 deficient cells under metabolically

compromised environment, which was rescued by mevalonate (Fig 4.27B).
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Figure 4.27: The mevalonate pathway is essential for the survival of p53 deficient
cell under metabolically compromised environment

A) HCT116 p53+/+ or p53-/- cells were grown as spheroids and treated with 10 uM
mevastatin (MST) or solvent (DMSO) either alone or in combination with 0.5 mM
mevalonate (MVL) for 72 hours. Spheroids were fixed and histological sections were
analyzed for the presence of apoptotic cells by TUNEL staining. Images show
representative results.

B) Quantitation of data shown in A. Values represent mean £ SEM of at least 3
spheroids analysed per condition. p-values were calculated using unpaired two tailed
student t-test. (p<0.01, **)

In order to reveal the mechanism why p53 deficient cells were affected
by statins in the metabolically compromised environment, an RNA-SEQ experiment
was performed. For this purpose, HCT116 p53+/+ and HCT116 p53-/- spheroids were
treated with DMSO, simvastatin or simvastatin with mevalonate for the rescue. Data
analysis using either hierarchical clustering of normalised read counts or GSEA
analysis showed that in both types of spheroids simvastatin treatment led to the
induction of the SREBP target gene signature, which was prevented by co-treatment

with mevalonate (Fig 4.28A and B). This is most likely caused by reduced feedback
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inhibition caused by the lower sterol levels. However, induction of SREBP targets
was less pronounced in p53 deficient spheroids as these genes were already expressed

at higher levels in untreated cells (Fig 4.28A).
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Figure 4.28: SREBP target genes are induced after statin treatment

A) HCT116 p53+/+ or p53-/- cells were grown as spheroids and treated with 10 uM
simvastatin (SIM) or solvent (DMSO) either alone or in the presence of 0.5 mM
mevalonate for 72 hrs. RNA was extracted and analysed by RNA-SEQ. Heatmap of
genes from the HORTON SREBF TARGETS signature across all samples.

B) Enrichment plots for the comparison between simvastatin treated and control
samples for genes from the HORTON_SREBF TARGETS signature (Horton et al.,
2003) are shown

Interestingly, treatment with simvastatin also strongly reduced
expression of genes associated with cell cycle (CHANG CYCLING GENES) and
Hallmark targets of the MYC transcription factor (H MYC TARGETS V1) (Fig
4.29A and B). Both signatures are highly expressed in proliferating cells indicating
that statins reduce cell proliferation. In addition, genes functionally associated with
ribosomes were also down regulated in response to statin treatment and this was more
pronounced in p53 deficient spheroids. Ribosome biogenesis is strongly associated

with a primordial gene expression signature controlled by MYC (Ji et al., 2011).
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Together, these results confirm the importance of the mevalonate pathway for cell
proliferation (Shamma et al., 2009) and also suggest a link between this metabolic
process and the control of MYC activity. As expected, changes in expression of
ribosomal genes caused by simvastatin were rescued by the addition of mevalonate

(Fig 4.29C), emphasizing the specificity of the simvastatin.

In addition, mTOR signalling has been identified to be strongly linked to
MYC to regulate cell proliferation and growth (West et al., 1998) (Holz et al., 2005).
In addition, the stability of MYC is controlled by phosphorylation at S62 (Yeh et al.,
2004), while mTORC1 mediates the induction of protein synthesis through
phosphorylation of S6RB at S244 (Manning et al., 2007). Phosphorylation on MYC at
S62 and S6RB at S240 and S244 was checked in both cell types in monolayer and
spheroid condition. Overall, there was an increase in the ratio of phosphorylated to
total protein for both MYC and S6RB in spheroid cultures of both genotypes.
However, phosphorylation levels were not affected by statin treatment (Fig 4.29D).

Moreover, comparison between statin treated pS3 WT and p53 deficient
spheroids revealed additional gene signatures. Interestingly, the NFE2L2 target gene
signature was induced by simvastatin treatment in spheroids form both genotypes (Fig
4.30A). However, a direct comparison of simvastatin treated p5S3 WT and p53
deficient spheroids revealed a stronger induction in p53 deficient cells (Fig 4.30B).
NFE2L2 (also known as NRF2) is a transcription factor that has been shown to
regulate the antioxidant pathway in cancer cells (Singh et al., 2008). Therefore, it can
be concluded that statins induce the formation of reactive oxygen species (ROS),
particularly in p53 deficient cells cultured under a metabolically compromised

environment, and this could lead to reduced viability of these cells.
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Figure 4.29: Inhibition of mevalonate pathway blocks proliferation

A) Enrichment plots for the signature CHANG CYCLING GENES (Chang et al.,
2004) in DMSO and simvastatin treated HCT116 p53+/+ and p53-/- cells.

B) Enrichment plots for the signature HALLMARK MYC TARGETS V1 and
KEGG_RIBOSOME in DMSO and simvastatin treated HCT116 p53-/- cells.

C) Heatmap of genes from the KEGG_RIBOSOME signature across all samples.

D) Expression of pMYC/MYC and pS6RB/S6RB protein ratio was determined by
western blotting. Vinculin is shown as loading control
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Figure 4.30: Inhibition of mevalonate promotes antioxidant response

A) Enrichment plots for the signature SINGH NFE2L2 TARGETS (Singh et al.,
2008) in DMSO and simvastatin treated HCT116 p53+/+ and p53-/- spheroids.

B) Enrichment plots for the signature SINGH NFE2L2 TARGETS (Singh et al.,
2008) in simvastatin treated HCT116 p53+/+ and p53-/- spheroids
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After having checked the global expression profile after statin treatment
in the spheroids, individual genes expressing SREBP targets and protein levels of
stress and apoptosis markers were further investigated to reveal the mechanism by
which p53 deficient cells are sensitized to statins. SREBP targets were upregulated on
protein and mRNA level in response to statin treatment in both pS3 WT and deficient
cells, consistent with the previous results. Expression of DDIT3 (also known as
CHOP) was checked as a marker for endoplasmic reticulum (ER) stress and this gene
was only upregulated in p53 deficient cells, which was rescued by mevalonate
addition (Fig 4.31A). This suggests that statin treatment causes ER stress induction
selectively in p53 deficient spheroids. Moreover, induction of p53 and p21 was
investigated. Expression of p53 protein in p53 WT cells was unaffected by statin
treatment. In contrast, p21 protein was induced in both cell lines (Fig 4.31B),
suggesting that statin treatment induced p21 expression independent of p53. To sum
up, in order to provide an explanation for the selective killing of p53 deficient cells by
statins, CHOP induction could be suggested since a strong upregulation in the mRNA

levels were observed only in p53 deficient cells.

In order to determine whether p21 is involved in the induction of
apoptosis in p53 deficient spheroids, simvastatin treatment was performed for shorter
(24 hrs) and longer (72 hrs) times and mRNA expression of p21 (CDKNIA) was
determined. At the shorter time point, p21 was induced only in p53 WT spheroids
(Fig 4.32A). However, after 72 hrs, p21 was also induced in p53 deficient cells,
suggesting a p53-independent mechanism of p21 induction by mevalonate pathway
inhibition. In addition, analysis of protein levels demonstrates that induction of p21
protein was observed in both genotypes. Finally, induction of apoptosis by
simvastatin treatment was also analysed in p21 deficient spheroids. Here, statin
treatment did not induce apoptosis, indicated by the absence of TUNEL positive cells
in the center of the spheroids (Fig 4.32C), suggesting a p21 independent mechanism.
Together, these results demonstrate that the induction of apoptosis by mevalonate

pathway inhibition in p53 deficient spheroids is independent of p21.
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Figure 4.31: Simvastatin treatment induces expression of several targets

A) HCT116 p53+/+ or p53-/- cells were grown as spheroids and treated with 10 uM
simvastatin (SIM) or solvent (DMSO) either alone or in combination with 0.5 mM
mevalonate (MEV) for 72 hours. Expression of FASN, ACSS2 and DDIT3 mRNA was
determined and normalized to B-actin. Values represent mean + SEM (n=3, each
biological replicate in technical duplicates). p-values were calculated using unpaired
two tailed student t-test. (p<0.0001, **** ; p<0.001, ***; p<0.01, **)

B) Western blots showing levels of ACSS2, SCD, p53 and p21. Vinculin was used as
loading control.
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Figure 4.32: Cell death in p53 deficient spheroids is independent of p21
induction

A) HCT116 p53+/+ and p53-/- cells grown as spheroids were treated with 10 uM
simvastatin (SIM) or solvent (DMSO) for 24 or 72 hrs. Expression of CDKNIA
mRNA was determined by qPCR. Values represent mean + SEM (n=3, each
biological replicate in technical duplicates). p-values were calculated using unpaired
two tailed student t-test. (p<0.0001, **** ; p<0.001, ***; p<0.01, **; p<0.05, *).

B) HCT116 p21+/+ or p21-/- cells were grown as spheroids and treated with 10 uM
simvastatin (SIM) or solvent (DMSO) either alone or in combination with 0.5mM
mevalonate (MVL) for 72 hours. Expression of p2l1 protein was determined by
western blotting. Vinculin is shown as loading control.

C) HCT116 p21-/- cells were grown as spheroids and treated with 10 uM simvastatin
(SIM) or solvent (DMSO) either alone or in combination with 0.5 mM mevalonate for
72 hrs. Spheroids were fixed and histological sections were analysed for the presence
of apoptotic cells by TUNEL staining. Images show representative results.

After having determined how statins affected the expression levels of
enzymes in the cholesterol pathway, the statin effect to the activity of the cholesterol
pathway under metabolic stress was investigated. For this purpose, [U3C] labelled
glucose was traced into cholesterol and CoQ10. As described previously, both the
labelled and unlabelled fraction of cholesterol were higher in p53 wild type spheroids
(Fig 4.34A). In both conditions, treatment with simvastatin diminished the labelled
fractions and all stable isotope-containing isotopologues fractions, confirming that
simvastatin completely blocks de novo cholesterol synthesis (Fig 4.33A). Levels of

CoQ10 were higher in p53 deficient spheroids suggesting p53-dependent metabolic
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reprogramming under metabolic stress. However, statin treatment also completely
reduced the labelled fraction of CoQ10, and, importantly, also reduced the overall
amount of this metabolite (Fig 4.33B).
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Figure 4.33: Inhibition of mevalonate pathway blocks cholesterol and CoQ10
production under metabolic stress

HCT116 p53+/+ or p53-/- cells were grown as spheroids and treated with 10 uM
simvastatin (SIM) or solvent (DMSO) for 72 hrs. For the last 16 hours, cells were
labelled with [U3C] glucose before cells were extracted and metabolites were
analysed by LC-MS. Values represent mean + SEM (n=3, independent biological
replicates). p-values were calculated using unpaired two tailed student t-test.
(p<0.0001, **** : p<0.001, ***; p<0.01, **; p<0.05, *)

A) Relative peak intensities of labelled and unlabelled fractions as well as individual
isotopologues for cholesterol.

B) Relative peak intensities of labelled and unlabelled fractions as well as individual
isotopologues for ubiquinone (CoQ10).

After having observed that statins decrease CoQ10 levels in cells
exposed to metabolically compromised environments, the role of CoQ10 was further

investigated. Firstly, its role in the electron transport chain (ETC) and TCA cycle was
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analysed. For this purpose, metabolic assays to check OCR of spheroids in the
presence of simvastatin and mevalonate rescue were performed. Basal OCR of p53
WT spheroids was not affected by the presence of simvastatin, while the maximal
respiration after addition of oligomycin and FCCP was slightly reduced (Fig 4.34). In
contrast, in p53 deficient spheroids, basal OCR was substantially decreased in the
presence of statins and was fully restored by addition of mevalonate. In conclusion,
although depletion of CoQ10 levels was observed in both p53 WT and p53 deficient
spheroids, the effect of this depletion on respiration was restricted to p53 deficient

spheroids.
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Figure 4.34: Inhibition of mevalonate pathway affects cellular respiration in

spheroids

HCT116 p53+/+ or p53-/- cells were grown as spheroids and treated with 10 uM
simvastatin (SIM) or solvent (DMSO) either alone or in the presence of 0.5 mM
mevalonate for 72 hr. Oxygen consumption rates (OCR) were determined using the
Seahorse Bioanalyzer. Oligomycin (oligo), FCCP and rotenone/antimycin A (R/A)
were added sequentially to determine basal, ATP-dependent and maximal respiration,
respectively, as well as proton leak. Values represent mean = SEM of 16 technical

replicates.

Within the respiratory chain, CoQ10 is responsible for the transfer of
electrons from complex I and complex II to complex III (Fig 4.35A). This allows the
oxidation of NADH to NAD" by complex I and thus provides cofactors for the
enzymes of the TCA cycle. Moreover, the conversion of succinate to fumarate by
complex II requires the conversion of CoQ10 to CoQH:> (Y. Wang et al., 2016).
Therefore, inhibition of CoQ10 production was hypothesized to affect TCA cycle
metabolites. For this purpose, [U'3C] glucose was traced into TCA cycle metabolites

in control and simvastatin treated conditions. As expected, both labelled and
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unlabelled fractions of several TCA cycle metabolites were reduced following statin
treatment (Fig 4.35B). Moreover, levels of aspartate, which is produced from

oxaloacetate, were also reduced by statin treatment (Fig 4.35C).

Ubiquinone also functions as an electron acceptor for the rate-limiting
enzyme in the pyrimidine biosynthesis pathway, dehydroorotate dehydrogenase
(DHODH) (Laredj et al., 2014). Most importantly, UMP levels were dramatically
decreased in the presence of simvastatin and this was more pronounced in p53
deficient spheroids (Fig 4.35D). Thus, inhibition of CoQ10 synthesis by mevalonate

pathway inhibition could also result in reduced UMP synthesis.
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Figure 4.35: Inhibition of mevalonate pathway decreased levels of TCA cycle
metabolites and precursors for pyrimidine nucleotide biosynthesis

A) Diagram showing the role of ubiquinone (CoQ10) in electron transport within the
mitochondrial electron transport chain (ETC) and the conversion of dihydroorotate to
orotate during pyrimidine biosynthesis.

B) HCT116 p53+/+ or p53-/- cells were grown as spheroids and treated with 10 uM
simvastatin (SIM) or solvent (DMSO) for 72 hrs. For the last 16 hours, cells were
labelled with [U'*C] glucose before cells were extracted and TCA cycle metabolite
levels were analysed by LC-MS.

C) Aspartate levels were analysed by LC-MS

D) UMP levels were analysed by LC-MS. Values represent mean + SEM (n=3,

independent biological replicates). p-values were calculated using unpaired two tailed

student t-test. (p<0.01, **; p<0.05, *)
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Altogether these results revealed the importance of the effect of statins
on CoQ10 production. In the case of statin treatment where CoQ10 synthesis was
inhibited, reduction of TCA cycle intermediates and respiration was observed in the
p53 deficient cells under metabolically compromised environment. In addition,
inhibition of CoQ10 synthesis decreased levels of UMP production in spheroids,

emphasizing the importance of CoQ10 in pyrimidine synthesis.

To understand the role of CoQ10 production in supporting cell viability
under metabolic stress, spheroids were treated with simvastatin either alone or in
combination with exogenous CoQ10 or nucleosides, since CoQ10 also affects the
production of pyrimidines. To investigate the possibility that inhibition of the electron
transport chain causes oxidative stress, N-acetyl-cysteine (NAC) rescue was also
performed. As a result of the TUNEL staining, statin-induced cell death in p53
deficient spheroids was rescued by the addition of either CoQ10, NAC or nucleosides
(Fig 4.36B and C), suggesting the depletion of CoQ10 as a metabolic vulnerability in
pS3 deficient cells. Although the decrease in UMP and CoQ10 was observed in both
cell lines, simvastatin treatment led to the formation of ROS due to the inhibition of
ETC and respiration in p53 deficient spheroids. Indeed, this was also consistent with
the transcriptomic analysis, as the NFE2L2 gene set was specifically enriched in

simvastatin treated p53 deficient compared to p53 WT spheroids.
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Figure 4.36: Cell death caused by inhibition of mevalonate pathway activity can
be rescued with exogenous CoQ10, NAC and nucleosides

A) HCT116 p53+/+ or p53-/- cells were grown as spheroids and treated with 10 uM
simvastatin (SIM) or solvent (DMSO) either alone or in combination with 10 uM
ubiquinone (CoQ10) or 5 mM N-acetyl-cysteine (NAC) for 72 hours. Spheroids were
fixed and histological sections were analysed for the presence of apoptotic cells by
TUNEL staining. Images show representative results.

B) Quantitation of data shown in A. Values represent mean + SEM and at least 3
spheroids analysed per condition. p-values were calculated using unpaired two tailed
student t-test. (p<0.0001, **** ; p<(0.001, ***; p<0.01, **; p<0.05, *)

C) Quantitation of data generated with HCT116 p53+/+ or p53-/- cells were grown as
spheroids and treated with solvent (DMSO) or 10 uM simvastatin (SIM) either alone
or in combination with nucleosides (150 pM each of cytidine, guanosine, adenosine,
uridine and 50 uM of thymidine) for 72 hours.

Next, levels of polar metabolites were investigated after the simvastatin
treatment with mevalonate or CoQ10 addition. Consistent with the previous data, all
TCA cycle metabolite levels were decreased with the addition of simvastatin.
Mevalonate addition restored levels of most TCA cycle metabolites to the level of
control cells. Interestingly, CoQ10 addition increased the levels even above those

seen in control samples (Fig 4.37A), suggesting that CoQ10 is rate-limiting for TCA
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cycle activity. This was particularly obvious for aspartate (Fig 4.37B). Likewise,
UMP levels were affected to the same degree as TCA cycle metabolites and could be
restored by either mevalonate or CoQ10 addition (Fig 4.37B), confirming a metabolic
coupling between mevalonate pathway and pyrimidine biosynthesis. Therefore, it can
be concluded that CoQ10 supports cell survival in p53 deficient spheroids by

maintaining TCA flux and allowing the production of pyrimidines.
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Figure 4.37: Mevalonate pathway activity is essential for pyrimidine nucleotide

biosynthesis

A) HCT116 p53+/+ or p53-/- cells were grown as spheroids and treated with 10 uM
simvastatin (SIM) or solvent (DMSO) and either with 0.5 mM mevalonate or 10 uM
Q10 for 72 hrs. For the last 16 hours, cells were labelled with [U'3C] glucose before
cells were extracted and TCA cycle metabolite levels were analysed by LC-MS.
Values represent mean = SEM (n=3, each biological replicate)

B) Relative peak intensities of aspartate and UMP isotopologues and labelled UMP
fractions. p-values were calculated using unpaired two tailed student t-test. (p<0.0001,
*adk p<0.001, ***; p<0.05, *)

The chemotherapeutic 5-fluoro-uracil (5-FU) is a commonly prescribed
anti-metabolite drug for the treatment of colorectal cancer and it has been
demonstrated that it inhibits thymidylate synthase (TYMS) (Longley et al., 2003).
The conversion of deoxy-UMP to dTMP was shown to be inhibited by 5-FU and the
drug is a potent inhibitor of DNA and RNA synthesis, thereby causing DNA damage
and cell death (Longley et al., 2002). Having shown that UMP synthesis is blocked by
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the addition of statins, it was hypothesised that 5-FU and statins could synergise in
affecting the viability of colon cancer cells in spheroid culture. For this purpose, p53
WT and deficient spheroids were treated with simvastatin and 5-FU for 72 hrs.
Interestingly, pS3 WT cells were largely resistant to single treatment with either 5-FU
or simvastatin under the metabolically compromised environment. However, 5-FU
treatment sensitised these cells to simvastatin treatment as a significant induction of
apoptosis was observed in cells treated with a combination of both drugs (Fig 4.38).
In contrast, in p53 deficient spheroids, cell death was already induced by simvastatin
treatment alone and no synergy with 5-FU was observed. It is possible that DNA
damage caused by 5-FU treatment increases the need for pyrimidine nucleotides in
p53 WT cells, as p53 is required for the coordination of DNA repair (Sengupta et al.,
2005). This renders pS3 WT cells highly dependent on CoQI10 availability and
sensitises them to mevalonate pathway inhibition. Taken together, these results
suggest that 5-FU and statins could be a better strategy for targeting p53 WT colon

cancer cells under metabolically compromised environment.
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Figure 4.38: 5-FU combined with statins lead to death of p53 wild type cells
under metabolic stress

Quantitation of data generated in HCT116 p53+/+ or p53-/- cells were grown as
spheroids and treated with solvent (DMSO), 10 uM simvastatin (SIM), 10 uM 5-
fluorouracil (5-FU) or a combination of the two for 72 hours. Spheroids were
analysed by TUNEL staining. Values represent mean + SEM and at least 3 spheroids
analysed per condition. p values were calculated using unpaired two tailed student t-
test. (p<0.001, ***; p<0.05, *)
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4.3.3 Effect of inhibition of mevalonate pathway in mouse organoids

Colon cancer organoids have been established as organotypic disease models ex vivo
(T. Sato et al., 2009). For this purpose, intestinal epithelial cells were used from mice
carrying conditional alleles of apc, p53 or mutant Kras (V12D) and expressing the
Lgr5-EGFP-IRES-creERT2 transgene (T. Sato et al., 2011), which had been treated
with tamoxifen to induce recombination. Due to their stem cell features, these cells
grow as tumour spheres in organoid media with addition of growth factors such as R-
spondin (for WNT signaling), epidermal growth factor (EGF) (for intestinal growth)
and Noggin (for the expansion of crypt numbers) {Sato, 2009 #734. After several
passages and growing several generations of tumour spheres, organoids were treated
with simvastatin for 48 hrs and cultures were photographed and total sphere area per
microscopic field was determined. Interestingly, apc”~ organoids were not affected by
simvastatin treatment (Fig 4.39A, upper panel and Fig 4.39B) consistent with the
results obtained in spheroid cultures. In contrast, sphere size of apc™; p53-/-, apc™;

p53-/- and apc’- Kras"'?P

organoids was substantially decreased following
simvastatin treatment (Fig 4.39A, middle and lower panel and Fig 4.39B).
Mevalonate was able to rescue the reduction in organoid size, confirming the
specificity of the inhibitor. As the experiments described earlier showed that the
mevalonate pathway is important for CoQ10 production and pyrimidine biosynthesis
in tumour spheroids, organoid growth defect was tried to be rescued by the addition of
exogenous ubiquinone or nucleosides. Indeed, reduction in organoid growth was
restored by the addition of either ubiquinone or nucleoside mixture (Fig 4.39C and

D), suggesting the general importance of the mevalonate pathway for providing

metabolites for pyrimidine biosynthesis in cancer cells.
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Figure 4.39: Simvastatin reduces growth of p53 deficient tumor organoids

A) Primary mouse intestinal cells derived from Villin CRE-ERT2; Apc™?, Villin
CRE-ERT2; Apc?:p537f or Villin CRE-ERT2;Apc?™;p5371:Kras®!?P animals were
treated with tamoxifen in vitro and used to generate organoid cultures. Organoids
were treated with 10 pM simvastatin (SIM) either alone or in combination with 0.5
mM mevalonate (MEV) for 48 hrs. Images show organoids in a microscopic field
representative for each condition.

B) Quantitation of data shown in (A). Values represent mean + SEM and at least 3
spheroids analysed per condition. p-values were calculated using unpaired two tailed
student t-test. (p<0.0001, **** ; p<(0.001, ***; p<0.01, **; p<0.05, *)

C) Apc"Mp53W1 or ApcM;:p537M1:KrasS!?P organoids were treated with 10 uM
simvastatin either alone or in combination with 10 pM ubiquinone (CoQ10) or
nucleosides (150 uM each of cytidine, guanosine, adenosine, uridine and 50uM of
thymidine) for 48 hrs.

D) Quantitation of data shown in (C). Values represent mean + SEM and at least 3
spheroids analysed per condition. p-values were calculated using unpaired two tailed
student t-test. (p<0.0001, **** ; p<(0.001, ***; p<0.01, **; p<0.05, *)
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Taken together, pS3 deficient mouse organoids also displayed sensitivity
towards simvastatin treatment, thereby replicating the findings from the tumour
spheroids. In addition, growth defects induced by statins could be rescued via the
addition of CoQ10 or nucleosides. This indicates the requirement of CoQ10 for

pyrimidine biosynthesis, as seen in spheroids.

In conclusion, the results reported here have shown that the mevalonate
pathway is induced in the p53 deficient cells. Statins were demonstrated to selectively
kill p53 deficient cells under the metabolically compromised environments present in
spheroid cultures and in tumour organoids. Reduction in CoQI10 resulted in the
decrease of oxygen consumption rates and defective electron transport chain and most
likely caused the formation of ROS. In addition, decreased levels of CoQI10
subsequently affected the production of UMP, which was more pronounced in p53
deficient cells, leading to cell death. Therefore, production of CoQ10 by the
mevalonate pathway is essential for the viability of p53 deficient cancer cells under

metabolically compromised environments.

4.4 Global approach to decipher p53 dependent vulnerabilities in

metabolically compromised environments

Functional genetic screens were developed in recent years to identify
novel genes, targets and pathways connected to a specific phenotype. RNAi and
CRISPR/Cas9 systems are able to selectively perturb gene activity in cultured cells.
Functional genetic screens are most frequently used in two formats: using arrayed or
pooled libraries. For the pooled approach, large collections of shRNAs are pooled and
used to transduce cells (Sims et al., 2011). After application of a selection condition,
specific depletion of individual shRNAs can be revealed using next-generation

sequencing.

To find the p53 selective vulnerabilities in colon cancer cells, a pooled
shRNA screen was performed by using p53 isogenic cell lines cultured as monolayers
or spheroids. For this purpose, the Decipher shRNA library focused on pathway
targets (Module 1) consisting of 27500 individual shRNAs targeting 5000 genes was
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used https://www.cellecta.com/resources. Before starting the screen, several setup
experiments were performed in order to define optimal conditions for library

representation and gene depletion.

As HCT116 p53+/+ and p53-/- cells were used for the screen, it was
important to establish whether cells show a proliferation difference due to the
presence or absence of p53. Doubling times for both cell lines were calculated

according to the following equation:

Doubling time= T (In2) Xb: cell number at time point 0
In (Xe/XDb) Xe: cell number at the end of the experiment

T: time in any unit
where Xb is the number of cells at time point 0, Xe is the number of cells at the end of

the experiment and 7' is time in any units.

Doubling times for monolayer cultures in full medium were determined
to be 20 hrs for p53+/+ and 22 hrs for p53-/- cells. This experiments showed that
there was no major difference in the proliferation between the HCT116 p53 isogenic

cells.

In order to expose cells to metabolic stress, the shRNA screen was
planned to be performed using spheroid cultures. Due to the size of the library, the 96-
well spheroid generation method could not be used. Instead, spheroids were generated
in bulk cultures using spinner flasks, in which cell aggregation is induced by slow
stirring of the culture with a magnetic stirrer. Culture medium was changed every
third day. During a three day culture, spheroid formation could be observed and these
expanded further over 7 days to reach sizes similar to those of spheroids generated in

96-well plates.
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Figure 4.40: HCT116 p53+/+ cells are able to generate spheroids in spinner
flasks

1 million of HCT116 p53+/+ cells were put into spinner flasks and cultured for 7
days. Representative pictures were shown from random spheroids.

In addition to calculating the doubling times for monolayer cultures,
doubling times in spinner flasks were also calculated for spheroids cultured over 14

days to be 48 hrs for both genotypes (Fig 4.41A).

In order to confirm the efficient selection of cells after knock-down of an
essential gene in spinner flask cultures, depletion of PFKFB4 was investigated.
Depletion of PFKFB4 has been demonstrated to induce cell death in p53 deficient
colon cancer cells (Ros, Floter, et al., 2017). Therefore, p5S3 deficient HCT116 cells
carrying a non-targeting shRNA construct were co-transfected with pGIPZ deltaEco
GFP plasmid. The same cell line expressing an shRNA targeting PFKFB4 was co-
transfected with a pGIPZ deltaEco RFP plasmid. 75% positive RFP positive cells
were mixed with 25% and placed into spinner flask cultures to form spheroids.
Fluorescence intensity for GFP and RFP was analysed at different time points over 14
days using FACS. Surprisingly, the ratio of RFP to GFP positive cells was initially
increased. However, at later time points this ratio was decreased abruptly (Fig 4.41B),
leading to the conclusion that knock-down of PFKFB resulted in the efficient
depletion of RFP positive cells from the culture. This supported the feasibility of the
screening approach and confirmed that shRNA-mediated gene silencing exerts its
effect in the metabolically compromised environments generated by spheroid culture

using the spinner flasks method.
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Figure 4.41: Spheroids form in the spinner flasks have same proliferation
pattern

A) HCT116 p53+/+ and p53-/- cells were seeded at a density of 45.000 cells per 10
ml and grown in spinner flasks for 14 days. Doubling times were calculated according
to the formula stated above

B) HCT116 p53-/- shSCR cells transduced with a GFP expression plasmid and
HCT116 -/- shPFKFB4 cells transduced with an RFP expression plasmid were mixed
and placed into spinner flasks and grown for 14 days. Every third day, samples for
FACS analysis were taken and the ratio of RFP to GFP positive cells was evaluated.

After having set up the virus titre and infection conditions and
establishing doubling times both in monolayer and spheroid culture, the shRNA
screen was performed. For this purpose, HCT116 p53+/+ and p53-/- cells were
infected with virus at an (multiplicity of infection) MOI of 0.3 in monolayer culture to
assure each cell was infected at least once and selected with puromycin for 72 hours.
After this time, 3 million cells were collected from both cell types and archived as
time point zero (To). From the remaining cell population, 30 million cells per replicate
were placed either in monolayer cultures or in spinner flasks to form spheroids for 14
days. In monolayer culture condition, cells were split several times and always 30
million cells were kept in culture. In the spinner flask culture, medium was changed
every 3 days and cells were maintained throughout the curation of the experiment. At
the end of 14 days (Tend), 30 million cells were collected and frozen from each
condition. Genomic DNA was extracted and serial PCR reactions were performed in
order to amplify the barcodes of the library prior to sequencing (Fig 4.42). For the

analysis of the screen, z-scores were calculated from the normalised read counts of
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the barcodes for each Tena condition compared to To. Genes were considered as

potential hits when at least two shRNA sequences showed a z-score smaller than -2.

A B
# med
HCT116 SYMBOL _NAME oligos Z-score
pS3WT P53 NULL PSMA1__| Proteasome Subunit Alpha 1 4149
— = RAN RAN, Member RAS Oncogene Family 4| -15.1
lentiviral transduction WT NULL PSMD6 Proteasome 26S Subunit, Non-ATPase 6 4 -9.9
(DECIPHER Module 1) (SPH) (SPH) TUBA1C | Tubulin Alpha 1c 4-105
* v SNRPN Small Nuclear Ribonucleoprotein Polypeptide N 3 [ -10.5
TowT TONULL o B 34 RPL30__[ Ribosomal Protein L30 3 | -12.9
» V § A =2 HDAC1 Histone Deacetylase 1 2] 92
929 MEF2D Myocyte Enhancer Factor 2D 2| -64
77 QL ASCC3L1 | Small Nuclear Ribonucleoprotein U5 Subunit 200 2 85
SPTLC1 | Serine Palmitoyltransferase Long Chain Base Subunit1 | 2 | -7.9
399 RUNX1 Runt Related Transcription Factor 1 2 -3.4
@ @ SNRPA1_| Small Nuclear Ribonucleoprotein Polypeptide A 2| 74
4 4 7 4 ML INPP4A__| Inositol Polyphosphate-4-Phosphatase Type | A 2| 54
T1-WT T1-WT TA-NULL  T1-NULL RETN Resistin 2| -57
(ML) (SPH) (SPH) (ML) CLTA Clathrin 2| 46
deep sequencing CDK4 | Cyclin Dependent Kinase 4 2] 52

Figure 4.42: shRNA screen identifies vulnerabilities of pS3 deficient colon cancer
cells exposed to metabolic stress

A) shRNA screen with lentiviral library (Decipher, Module 1) was performed in
monolayer and bulk spheroid culture conditions. Screen scheme representing the time
point (To) after the selection of infected cells and time point (Teng) after 14 days of
culture under monolayer or spheroid condition. z-score was calculated based on Ty in
different culture conditions

B) Individual shRNA sequences depleted with a z-score <2 in p53+/+ (WT) or p53-/-
(NULL) cells in spheroid cultures (SPH) were compared to those depleted in
monolayers (ML) of either genotype. 344 sequences specific to p53-/- spheroids were
selected. Genes with more than two sequences showing a z-score <-2 were selected.
Table representing the list of selected genes showing the number of sequences and
median z-scores.

shRNA sequences with a z-score lower than -2 only in spheroids from
pS3 deficient cells were selected. These 344 oligos were mapped to 16 genes for
which at least two independent sequences were found. Among the selected genes, the
top hit was RAN, a member in RAS oncogene family. In addition, several subunits of
the proteasome and several ribosomal proteins were found as potenatial hits specific

to p53 deficient spheroids.
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Figure 4.43: Ras family member, proteasome subunits and ribosomal proteins
are identified as vulnerabilities in p53 deficient spheroids
Representative plots of z-scores of individual shRNA sequences in p53 wild type and

p53 deficient spheroids for selected genes.

Interestingly, the group of proteasomal subunits scored prominently in
p53 deficient tumour spheroids. It has been previously shown that mTORCI requires
proteasomal degradation of cellular proteins to maintain high intracellular amino acid
levels and to perform quality control of newly synthesised proteins (Y. Zhang et al.,
2014). Therefore, increased proteasomal activity serves as an adaptive response to
increased protein synthesis in the cell. Based on these findings, it could be
hypothesized that depletion of proteasomal subunits impairs the ability of p53
deficient cancer cells to maintain their amino acid pool for cell growth, resulting in
reduced proliferation or selective cell death. This would be exacerbated by conditions
of high mTORCI activity. As the results described in section 4.2.3 demonstrated that
phosphorylation of the ribosomal protein S6RB was increased in spheroid cultures
indicating enhanced mTORC1 activity, depletion of proteasomal subunits could be

particularly detrimental under these conditions.

RPL30 and other ribosomal proteins were also detected as potential
targets in the p53 deficient spheroids. These factors are important regulators of
protein biosynthesis and depletion of these components might therefore have an effect
on growth and proliferation in the spheroids. In addition, depletion of these genes can
cause nucleolar stress due to dysregulated ribosomal biogenesis, leading to cell death.
In p53 WT spheroids, induction of cell death in response to nucleolar stress could be
prevented by the canonical functions of p53 (Deisenroth et al., 2010). However, p53

deficient cells would not be able to adequately respond to the depletion of these
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genes, resulting in excess nucleolar stress leading to cell death. Further experiments
are needed to establish the exact function of the identified factors in supporting cell

survival in p53 deficient cancer cells exposed to metabolic stress.

In conclusion, shRNA screening has been used to detect selective
vulnerabilities of cancer cells in a metabolically compromised environment compared
to the cells cultured in conventional monolayer cultures. Several candidate hits were
identified that are specific to p53 deficient cancer cells. However, these hits need to

be validated for further analysis.
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5 DISCUSSION

5.1 HCTI116 colon cells show different vulnerabilities under

metabolic stress

5.1.1 Nutrient and oxygen starvation in monolayer affects viability of colon

cancer cells

Carcinogenesis has been defined as a multistep process that includes
alterations in signalling pathways, resulting in mutations that favour aberrant
proliferation, which is an essential part of cancer development and progression
(Feitelson et al., 2015). Due to their high metabolic activity, cancer cells are subject to
gradients of nutrients and oxygen depending on their distance from the blood vessels.
The diffusion limit of oxygen in tumours was reported to be between 100 and 200
m (Eales et al., 2016). Thereby, in the tumour microenvironment, cancer cells residing
near blood vessels are exposed to environments rich in nutrients and oxygen. In
contrast, cells further from the blood vessels are deprived of nutrients and oxygen.
Indeed, cancer cells reprogram their metabolism according to their demands for the
production of energy and their biosynthetic needs under conditions of limited oxygen
and nutrient availability. Many cancer cells support aerobic glycolysis, defined as the
fermentation of glucose and produce lactate, even in the presence of oxygen, a
phenomenon called the ‘Warburg effect’. Although this phenotype is less energy
effective, cancer cells favour aerobic glycolysis in order to obtain macromolecules for
their biosynthetic needs. Reprogramming of metabolism in cancer cells depends on
the respective biosynthetic needs of the cancer cells, the context of the tissue

microenvironment, and activation of oncogenes and loss of tumour suppressors.

The combination of loss of tumour suppressor function with hypoxia and
nutrient deprivation are important conditions that cancer cells experience in tumours.
Therefore, determining the viability of p53 isogenic colon cancer cells under

deprivation of several nutrients, such as serum, glucose and glutamine under
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normoxia and hypoxia, is important to understand tumour suppressor function in the
context of the microenvironment. This analysis showed that the metabolic stress
resulted from the depletion of important nutrients and oxygen causes a decrease in
cell viability. Moreover, the absence of the tumour suppressor p53 affects the survival

of colon cancer cells under these conditions.

Glutamine is the most prominent amino acid in the serum and its levels
are often diminished in several cancers (Kamphorst et al., 2015). Moreover, p53 was
shown to induce the levels of the SLCIA3 aspartate/glutamate transporter to
compensate for the effect of glutamine deprivation by maintaining glutamate uptake
and nucleotide synthesis in the cells (Tajan et al., 2018). However, HCT116 cells
express very low levels of this transporter (data obtained from RNA-SEQ, not shown)
and are therefore vulnerable to the depletion of glutamine to the same extent in
normoxia and hypoxia. Several reports have demonstrated the effect of serum
deprivation on cancer cell viability via the modulation of different signalling
pathways (Ackerman et al., 2018; Young et al., 2013). Moreover, decreased glucose
levels led to the activation of AMPK and phosphorylation of p53 at S15, thereby
blocking cell proliferation (R. G. Jones et al., 2005).

The results of the first part of this thesis demonstrated that p53 isogenic
colon cancer cells displayed different vulnerabilities, thus confirming the role of p53
in protecting against nutrient deprivation. In addition, p53 deficient cells showed
more sensitivity towards a lack of oxygen, emphasizing the role of p53 in the hypoxia

response.

The exact role of p53 in the regulation of hypoxic responses is still not
fully understood in the literature (Humpton et al., 2016). As a consensus, severe
hypoxia was identified to induce apoptosis in cancer cells by upregulating p21 and
also many other stress related responses (Carmeliet et al., 1998). Hypoxia generally
induces p53; however, this response might depend on the cellular context, as in some
cases hypoxia has no impact on p53 (Sermeus et al., 2011). There are reports
suggesting that the secondary effects of hypoxia, such as the induction of acidosis and
DNA damage, are sufficient to induce p53 (Choudhry et al., 2018). Interestingly, the

results described in section 4.1.1 of this thesis show that p53 deficient colon cancer
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cells tend to be more sensitive to the lack of oxygen. Indeed, p53 can act as a guardian
for cells with elevated levels of ROS caused by severe hypoxia by inducing
antioxidant mechanisms. In contrast, ROS leads to cell death in p53 deficient cells
because of the lack of these antioxidant mechanisms (Bensaad et al., 2009). Taken
together, it was established that HCT116 wild type and p53 deficient colon cancer
cells are both vulnerable to glutamine deprivation, whereas p53 exerts a protective
effect during lack of oxygen, serum and glucose, suggesting the importance of p53 in
the context of the microenvironment. Therefore, more detailed analyses were
conducted to reveal the vulnerabilities of p53 isogenic colon cancer cells in tumour
spheroids that are representative models of the oxygen and nutrient gradients found in

tumours.

5.1.2 Spheroid cultures recapitulate important tumour features in vitro

In order to mimic the metabolically deprived tumour microenvironment
in vitro, multicellular tumour spheroids were used in this study. Spheroids are
frequently used as in vitro models of cancer and make use of the ability of cancer
cells to aggregate into large structures that contain nutrient and oxygen gradients (R.
M. Sutherland, 1986). Since tumour cells need energy and nutrients for growth, cell
proliferation is limited to areas in close vicinity to the vascular network. Therefore,
tumour spheroids are good models of the tumour microenvironment as they represent
proliferation gradients according to the oxygen and nutrients levels (Pampaloni et al.,

2007).

Results that were obtained in this study revealed that proliferation was
regulated differentially under metabolically compromised environments and in
monolayers. Indeed, cells cultured as spheroids displayed overall slower proliferation
compared to the monolayer cultures. Moreover, histological analysis revealed
different proliferation patterns between p53 wild type and p53 deficient spheroids.
Spheroids formed by p53 WT cells had a ring of proliferating cells at the outer part
where nutrients and oxygen are readily available, whereas p53 deficient cells
displayed a homogenous proliferation pattern throughout the spheroid, even within
the core. This suggests that loss of p53 provides a growth advantage to cells under

metabolic stress. Indeed, pS3 WT cells at the core of the spheroids, where there is
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lack of nutrient and oxygen, displayed cell death up to a certain level. In contrast,
spheroids formed by p53 deficient cells did not show any signs of apoptosis.
Interestingly, the same cells cultured as monolayer and placed under hypoxia and low
levels of nutrients displayed reduced cell viability, suggesting that the severity of
metabolic stress in this condition might not be reached in spheroids. Moreover, cell-
cell contact in the spheroid condition might provide a survival signal specifically to
p53 deficient cells by inducing different signalling pathways (Balzer et al., 2012). In
addition, pimonidazole which stains the adducts of thiol groups in proteins when
oxygen is absent, stained the region between outer and inner core in the p53 WT
spheroids, whereas p53 deficient spheroids were stained homogenously (Fig 4.3B),
except for the outer layer which has access to ambient oxygen. However, ECAR
levels that measure the conversion of glucose to lactate were similar between p53 WT
and deficient spheroids, suggesting the overall induction of glycolysis due to lack of

oxygen is quite similar in both genotypes.

One possible explanation for the depletion of proliferation in spheroids
could be due to the induction of hypoxia. Unexpectedly, spheroid culture did not lead
to the induction of HIF1a whereas monolayer cells cultured at 0.5% oxygen showed
clear accumulation of HIFla (Fig 4.3A), demonstrating the hypoxia level in the
spheroids was less severe. Indeed, Jiang et al/ identified the oxygen concentration
where HIF1a gets activated to be 0.5% and that this activation gradually decreases

with increasing concentration of oxygen in the environment (B. H. Jiang et al., 1996).

Overall, these analyses suggested that spheroids can be used as a suitable
in vitro model to mimic important aspects of the tumour phenotype as they displayed

more similarities with the tumours in contrast to cells cultured in monolayer.

Global transcriptome analysis that was performed to compare
monolayers, spheroid cultures and xenograft tumours supported the findings
mentioned above with a clear hypoxia signature induced only in spheroids and
tumours. Moreover, the comparison of p53 WT and p53 deficient cells cultured as
monolayers revealed the induction of p53 targets in p53 WT cells. However, when the
same comparison was performed in spheroids and tumours, canonical p53 targets

were not higher expressed in pS3 WT cells. As part of its canonical function, the
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tumour suppressor p53 is activated by DNA damage and metabolic stress and induces
DNA repair, cell cycle arrest and apoptosis (Vousden et al., 2007). Moreover, p53
also regulates different aspects of metabolism by inhibiting the Warburg phenotype
and by promoting mitochondrial metabolism and oxidative phosphorylation (Floter et
al., 2017). However, no clear gene expression signatures associated with glycolysis or
mitochondrial metabolism were identified as differentially regulated in these

experiments.

Most importantly, inflammatory signatures were strongly associated with
p53 WT cells in all conditions (Fig 4.5B). Previously, it was shown that p53 activates
NF- k B signalling by transcriptionally inducing the IFN regulatory factor 9 (IRF 9) in
mouse embryonic fibroblasts (MEFs) and in HCT116 colon cancer cells after viral
infection and in vivo (Munoz-Fontela et al., 2008). Similarly, another study
demonstrated p19ARF as an inhibitory factor for interferon beta production in cancer
cells, and showed that p53 deficient cells display elevated levels of pl9ARF,
confirming the suppression of inflammation signalling by loss of p53 (Forys et al.,
2014). Moreover, p53 has been described as a target of IFN «/ 3, and IFN «c/ 8 helps
to promote the anti-proliferative response of p53 triggered by metabolic stress and
DNA damage (Takaoka et al., 2003). Overall, these signatures might be observed due
to the canonical function of p53. However, additional work is required to understand

the mechanism of p53 induction.

In addition to the regulation of inflammation by p53, several reports
have demonstrated that hypoxia induces the expression of inflammatory genes and
there is cross-talk between HIF signalling and nuclear factor-kappa B (NF- « B)
(Bertout et al., 2008). NF- k B is a well-known transcription factor that gets activated
by several cellular stresses, including hypoxia, and is known as a regulator of an anti-
apoptotic and inflammatory response mediated by Janus kinase 1 (JAK1) and signal
transducer and activator of transcription (STAT) proteins (Yoon et al., 2010). The
canonical induction of NF- k B might be due to the need for protecting cells from the
metabolic stress caused by hypoxia and nutrient deprivation. However, as part of its

non-canonical activity, activated NF- k B also induces transcription of HIFF14 mRNA

and the HIF' 14 promoter has a binding site for NF- k B (Taylor, 2008). Interestingly,
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HIF1a also functions as a transcriptional regulator of NF- k B, as overexpression of
HIF-1a in mouse keratinocytes promotes NF- k B target genes causing an
inflammatory stimulus (Scortegagna et al., 2008). Therefore, in spheroids and
tumours, the induction of the inflammation and hypoxia signatures might suggest
cross talk between HIF1a and NF- k B. Moreover, ROS was reported to promote NF-
k B by inducing upstream kinases, such as inhibitor of kappa B kinase (IKK) and c-
Jun N-Terminal kinase (JNK), suggesting that production of ROS in cells exposed to
metabolic stress also promotes the expression of NF-« B target genes to promote

survival under unfavourable conditions.

Taken together, global expression analyses revealed that spheroids can
recapitulate the tumour features in vitro by showing hypoxia as a prominent gene
signature that was observed both in spheroids and tumours, whereas increased
proliferation was the determining gene signature in monolayer cultures. In addition,
hypoxia could be an additional factor to enhance the inflammatory phenotype that
was observed also in spheroids and tumours. However, additional work is needed to

reveal the exact mechanism of the induction of these inflammatory signatures by p53.

5.1.3 HCT116 cells undergo metabolic reprogramming under spheroid

conditions

Analysis of the metabolic reactions that are performed by using stable
isotope labelled metabolites is one of the most commonly used methods to assess the
metabolic rewiring in cells and organisms. Metabolomics analysis performed as a
time course in colon cancer cells cultured as monolayers and spheroids revealed
results consistent with the hypoxia gene signature that was obtained in the global

transcriptome analysis.

Most importantly, as glucose and glutamine are the most commonly used
fuels for the TCA cycle (C. Yang et al., 2014), stable isotope labelling can be used to
reveal the relative contribution of different nutrients to TCA cycle metabolites. The
isotopologue distribution for glutamate and aspartate in monolayer cultures after

glucose labelling suggested that glutamine might contribute to their isotopologue
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distribution (Fig 4.9A). Glutamine can enter the TCA cycle in two different ways: it
can either be converted to glutamate and then to a-KG by glutamate dehydrogenase
and with subsequent oxidative reactions of the TCA cycle to oxaloacetate, or it can be
reductively converted to isocitrate by isocitrate dehydrogenase and to citrate
(reductive carboxylation), which is enhanced in hypoxia (Metallo et al., 2011; Wise et
al., 2011). However, stable isotope tracing experiments using labelled glutamine are
needed to demonstrate the contribution of glutamine to colon cancer cell metabolism

in monolayer cultures.

Another striking finding from the metabolomics analysis was the rapid
generation of m+3 isotopologues of succinate, fumarate and malate in spheroids. This
indicates that glucose-derived pyruvate enters the TCA cycle via the activity of
pyruvate carboxylase. Moreover, the ratio of the m+3 isotopologue of aspartate,
derived from this anaplerotic reaction, to its m+2 isotopologue, derived from PDH
driven TCA cycle, was induced in spheroids, confirming the enhanced relative
activity of pyruvate carboxylase in spheroid cultures. Hypoxia has been shown to
inhibit PDH activity (Golias et al., 2016) and to promote pyruvate-dependent
anaplerosis (Christen et al., 2016). Indeed, pyruvate carboxylase is induced under
hypoxia and pyruvate-dependent anaplerosis has been observed under hypoxic
conditions (O. E. Owen et al., 2002). Along those lines, Christen et al demonstrated
that breast cancer cells proliferating as lung metastases displayed metabolic rewiring
and induced pyruvate carboxylase activity to adapt to the lung microenvironment
(Christen et al., 2016), suggesting the importance of pyruvate-dependent anaplerosis.
In addition, pyruvate-dependent anaplerosis was reported as a compensation
mechanism of glutamine addicted cells for their survival under glutamine depleted
conditions (Cheng et al., 2011). Moreover, pyruvate carboxylation can function as an
alternative program to generate aspartate for cells that carry SDH mutations, leading

to a truncated TCA cycle (Cardaci et al., 2015).

In addition, it was observed that aspartate levels were slightly reduced in
p53 deficient spheroids (Fig 4.12A). A likely explanation for this observation is that
p53 deficient spheroids use more aspartate for pyrimidine (UMP) synthesis compared
to their wild type counterparts. This was also confirmed by higher levels of glucose-

derived labelling of UMP observed in p53 deficient cells. Aspartate is a non-essential
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amino acid and important for the synthesis of the ring of pyrimidine nucleobases as it
provides three carbon atoms, derived from either glutamine or glucose, to the UMP
molecule (A. N. Lane et al., 2015). Interestingly, the contribution of glucose carbons
to UMP was overall reduced in spheroids. Based on this observation, it can be
concluded that overall proliferation is reduced in spheroids, as also shown by further
analyses, and thus requires lower activity of nucleotide biosynthesis pathways.
However, p53 deficient spheroids upregulate pyrimidine biosynthesis and have to
reprogram their metabolism so that aspartate can be used for UMP synthesis.
Therefore, aspartate might be the limiting factor for the growth and proliferation of

p53 deficient cells under metabolic stress.

Taken together, the experimental setup used here provides a clear way to
reveal the metabolic rewiring in complex systems and helps to understand the
contribution of different fuels that cells need under specific conditions. Using this
method, it could be demonstrated that spheroids undergo a specific metabolic
reprogramming caused by hypoxia in order to generate metabolites for the cell

survival and proliferation under metabolic stress.

5.1.4 pS3 inhibits cholesterol synthesis under metabolically compromised

environments

Interestingly, p53 deficient spheroids and tumours upregulated gene
signatures associated with cholesterol biosynthesis and SREBP targets. Most
importantly, these gene signatures were not present in the p53 deficient cells cultured
in monolayer. Although the HORTON_SREBF target gene signature includes several
SREBF1 targets, such as FASN, ACC and ACLY, the mostly strongly upregulated
genes are those controlled by SREBP2. Previously, Yahagi et al demonstrated that
p53 represses the expression of SREBP1 targets in ob/ob mice (Yahagi et al., 2003).
Moreover, mutant p53 was shown to associate with promoters via SREBP2
transcription factors, either directly or via the p53 interacting partners NF-Y and SP1,
and to promote the expression of the genes related to the mevalonate pathway (Freed-
Pastor, Mizuno, et al., 2012). Through this mechanism, mutant p53 affects the
mammary acinar morphology and promoted breast cancer progression via regulating

the mevalonate pathway (Freed-Pastor, Mizuno, et al., 2012). Conversely, wild type
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pS3 has been demonstrated to exert its tumour suppressive functions by repressing the
mevalonate pathway (Moon et al., 2018). Binding of SREBP2 to the promoters of its
target genes was increased in p53 deficient cells and p53 was shown to induce the
expression of the ATP-binding cassette 1 (ABCAL) transporter to prevent the
maturation of SREBP2 both in vitro and in vivo (Moon et al., 2018). In summary,
repression of the mevalonate pathway provides additional mechanistic explanation of
how p53 reprograms metabolism in cancer cells and acts as a tumour suppressor. In
addition, the induction of gene sets associated with the cholesterol biosynthesis seems

to be strongly dependent on the microenvironment and the inhibitory function of p53.

One possible explanation why SREBP2 targets were not significantly
induced in p53 deficient cells cultured in monolayer could be that p53 is not activated
in monolayer conditions, possibly due to the lack of oxidative stress. Indeed, Moon et
al showed the inhibitory effect of p53 on SREBP2 activation was increased by Nutlin,
a chemical that is used as a p53 activator (Moon et al., 2018). Conditions inducing
metabolic and/or oxidative stress, such as spheroid cultures or tumours, activate p53
and allow it to exert its tumour suppressive functions by inhibiting the expression of
SREBP2 targets. Interestingly, the expression of SREBP2 targets was already
increased in wild type spheroid cultures, leading to the hypothesis that SREBP might
act as a hypoxia sensor. In fact, Lewis et a/ demonstrated that the expression of
SREBP1 target genes was induced under hypoxia (Lewis et al., 2015). In addition, the
yeast SREBP homologue, SRE, was shown to upregulate the expression of cholesterol
pathway genes in response to reduced oxygen levels, suggesting SRE-mediated
oxygen sensing (Hughes et al., 2005). Although this has not yet been shown in
mammalian systems, the induction of SREBP2 targets in hypoxia could be an
indication of an oxygen sensing feature of SREBP regulation. Moreover, the loss of
p53 further increased the expression of SREBP2 targets leading to the conclusion that

active p53 inhibits SREBP2 under metabolically compromised environments.
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5.2 Regulation of cholesterol biosynthesis genes in monolayer and

spheroid cultures

Expression of the genes that play role in cholesterol biosynthesis is
mainly driven by the transcription factor SREBP2 (Horton et al., 2002b). As
mentioned previously, SREBPs get proteolytically cleaved when sterol levels are low
and the N-terminal domain translocates to the nucleus and drives the expression of
SREBP target genes (Brown et al., 1997). Indeed, expression of HMGCSI and
HMGCR was induced under low serum conditions, especially in p53 deficient cells.
Having observed the inhibitory effect of p53 on the expression of SREBP2 target
genes, but not on the expression levels of SREBF?2 itself, suggests that SREBP2 could
be regulated post-transcriptionally. Indeed, mSREBP2 levels were upregulated in the

nuclear fraction of p53 deficient cells under low serum.

It was previously demonstrated in hepatic chromatin, that SREBP1 and
SREBP2 binding profiles show 12% overlap at DNA binding sites associated with
lipid metabolism genes (Jeon et al., 2012). In this project, the results proved that
silencing of SREBP2 abolished the induction of HMGCS1 and HMGCR in p53
deficient cells, suggesting that SREBP2 is responsible for the increased expression of

mevalonate pathway genes in p53 deficient spheroids cultures.

Taken together, these results demonstrated that spheroid culture and low
serum both induce the levels of mature SREBP2. This is further enhanced by the loss
of p53 function. Based on these results, finding the mechanism as to how SREBP?2 is

regulated under these conditions was the next focus of the study.

5.2.1 SREBP2 is regulated via GSK3 and mTORC1

It has been demonstrated previously that AKT dependent activation of
SREBP requires mTORC1 (Porstmann et al., 2008) and lipogenesis in the liver occurs
through SREBP1 depending on mTORC1 (Yecies et al., 2011). The molecular
mechanism as to how mTORCI activates SREBP2 is not fully understood but it is
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likely that downstream targets of the mTORCI1 pathway are involved. Several groups
have shown that mTORCI1 can induce SREBP processing through the mTORCI1
regulated protein kinase SO6K (X. Liu et al., 2012; J. L. Owen et al., 2012; B. T. Wang
et al.,, 2011). Thereby, investigating mTORCI1 activity could give important insight
into the mechanism by which SREBP2 is regulated in spheroids.

Interestingly, S6RB, a direct phosphorylation target of S6K, was
strongly phosphorylated in spheroids, confirming higher mTORCI1 activity. This is
unexpected, considering the fact that spheroids are models for limited nutrients and
oxygen. One possible explanation for this observation could be the lack of TSC1/2 in
the spheroid conditions, indeed gene expression analysis showed downregulation of
TSC2 expression in spheroids (data not shown). Although p53 has been shown to
inhibit mMTORC1 (Budanov et al., 2008), this inhibitory effect cannot be exerted in
TSC deficient cells, explaining the high S6K activity in spheroids.

Furthermore, the inhibition of mTORCI1 via rapamycin treatment
downregulated the expression of SREBP2 targets in spheroids. These findings are
consistent with the report by Peterson et al., showing the inhibition of mTORCI1
represses levels of mature SREBP2 in NIH3T3 cells by controlling the nuclear entry
of LPIN1 (phosphatidic acid phosphatase), which binds to mature SREBPs leading to
their sequestration to the nuclear lamina. This keeps the transcription factors away
from the promoters of their target genes (Peterson et al., 2011). In addition, Ricoult et
al have identified mTORCI and S6K as a regulator of both SREBP1 and SREBP2 in
breast epithelial cells with active K-Ras and PI3K (Ricoult et al., 2016).

As described previously, phosphorylation by GSK3 promotes SREBPs
for proteasomal degradation (Sundqvist et al., 2005). Importantly, it was shown that
phosphorylation of GSK3 leads to the inhibition of its kinase activity (Cohen et al.,
2001). The results in this study have demonstrated that p53 deficient spheroids
display elevated levels of phosphorylated GSK3. One possible explanation could be
that induction of hypoxia in the spheroids increases the phosphorylation of GSK3.
Indeed, it was shown that hypoxia promotes the activating phosphorylation of AKT
(at S473) leading to phosphorylation and the inhibition of GSK3 (Beitner-Johnson et
al., 2001). However, AKT phosphorylation was not investigated in this study. Also,
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constitutively active S6K was shown to phosphorylate GSK3 (H. H. Zhang et al.,
2006), which could further contribute to the high phosphorylation levels of GSK3 in
spheroids.

Based on these observations, it can be concluded that inhibition of GSK3
activity via phosphorylation leads to the stabilization and accumulation of mature
SREBP2 in p53 deficient cells cultured in spheroid culture. Interestingly, the
inhibition of GSK3 by SB-216753 and CHIR99021 compounds led to the restoration
of HMGCS1 expression, both at mRNA and protein level, in wild type p53,
suggesting that GSK3 regulates the stability of SREBP2 in spheroids. Taken together,
it can be concluded that loss of p53 induces the expression of SREBP2 targets under
metabolic stress and this can be explained by the regulation of SREBP2 via mTORCI1
and GSK3, leading to changes in both its activity and stability.

5.2.2 Metabolic rewiring in the cholesterol pathway under spheroid condition

Metabolic characterization of the cholesterol pathway also revealed
interesting results. The mevalonate pathway starts with the condensation of three
molecules of acetyl-CoA to form HMG-CoA. To monitor the activity of the
mevalonate pathway, stable isotope labelled glucose was traced into acetyl-CoA over
different time points. In addition, as cholesterol synthesis provides several metabolites
that are essential for cell survival (Mullen et al., 2016), stable isotope labelled glucose
was traced into mevalonate, cholesterol and CoQ10, and individual isotopologues
were evaluated to reveal how this pathway is metabolically reprogrammed in

spheroids.

Interestingly, the contribution of glucose carbons to cholesterol synthesis
and the total levels of cholesterol were lower in p53 deficient spheroids compared to
their wild type counterparts. In contrast, labelling into CoQ10 was much higher in p53
deficient spheroids, suggesting a metabolic rewiring of the cholesterol pathway in p53
deficient spheroids. Nevertheless, both in spheroids from p53 WT and p53 deficient
cells the peaks for the isotopic fractions were located in similar places. Kamphorst et
al showed that the pattern of isotopologues of metabolites that use acetyl-CoA as a

carbon donor displays a binomial distribution as a representation of the percentage of
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the labelled cytosolic acetyl-CoA pool. Increase in acetyl-CoA labelling was reported
to shift the distribution peak to the right as more labelled precursors are incorporated
(Kamphorst et al., 2014). Based on these findings, it can be concluded that the
percentage of glucose-derived labelling in the acetyl-CoA pool was similar in both

cell types.

Taken together, stable isotope labelling revealed the metabolic rewiring
between p53 wild type and p53 deficient spheroids. Although, mevalonate levels were
higher in p53 deficient spheroids, cholesterol levels have not reflected this difference.
In contrast, p53 wild type spheroids displayed high cholesterol levels; whereas p53
deficient spheroids had high CoQ10 levels suggesting the request for CoQ10 in other

metabolic reactions which will be discussed in the next chapter.

5.3 Inhibition of the mevalonate pathway has different affects on

cancer cells under different culture conditions

Statins, a class of cholesterol-lowering drugs, are widely used substances
that inhibit the rate-limiting enzyme in the mevalonate pathway (HMGCR) via
competitive inhibition (Agarwal et al., 1999). As they are structural analogues of
HMG-CoA, they represent a high affinity for binding to the active site of the HMGCR
enzyme and completely suppress de novo cholesterol synthesis. Moreover, statins
promote the clearance of cholesterol from blood via enhancing the expression of
LDLR (Istvan et al., 2001). Besides their mode of action as cholesterol-lowering
drugs, it has been demonstrated that a subset of patients benefit from anticancer statin
therapy (Sassano et al., 2008) and different statins inhibit the growth of colorectal cell
lines in vitro (Agarwal et al., 1999; J. C. Liu et al., 2016; Sehdev et al., 2014). For
instance, atorvastatin combined with celecoxib (a selective COX-2 inhibitor) was
reported to repress intestinal tumourigenesis in APC™" mice whereas atorvastatin
alone displayed only mild effects on the reduction of tumourigenesis (Swamy et al.,
2006). However, most clinical trials investigating the efficacy of statins were
inconclusive, mainly because of dosage problems (Lochhead et al., 2013). Moreover,
the exact mechanism by which statins exert their effect on cell viability in tumours is

not well-known.
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5.3.1 Statins have detrimental effects on cancer cells cultured in monolayer

When investigating the effect of simvastatin on mevalonate pathway
activity in monolayer cells, it could be implied that the drug efficiently diminished
both CoQ10 and cholesterol levels. However, comparison of the basal levels of these
metabolites showed no clear differences between p53 WT and deficient cells,
suggesting that the pS3 dependent metabolic rewiring of the mevalonate pathway is

absent in monolayer cultures.

Moreover, when oxygen consumption rates were investigated,
simvastatin alone resulted in a small reduction of OCR both in wild type p53 and p53
deficient cells. The addition of mevalonate was unable to restore respiration,
suggesting that the respiration defect in monolayer cultures was caused by another

mechanism.

Based on the findings in the literature, the effect of different types of
statins (type-1 and type-2) on cell viability was investigated. Both type-1 statins
(simvastatin and mevastatin with a decalin ring structure) and type-2 statin that are
fully synthetic (cerivastatin) strongly decreased cell viability in monolayer cultures.
Importantly, while mevalonate was able to rescue the cell viability, this was not
observed for CoQ10, suggesting that CoQ10 production is not essential for cell

viability in monolayer cultures.

5.3.2 Inhibition of the mevalonate pathway induces apoptosis selectively in p53

deficient spheroids

After having observed the effects of statins in monolayer cells, their
effects on cell survival in spheroids was analysed revealeing that the viability of p53
wild type cells was not affected by statin treatment. In contrast, pS3 deficient cells in
the centre of the spheroids displayed evidence of apoptotic cell death, suggesting the
selective vulnerability of these cells under conditions of oxygen and nutrient

starvation also present in the tumour microenvironment.
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Transcriptomic analysis revealed the upregulation of gene signatures
associated with the SREBP ‘Hallmark Cholesterol homeostasis’ and ‘Horton SREBP
Targets’ in the presence of simvastatin both in p53 wild type and p53 deficient
spheroids. This is likely caused by alleviating the feedback inhibition due to reduced
cholesterol levels (Brown et al., 1997).

Furthermore, statins downregulated the ‘Chang cycling’, ‘KEGG
Ribosome’ and ‘MYC targets’ gene sets, which are all associated with proliferation,
both in wild type p53 and p53 deficient cells (Fig 4.29A). Canonical MYC targets and
genes encoding ribosomal proteins have been shown to be among the most actively
transcribed genes (Ji et al., 2011; C. Y. Lin et al., 2012), indicating that statins might
inhibit global gene expression due to reduced availability of ribonucleotides. MYC
has previously been demonstrated to be a proliferation inducing transcription factor in
the intestine for the adenomatous polyposis coli tumour suppressor protein (APC)
(Sansom et al.,, 2007). Similar to other E-box transcription factors, MYC is
phosphorylated by the MAPK/ERK pathway at S62, leading to its stabilisation, while
subsequent phosphorylation on T58 by GSK3 targets the protein for proteasomal
degradation once S62 is dephosphorylated (Yeh et al., 2004). Interestingly, Myant et
al demonstrated that S62 phosphorylation of MYC is necessary for progenitor cell
proliferation and intestinal regeneration upon DNA damage (Myant et al., 2015).
Moreover, mutations in these phosphorylation sites were reported to promote

tumourigenesis in many cell types.

In the light of this data, the inhibition of MYC function could be one
potential mechanism by which statins reduce cancer cell viability. Interestingly,
spheroid cultures displayed overall higher S62 phosphorylation levels of MYC
compared to monolayer cultures that are highly proliferative (Fig 4.29D), indicating
higher stability of the protein. A potential explanation for this paradoxical result could
be that MYC functions as a regulator for the cellular redox balance in spheroid
cultures. MYC binds to the promoters of v -glutamyl-cysteine ( y -GCS), the rate-
limiting enzyme catalyzing GSH biosynthesis and S62 phosphorylation is essential
for ¢-MYC recruitment. Thus, MYC activates a glutathione mediated survival

pathway to support resistance to oxidative stress (Benassi et al., 2006). Indeed,
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increased levels of oxidative stress caused by hypoxia and insufficient nutrient might
induce S62 phosphorylation of MYC in spheroids. Moreover, spheroid cultures
expressed an additional form of MYC, which is derived from an upstream start codon
and associated with culture at high density (Hann et al., 1992). However, the exact

function of this isoform of MYC is not fully established.

Although statins reduced the expression of gene signatures associated
with MYC function, levels of MYC protein and S62 phosphorylation of MYC were
unchanged in the presence of statins. This suggests that statins do not repress MYC
per se, but that the reduction in expression of its target genes is caused by reduced
availability of nucleotides. Indeed, MYC has been suggested as a sensor of cellular

nucleotide provision (Dejure et al., 2017).

Interestingly, gene sets associated with the proliferation are
downregulated both in the p53 WT and p53 deficient spheroids, cell death was only
observed in p53 deficient spheroids under statin treatment. This might be explained
by other stress responses that lead to the activation of the protective mechanisms
associated with p53 function. In the absence of p53, cells are unable to engage in
these programmes and undergo apoptosis. Indeed, gene sets associated with the stress
response ‘SINGH NFE2L2 TARGETS’ were significantly upregulated in simvastatin
treated p53 deficient spheroids (Fig 4.30), suggesting the presence of oxidative stress.
The Nuclear Factor, Erythroid 2 Like 2 (NRF2) is the transcription factor responsible
for the expression of detoxifying enzymes and antioxidant stress proteins in response
to oxidative stress by binding to the antioxidant response element (ARE) (Gorrini et
al., 2013). In the absence of oxidative stress, Kelch Like ECH Associated Protein 1
(KEAP1) contributes to the rapid turnover of NRF2 by promoting its proteasomal
degradation (Kobayashi et al., 2004). Statins have been reported to induce NRF2 and
heme oxygenase (HMOXI) expression in colon cancer via the PI3K and ERK
pathways (Jang, Hong, Kim, et al., 2016). However, it is not clear how statins induce

NRF2 and how HMOXI1 activation could contribute to cell death in colon cancer.

One possible explanation to cell death could be via induction of p21.
Maddocks et al demonstrated the induction of a p21 dependent cell cycle arrest as a

protective mechanism against oxidative stress in p53 wild type cells after serine
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starvation (Maddocks et al., 2013). However, it was reported that statins exert their
effects by acting as HDAC inhibitors and increasing histone acetylation especially of
the promoter region of the p21 gene (CDKNIA). This inhibition was shown to be
independent of p53, as p53 levels were restored (Y. C. Lin et al., 2008). Here, the
induction of p21 was observed in both cell lines after statin treatment for 72 hours

(Fig 4.32A), suggesting a p53 independent regulation.

Importantly, simvastatin treatment diminished the de novo synthesis and
overall levels of both cholesterol and CoQ10. The importance of CoQ10 in the ETC
provides a clear connection to its role in controlling the production of ROS. In
addition, CoQ10 was identified as an important metabolite for other metabolic
reactions (Hernandez-Camacho et al., 2018), its role and how reduction in the CoQ10
levels after statins influence cell death in spheroids will be discussed in the next

sections.

Taken together, the results discussed in this section provide evidence for
the selective sensitivity of p53 deficient colon cancer cells to statins under metabolic
stress. Inhibition of the mevalonate pathway led to decreased levels of metabolites
causing the induction of SREBP target genes. In addition, gene signatures associated
with oxidative stress were strongly induced in p53 deficient cancer cells treated with
statins, suggesting a selective metabolic vulnerability of these cells in metabolically

compromised environments.

5.3.3 CoQ10 is essential for respiration, electron transport chain and pyrimidine

biosynthesis

CoQ10 is produced via de novo synthesis from intermediates of the
mevalonate pathway and has many functions in mammalian cells (Y. Wang et al.,
2016). The main function of CoQ10 is to transfer electrons in the mitochondrial inner
membrane to complex III and it can be found in three different redox states: fully
oxidised (ubiquinone), partially reduced (ubisemiquinone) and fully reduced
(ubiquinol). CoQ10 can be converted to different redox states via the electron transfer

chain (Lenaz et al., 1997). NADH-ubiquinone reductase (complex I) reduces
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ubiquinone to ubiquinol, while oxidising NADH to NAD". Moreover, the succinate
dehydrogenase complex (complex II) provides electrons to ubiquinone through
FADH,, thereby connecting the TCA cycle metabolites succinate and fumarate to
CoQ10. Moreover, CoQ10 was demonstrated to contribute to the assembly and
stability of complex III and this assembly helps the recycling of CoQ10 (Cramer et
al., 2011).

Partially reduced CoQ10 (ubisemiquinone) reacts with oxygen, resulting
in the formation of superoxide in the ETC. Superoxide formation causes the
generation of ROS in the mitochondria (Lambert et al., 2004). In addition, reverse
electron transport (RET) was shown to transfer electrons from succinate to complex I1
and CoQ10 and subsequently to complex I, which reduces NAD* to NADH (Murphy,
2009). This limits the availability of NAD" as a cofactor for TCA cycle enzymes and
blocks the production of important metabolic intermediates. Taken together, these
processes show that CoQ10 is important for mitochondrial energy production and has

antioxidant properties in its reduced form (Y. Wang et al., 2016).

Indeed, the inhibition of the mevalonate pathway via statins led to
decreased levels of succinate and fumarate, most likely due to defects in CoQ10
synthesis. Moreover, metabolic assays to measure the oxygen consumption rates in
spheroids demonstrated that statins reduced both basal and maximum respiration only
in p53 deficient spheroids. This effect could be rescued by mevalonate addition (Fig
4.34), suggesting that the mevalonate pathway provides important metabolites for

respiration under metabolic stress.

Although these findings initially seem inconsistent with the fact that
spheroids are hypoxic, they clearly indicate that cells in spheroid culture still rely on
respiration. Indeed, there are reports demonstrating the importance of mitochondrial
metabolism in spheroids and tumours. Previous papers showed the vulnerability of
cancer cells to OXPHOS inhibitors in spheroid conditions as cells, particularly those
in the center, underwent apoptosis when respiration was suppressed (X. Zhang et al.,
2014). Similarly, statins were used in combination with OXPHOS inhibitors to induce
death of quiescent cells in spheroids of colon cancer cells. In fact, this paper showed

that the mevalonate pathway is upregulated in situations when OXPHOS is repressed,
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suggesting that the mevalonate pathway supports oxidative phosphorylation under

metabolic stress (Senkowski et al., 2016).

Overall, these findings demonstrate that statins block respiration and
sensitise pS3 deficient cancer cells to apoptosis in the core of the spheroid, suggesting
the importance of oxidative metabolism in cells exposed to combined deprivation of

nutrients and oxygen.

In addition, it can be suggested that the metabolic rewiring of p53
deficient cells in spheroids to increase the production of CoQ10 is essential for ETC
functions. Moreover, ROS production due to the metabolic stress could be scavenged
via increased levels of CoQ10 acting as an antioxidant (Stockwell et al., 2017).
Indeed, CoQ10 was able to restore viability of p53 deficient cancer cells in the
presence of statins, confirming that production of this metabolite by the mevalonate

pathway is essential for cell survival under these conditions.

Moreover, simvastatin induced cell death was rescued by the addition of
N-acetyl cysteine (NAC), a commonly used anti-oxidant (Fig 4.36A and B),
highlighting the importance of CoQ10 to prevent ROS production in the ETC.
Consistent with this rescue after statin treatment observed here, Qi ef al demonstrated
that simvastatin leads to the induction of ROS by interfering with the antioxidant
mechanisms, including superoxide dismutase (SOD) and catalase (CAT) in a murine
colon cancer cell line (Qi et al., 2010). Thus, measuring ROS levels could be an
additional approach to further understand the mechanism of cell death of p53

deficient cells treated with statins.

Taken together, the results from this section demonstrates that the rescue
of the statin induced cell death by the addition of NAC could emphasize the role of
CoQ10 in balancing the ROS levels most likely because of its role in ETC.

Interestingly, stable isotope tracing revealed that statin treatment reduces
total cellular UMP levels. Moreover, the fractions of UMP labelled from glucose were
dramatically decreased, suggesting a connection between CoQ10 and pyrimidine

biosynthesis. Pyrimidines can be synthesised via two different mechanisms; either via
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de novo synthesis from precursors derived from the cellular intermediate metabolism
or via the salvage pathway. The enzymes CAD, DHODH and UMP synthase are
necessary enzymes for de novo synthesis of pyrimidines. CAD and UMP synthase are
located outside the mitochondria; whereas DHODH is localized at the inner
mitochondrial membrane (Evans et al., 2004). DHODH oxidises dihydroorotate to
orotate and electrons are transferred directly by CoQ10 which is very important for
the pyrimidine biosynthesis (M. E. Jones, 1980). Interestingly, it has been
demonstrated that DHODH-driven pyrimidine biosynthesis rather than ATP
production represents the essential mitochondrial function for tumorigenesis

(Bajzikova et al., 2018).

Despite the fact that spheroids exhibited low proliferation rates, they
could be dependent on pyrimidines for ribosome biogenesis. mTORCI was
demonstrated as the main mediator of cell growth by coordinating ribosome
biogenesis and nucleotide synthesis (Valvezan et al., 2017). Indeed, spheroids
displayed active mTORCI signalling, as the phosphorylation of the S6K target SORB
was induced. In addition, GSEA revealed the downregulation of gene signatures
associated with the ribosome when the mevalonate pathway was inhibited in
spheroids (Fig 4.29B and C). It could be suggested that spheroids require pyrimidines
for the maintenance of ribosomal biogenesis and the mevalonate pathway provides an
important cofactor for their synthesis. Inhibition of the mevalonate pathway thus
suppresses ribosome biogenesis and leads to cell death, potentially via the induction

of ribosomal stress (T. H. Kim et al., 2014).

In addition to rescuing cell survival, exogenous CoQ10 addition
restored levels of TCA cycle metabolite in statin treated cells. Most importantly, the
decrease in UMP levels was also rescued by adding either mevalonate or CoQ10 after
statin treatment. Given the fact that UMP levels were already higher in p53 deficient
spheroids even without statin treatment, the importance of metabolic rewiring to
increase the production of CoQ10 and promote pyrimidine biosynthesis following the
loss of p53 is further emphasised. Moreover, the addition of a nucleoside mixture was
also able to rescue cell death induced by statin treatment (Fig 4.36C, right graph),
suggesting that nucleotides are indeed essential for survival of p53 deficient cancer

cells under spheroid conditions.
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Taken together, these data provides evidence that CoQ10 is important
for the ETC in mitochondria and for preventing oxidative stress under hypoxia and
nutrient deprivation. Moreover, induction of the mevalonate pathway is essential to
support pyrimidine biosynthesis especially in p53 deficient cancer cells under
metabolic stress. Thus, inhibition of the mevalonate pathway leads to low levels of
UMP, inhibition of electron transport and possibly causes the induction of oxidative

stress that limits cell viability.

Based on these findings, combining 5-fluorouracil (5-FU) and statins for
possible therapy was considered. 5-FU, an analogue of uracil with a fluorine atom at
the Cs position, is a commonly used drug for the treatment of colorectal cancer (Grem,
2000). It is a heterocyclic aromatic organic compound, which has a similar structure
to uracil and it can be incorporated into RNA and DNA, leading to DNA and RNA
damage and interference with nucleoside metabolism (Rutman et al., 1954). In
mammals, 5-FU can be converted to fluorodeoxyuridine monophosphate (FAUMP)
that forms a complex with thymidylate synthase (7S) and represses the formation of
deoxythymidine monophosphate (d{TMP) (Parker et al., 1990), leading to cell death
due to the lack of thymine (N. Zhang et al., 2008).

In addition, 5-FU was combined with simvastatin to treat spheroids
formed by p53 WT and p53 deficient spheroids. Interestingly, 5-FU treatment alone
was not able to induce apoptosis in p5S3 WT spheroids. This is not surprising, as it was
shown previously that overexpression of p53 is associated with drug resistance
towards 5-FU (J. T. Liang et al., 2002). It seems likely that the activation of p53 under
conditions of metabolic stress leads to the resistance to cell death induced by 5-FU.
However, this resistance could be overcome with the combined treatment with statins.
Indeed, treatment with 5-FU together with simvastatin increased cell death in wild
type p53 spheroids (Fig 4.38). Combined therapy of 5-FU with statins was previously
successfully in killing colon cancer cell lines that were resistant to the anti-tumour
agent irinotecan (Jang, Hong, Jang, et al., 2016). However, the literature is still

lacking conclusive studies of statins in combination with 5-FU.
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Taken together, these results reveal a novel role of the mevalonate
pathway in providing CoQl0 to maintain electron transport for respiration and
pyrimidine biosynthesis under conditions of metabolic stress. The results also suggest
that combining mevalonate pathway inhibitors with 5-FU for the treatment of

colorectal cancer.

5.3.4 Inhibition of the mevalonate pathway leads to cell death in p53 deficient

mouse organoids

The small intestine epithelium is ordered into structures called crypts and
villi and displays a large capacity for self-renewal (Bjerknes et al., 2006). Newly
generated intestinal epithelial cells from the bottom of the crypts sequentially move
along its axis to ultimately die via apoptosis at the tips of the villi over a 5 day
turnover time. Sato et al established the culture system called intestinal organoid
culture to maintain the crypt physiology under cell culture conditions with the help of
several growth factors (T. Sato et al., 2009). Deletion of APC, a commonly mutated
tumour suppressor gene in colorectal cancer, from intestinal epithelial cells leads to
the formation of tumour spheres under organoid culture conditions (T. Sato et al.,

2011).

Similar to the tumour spheroids, colon organoids displayed increased
sensitivity of p53 deficient cells towards simvastatin treatment (Fig 4.39A, middle
panel and B). In contrast, wild type p53 organoids were largely unaffected by statin
treatment (Fig 4.39A, upper panel and B). Moreover, addition of nucleosides or
CoQ10 rescued the viability of the organoids, suggesting that the mevalonate pathway
provides CoQ10 for pyrimidine synthesis in cancer cells. Indeed, it has been shown
that LGR5+ stem cells in the intestinal organoids are highly dependent on
mitochondrial metabolism (Rodriguez-Colman et al., 2017) and are enriched for gene
signatures associated with purine and pyrimidine metabolism (Lindeboom et al.,

2018).
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5.4 shRNA screen identified novel metabolic liabilities of pS53

deficient cells in metabolically compromised environments

Functional genomic approaches are useful tools to determine specific
dependencies of cells in a high-throughput manner. Firstly, RNAi screens using short
interfering RNA oligonucleotides were used as common tools and later their utility
was expanded by configuration of stem loop structures called short-hairpin RNAs
(shRNAs) (Brummelkamp et al., 2003; Sims et al, 2011). shRNAs can be
continuously expressed from Pol III promoters and they can be introduced into target
cells using retroviral and lentiviral vectors (McManus et al., 2002). Availability of
shRNA-based libraries has promoted high-throughput screens in mammalian cells.
The concept of pooled shRNA screen is based on generating large pools of cells that
carry a distinct shRNA sequence. Using this method, genes required for specific
cellular states can be inferred by quantifying the changes between the representation
of shRNAs in the starting population of cells with that of cells at the end of the
experiment, i.e. after the selective pressure has been applied. Cells carrying a specific
shRNA targeting a gene whose repression is essential for a specific phenotype are
diluted from the pool of cells. Conversely, cells carrying shRNAs that target genes
that inhibit a particular phenotype can accumulate in the cellular pool. As a result, in
pooled screens, each cell carrying an shRNA is barcoded by a specific sequence so
that the frequency of the shRNA sequences within a population and its differential
depletion can be calculated. Pooled screens can be applied both in vivo and in vitro to
identify genes that are responsible from the development, growth, and survival of

normal or cancer cells.

For this purpose, a lentiviral ShRNA library targeting signalling pathway
genes was used, which was obtained through the DECIPHER Open Source RNAi
Screening project (http://www.decipherproject.net/). This library targets 5,043 human

genes and consists of 27,500 shRNA sequences (5 or 6 shRNA sequences per gene).
As mentioned previously, each shRNA is tagged with a unique barcode sequence,

which allowed its identification for analysis.
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As the purpose of the screen was to identify metabolic dependencies
under metabolic stress, spheroid cultures were used. Hits were detected according to
the cut off (z-scores < -2) and shRNAs whose depletion was significant and specific
to p53 deficient spheroids were taken into consideration. Among those genes,

proteasomal subunits and ribosomal genes were the most significant ones (Fig 4.42B).

5.4.1 Proteasomal subunits and ribosome proteins are important for the survival

of p53 deficient cells under metabolic stress

Regulated proteasomal degradation is very important to maintain the
function of intracellular proteins, to check protein quality and to adjust regulatory
processes. The ubiquitin-proteasome system is essential for the intracellular protein
degradation machinery in the cells. The proteasome Subunit Alpha 1 (PSMA1) and
PSMD6 are components of the core 20S and 26S proteasome subunits respectively
(Narayanaswamy et al., 2014). Proteasome biogenesis is regulated transcriptionally
via the erythroid-derived 2-related factor 1 (NRF1) signalling pathway
(Radhakrishnan et al., 2010). Moreover, promoters of the genes coding for
proteasomal subunits often include antioxidant response elements (ARE) and
targeting these subunits triggers oxidative stress in these cells (Steffen et al., 2010). In
addition, it has been established that mTORCI activation promotes the expression of
mRNAs coding for proteasomal subunits (Y. Zhang et al., 2015). As previously
described, NRF1 inhibition suppresses mMTORCI1 dependent expression of
proteasomal genes, suggesting that NRF1 is a downstream target of mTORCI.
Indeed, SREBP1 was shown to regulate the expression of NRF1 downstream of
mTORCI, and increased mTORCI activity with the accompanying protein synthesis
can be controlled via proteasomal activity, which is important for the prevention ER
stress (Y. Zhang et al., 2014). Therefore, depleting proteasome subunits could
generate a selective vulnerability in p53 deficient cancer cells under metabolic stress,

potentially because of the high mTORCI activity that was observed in this condition.

In addition to proteasomal subunits, several ribosomal proteins were also
identified as hits whose depletion caused cell death in p53 deficient spheroids.
Ribosome biogenesis is a highly regulated process involving all 3 classes of RNA

polymerase to adjust the balance between ribosomal RNA (rRNA) transcription and
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the processing of ribosomal proteins. rRNA is transcribed from rDNA gene clusters
and is further processed and modified in the nucleolus. Perturbations in ribosome
biogenesis generate imbalances and nucleolar stress, leading to the activation of p53
(Deisenroth et al., 2010). Depletion of ribosomal proteins also results in nucleolar
stress and p53 was reported to be required to counteract this stress (Deisenroth et al.,
2011). Changes in cellular energy status caused by reduced nutrient availability might
have an impact on the demand for producing new ribosomes. Moreover, mTORC1
has a major role in regulating ribosome biogenesis by affecting Pol-I, Pol-II and Pol-
IIT dependent transcription (Mayer et al., 2006) (Hannan et al., 2003). Therefore, it is
important to keep ribosomal biogenesis and nutrient availability in balance to avoid

nucleolar stress.

It is likely that the depletion of ribosomal subunits causes nucleolar
stress under conditions of oxygen and nutrient deprivation. The lack of p53 could then
cause the accumulation of damaged ribosomal proteins, further exacerbating the stress
and leading to cell death. While this is an interesting hypothesis, the hits of the
shRNA screen have to be validated. In addition, specific assays must be performed to
establish the individual functions of the genes identified by the screen, before the

importance of these pathways can be revealed.
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6 CONCLUDING REMARKS AND OUTLOOK

After Otto Warburg’s discovery in 1920s stating cancer cells perform
glucose fermentation even in the presence of oxygen, the cancer metabolism field
experienced a recent resurgence. During the last 20 years, findings describing how
oncogenes, such as MYC, RAS, PI3K/AKT/mTOR, and tumour suppressors, such as
p53 and VHL, regulate metabolic enzymes contribute to the understanding of how
metabolic rewiring occurs in cancer cells. As cancer cells rapidly proliferate in a
tumour microenvironment as consequence of constitutive activation of oncogenic
signals, they get susceptible towards the depletion of nutrients and oxygen in the
tumour microenvironment. Cancer cells then have to reprogram their metabolism in
order to satisfy their biosynthetic and energy demands, for example by upregulation
of nucleotide synthesis, glycolysis and de novo fatty acid and cholesterol synthesis
under these conditions. As the tumour suppressor p53 contributes to the regulation of
cancer metabolism, the effects of metabolically compromised environments on p53
wild type and deficient cancer cells were investigated in this study. Representation of
nutrient and oxygen gradients was generated in vitro by using tumour spheroids.
Using transcriptomic and metabolic analysis, spheroids were characterized and it was
found that they recapitulate important features of tumours, including induction of
hypoxia and reduced proliferation. In addition, p53 was found to inhibit cholesterol

synthesis in cells cultured as spheroids and tumours but not in monolayers.

The transcription factors SREBP1 and SREBP2 are master regulators of
lipid metabolism, controlling the expression of enzymes responsible for fatty acid and
cholesterol synthesis. Here it was found that p53 blocks the expression of SREBP2
target genes in spheroids through a mechanism dependent on GSK3. Moreover,

mature SREBP2 levels were identified as regulated by mTORCI in spheroid cultures.

Metabolic characterization of the mevalonate pathway revealed
metabolic rewiring that occurs in p53 deficient spheroids to induce the production of
CoQ10, whereas p53 wild type spheroids used the mevalonate pathway mainly for the

production of cholesterol. In contrast, p53 dependent rewiring was not observed in
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cells cultured in monolayer suggesting the induction in CoQ10 production as a

specific metabolic phenomenan in spheroid cultures.

Inhibition of the mevalonate pathway decreases cell viability in
monolayer cultures of both p53 WT and p53 deficient cells. Interestingly, p53 wild
type cells in spheroids did not induce cell death after statin treatment, whereas p53
deficient cells displayed a specific vulnerability in the center of the spheroids.
Moreover, these results were reproducible in tumour organoids and cell survival could
be restored with mevalonate, CoQ10 and the antioxidant NAC. Statins reduced levels
of CoQ10 synthesis and TCA cycle metabolites, suggesting that this vulnerability is
mediated by the generation of ROS that could be rescued by the addition of CoQ10
and NAC. In addition, inhibition of the mevalonate pathway led to decrease in
respiration in p53 deficient spheroids, emphasizing the importance of CoQ10

synthesis under metabolic stress.

Interestingly, statin treatment lowered cellular UMP levels, suggesting a
connection between the mevalonate pathway and pyrimidine biosynthesis via CoQ10
that acts as an electron acceptor for the dihydroorotate dehydrogenase enzyme.
Addition of CoQ10 restored UMP levels after statin treatment. Moreover, exogenous
nucleosides rescued cell death in spheroids and organoids after statin treatment.
Additionally, combined therapy of statins with 5-FU, a commonly used drug in colon
cancer, was able to sensitize p53 wild type cells cultured as spheroids, suggesting a
possible mechanistic explanation for combining these drugs for the treatment for the

colon cancer.

Taken together, in this thesis it was demonstrated that p53 inhibits
SREBP?2 in cancer cells exposed to metabolic stress. P53 deficient cells upregulate the
mevalonate pathway for the production of CoQ10, thereby maintaining its essential
electron transfer function for mitochondrial respiration and UMP synthesis. Inhibition
of the mevalonate pathway selectively killed p53 deficient cancer cells in the center of
the spheroids and blocked respiration and TCA cycle activity, leading to the
formation of ROS and cell death. In addition, the decrease in CoQ10 levels after

statin treatment resulted in the block of UMP synthesis, thereby revealing an
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additional mechanism of cell death caused by mevalonate pathway inhibitors and

suggesting combined therapy with 5-FU as an anti-cancer strategy.
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Figure 6.1: Proposed model showing the regulation of SREBP2 in the spheroids

Tumour suppressor p53 leads to the inhibition of the transcription factor SREBP2 by
activating GSK3 under metabolic stress formed by spheroids. Moreover, spheroid
cultures increase the activity of the mTORC1/S6-kinase pathway, which is crucial for
SREBP activation. Thereby, loss of p53 leads to the induction of enzymes of the
mevalonate pathway via activation of the transcription factor SREBP2, resulting in a
metabolic rewiring that supports the generation of ubiquinone (coenzyme Q10) which
is important for the nucleotide biosynthesis, ETC and inhibition of ROS for the cell
survival under metabolic stress.

Although statins and 5-FU were shown to be used for colon cancer in
clinical trials, studies were inconclusive so far. Therefore, it is important to reveal the
mechanism of action of statins in different tumour types. However, it is important to
confirm the effect of statins in vivo, in mouse models of cancer that where there are
limited levels of oxygen and nutrients, recapitulating the representation of the tumour

microenvironment.

In the second part of the study, several selective vulnerabilities were

identified that led to the death of p53 deficient cells under metabolicslly compromised

159



environments by global shRNA screening. Several ribosomal proteins and
proteasomal subunits were identified as hits whose depletion leads to cell death only
in p53 deficient cells under metabolic stress. However, further validation is needed to
understand how these proteins affect the viability and these cells. Further analyses
will lead to important findings to understand specific vulnerabilities in cancer cells

that could be translated into cancer therapy.
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8 APPENDIX

8.1 Supplementary Tables

The following pages contain tables of selected gene sets that were significantly

changed in the RNA-SEQ experiments.

Al: RNA-SEQ experiment that was performed in HCT116 p53+/+ and p53-/-
cells cultured in monolayer, as spheroids and injected into xenograft mice

subcutaneously

Table Al: Selected gene sets in the compared conditions HCT116 p53 +/+ monolayer

vs spheroids

Representative gene sets

Regulation Name (rank position) NES | g-value
UP in Rosty Cervical cancer proliferation cluster (1) 3.73 <0.001
MONOLAYER Chang cycling genes(4) 3.56 <0.001
(P53 +/+) Kegg cell cycle (136) 2.50 <0.001
UP in MCTS Elvidge Hypoxia by DMOG up (1) -3.40 | <0.001
(p53 +/+) Graham CML Quiscent vs Normal Dividing Up (162) -2.40 <0.001
Fridman Senescence Up (176) -2.36 <0.001

Table A2: Selected gene sets in the compared conditions Compared conditions

HCT116 p53 -/- monolayer vs spheroids

Representative gene sets

Regulation Name (rank position) NES | g-value
UP in Rosty Cervical cancer proliferation cluster (1) 3.26 <0.001
MONOLAYER Tang Senescence TP53 Targets Down (23) 2.87 <0.001
(P53 -/-) Peng Glutamine Deprivation DN (129) 2.25 <0.001
UP in MCTS Elvidge Hpoxia by DMOG Up (1) -3.98 <0.001
(P53 -/-) Harris Hypoxia (20) -3.34 <0.001
Dang Myc Targets DN (413) -2.17 0.034

Table A3: Selected gene sets in the compared conditions HCT116 p53 +/+ monolayer

vs subcutaneous tumours

188



Representative gene sets

Regulation Name (rank position) NES | g-value
Hallmark E2F Targets (1) 5.67 <0.001

Uhféﬁgf/fy*é& Dang MYC Targets up (53) 3.82 | <0.001
( ) Elvidge Hypoxia DN (215) 3.04 <0.001
UP IN P53 +/+ Hecker IFNB1 Targets (1) 242 <0.001
(TUMOUR) Browne Interferon Responsive Genes (2) -2.28 <0.001
Zhang Interferon Response (12) -2.13 <0.001

Table A4: Selected gene sets in the compared conditions HCT116 p53 -/- monolayer

vs subcutaneous tumours

Representative gene sets

Regulation Name (rank position) NES | g-value
UP IN P53 - Hallmark E2F Targets (1) 5.40 <0.001
(MONOLAY_E-R) Chang Cycling Genes (39) 3.93 <0.001
Schuhmacher MYC Targets Up (72) 3.69 <0.001

UP IN P53 -/- Reactome Interferon Alpha Beta Signaling (1) -2.28 <0.001
(TUMOUR) Fardin Hypoxia 11 (27) -1.98 0.001
Elvidge Hypoxia by DMOG UP -1.97 0.001

Table A5: Selected gene sets in the compared conditions monolayer cultures of
HCT116 p53 +/+ vs HCT116 p53 -/-

Representative gene sets

Regulation Name (rank position) NES | g-value
Kerley Response to Cisplatin Up (1) 2.14 0.001
UP INPS3 +/+ 55 5e3 Downstream Pathway (8) 2.07 | 0.001
(MONOLAYER) - ’
Ongusaha TP53 Targets (11) 2.05 0.001
Gargalovic Response to Oxidized Phospholipids Yellow Up | -2.17 0.015
UP IN P53 -/ e Breast Cancer Cluster -2.05 0.052
(MONOLAYER) - -
-2.03 0.043

Deposition of New Cenpa containing nucleosomes at the centromere

Table A6: Selected gene sets in the compared conditions spheroid cultures of HCT116

pS3 +/4+ vs HCT116 p53 -/-
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Representative gene sets

Regulation Name (rank position) NES | g-value
Browne Interferon Responsive genes (1) 2.38 <0.001

UP IN P53 +/+ . :
(MCTS) Sana TNF Signaling Up (6) 2.20 <0.001
Einav Interferon Signature in Cancer (14) 2.04 <0.001
UP IN P53 -/- Horton SREBF Targets (5) -2.64 <0.001
(MCTS) Reactome Cholesterol Biosynthesis (9) -2.49 <0.001
Reactome Fatty Acyl Coa Biosynthesis (17) -2.11 0.011

Table A7: Selected gene sets in the compared conditions subcutaneous tumours of
HCT116 p53 +/+ vs HCT116 p53 -/-

Representative gene sets

Regulation Name (rank position) NES |g-value
UP IN P53 +/+ Hallmark Interferon Alpha Response (1) 2.52 <0.001
(TUMOUR) Browne Interferon Responsive Genes (2) 2.45 <0.001
Der IFN Alpha Response Up (13) 2.03 <0.001

UP IN P53 -/- Rickman Metastasis DN (1) -2.30 0.001
(TUMOUR) Reactome Cholesterol Biosynthesis (21) -1.93 0.032
Horton SREBF Targets (41) -1.82 0.057

A2: RNA-SEQ experiment that was performed with HCT116 p53+/+ and p53-/-

spheroids treated with control (DMSO), either with statin or statin and

mevalonate

Table A8: Selected gene sets in the compared conditions HCT116 p53+/+ spheroids

treated with statins compared to HCT116 p53 +/+ spheroids treated with DMSO

Representative gene sets
Regulation
g Name (rank position) NES | q-value
Hallmark Cholesterol Homeostasis (1) 2.96 <0.001
UP IN P53+/+ Horton SREBP Targets (2) 2.89 <0.001
Hallmark TNFA signaling via NFKB (26) 2.26 <0.001
DOWN IN Chang cycling (10) 3.26 <0.001
P53+/+ KEGG Ribosome (14) 3.23 <0.001
Hallmark MYC Targets (54) 2.82 <0.001
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Table A9: Selected gene sets in the compared conditions HCT116 p53-/- spheroids
treated with statins compared to HCT116 p53 -/- spheroids treated with DMSO

. Representative gene sets
Regulation
Name (rank position) NES | g-value
Horton SREBP Targets (3) 2.76 <0.001
UP IN P53-/- Hallmark Cholesterol Homeostasis (1) 274 <0.001
Hallmark TNFA signaling via NFKB (19) 2.38 <0.001
DOWN IN Rosty Cervical Canc<—?r P.rollferatlon Cluster (2) 3.65 <0.001
P53./- Reactome DNA Replication (35) 3.1 <0.001
Yu MYC Targets up (103) 2.70 <0.001

Table Al10: Selected gene sets in the compared conditions HCT116 p53+/+ spheroids
treated with statins compared to HCT116 p53 -/- spheroids treated with spheroids

Representative gene sets
Regulation
g Name (rank position) NES | g-value
Browne Interferon Responsive Genes (1) 2.25 <0.001
UP IN P33+/+ Hallmark Interferon Alpha Response (3) 220 <0.001
Hallmark Interferon Gama Response (11) 2.12 <0.001
Reactome Respiratory Electron Transport (1) 2.76 <0.001
UP IN P53-/- KEGG Oxidative Phosphorylation (3) 2.59 | <0.001
SINGH NFE2L2 Targets (12) 2.25 <0.001
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8.2 Abbreviations

4E-BP
5-FU
ACC
ACLY
ACSS2
Akt/PBK
AMP
AMPK
ATF6a
ATP
bHLH-Zip
BSA
CA9
cDNA
ChIP
CoA
CoQ10
COPII
CPT1
DMEM
DMSO
EGF
EGFR
elF4E
ER
EtOH
FA
FABP
FASN
FBS
FFA
fISREBP

elF4E-binding protein
5-Fluorouracil

acetyl-coA carboxylase
ATP-citrate lyase

acetyl-coA synthetase 2
protein kinase B

adenosine mono-phosphate
AMP-activated protein kinase
activating transcription factor 6
adenosine tri-phosphate

basic helix-loop-helix-leucine zipper
bovine serum albumin
carbonic anhydrase
complementary DNA
chromatin immunoprecipitation
coenzyme A

ubiquinone

coat protein complex I1
carnitine palmitoyltransferase 1
Dullbecco's modified eagle medium
dimethylsulfoxide

epidermal growth factor

EGF receptor

eukaryotic initiation factor 4E
endoplasmic reticulum

ethanol

fatty acid

fatty acid binding protein

fatty acid synthase

foetal bovine serum

free fatty acids

full-length SREBP
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FOXO
G6PD
GAP
GBM
GPAT
GPD1
GSK3
HDACI1
HIF1
HMG-CoA
HMGCR
HMGCS
HRE
HRP
INSIG
LD

LDH
LDLR
LXR
MAPK
MCT

ME
MEV
mRNA
MVL
mSREBP
mTOR
mTORC1/2
MUFA
NAC
NES
OXPHOS
PHD
PI3K

forkhead box other transcription factor

glucose-6-phosphate dehydrogenase

GTPase activating protein

glioblastoma multiforme

glycerol-3-phosphate acyltransferase
glycerol-3-phosphate dehydrogenase 1

glycogen synthase kinase 3
histone deacetylase complex 1
hypoxia inducible factor 1
3-hydroxy-3-methylglutaryl-CoA
HMG-coA reductase
HMG-coA synthase

hypoxia response element
horseradish peroxidase

insulin induced gene

lipid droplet

lactate dehydrogenase
low-density lipoprotein receptor
liver x receptor

mitogen activated protein kinase
monocarboxylate transporter
malic enzyme

mevastatin

messenger RNA

mevalonate

mature SREBP

mammalian target of rapamycin
mTOR complex 1/2
monounsaturated fatty acid
N-Acetyl-Cysteine

normalized enrichment score
oxidative phosphorylation
prolyl hydroxylase
phosphatidylinositol 3-kinase
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PIP2 phosphatidylinositol-4,5-bisphosphate

PIP3 phosphatidylinositol-3,4,5-triphosphate
PPAR peroxisome proliferator-activated receptor
PPP pentose phosphate pathway

PRAS40 proline rich Akt substrate of 40kDA
PTEN tensin homologue deleted on chromosome 10
PUFA polyunsaturated fatty acid

qPCR quantitative PCR

Rapa rapamycin

Rheb Ras homologue enriched in brain

RIP regulated intramembrane proteolysis
RNAI RNA interference

RPE retinal pigment epithelial

ROS reactive oxygen species

RT room temperature

RTK receptor tyrosine kinase

S1P site-1 protease

S2Pp site-2 protease

S6RB ribosomal protein S6

S6K ribosomal protein S6 kinase

SCAP SREBP cleavage activating protein
SCD stearoyl-coA desaturase

Seq sequencing

SFA saturated fatty acid

SH2 Src-homology 2

shRNA short-hairpin RNA

siRNA small interfering RNA

SIM simvastatin

SIRT1 sirtuin 1

SRE sterol regulatory element

SREBP sterol regulatory element binding protein
SUMO small ubiquitin-related modifier-1

TAG triaclyglyceride

TCA cycle tricarboxylic acid cycle
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TSC1
TSC2
UMP
VEGFA
VHL

tuberous sclerosis protein 1

tuberous sclerosis protein 2

uridine monophosphate

vascular endothelial growth factor A

von Hippel Lindau
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