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Abstract

Despite substantive efforts to characterise glioblastoma multiforme (GBM) at
the molecular level, improvements to the oversllrvival of patients have yet

to be seen within the clinic. Intratumour heterogeneity describes the co
existence of several subpopulations of GBM cells that are genetically distinct.
This phenomenon provides one mechanism by which GBM recurs via the
preserce of resistant subclonal cells. However, questions remain as to whether
cancer cell metabolism demonstrates the same level of heterogeneity given the
metabolic regulatory role of several oncogenes and tumour suppresgdes
applied liquid chromatographgnass spectrometry to profile the metabolome
and lipidomeof tumour fragments sampled from adult GBM patienthe
extent of heterogeneity inmetabolomic and lipidomicsprofiles differed
between patientsut was predominanthyobservedbetween noninvasive and
invasive regions Evidence for normal brain metabolism influencing the
metabolomic profile of the invasive region was detected, callingsfuation of

the tumour cell component.Despite this caveat, dysregulated proline
metabolsm was identified for further mechanistic and therapeutic study.

The identification of intratumour metabolic heterogeneity in GBih&s
therapeutic implications inerms of the utilisation ofsingleagenttherapies
targeting metabolismHowever elucidationof a metabolic dependendp GBM
cellsrepresening | y  W! OK Arhaly Sréaumvirbidtat@mour genetic
heterogeneit. Glucose is not the onlgutrient utilised by cancer cells. The
dependence of GBM cells on external sources of &pitl cholesterol spciesin
the form of lipoproteins was assessed to determite® consequences on
cellular viability and metabolism Growth inhibitory responses were
demonstrated under lipoprotein deficient conditispassociated witlcell line
specific responses indicativad different metabolic stress responses in adult
and paediatric GBM. Consistent observation efluced cellular cholesterol
levels across all cell linepresented a metabolic vulnerability that was
pharmacologically replicated using liver X recep{@XR)agonists The
identification of reducedcellular viability following exposure to LXR agonists
and transcriptomic responses associated with a reduced proliferative response
provide impetus for further drug development in terms of combination
strategies andalleviation of deleterious sideffects.
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Chapter 1

Introduction



1. Introduction

Glioblastoma multiforme (GBM) is the third most frequently reported brain
tumour (15.1%) and the most common malignant neoplasitthe central
nervous systenCNSjo occur in adults (46.1%). GBM is more prevalent in the
adult population (15.7%) compared to its prevalence in children and young
adults (19 years), in which GBM accounts for approximately 3% of all brain
and other CNS tumours. Collectively, brain atiteoCNS tumours are the most
common malignancy in the-D4 years aggroup, superseding the incidence
rates of leukaemia. Despite advances in cancer therapy and management, brain
and CNS tumours still present a substantial clinical challenge with or®l9673.
of children and 26.2% of adults surviving 5 years after diagf@sisomet al.,
2017) Indeed, Wain and CNS tumours accounts for the highest number of

cancerrelated death in children.

GDfA2YFE Aa Ly dzYoNBft € -0fSridgd includndyd 0 dzYy 2
astrocytomas, oligodendrogliomas, ependymomas, and mixed gliomas
(Schwartzbaumet al, 2006) The World Health Organisation (WHO)
classification system for astrocytic tumours is based on mitotic atypia and
microvascular proliferation. Astrocytomas of tumour grade | (pilocytic
astrocytoma) ad grade Il (diffuse astrocytoma) are designated asdoade
gliomas (LGGs), whereas grade Il (anaplastic astrocytoma) and grade 1V (GBM)
tumours are classified as higjnade gliomas (HGGglouiset al, 2016)
Paediatric cases of GBM are morphologically indistinguishable from adult cases
(Karsyet al, 2012) However,recent studies have revealed genetand
genomic differences that suggest the existence of different biological
mechanisms of gliomagenesis in the paediatric and adult setitagghet al.,

2010; Schwartzentrubeat al,, 2012; Sturnet al,, 2012)



1.1. Clinical features

1.1.1. Presenting symptoms and diagnostic procedure

Patients with a GBM in the brain present with symptoms that stem from
tumour infiltration into brain parenchyma andcreased intracranial pressure
Symptoms includ@ersistent headaches, behavioural changes, early morning
nausea/emesis, diplopia (double vision), and papilloedema (optic disc swelling).
(Fangusaro, 2012)Upon suspicion of a GBM, patients are provisionally
assessed for lesions/masses via fwomtrast computerised tomogphy (CT) or
magnetic resonance imaging (MRFeatures on CT scans indicative of GBM
include thick margin®f heterogenous enhancement arfd/podense centres
indicative of necrosisUpon MRI, dsions appear akypo- and hyperintense
areason T and T2weighted scans, respectivelfAhmed et al, 2014)
Measurement of relative metabolite concentrations through magnetic
resonance spectroscopycan support a diagnosis of GBM following
identification of ircreased chtine, lactate,and lipid signals, whereas peak
levels ofN-acetyl acetate and myoinositol are decreag@illiket al, 2013)
Pathologicatonfirmation of a GBM is conductetirough histological analysis

of brain tumour biopsies taken at the time of surgery or as a single event if

surgery is not safely possibhjEangusaro, 2012)

1.1.2. Incidence and mortality rates

GBM has an annual ageljusted incidence rate of 3.20 per 100,000 population
worldwide. Incidence rates increase with age and are highest within th8475
age bracket. The median age at diagnosis is 64 yearsydavosurvival rates

are 23.5% and 34.3% in the 20+ arti®years aggroups, respectively. These
values fall to 6.9% and 17.7%¢d years after diagnosis and indicate that
children and young adults with GBM have a slightly better prognosis compared
to olderadults likely reflecting tolerancef adjuvant therapiesin clinicaltrials
examiningprimary postoperativechemotherapywithout radiotherapy very
young children (under 5 years old)ith HGGs demonstrate8-year overall

survivalrangingbetween30.9to 59%(Dufouret al., 2006; Grundt al., 2010)



Compared to therespectivetwo- and fiveyear survival rates of 45.2% and
34.9% for all malignant brain and CNS tumours, this highlights the particularly
aggressive nature of GBiDstromet al., 2017) HGGs in adults occur most
frequently in supratentorial regions located above the tentorium cerebelli, an
extension of the dura matter that separates the cerebellum from the occipital
and temporal lobes of the cerebral cort€ones and Bake2014) In children

and young adults, HGGs are reported to occur in several brain regnmss
frequently in pontine (43.2%), cerebral hemispheres (25.8%) and thalamus
(12.3%), but also in cerebellum (4.5%) and spinal cord (\8Alff et al,
2008) Median age at diagnosis varies among the different tumour locations
with cerebellar (7.6 y)rad pontine (8.0 y) HGGs presenting at a younger age
compared to thalamic (11.5 y), supratentorial (11.7 y) and spinal cord (13.0 y)
tumours (Krammet al., 2011; Wolffet al, 2012; Karremanet al., 2013) The
2-year survival rates for paediatric patients with pontine, thalamic or cerebellar
HGGs are 13.8%, 20.7%nd 33.0%, respectivelyKramm et al, 2011;
Karremannet al, 2013) In supratentorial and spinal cord HGGs, thgear
survival rates are 52.0% an8.23%, respectivelgpWolff et al., 2012; Karremann

et al, 2013) The association of tumour location with age at diagnosis and

survival rates in children is summarisediablel.l.

Table 1.1. Clinical parameters associated with paediatric HGG
tumour location

Tumour location|  Pontine Thalamus | Cerebellum | Supratentorial| Spinal cord
Frequency (%) 43.2 12.3 4.5 25.8 2.6
Medianageat| g, 115 7.6 11.7 13.0

diagnosis (years
2yearsunivall -, 20.7 33.0 52.0 55.2

rates (%)
Information collated from Karremannetal. (2013), (Krammetal. (2011), B. Wolff
etal. (2012), and J. E. Wolffetal. (2008).

1.1.3. Standardreatment strategies
The standard treatment in adult cases of GBM is maximal resection to remove

the bulk of the tumour leaving minimal residual disease. Gross total resection



is difficult to achieve due to tumour cell invasion into the adjacent normahbra
parenchyma. This residual disease is responsible for the recurrence of tumours
2-3 cm from the surgical resection mardiBehinet al., 2003) The extent of
resection is correlated with progressidree survivalPFS)Senftet al,, 2011)

and can be facilitaad by administration of fminolevulinic acid (\LA)
(Stummeret al., 2006) 5-ALA is a precursor diemeand highlights cancerous
tissuethrough accumulation of the fluorescent porphyrin protoporphyrin IX
althoughthe mechanism by which this occurs is contested with evidence in
support of decreasedferrochelataseenzyme activity(Kaneko and Kaneko,
2016)and reduced NADPH levdkimet al, 2017)as the underlying cause
Huorescence can be measured from the normal brain in animals albeit at
much lower level (Kaneko and Kaneko, 2016However, he specific
contributions from other cell populations within the tumour, including
activatedimmune cells;to the fluorescentsignalhas yet to be elcidated
Clinically, 5-ALA fluorescencehas been visualised using a modified
neurosurgical microscope leading to more complete resecéiod improved
PFS in patient¢Della Puppeet al, 2013) Following tumour resectiomand
subject to health patients are administered radiotherapy with concomitant
and adjuvant temozolomide based on statistically significant outcomes in
randomisedclinical trialgStuppet al., 2005, 2009)

The initial treatment strategy for a child diagnosed with a HGG is tumour
debulking through maximal safe surgical resection, following improved PFS in
patientswA 1 K ANBF GSNJ GKIYy dmrr NBaSOUA2Y AY
study-945 (Finlay et al, 1995) Following surgery, combined chemand

N}y RA2GKSNY LI KlFa 06SSy [FR2LIISR Ia GKS
of the CC&®43 trial in which patients received weekly vincristine during
radiation followedby eight maintenance chemotherapy cycles consisting of
prednisone, lomustine, and vincristine (PCV) each administered approximately

6 weeks apar{Spostoet al, 1989) Radiotherapy is given postoperatively in

children older than 3 years to prevent tumour progression and recurrentte wi



50-60 Gray(Gy) delivered in daily fractions of approximately 2800 cG over
a 6.week period(Fangusaro, 2012However, younger children (<3 yeanlsl)
are treated with chemotherapy alone due to treatmermated cemorbidities
associated with irradiation, including neurocognitive and endocrinological

deficits(Dufouret al,, 2006; Grundt al., 2007, 2010; Sandees al., 2007)

1.2.  Tumour biology

1.2.1. Molecular characteristics of adult GBM

Early assessment of thedalt GBM (aGBM) genome using microarray
technology highlighted the unique genomic profile of GBdhpared to other

glial brain tumours (astrocytoma and oligodendroglionf@haiet al., 20®).
Cohorts containing patients with secondary GBM, which derive from the
progression of gliomas initially diagnosed as-tpwade, highlighted molecular
separation from primary GBM5Godardet al, 2003; Tset al., 2006)as well as
revealing heterogeneity in the molecular pathogenesis of secondary GBM
(Maheret al,, 2006) Furthermore, several studiefi®ved thata genebased
classification of glioma could be used for diagnostic purposes and delineate
prognostic groups with better or worse clinical outcom@&utt et al, 2003;
Freijeet al, 2004; Lian@t al., 2005; Shirahatat al, 2007; Gravendeadt al.,,
2009)

Phillips and colleagues (2006) identified three subtypes of HGG that resembled
stages in neurogenesis based on signature genes: Proneural, Mesenchymal,
and Proliferative. Prolonged survival in the Proneural subtype was observed
along with poor prognosti outcomes associated with the Mesenchymal class

in both primary and recurrent tumouréPhillipset al., 2006) An additional
molecular subtype, Classical, was delineated in a cohort of 200 GBM samples
from The Cancer Genome Atlas (TCGA) network. The Proneural, Classical and
Mesenchymal subtypes were each characterised by abnormalities or mutations
within  platelet-derived growth factor receptor RDGFRMAsocitrate
dehydrogenase IDH), epidermal growth factor receptor HGFR and



neurofibromin 1 NFJ, respectively (Verhaaket al, 2010) Methylation
profiling further subdivided the Proneural subgroup into CpG island methylator
phenotype (CIMPRpostive and-negative tumours(Noushmehret al., 2010;

Sturm et al, 2012) Interestingly, plasticity between the Proneural and
aSaSyoOKeayYl f ddzo e lSa KI & 0 Sdépéndeatk 2 gy
manner that may be driven by microglia within the tumour microenvironment
(Bhat et al, 2013) A summary ofepigenetic and biological features

characteristic of eaclsBM subgroujps presented inTablel.2.

The therapeutic relevance of the four GBM subtypes is contentious given that
IDH mutation status is the only significant molecular indicator of a better
prognosis, with Classical, Mesenchaimand IDHwildtype Proneural subtype
displaying similarly poor survival outcomé€Sturm et al., 2012) Individual
tumours can also display multiple e expression phenotypes (discussed in
detail in section 1.4), one of the features of GBM accounting for tumour
recurrence in clinical trials of therapies targeting a particular subtjosvever,

the bulk of theheterogeneity within tumours is removed dag surgery, in line
with gross total tumour resection as one of the most important prognostic
factors (Krethet al., 2013) Therefore, molecular characterisation of minimal
residual disease is most biologically relevant to better inform on prognosis and

choice of therapeutic strategy to prevent tumour recurrence.



Table 1.2. Epigenetic

and biological

subgroup s of adult and paediatric GBM

Epigenetic
IDH K27 G34 RTK | oO6PD MES RTK |1 &6cClI
subgroup
o EGFR ampl.
Characterist ic IDH mut H3F3A ™! K27 H3F3A™ G34 PDGFRA ampl.
) CNV'ow Chr 7 */Chr 10 -
lesions TP53mut TP53Mut TP53mut CDKNZ2A del.
CDKN2A del.
DNA methylation
CIMP+ - CHOP+ - - -
phenotype
Gene expression _ )
) Proneural Proneural Mixed Proneural Mesenchy mal Classical
signature
Median age at
) ) 40 10.5 18 36 47 58
diagnosis (years)
Tumour location Cerebrum Midline Cerebrum Cerebrum Cerebrum Cerebrum
Adapted from Sturmetal. (2012,2014) .Abbreviations: Ampl. i amplification, CHOP 7T CpG hypom ethylator phenotype; CIMP i CpG island hypermethylator

phenotype; del. i deletion;

IDH 1 isocitrate dehydrogenase

; MES 1 mesenchymal;

Mut T mutated;

RTK i receptor tyrosine kinase.



1.2.2. Molecular characteristics of paediatric GBM

Molecular investigations into gediatric GBM (pGBM)initially identified two
subsets that were distinct from aGBM and characterised by differential Ras and
AKT pathway activatiofFauryet al, 2007; Haqueet al, 2007) Thiswas
partially explained by increased activityRPDGFR#rough amplification (12%

of cases) or somatiactivating mutation (14.4% of ndorainstem (NBS)
paediatric HGGs)(Paughet al, 2010, 2013) Wholeexome sequencing of
pGBMs revealed recurrent and tspot mutations within H3F3A, which
encodes the replicatioindependent histone variant H3.313F3Amutations
were observed in 36% of paediatric cases and 3% of young adults. These
mutations caused either a lysiie-methionine change at position 27 (K27M)

or a glycingo-arginine/valine change at position 34 (G34R/V) and were
predominantlyobservedin younger (median age 11 years) and older patients
(median age 20 years), respectivéychwartzentruberet al, 2012) K27M
mutations were almost exclusively found in midline tumours whereas G34R/V
mutations were characteristic of supratentorial tumoufiSontebasscet al.,,
2013) consistent with a better prognosis for the G34R/V subgroup (median of
24 months versus 12 months in K27M mutant tumoy&)hwartzentrubeet

al., 2012) Figurel.1 highlights the neuroanatomic locatiorassociated with

the two histone H3.3 mutationss well agenes that are conutated at ahigh

frequency.
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Figure 1.1. Neuroanatomic association s between histone H3.3
mutations and other genetic lesions in p aediatric HGGs. K27M and

G34V/R are r ecurrent g enetic lesions within H3F3A, which encodes the
replication -independent histone H3.3. These lesions are characteristic of
paediatric HGGs found in midline or cerebral tumours , respectively. ATRX
and DAXX encode members of a chromatin remodelling complex which
mediates histone H3.3 incorporation  at pericentric heterochromatin and
telomeres (Schwartzentruber etal. ,2012) . Activating mutations in ACVR1 is
afrequent observation  in histone H3.1 K27M mutant diffuse intrinsic pontine
glioma (Taylor etal. ,2014) . OLIG1/2and FOXG1 regulate differentiation and
self -renewal processes in glial progenitor cells (Meijer etal. ,2012; Bulstrode
et al. , 2017) . Figure was taken directly from Lulla, Saratsis, & Hashizume
(2016).

Methylation profiling of pGBMs identified 30% to 40% of cases characterised
by aberrant DNA methylation patterns as a result of recurrent mutations in
either H3F3Aor IDH1 highlighting disrupted epigenetic regulation as a key
factor in paediatric gliomageesis. Integration with the Verhaak expression
signatures revealed a Proneural oligodendrocytic expression pattern in
tumours within the K27, RTK | (PDGFRA), and IDH clusters, indicating a common
cell of origin, whereas G3utated tumours displayed mixe@sults(Sturmet

al., 2012) Interestingly, tumours displaying a Mesenchymal gene expression

signature contained fewer copy number aberrations (CNAsfl ao
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characteristic point mutations, consistent with the previous identification of a
paediatric HGG(pHGG)subset with stable genome@axet al., 2010) The
functional consequence of the K27M mutation has been attributed to global
hypomethylation of the repressive H3K27me3 mark leading to aberrant gene
activation (Benderet al, 2013) In G34V mutant cells, t#frential genomic
binding of the activating K36 trimethylation mark (H3Kme3) led to a
transcriptional program associated with sterell maintenance, cefate
decisions, and setenewal(Bjerkeet al., 2013) Interestingly H3F3Amutations
co-occurred with mutations INnATRXO0 {thalassaemia/mental retardation
syndrome Xinked) andDAXXdeath-domain associad protein) which encode
two subunits of a chromatic remodelling complex involved in incorporating
H3.3 at pericentric heterochromatin and telomerd$3F3AATRXDAXXTP53
mutations strongly associated with alternative lengthening of telomeres
(Schwartzentrubeet al., 2012) a process that lengthershortenedtelomeres
through homologous recombinatigrin mechanistic contradio upregulated
telomerase activity evident in ~90%f all solid cancer¢Cesare and Reddel,
2010)

1.2.3. Spectrum of mutations in adult and paatic GBM

The RB and TP53 pathways are responsible for controlling cell growth and cell
death in response to uncontrolled proliferation, respectively. Mutation or
homozygous deletion of P53was identified in approximately 55% pHGGs
(Fontebasseet al., 2014; Wuet al, 2014) which is higher than observed in
aGBM (35%]The Cancer Genome Atlas Research Network, 2008GBM,
mutations in other members of th@P53pathway are frequentlyobserved
including amplification of the p53 negative regulatd®M2 and MDM4 in
11% and4% of tumours, respectivel{The Cancer Genome Atlas Research
Network, 2008) In paediatric midlia HGGs, mutations in other p53 pathway
components have only been foundPM1OWuet al,, 2014) which mediates
stress responseslownstream of the p38 mitogenactivated protein kinase
(p38-MAPK)Jp53 signalling axiéTayloret al, 2014) Mutations within the RB

pathway ae frequent in aGBM (#®0) and most commonly consist of

11



homozygous deletion o€DKN2Aand CDKN2Bn 55% and53% of patients,
respectively(The Cancer Genome Atlas Research Network, 2008)le
genome analysis identified loss GDKN2An approximately 25% of paediatric
patients with tumours ilNBSocations, indicating that homozygous deletion of
RB pathway componés is a less frequent event in the childhood setting.
pHGGs also display focal amplificatiorCaikK4and CDKgWuet al., 2014) thus
presenting an opportunity for the use a&mall molecule inhibitorsuch as
Palbociclib, Ribociclib, and Abemaciclibr the targeted inhibition of

tumourigenic proliferationKleinet al., 2018)

Activation of thereceptortyrosine kinaseRTR-RASphosphoinositide Kinase
(PI3K) signalling pathway is a frequent event in paediatriciBGSs (67%YVu

et al.,, 2014) The most commonly mutated RTKgHGGs i DGFRA30%)
(Jones and Baker, 2014 mplification ofEGFRwhich is observed in 41% of
aGBMqThe Cancer Genome Atlas Research Network3R@0a relatively rare
event in pHGGs (less than 108Qu et al, 2010) Growth factor signalling
through RTKs is mediated via the recruitment and activation of PI3K and RAS.
tLoY A& | KSUGUSNRBRAYSNI O2yaraidAiAy3a 27
(p85), encoded byIK3CAand PIK3R 1respectively. Mutations withifPIK3CA

are evident in 5% opHGGs located in the cerebral cortex, wher€dK3R1
mutations are found in 5% to 12% of cageentebasset al, 2014; Wuet al,

2014) In comparison, mutationgffecting PI3K were identified in 15% of
aGBMgqThe Cancer Genome Atlas Research Network, 2@@8)ation of the

PI3K pathway is regulated by the phosphatase and tensin homolog (PTEN)
tumour suppressor protein Inactivation of PTEN expression through
homozygous deletion has been observed in 4%HGGHFontebassat al.,

2014; Jones and Baker, 204t is a more common genetic event in aGBMs
(36%) (The Cancer Genome Atlas Research Network, 208Bgrnative
activation of the RAS signallirpathway inpHGGs has also been reported in
12% to 25% of cortical HGGs demonstrating mutationdlfii, a negative

regulator of RagFontebasset al., 2014; Jones and Baker, 2014)
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Of particular relevance to glioma classafion are the neomorphidDH1
mutations (most commonly R132H). HeterozygoldH1l mutations are
observedin 12% of GBM casdParsonset al., 2008)but are a much more
prominent feature of astrocytomas (54%) and oligodendroglial tumours (65%)
(Ichimuraet a., 2009) Mutant IDH1 is a hallmark feature of secondary GBM,
occurring in nearly all cases compared to only 7% of primary GBM patients
(Parsongt al., 2008) Neomorphic enzymatic activity of mutant IDH1 leads to
the generation of 2-K &8 RNR E& 3f dzii I NI (G S -Ketoglubarate 6 K A OK
(hKG)dependent dioxygenases, including histone demethylases such as
JHDM1A, leading to altered epigenetic regulati®daitkus, Diplas and Yan,
2016) Interestingly, IDH1 mutant tumours are frequently CipiBitive
(Noushmeheet al,, 2010; Sturnet al,, 2012) Metabolic changes in response to
IDH mutants have been reporteshd arecharacterised by decreased glutamate
and glutamine levels to sustatricarboxylic acid TCA cycle metabolite pools
(Reitmanet al,, 2011;0hkaet al, 2014) The characteristic molecular profiles

of adult and paediatric HGGs are summarise@ahlel.3.
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Table 1.3. Pathway mutations characteristic of adult and paediatric

GBM.

Category

Adult

Paediatric

Chromatin and

transcription

H3.3 mut. (3%)

H3.3 mut. (36%)

- K27M (23%)

- G34R/V (12%)
H3.1 K27M mut. (5%)

- PIK3CAnut. (~6%)
- PIK3RIut. (~6%)
- PTENnut./del. (36%)

regulation
ATRXDAXXmut. (31%)
SETD2ut (15%)
RTKRASPI3K pathway86%) | RTKRASPI3K pathway (67%)
-  EGFRmp. (41%) - PDGFRAwut. (30%)
-  PDGFRAmMQ. (13%) -  EGFRmp. (10%)
-  ERRB2mg. (8%) - FGFRinut. (427%
RTKRASPI3K _
- METamgp. (4%) thalamic HGG)
signalling
- NF1mut. (~10%) - NF1mut. (1225%)
pathway

- NTRHusion (10%)
- PIK3CAnut. (5%)

- PIK3Rut. (512%)
- PTENlel. (4%)

RB1 and TP53

RB pathway (77%)
- CDKN2Alel. (55%)
- CDKN2Blel. (53%)

RB pathway (18%)

-  CDKN2ACDKN2BEel.
(13%)

- CDKN2Bel. -25%)

casesrespectively

cell cycle
. TP53 pathway

regulation
- TP53mut. (35%) TP53pathway (65%)
-  MDM2amgpl. (11%) - TP53mut. (19%)
- MDM4amp. (4%) - PPMDImut. (2%)
IDH1mut. (5-12%) IDH1mut. (0-16%)

IDHmetabolic | - Identified in7% andB3%
enzymes of primary andsecondary

Information collated from

etal. (2008 ); Paugh et al.
(2012, 2014 ); The Cancer Genome Atlas Research Network
etal. (2014) . Abbreviations:

Sturm et al.

Fontebasso et al.
(2011 ); Quetal.

(2014 ); Jones & Baker

ampl. 7 amplification; del.

(2014 ); Parsons

(2010 ); Schwartzentruber et al. (2012);
(2008 ); Wu
i deletion; mut. 1 mutation.
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1.2.4. Chromosomal aberrations and genomic rearrangements in adult and
paediatric GBM

Gainof chromosome 7 and loss of chromosome 10 is the most common gross

chromosomal abnormalitpbservedin GBM, accounting for 835% of cases

(The Cancer Genome Atlas Research Network, 2008; Bren@n2013) The

77103 Sy 2G8 LIS A& LINBR2YAYIlI Yyift etheithdhy Ay 3

& 2dzy 3SNJ o 3 Bozdapenad, 201B) doasBigni with enrichment in

the Classical (RTIK subtype, minimal presence in the Proneural subtype, and

virtual absence in th&13F3A or IDHmutant GCIMRpositive tumours(Sturm

et al,, 2012) Other frequent genomic CNAs include gain of chromosome 19 and

20 (3540%; enriched in the Classical (RIJKsubtype), and loss of

chromosomes 9p (38%), 22q (33%30 (33%), 14q (27%) and 69 (23%)e

Cancer Genome Atlas Research Network, 2008; Bremaal., 2013) In

comparison wh adult casespHGGs are characterised by gain of 1q (19% vs.

9% in aHGG) and loss of 16q (17.5% vs. 7.4% in ghH&&)s also demonstrate

a distinct lack of chromosome 7 gain (19% vs 74.1% in aHGG) and 10q loss

(15.9% vs 80.4% in aHGG). Association oAsCWNith clinicepathologic

parameters revealed a trend towards shorter survivgdtitGGs with gain of 1q

(Baxet al., 2010)

Chromothripsis (complex chromosomal rearrangements in a single catastrophic
event) is a feature of >30% of GBKMalhotra et al., 2013) 69% of GBMs
demonstrate some form of chromosomal aberration in the fornf o
interchromosomal, intrachromsomal  (intergenic), or intragenic
rearrangement(Zhenget al, 2013) The most prominent intragenic deletion
occurs within regions of the GFRyene encoding either the carboxyl terminus
or the extracellular domain, the latter generating the EGFRUVIII variant following
deletion of exons Z (Cho et al, 2011) pGBMs demonstrate similar
chromosomal imbalancegWong et al, 2006; Quet al, 2010) A large
proportion of pHGGs (34.9%) display larggale CNAs involving whole
chromosomes or chromosomal arms; 17.5% feature numerous

intrachromosomal breaks resulting in a highly rearranged genome; and 27.0%
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demonstrate single or multiple higlevel gene amplifications. In contrast, a
numberof pHGGs are characterised by stable (balanced) genomes, with either
few, lowlevel focal changes (20.6%) or no detectable copy number changes
(12.7%)(Baxet al., 2010) Intragenic deletions within th®DGFRAnd EGFR
genes (producing the EGFRuvVIII variant) have also been identified in g8&Ms

et al, 2009; Ozawat al, 2010) Fusion genes resulting from the structural
rearrangement of genomes have been identified in 47% of pHGGs. Recurrent
fusion genes involving the three neurotrophin receptddTRK genes have
been identified in 10% of NBSGGs and were particularly prevalent within the
infant population (40%). Tumours expressing ERKusion gene demonstrate

few additional mutations indicating thaNTRKfusion genes are potent
oncogenic drivers in elr postnatal brain tumour developmeriVu et al,
2014)

1.3. Therapy resistance to conventional and targeted therapies

The identification of recurrent genomic aberrations in GBM has propelled
research into genomeirected targeted therapy as a form of personalised
medicine. Studies into GBM have revealed an oncogene addiction to EGFR and
its constitutively active mutant vaant EGFRvI(Del Vecchiet al, 2012; Faret

al., 2013) Several EGFR inhibitors have been tested as monotherapy in the
primary and recurrent GBM setting, including erlotingefitinib, and lapatinib.
However, no clinical trial to date has demonstrated therapeutic efficacy in
extending overall survivaBastien, McNeill and Fine, 2015)nherent
mechanisms of EGFR ibitor resistance have been identified in GBM cell lines
and primary tumours, including loss of PTEN tumour suppressor activity
(Mellinghoffet al., 2005)and activation of redundant RT&3nudel et al., 2011,
Szerlipet al., 2012) Novel adaptive responses to EGFR inhibitor include de
repression of 5 D QMkhavaret al, 2013)and downregulation of sensitising
EGFRvIIl mutants via loss of double minute chromosdiMathansonet al.,
2014) Resistance to targeted therapy is also an inherent feature of tumour
evolution based on a hierarchical model of glioma stem cells or genetically

heterogenous clonal subpopulatior(8onaviaet al, 2011) Finally, ceitell
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interactions that are either beneficial or detrimental to tumour growth further
complicate therapeuti decisioamaking (Inda et al., 2010; Marusyket al,

2014)

1.4. Intratumour heterogeneity

Intratumour heterogeneity (ITH) describes the genetic heterogeneity arising
from a hierarchy of multiple competing subales that dynamically changes in
response to therapy or pressures within the tumour microenvironment. In
1976, Peter Nowell formulated an evolutionary model of cancer progression
based on the sequential stepwise accumulation of advantageous genetic
alterations. Nowell proposed that genetic instability in the initial neoplastic
clone leads to the establishment of a tumour cell population consisting of
variant subclones. Most advanced tumours display genetic instability at either
the nucleotide or chromosomdevel, leading to accelerated evolutionary
adaptation and enhanced biological fithegSwanton, 2012) Current
understanding of carcinogenesis stipulates that initial genotoxic disturbances
in the tissue microenvironment in the form afflammation, reactive oxygen
species or external carcinogens act upon inherited mutations to instigate
hyperplastic growth of the cell of origin. The development of hypoxia within the
tissue microenvironment further supports the accumulation of chromosomal
abnormalities and mutations following increasective oxygen specieRQ$
production and acidosis from highly glycolytic cells, ultimately leading to clades
of cells displaying diverse genetic and phenotypic tr@iilies, Verduzco and
Gatenby, 2012)

1.4.1. Clinical implications aftratumour heterogeneity

The spatial and temporal aspects of ITH present several issues to clinicians and
scientists regarding targeted therapy approaches and biomarker discovery.
Historically, Iopsy of tumours for diagnostic and therapeutic decismaking
purposes havesamplal only a small proportion of the tumour mass (typically

central contrastenhanced, highly cellular regions), leading to incomplete
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characterisation ofubclonal dynamicsas seenn renal carcinomagGerlinger

et al,, 2012) In pancreatic cancer, atastatic subclones responsible for seeding
secondary metastases have been shown to exist in minor populations in
spatially distinct areas of the tumour es(Yachidaet al, 2010) Therefore,
implementation of targeted therapies based on the genetic signature of
dominant subclones within biopsy samples ultimately fail due to the existence
of subdominant populations of therapysistant, malignantand infiltrative
subclones that escape detectipas is the case in GBNlohnsoret al., 2014)
Confounding therapeutic decision making further, interclonal interactions
between minor subclonesdve been identified that drive tumour growth in a
non-celkautonomous manner, leading to new phenotypic trdarusyket al.,
2014) Moreover, interactions between cancer cells and the tumour
microenuronment, including immune cellsand endothelial cells may help
shape thetumour subclone hierarchy bgither constraining or promoting

tumour growth depending on the contexcGranahan and Swanton, 2017)

The highly dynamic nature of ITH precludes the identification of ptigdior

prognostic biomarkers, as competition between subclones leads to changes in
clonal architecture that evolves over tin{eatset al., 2012) This temporal
Sg2tdziAz2y 2F L¢l KFa fSR (2 Gdzvy2dz2NBR 06 S
the complete eradication of the founding clone and all subclones proposed as

the only path to achieving a cu(Binget al., 2012) Exploitation of tumour cell
interdependencies to achieve turno remission has been put forward in an

GF RFLIGAGS GKSNI LBE | LILINRIFOK® ! RFLIGAGS
Norton-Simon model of treatment, in which patients are given the maximum
tolerated dose, to a dynamic metronomic approach that is continuously
modulated to enforce a stable tumour burden, allowing fitter chemosensitive
subclones to outcompete ledi therapy-resistant subclone¢Gatenbyet al,

2009)
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1.4.2. Models of intratumour heterogeneity

¢CKS LINYttSta o0SGoeSSy GUKS S@2fdziazy 2-
GUONBS 2F tAFSE AKKA2Y SRT (8 d2KENIRIRIBOMNG K
resulting in a trunkbranch model to conceptualise the development of a single
neoplastic founding clone into a heterogeneous subclonal population.
Oncogenic drivers present in early clonal progenitors are ubiqujquesent
GAOGKAY GKS {Gdzy2dzNJ ' yR NBLINBaASyid GKS ai
Lateracquiredsomatic alterations leading to divergence of tumour subclones
represent branch events which are proposed to underlie tumour metastatic
progression and terapy resistancéSwanton, 2012)Branched events may be

spatially separated within a single biopsy or between regions of the same
tumour (Yachidaet al, 2010 ! W. A3 . y3aQ Y2RSt 27F
proposed by Sottoriva and colleagues (2015) following studies in colorectal
tumours. In this model, ITH is proposed to occur early after the initial expansion

of a neoplastic clone, with most detectable private mutations occurring early

after the transition toan advanced tumour. The pervasiveness of genetic
alterations within the tumour is dependent on the timing of the event, with

early genetic alterations existing throughout the tumour, whereas late events

are found as discrete branched populations. TherefdiH is proposed to be

uniformly high throughout the tumour mass since loss of normal cell adhesion

in the early tumour leads to subclone mixing. This early expression of an
invasive phenotype implies that some tumours are predisposed to an
aggressive pénotype and that malignant potential is determined early

(Sottorivaet al., 2015)

1.4.3. Intratumour heterogeneity in adult and paediatric GBM

Adult patients with GBM initially respond to chemoradiation but eventually
succumb to recurrent diseagS&tuppet al., 2005) The identification of clonal
subpopulations that express different RTKs (EGFR, PDGFRA, and MET) in a
mutually exclusive manner fuelled interest into characterising intratumour
heterogeneity iGBM(Snuderkt al,, 2011; Szerlipt al,, 2012) Spatiotemporal

evaluation of ITH in aGBM was conducted by Sottoriva et al. (2013) in a novel
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surgical procedure utilising the fluorescent compourdI5A to aid multregion
samping of the tumour mass in rediime. Analysis of genome&ide CNAs
revealed heterogeneity in putative GBM drivers including gain/amplification of
PDGFRAVIDM4, and AKT3 and deletion ofPTEN Reconstruction of tumour
fragment phylogenies to infer GBM evalut based on common, shared and
unique genetic events, identified CNAEIGFRNdCDKN2A/B/pl4ARSE early
trunk events followed by amplification & DGFRANd deletion ofPTENas
subsequent branching even(Sottorivaet al., 2013) as summarised iRigure

1.2. A similar sampling strategy coupled with Rééfuencing of contrast
enhancing (CE) core and nenhancing (NE) margins of GBM tumours
indicated that CE regions were of tiReoneural, Aassial, or Mesenchymal
subtype, whereas the NE regions were predominantly of the neural subtype
(Gillet al,, 2014) Even more extensive characterisation of ITH in GBM has been
conducted at the singleell level. Singleell RNAsequencing revealed a
stemness graént in GBMs that was differentially associated with Verhaak
expression signatures, with the more stdike cells of Proneural and Classical
subtype (Patel et al. 2014) Consistent with this, functional profiling of
individual clones revealed unique proliferation and differentiation abilities and
identified preexisting treatmentresistant clones within untreated tumours
(Meyeret al,, 2015) Interestingly, spatiotemporal evolution is evident between
primary and recurrent tumours that is related to the distance of recurrence,
with greater divergence from the parental genetic landscapastaticompared

to local recurrent tumourgJ. Kinet al,, 2015)

Preliminary evidence of ITH in pHGGs was obtained by Wu et al. (2014) through
whole-genome sequencing of samples from 127 patients. Heterogeneity was
assessed by calculation of the mutant allele fraction (MAF), a measure of the
frequency of singlaucleotide variants (SNVs) in regions with no CNAs or loss
of-heterozygosity. Density plots of MAF values suggested the presence of
multiple subclones in pHG®&th multiple distinct peaks observed in 50% of

tumours. Read counts of SNVs were used to investigate the clonal architecture
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and tumour evolution from diagnosis to relapse or autopsy. In one case, the
founder clone harboured @aP53runcating mutation and had two descendent
subclones in the tumour at diagnosis. Only the founder clone was present in
the autopsy along with a descendent subclone with autegsgcific mutations.

A second case had a founder clone with the prototypptds GH3F3AK27M
mutation as well as IK3CAQ546K mutation. A descendent of the founder
subclone harboured additional mutations including a nonsense mutation in
PPM1D As in the first case, only the founding clone was present in relapse
which gave rise to dominant subclonal population that acquired additional
mutations includingHMGXB3L611W. This study suggests that ITH is a
phenomenon that not only occurs in aGBM but alspHGG as a driving force

of tumour evolution and adaptatio{Wu et al, 2014) Although we have
generated intratumour resected biopsies for paediatric ependymoma
(unpublished), raltiple regionsampling ofpGBM las yet to be conducted to
truly characterise ITHHowever,evidence from DIPG suggests that ITH may be
a feature of HGGs in the childhood as well as the adult sefdildakhtet al,,
2016) It is important to note thaidentification of ITH as an inherent feature of
both adult and paediatric GBM may nm¢ completely therapeutically relevant
since tumour debulking surgery removes most of the tumour subclonal
hierarchy leaving few tumour shbiclones within residual diseasMoreover,
disparities betweerprimary and recurrent tumours in terms of the underlying
genetic landscape precludes tluise of molecular information from the initial
occurrence on the informed treatment of secondary tumo8sategies aimed

at isolating invading cellsvithin normal brain tissue will facilitate the
development of more clinically relevant therapeutic strategias,has been
shown byDarmanis et al(2017).
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1.5. Tumourmetabolism

The genomics era has propelled research into tumour characterisation at the
molecular level, leading to increased awareness and understanding of the
heterogeneous nature of tumour cell sppulations. However, much of the
heterogeneity observed in tumours comprises passenger mutations with no
relevance to driving tumourigenesis. Scientific advancement in cancer research
therefore requires functional genomics approaches to determine how the
heterogeneous genomic landscape manifests phenotypically in tumour
behaviour. Studyingumour metabolism is a means to understanding the
functional consequences of the myriad oncogenes and tumour suppressor
genesobserved Since several signalling pathways converge on a limited
number of metabolic pathways, targetimigmour metabolism may represent a
way of circumventing the inherent genetic redundameydentwithin cells and
between clonal subpopulations that accountsr fthe failure of targeted
therapies over prolonged use. The following sections provide a brief overview
of intermediary metabolism and how cancer cells can hijack inherent systems

to fuel their bioenergetic and anabolic needs for proliferation.

1.5.1. Aerobic gfcolysis and the role of oxidative phosphorylation

The seminal observations made by Otto Warburg in the 1920s regarding
aerobic glycolysis fuelled scientific interest into the study tamour
metabolism (Koppenol, Bounds and Dang, 2018lmost a century on,
reprogramming of normal cellular metabolism to meet energetic and
biosynthetic needs is now considered a hallmark of car{e&nahan and
Weinberg, 2011)The Warburg effect describes the phenomenon of cancer
cells fermenting glucose into lactate the presenceof oxygenand in
preferenceto complete oxidation of glucose through mitochondrial oxidative
phosphorylation (OXPHOS)Partial oxidation ofone glucose molecule via
glycolysis generatesi 42 Y2f SOdzf Sa -t@phosphate JATR)A A Y S
compared to ~36molecules of ATProduced via OXPHQSander Heiden,
Cantley and Thompson, 200®espite tre relative inefficiency of glycolgis

compared to OXPHOS in termseokrgy generationgancer cellsliemonstrate
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an increased capacity for glucose uptak@ glycolytic fluxto account of the

energy deficif{Boroughs and DeBerardinis, 2015)

The Warburg effecthas been hypothesised téacilitate the generation of
intermediates, such as nucleotides, amino acids, and lipids, to build biomass
and enable cancer cell proliferatidirigurel.3) (Vander Heiden, Cantley and
Thompson, 2009)Consistent with this, several studies demonstrate the ability
of oncogenes to reprogram metabolism directly through regulation of
metabolic enzymes or indirectly by activation ofralling pathways that
initiate proliferative programgFigurel.3) (Boroughs and DeBerardinis, 2015)
Oncogenic Ras signalliiig pancreatic cancer induces a glycolytic response
through the upregulation of glycolysis gengsLUT1HKZ1 and LDHA with
consequent channelling of glucose intermediates into the hexosamine and
pentose phosphate pathwayéringet al, 2012) In glioma, a gradspecific
increase in the expression of the pyruvate kinase M2 (PKM2) isoform results in
a paradoxical reduain in glycolytic flux, which enables the shuttling of
glycolytic intermediates into anabolic pathwajsgurel.3) (Mukherjeeet al,
2013 LYy RANBOG O2yFtA0G oA0GK 2| NbdzZNHQaA
on oxidative phosphorylation to generate energy and metabolic intermediates
(Caroet al, 2012) Such behaviour isbservedin glioma stem cells which
display a preference for oxidative phdspylation compared to their
differentiated progeny, indicating that agents targeting glycolysis may spare

this tumour subpopulatiorfViashiet al., 2011)
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1.5.2. Glutamine and tricarboxylic acid cycle anapleurosis

Other substrates are utilised by cancerls¢éb complement carbon input from
glucose and to maintain survival under low nutrient conditions. Glutamine is a
conditional noressential amino acid that is metabolised by proliferating cells
to synthesie hexosamines, nucleotides, and amino aci@iSigue 1.4)
(DeBerardinis and Cheng, 2010JY Coverexpressing cancer cells consume
glutamne in excess of cellular requirementer protein and nucleotide
synthesis in ordeto sustain metabolite pools within the TCA cy@idseet al,,
2008) a process referred to as anapleurosis. This occurs through a novel
posttranslational mechanism wherglMYC suppresses the expression of MiR
23a and MiR23b, which target the glutaminase (GL&RNA for degradation
(Figurel4) (Gaoet al., 2009) The® resultsindicate thatTCA cycle activity is
still apparent in cancer cells that have undergone a glycolytic swatshas
been documented irhuman brain tumoursn situ through infusion of [U
13C]glucoseinto patients (Maher et al., 2012) However the importance of
glutamine in TCA cycle anapleurasisontentioudollowing demonstraton of
alack of glutamine oxidatiom a nuclear magnetic resonance (NMa&t)d 3G
labelled isotope infusiorstudy of patient-derived orthotopic modelswhich
instead highlightedglucose and acetateas sustaining metabolite pools
(Mashimoet al, 2014) In contrastto the purported role of glutamine in
anapleurosis catapleurosis ofjylutamine from glutamate and ammonia via
glutamine synthetaséGShas been shown to sustathe proliferation ofGBM
cells under glutamineleprived conditionsfor utilisation in de novopurine
synthesigTarditoet al., 2015) In low GSxpressing tumourgglutamine may

be obtainedby GBM celldrom that suppliedby normal astrocytegyotentially
uncoupling the glutaminglutamate cycle between astrocytes and neurons

and causingepileptic seizuregRosatiet al., 2013)

Anapleurosis is also achieved through conwerf glutanate into aspartate
08 [FALINILIFGS OGN yal YAyYKGiSo tieTBA oydleS & K A
(Figurel 4). Further processing of glutamirderived aspartate through a series

of reactions leads to increasebtbvels of reducednicotinamide adenine
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dinucleotide phosphateNADPHYyia the conversion of malate into pyruvate by
malic enzymédFigurel.4) (Sonet al., 2013) This highlights another important
aspect of tumour metabolisnt the maintenance of mitochondrial redox
balance. Glutamine metabolism in conjunction with the oxidative arm of the
pentose phosphate pathwagFigurel.3) and serine/onecarbon metabolism
(Figurel 4), collectively regulate levels of redox spediatherghina and Gaglio,
2014) The literature on glutamine metabolism strongly supports a positive
impact on tumour growth through the provision of energetic, anabolic, and
redox intermediates. Further study into theportance of glutamine in GBM is
required, considering the therapeutic effectiveness of glutamine pathway

inhibitionin other solid canceréSeltzeret al., 2010)

1.5.3. Conditional noressential and essential amino acids

Conditional noressential amino acids are normally not essential except in
times of illness and stress. This categorisation includes the following amino
acids: arginine, cysteine, glutane, tyrosine, glycine, ornithine, proline, and
serine. Cancer cells are highly dependent on the uptake of exogenous serine for
conversion into glycine and intermediates for building nucleotides
(Labuschaga et al, 2014) Catabolism of serine by mitochondriaérine
hydroxymethyltransferaseSHMT2 feeds carboninto the folate cycle which
generates NADPfFanret al., 2014) This source of redox potential is particularly
important under hypoxic stress, as seen in M¥plified neuroblastoma and
brain cancer cells within the ischaemic zones of gliofiWast al., 2014; D. Kim

et al,, 2015) De novasynthesis of serine indirectly supports tumour growth via
the conversion of hosphohydroxypyruvate (BHP) into $ohosphoserine (3

PS) by phosphoserine aminotransferase 1 (PS/iglrel.3), a reaction which

filla KGpools within the TCA cyc(Possematet al., 2011)
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Figure 1.4. Overview of the TCA cycle,
glutamine  metabolism and fatty acid
synthesis.  Some cancers are dependent on activity

within the TCA cycle to generate ATP from the
electro n transport chain (ETC). In most cancers,
TCA cycle metabolites are utilised in anabolic
reactions to generate amino acids and lipids.
Oncogenic -regulation of the TCA cycle is primarily
conducted by MYC, which activates PDK1 to inhibit

PDH activity. Anaple urotic reactions replenishing
TCA cycle metabolite pools is largely mediated
through t he reducti on o-KG.
Glutaminase 2 (GLS2), which mediates the
conversion of glutamine into glutamate, is
upregulated following oncogenic MYC activity. Oth
means of TCA cycle anapleurosis include catabolism
of BCAAs by BCAT1, as seen in IDH1 -wildtype
gliomas only. The most common IDH1 mutation
R132H is neomorphic, c auXKG
into 2HG. 2HG causes alterations to histone
methylation, induces C IMP, and interferes with
collagen maturation. An unusual effect of 2HG is the
greater instability of HIF1 due to stimulation of

prolyl hydroxylase activity by 2HG. Latter malignant

stages of transformation usually require acquisition

of a lipogenic phenoty pe in which fatty acid
synthesis is upregulated to meet cellular demands
aberrant proliferation. The master regulator of fatty

acid synthesis SREBP -1 is a downstream target of
oncogenic EGFR signalling, leading to an increase in

de novo synthesis as well a s uptake of fatty acids.
Red T metabolic enzymes; Blue boxes T metabolic
regulators; Green pointed arrows T stimulating
activity; Red stop arrow T inhibiting activity.
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The second product of the SHMT reaction, glycine, is an integral component of
the antioxidant molecule, glutathione, and fuels the synthesis of heme
contained within cytochromes and oxidative phosphorylation complexes
(Amelioet al,, 2014) Mass spectrometric analysis of core and release profiles
across the N@O cancer cell lines identified a strong correlation between
glycine and rates of proliferatiofJainet al, 2012) However, conflicting
evidence from Labuschagne and colleaguelicated detrimental effects of
high glycine levels du@tconversion into serine with consequent depletion of
the onecarbon pool(Labuschagnest al, 2014) Another conditional non
essential amino acid with an understudied role in cancer is proline. Oncogenic
MYC induces expression of proline biosynthesis enzymes and downregulates
the mitochondrial tumour suppressor, proline oxidase/dehydrogenase
(POX/PRODH), via M#Rb*, which is processed from the same &ht8biting
MiR-23b transcript (Liu et al, 2012) Interconversion of proline with its
catabolic breakdown product-pyrroline-5-carboxylate (P5C) contributes to
tumour growth by helping recycle NAD(P)H/NAD(P)+ species for use in the
glycolysis and oxidative pentose phosphate pathw@ayset al., 2015)

Essenal amino acids cannot bgynthesisedde novoand are obtained solely
through nutrition. This categorisation includes the following amino acids:
histidine, isoleucine, leucine, methionine, phenylalanine, threonine,
tryptophan, valine, and lysine. The branchgthin amino acids (BCAAs:
isoleucine, leaine, and valine) are of particular interest in gliomas since
tumours carrying wildtype IDH1 display a novel route of TCA cycle anapleurosis
through BCAA catabolism. Knockdown of the catabolic BCAA transaminase 1
(BCAT1) enzyme reduced glioma growth, yikkle to reduced influx of acetyl

CoA and succirg@oA into the TCA cycle. Interestingly, signowing IDH
mutant gliomas were essentially absent of BCAT1 protein expression as
explained by altered epigenetic regulati6htnjeset al,, 2013) An interesting
non-energetic, noranabolic role is shown by tryptophan in cancer immunity.
Tryptophan catabolism by indolamif#3-dioxygenase (IDO) expressed in

tumour cells or antigespresenting cells generates immunosuppressive
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catabolites in the tumour milieu and draining lymph nodes, leading-tell

anergy and apoptosi®latten, Wick and Van Den Eynde, 2012)

1.54. [ A LA R Y S ibdidatidri ahddipiccdroplets

Lipids encompass a vast collection of compounds with glycerol or sphingoid
basesconnected to highly diverse fatty acid structures. Most normal cells and
tissues obtain their lipid requirements through dietary uptake, although
systems exist fode novosynthesis(Santos and Schulze, 2012he latter is
achieved by the shuttling of carbon mthe acetydlCoA pool through either
glycolysis or reductive carboxylation of glutam{iMetalloet al., 2011; Mullen

et al, 2011) In cancer, malignant progression is often dependent on the
acquisition of a lipogenic phenotype, in which uptake and endogenous
synthesis of fatty acids is increas@denendez and Lupu, 20Q7frollowing
covalent modification with coenzyme A (CoA) via fatty -@yAsynthetase
(ACS) fatty acids enter the bioactive pool and can be esterified with either
glycerol or sterol to generate triacylglycerols or sterol esters, respectively
(Currieet al,, 2013) Further processing of fatty acids provides building blocks
to synthesise membrane phospholipids, including phosphatidylcholine,
phosphatidylethanolamine, and phosphatiesdrine, as well as sphingolipids
and lysophospholipid§Blom, Somerharju and lkonen, 20115uch is the
importance ofde novdfatty acid synthesis that knockdown of ATP citrate lyase
(ACLY) subverthe supply of acetyCoA units from citrate leading to reduced
lipid generation and tumour growtBaueret al., 2005; Hatzivassilioet al.,
2005) Fatty acid synthase (FASN), the enzyme complex that mediatesvo
fatty acid synthesis, is overexpressed in a graplecific manner in glioma and

its inhibition with Orlistat leads to reduced cell grow{{Grubeet al, 2014)
However, cancer cells demonstrate different capacities to indlecaovdfatty

acid synthesis under lipidoor conditiongDaniélset al., 2014)and can instead
scavenge fatty acids from the extracellular milieu, especially under hypoxic
conditions(Younget al., 2013) Oncogenic Radriven cells preferably uptake
phospholipids with one fatty acid tail (lysophogpipids), rendering these cells
resistant to sterciCoA desaturase (SCD1) inhibit{@mphorset al, 2013) A
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special case of lipiccavenging is demonstrated by the metabolic cooperation
between adipocytes and ovarian cancer cells that have metastasised to the

omentum(Niemanet al, 2011)

In addition to their structural and signalling functions, fatty acids are
OFidlFo2fAaSR K N®xidatin. Wis is 2h© prefefreiINGute df |
energy generation in some cancé@aroet al, 2012)and can allow cancer cells

to survive tumour regressio(Vialeet al., 2014) Constitutive expression of

carnitine palmitoyltransferase 1C (CPT1C), a kspétific mitochondrial fatty

acid transporter, increases fatty acid oxidation, ATP productod resistance

under low nutrient or hypoxic condition&augget al., 2011) Blocking CHF
YSRAIFIGSR FrLdde FOAR GNIyalLRNI Aydz2z YA
oxidation in association with reduced cellular respiratory responses, leading to

prolonged survival in models of malignant glioth&net al,, 2017)

Excess lipids and cholesterol are stored within lipid dropétseet al., 2014)
which are endoplasmic reticulum ER-derived cytoplasmic organelles
consisting of a neutral lipid core surrounded by a monolayer of phospholipids
and associated proteindozza and Viola, 201®torage of cholesterol within
lipid droplets requires esterificatioaf the hydroxyl group attached toarbon

3 ofcholesterolin a reactioncatalysedoy acyl CoA:cholesteratyltransferase
(ACAT) (Yueet al, 2014) High lipid droplet content is now considered a
hallmark of cancer ggressiveness. In breast cancer, cholesterol ester
accumulation and storage within lipid droplets following lipoprotein uptake
correlated with tumour aggressiveness and poor clinical outc(eeGonzale
Calveet al,, 2015) Lipid storage suppresses cytotoxic ER stress responses under
conditions of nutrient and oxygen limitation, and promotes resistance to
chemotherapyQiuet al., 2015) INGBM hypoxic induction of fatty acid binding
protein 3 (FABP3) and FABP7 led to significant lipid dropletradation whilst

de novofatty acid synthesis was repressed. These lipid droplets provided a
@l tdzZ- 6f S a2 dzND Soxidation df fatty adid& dlBirdy®ycles i of

hypoxiareoxygenation and protected against the detrimental effects of
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reactive oxygen gies (Bensaadet al, 2014) A summary of fdy acid

metabolism is presented iRigurel.5.

Mitochondrion
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Figure 1.5. Overview of fatty acid synthesis , -@xidation and lipid
droplet metabolism. Cytosolic citrate is converted into acetyl -CoA hy
ACLY. These units are either converted into malonyl -CoA by acetyl -CoA

carboxylase s (ACCs) or combined with malonyl -CoA to produce fatty acids
(FA) in areaction catalysed by FASN. Fatty acid s are then activated by ACS
and channelled into the Kennedy or gly cerol -phosphate pathway to form

triacylglycerol  (TG) for storage within lipid droplets . Diacylglycerols (DG)
formed within this pathway can be utilised to make phospholipids (PLs) or
converted into monoacylglycerol to recycle into glycerol . Fatty acyl -CoA (FA-
CoA) units also provide an energetic substrate t hr o u gokidation following

transport into mitochondria via CPT1. Abbreviations: MCD i malonyl -CoA
decarboxylase; GPAT 1 glycerol -3-phosphate acyltransferase; AGPAT T
acylglycerolphosphate  acyltransferas e; PAP i phosphatidic  acid

phosphohydrolase; DGAT i diacylglycerol acyltransferase; ATGL T adipose
triglyceride lipase; HSL i hormone sensitive lipase; MAGL 7
monoacylglycerol lipase; LPA i lysophosphatidic acid; PA i phosphatidic

acid. Figure taken direct ly from Currieetal. (2013) .
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1.5.5. Metabolic plasticity, stress adaptation and intratumour metabolic
heterogeneity
The capacity of cancer cells to display metabolic plasticity has confounded
efforts to target tumaur metabolism and improve survival outcomes. Glucose
deprivation in MY&@verexpressing Burkitt lymphoma cells caused glutamine
mediated anapleurosis of TCA cycle metabolileset al., 2012) Similarly,
simulation of glucose withdrawal using the glycolysis inhibitate@xyglucose,
increased the activity of glutamate dehydrogenase (GDH), which catalyses the
conversion of glutaminR SNA @S R 3 dG(WahgétSal, 2opg9) 2 h
Deprivation of glutamine itself also elicits several metabolic adaption
strategies. Synthesis of the nassential amino acid, asparagine, prevents
glutamine withdrawalnduced apoptosi§€Zhanget al,, 2014) forming the basis
of L-asparaginase treatment seen in paediateaokaemiaand GBMPanosyan
et al, 2014) A novel compensatory response by Ramsformed cancer cells
is the induction of macropinocytosis to obtain glutamine and other amino acids
from internalised extracellular proteif€ommisseet al., 2013) Activated Ras
also provides nutrients through autophagy leading to replenishment of TCA
cycle metabolites, control of lipid pools via fatty acid oxidation, and removal of
non-functiond mitochondria (J. Y. Gucet al, 2011; Guoet al, 2013)
Adaptation to stress imposed by reactive oxygen species under hypoxic
conditions is mediated through the AMRKB1 axis in cancé&hackelfordnd
Shaw, 2009)AMPK negatively regulates the Warburg effect and can inhibit
fatty acid synthesis through acet@loA carboxylases, ACC1 and ACC2, to
conserve NADPH levels under redox str€kson, Chandel and Hay, 2012;
Faubertet al,, 2013)

Metabolic pressures within the tumour microenvironment can select for cancer
cells with a genotype amenable to survival. Glucose deprivation of colon cancer
cells with wildtype KRASalleles led to slection of cells with high levels of
GLUT1, with 4% of these survivors acquiring apementalKRA®utation (Yun

et al, 2009) Whilst the metabolic microenvironment of the tumour can

influence the evolution of the genetic landscape, driver atigins and tissue of
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origin can dictate whether tumours will be glycolytic or glutaminergic in nature
(Yuneveet al., 2007) This was evident in isogenic clonal populatiohglioma
initiating cells which showed that early metabolic characteristics persisted into
the late stages of tumourigenesiSagaet al., 2014; Shibaceet al., 2017)
However, given the intraimour genetic heterogeneity observed broadly
across all cancer types, it is not inconceivable that this would manifest
phenotypically as spatial metabolic heterogeneity. Strong evidence in support
of this has been obtained through mass spectrometric amalyslung cancer
and kidney cancefHensleyet al, 2016; Okegawat al., 2017) In glioma,
preliminary investigations using concentric regions of tumour tissue identified
significantly higher mitochondrial respiratory adtyvand fewer antioxidant
systems in the periphery compared to the tumour cen{@antandrelet al.,
2008) Thepresence of subclones witlifferent metabolic preferences and the
ability of cancer cells talter metabolism following stresasult has precluded
successful implementation of single ageri#sgeting one aspect of cancer
metabolism thus requiring the identification of metabolic escape mechanisms
and the implementation of combined therapeutic strategiesmed at

disrupting multige metabolicrequirements of cancer cgbroliferation.

1.6. Cholesterol metabolism in cancer

Cholesterol is a major structural constituent of mammalian cell membranes. By
occupying the spaces between sphingolipids (sphingomyelin and
glycosphingolipids), cholesterol condenses the packing of membrane
molecules to form liquigbrdered domains calledplid rafts(Simons and lkonen,
2000) A link between cholesterol metabolism and cancer has long been
established following the identification of low higlensity lipoprotein (HDL)
levels in cancer patient@Ho et al., 1978; Vitolset al, 1984, 1990pmnd high
cholesterol content within tumour membrang&legbedeet al., 1986) The
following sections reviewhe mechanisms maintaining cholesterol homeostasis
which are often hijacked by cancer cells to fuel tumour gro(@kendening,

Pandyra, Boutrost al, 2010; Llaveriast al., 2011)
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1.6.1. De novaholesterol synthesi

Endogenous synthesis of cholesterol occurs via the mevalonate pathway as
depicted inFigurel.6. The initial reaction between acetloA and acetoacetyl

CoA producing -Bydroxy3-methylglutaryl (HMGYo0A is catalysed by HMG
CoA synthasd (HMGCS1). HMGOA is then converted into mevalaie by
HMGCoA reductase (HMGCR) in the rhteiting step of the pathway.
Additional enzymecatalysed reactions generate intermediates used to
synthesise fundamental emrproducts including isoprenoids, dolichol,
ubiquinone, and isopentenyl adeningGoldstein and Brown, 1990High
expression of HMGCR andhet mevalonate pathway genes has been
associated with a poor prognosis in a metaalysis of primary breast cancer.
Indeed, ectopic expression of HMGCR in mouse embryonic fibroblast cells was
shown to cooperate with RAS to promote foci formation in classic
transformation experiments. Although this suggests that HMGCR can
contribute to transformation, questions remain as to whether dysregulation of
HMGCR and the mevalonate pathway is a consequence rather than a cause of

aberrant cancer growtliClendening, Pandyra, Boutret,al., 2010)

1.6.2. Cholesterol uptake and efflux

Much of the cholesterol needs of peripheral tissues is met by the uptake and
distribution of dietary cholesterol via lipoprotein carriers within the
bloodstream. This reduces energy expenditure d# novobiosynthesis of
cholesterol. Circulating londensity lipoproteins (LDLs) are incorporated into
cells via receptomediated uptakgFigurel.6) by members of the LDL receptor
(LDLR) familyBrown and Goldstein, 1986Although tke bloodbrain barrier
prevents the transfer of lovdensity lipoproteins into the CNS, some of the
smaller HDL particles traverse into the brain. In addition, astrocytes synthesise
apolipoprotein E (ApoE)containing HDLs to distribute cholesterol within the
CNS(Wang and Eckel, 2014)n health, LDderived cholesterb initiates
feedback mechanisms to maintain cholesterol homeostasis through
suppression of HMGCR and LDLR transcription viasteel regulatory

elementbinding protein SREBpathway and the activation AACATo store

35



excess free cholesterol in esteedl form within lipid droplets(Brown and
Goldstein, 1999; Goldstein and Brown, 2Q@BMs display higher LDLR protein
levels compared to normal brain concomitant with lower levels of HMGCS1 and
HMGCR expression, indicating that lipoprotein uptake is the main mechanism
by which this tumourtype meets its cholesterol requiremenf¥illa et al,
2016) Furthermore, interference of GBM lipid storage through inhibition of
SOAT1, the key enzyme mediating cholesterol esterification into lipid droplets,
suppresses tumour growth and prolongs survival in xenograft mq@saget

al., 2016) highlighting a metabolic vulnerability within GBM.

Cholesterol levels within peripheral tissues are also controlled through efflux in
a process called reverse cholesterol transport to prevehe toxic
accumulation of free cholesterol. This process is mediated by transporters of
the ATRbinding cassette (ABGuperfamily. ABCAL initiates cholesterol efflux
by shuttling cholesterol to lipighoor ApoAl leading to discoid HDL formation
which is Utimately returned to the liver for excretion as bi{§¢edhachalanet

al., 2007) ABCG1 cooperates with ABCA1 to facilitate the maimabf
nascent HDL particles through the addition of cellular ligkdsnnedyet al,,
2005; Philps, 2014) Control ofde novobiosynthesis, uptake, and efflux are
intricately linked through a series of protein sensors and transcription factors

which are discussed next.
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Figure 1.6. Sources of cellular cholesterol . Cells can o btain cholesterol
through de novo synthesis. Acetyl -CoA is shuttled into the mevalonate

pathway and through a series of enzymatic reactions (including HMGCR)
lanosterol is produced. Pathway intermediate farnesyl  -pyrophospha te ( PP)is

a precursor for other biologically active molecules. Lanosterol isthen  fed into
either the Bloch or Kandutsh -Russell pathways , both of which produce
cholesterol as the end product but generate C24 double -bond reduced
cholesterol at different st  eps. Cholest erol uptake from the environment is
achieved through receptor -mediated endocytosis of lipoproteins to the
endosomal/lysosomal compartment, within which Niemann -Pick Type
Protein (NPC)1 and 2 mediate the release of cholesterol into the intracellular

pool. Cholesterol overload is prevented by storage of excess in lipid droplets,
conversion into membrane -permeable oxysterols, or transfer to lipoproteins
via ABC transporters. Figure taken directly from Martin, Pfrieger, & Dotti
(2014) .
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1.6.3. Regulation of intracellular cholesterol levels

Cholesterol regulation is mediated at one level by SREBPs bound to the ER
membrane(Brown and Goldstein, 1994)nder high sterol conditions, binding

of sterols to the sterebensing domain of the SRE&BPavage activating protein
(SCAP) leads to retention of SREBPs within the ER via associatiorswith
induced gee 1/2 proteins (INSIG/2) (Goldstein, DeBosBoyd and Brown,
2006) However, under low sterol conditions or statmduced inhibition of
HMGCR, conformational changes within SCAP cause the tramstoazt
SREBPs to the Golgi where ditand-2 proteases cleave SREBPs into their
active form(Brovn and Goldstein, 1999Mature SRERS$) enters the nucleus

and induces the transcription of genes containing sterol response elements,
including HMGCR and LD[Bendening and Penn, 2012)he turnover of
HMGCR is also directly regulated by cholesterol as detection of sterols by its
sterolsensing domain leads to binding dfS1@/2 followed by ubiquitination

and degradatior(Severet al., 2004; DeBos8oyd, 2008)

An additional layer of cholesterol control is mediated through liver X receptors
(LXRs), members of the nuclear receptor superfamily of ligeigated
transcription factorgLin and Gustafsson, 2019jwo LXR isoforms have been
ARSYUAFASRY [ - wi Ad dzoAljdzAalG2dzat e SEL
expressed within metabolically active tissuégpfel et al, 1994; Willyet al,,

1995) LXRs form heterodimers with retinoid X receptors (RERg)a, Turley,

et al, 2000)and are activated by oxysterols, including 248roxycholesterol

(24-OHC), 2%ydroxycholesterol (28HC) and 2Rydroxycholesterol (27
OHC)Janowsket al., 1996; Chert al., 2007) LXR/RXR heterodimers bind to

[ - w NBaLRyaAirgdsS St SyAacice O 2(/SAEN HERNAI0 2KF
separated by a founucleotide spacer (DR4 motifapfelet al, 1994; Willyet

al., 1995) Upon ligand binding, transcriptional corepressors and coactivators

are recruited to facilitate lstone modification and chromatin remodellirlgin

and Gustafsson, 2015%enes targeted for transcription by LXRs include the
cholesterol exporters ABCA¥enkateswarart al, 2000) ABCG1Kennedyet

al., 2005) ABCG5, and ABC(F8peaet al, 2002) Complementary to this, LXRs
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modulate lipoprotein metabolism by upregulating the inducible degrader of
LDLR (IDOL), an E3 ubiquitin ligase that targets LDLR for degrddetmaret

al., 2009) as well as lipoprotein lipase (LPL) and phospholipid transfer protein
(PLPT) which eordinately promote the maturation of HDL particles involved
in reverse cholesterol transpofZhanget al, 2001; Laffitteset al., 2003) Ligand
binding to LXRs also shifts the utilisation of ac€yA fronde novacholesterol

to fatty acid synthesis through transcriptional upregulation of SREERepa,
Liang,et al, 2000) FASNJoseph, Laffitteet al, 2002) and SCD{Chuet al.,
2006) Figurel.7 displays a simplified overview of cholesterol regulation in

response to high or low intracellular sterol levels.
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Figure 1.7. Mechanisms of i ntracellular cholesterol homeostasis. Low
intracellular levels of cholesterol cause migration of the SCAP-SREBP
complex to the Golgi apparatus where mature SREBP is released upon
proteolytic cleavage. SREBP induces de novo cholesterol synthesis via
HMGCR and Niemann Pick C1 -like 1 (NPC1L1) - or LDLR-mediated uptake of
cholesterol -containing lipoproteins. NPC1L1 is associated with cholesterol
absorption at the brush border membrane of enterocytes. High intracellular
levels of cholesterol activate LXR transcriptional activity leading to the
upregulation of cholesterol exporters, including ABCA1, ABCG1, and
ABCG5/8 . Figure taken directly from Bovenga, Sabba, & Moschetta (2015) .
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Feedback regulation of cholesterol biosynthesis is mediateysterols
rather than cholesterol. Oxysterols increase cholesterol efflux and decrease
uptake through the respective transcriptional activity of LXRs and SREBPs,
prevent de novo cholesterol synthesis through HMGCR, and increase
cholesterol esterificatiorand storage(Du, Pham and Brown, 2004; Lin and
Gustafsson, 2015)In proliferating cells or under conditions of low sterol
availability, oxysterols are inactivated by sulfation via SULT28hénet al,

2007) which increases the polarity of oxysterols and facilitates cellular removal
via ABCC1(Bovenga, Sabba and Moschetta, 2015) GBM, significantly
reduced levels of several oxysterols, including@4C and 2DHC, were
identified in conjunction with low expression of oxystesyhthesising
enzymes. Comparison with normal brain revealed a neafoltDreduction of
CYP46Al1, the main enzyme mediating stesol synthesis in the brain.
Oxysterol catabolism is also deregulated in GBM as shown by higher protein
levels of HSD3B7, which breaks down oxysterols, thus providing GBM access to

a large supply of cholesterol to maintain tumour grovithllaet al., 2016)

1.7. Targeting cholesterol metabolism in cancer

1.7.1. Inhibition ofde novacholesterol synthesis using statins

Cancer cells can synthesis cholesterol via the shuttling of aCe#linto the
mevalonate pathway. The cholestegtdwering statins were initially identified

in a screen for microbial metabolites capable of inhibiting HMGCR, the enzyme
responsible for catlysing the ratdimiting step in the mevalonate pathway
(Endo, Kuroda and Tanzawa, 197@&nalogs of the original compound,
mevastatin, were soon developed and approved for clinical use in the
treatment of hypercholesterolemia and chronic heart diseggado, 1992)
Later studies on cancer cells soon revealed the-artiiferative effects of
statins via ceitycle arrest or induction of apoptosis. Rao and colleagues (1998)
demonstated celicycle arrest in the G1 phase following lovastatin treatment
in both normal and tumour breast cell lines resulting from the redistribution of

the cyclindependent kinase inhibitors (CKIs) p21 and p27 from CDK4 to CDK2
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following a decrease in CDK#btein levelsRaoet al., 1998) The induction of
apoptosis by statins appesito be tumourdependent and influenced by a pre
existing dysregulation of thmevalonatepathway. In multiple myeloma, only
tumour cells with deficient upregulation of HMGCR and HMGCS in response to
statin exposure demonstrated sensitivity to treatmei@lendening, Pandyra,

Li, et al, 2010) The upstream responses leading to apoptosis may include
reduced proegrowth and survival signalling from isoprenylated proteins,
including RAS and RHO GTPases, due to insufficient levels of the isoprenoids
geranylgerayl pyrophosphate and farnesyl pyrophosphate used for
isoprenylation(Wonget al., 2007)

Several largescale epidemiological studies have supported the cancer
preventative effects of statin@Clendening and Penn, 2012) glioma, a case
control study conducted in Denmark revealed that ldegn (5+ years) use of
statins was associated with a reduced glioma risk in men and women compared
tonondzi SNR X LJ NI A Odzt + NI & g (Gaiskeray), 200 S Xc n
Contradctory evidence from a UKased study did not find an inverse
association between statin use and glioma (iSkligeret al., 2016) From arin

vitro perspective, Yanae and colleagues (2011) demonstrated the cytotoxicity
of statins in C6 glioma cells associated with decreased phosphorylation of ERK
and AKT following reduced synthesis of geranylgeranyl pyrophoslatee

et al, 2011) Contrary tathis, EGFRW&xpressing GBM cells were shown to be
relatively unaffected upon exposure to either lovastatin or atorvastatin
compared to normal human astrocytesa finding supported by lower
expression levels of HMGCS1 and HMGCR in GBM compared to bhoaimal
tissue(Villaet al., 2016) In addition, higkdose simvastatin treatment in a GBM
mouse model prevented tumour vessel normalisation by redytie number

of pericytic cells along blood vessel wgababeygyt al, 2009) Therefore,
several questions remain regarding tlise of statins as a preventative or

curative treatment approach in glioma.
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1.7.2. Regulation of cholesterol influx and efflux using LXR agonists

LXR agonists were initially developed to treat dyslipidaemias related to
atherosclerosis and cardiovascular dise@g$eng and Tontonoz, 2014lhe first
synthetic LXR agonist to be developed was T0901317, which predominantly
GF NBSGa (K $Schultavdl, 2008) ApplRatidn withirin vitroandin

vivo models of prostate cancer demonstrated the inhibitory effects of
T0901317 on cell proliferation and tumour growth that was dependent upon
increased p27 levels at the protein but not mRNA I€fekuchiet al., 2004)

The posttranslational upregulation of p27 by T0901317 is likely mediated
through downregulation of the -Bhase kinas@associated protein 2 (SKP2), a
component of the SCF uhiitin ligase complexHaoet al., 2005; Egozt al,,
2007) Indeed, T0901317 reduced SKP2 protein levels in a-dksendent
manner in LNCaP sublines resulting in a reduced percentage of cephases
(Fukuchet al., 2004) High doses of T0901317 applied to ovarian carcinoma cell
lines induced caspas®’7 activity and increasethe percentage of cells in the
Go/Gi-phase, concomitant with higher p21 and p27 protein levels and
decreased Rb phosphorylation at %¥éf!! (Roughet al, 2010) The anti
proliferative effects of T0901317 have also been shown to beiated in part
through the downstream consequences of cholesterol efflux mediated through
upregulation of either ABCAL1 or ABCELkuchiet al,, 2004; Pommieet al,,
2010) Through atomic force microscopy, Pommiemnd colleagues
demonstrated a reduction in lipid raft width and height in TO901-8Fated
LNCaP cells leading to reduced phosphorylation of membl@cadised AKT, an
effect rescued by the addition of cholesterol to the growth medi(Fommier

et al, 2010) However, the use of T0O901317 as an investigative tool in the
therapeutic targeting of LXRs has beemfounded by the identification of the
farnesoid X receptor (FXR; NR1H4) and the pregnane X receptor (PXR; NR1I2)
as additional targets for ligand binding and activati@chultzet al., 2000;
Houcket al., 2004; Rouglet al., 2010)

The need for more selective LXR agonists led to the development of GW3965,

I FdzZ £ | 32y A A& {Colndet al, 2002) TréaymBnt df thevT29
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colon cancer cell line with GW3965 increased the percentagesits m G1
phase in conjunction with reduced cyclin D1 and Skp2 protein levels and
increased p21 and p27 levels at the transcript and protein level, respectively
(Lo Sasset al, 2013) The downregulation of genes associated with cell
proliferation in response to LXR agonists may be mediated in part through the
E2F family of transcription factors. In cell line models of breast cancer, genes
downregulated following GW39@G%eatment demonstrated a significant over
representation of promoter regions belonging to the E2F family of transcription
factors, consistent with an observed decrease in E2F2 and E2F7 transcript
levels. However, no LXRE was located within the regionsmab to the E2F2
gene, indicating that regulation of E2F2 by LXRs may occur via an indirect
mechanism(NguyenVuet al,, 2013) A novel tumour suppressive mechanism
mediated via the tumour stroma was demonstrated in GW38&ated
melanoma. GW3965 inhibited metastatic melanoma invasion andiced
SYR20GKSt Al f NB O MN#zandeYitSyatner Nigl ligangiducgd: w i
transcription and secretion of ApoE from tumour as well as stromal cells
including macrophages, leukocytes, and endothelial d@llsnchevaet al,
2014) Pencheva and colleagues had previously demonstrated the anti
metastatic properties of secreted Apaiediated through the LRP1 and LRP8
receptors on melanoma and endothelial cells, respectiyPlgncheveet al.,

2012)

Besides a cetlycle regulatory role, LXd&gjonists can affect tumour cell viability
and proliferation through modulation of cholesterol and lipid metabolidrim

and Gustafsson, 2015 GBM cells expressing a constitutively active EGFR
receptor (EGFRvIII) demdrate increased PI3K pathway activation leading to
downstream SRERP cleavage and expression of LDLR, which results in a
metabolic dependence on lipoproteins for cell survival and prolifera®ao

et al, 2009) GW3965 induced the expression of the cholesterol exporter
ABCA1l and caused ID®@kediated degradation of LDLR in UBGFRvIII
xenografts leading to 59% inhibition of tumour growth and af@8 increase

in apoptosigD. Gueet al, 2011) Particularly pertinent in the treatment of CNS
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tumours is the hurdle of overcoming the blotdain barrier(Banks, 2016)The

LIF NI AF € [ - wh k F-628 lias ghoww évidence fyraid gerarice w
and demonstrated a therapeutic response against EGFéyliessing GBM

cells with little to no effect on the viability of NHAs. L& increased ABCA1L

and IDOL expression and reduced LDLR protein levels in US7EGFRVIII cells
leading to reduced LDuptake and enhanced cholesterol effl@¥illaet al,

2016) The studies above indicate that LXR agonists can target several hallmarks
of cancer inalding cell cycle regulation, cellular metabolism, tumour
angiogenesis and the stromal compartméhtgurel.8), highlighting the need

for further drug development and clinical trials of this class of compounds

across several cancer types.
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Figure 1.8. Current understanding of the anticancer therapeutic
properties of LXR agonist s. Activation of LXR transcriptional activity
causes cell cycle arrest due to reduced expression of cyclin -dependent
kinases (CDKs) and SKP2, which results in  higher levels of p21 and p27. In

addition to changes to cholesterol -related gene expression, increased
expression of SREBF1 leads to higher FASN levels, causing lipotoxicity and
the negative side -effect of steatosis . In melanoma, induced expression of
APOE decreases invasive potential. Levels of the suppressor of cytokine
signalling 3 (SOCS3) involved in  the regulation of inflammation are
upregulated in  prostate cancer following LXR activation. LXR agonists may
have both positive and negative consequences o n immune surve illance
following increased interferon -Q(IFN Q expression by macrophages and T -
cells, and reduced C -C chemokine receptor 7 (CCR7) expression in maturing
dendritic cells. Image taken directly from C.-Y. Lin & Gustafsson (2015) .

44



1.8. Analytical profiling aumour metabolism

The initial investigations intdumour metabolism utilised simple chemical
procedures to investigate single metdhes or broad classes of cholesterol and
lipids species. The molecular complexity of metabolites and lipids has required
the development of instruments capable of delineating species in terms of
nuclear magneticresonance or masw-charge ratios, in combation with
separation techniques to aid the identification and profiling of the thousands
of compounds observed within intermediary metabolism. Progress in
GY2€t SOdzZf F NJ AYI3IAy3IE YSUK2RAa KIFa |
measurement of metabolic procsess in a spatial contexthich maintains the
structural architecture of tissuesllowing delineation of cancers from normal
tissue and compartmentalised readuts of tumour metabolism within
localised microenvironmentsThis section briefly reviews the technologies
available to profileumour metabolism and outlines the biological information

that can be obtained through their use.

1.8.1. Positron emission tomography

Positron emission tomography (PET) images pos#oiiting radionuclides
that are injected into patients aanimals Spatial aspects of metabolism can be
obtained when PET is combined withray CT imagingKurhanewiczet al,,
2011) [*®FHluoro-2-deoxyglucose (FDG) is the most commonly used PET tracer
since it exploits the high glycolytic rate often displayed by tumours. It is mainly
used as a diagnostic tool to stage disease and monitotrtreat response but

is also used in a laboratory setting to evaluate the efficacy of metabolism
targeting agentgWeiet al,, 2008) Other radionuclides tested in brain cancer
includetracers for amino acid metabolism (e.8t¢]methionine, 418F(2S,4R)
fluoroglutamine(Vennetiet al, 2015)), DNA synthesisfF]fluorothymidine),
membrane biosynthesis F]fluorocholine), and hypoxia ¢F]fluoro

misonidazolelLa Fougéret al.,, 2011)
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1.8.2. Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscasgsradiofrequency(RF)waves to
probenuclei that possessiagneticspin,consideredo arise from the spinning

motion of its electrical chargal{ LJA y6Q aNiB TSNE (2 RATFTTFSNBY
levels.'H and®*C nuclei only have two spin states calted oy o Wa LaN4/ dzLJQ 0
O Wa LA ys RIZKESYNBU & Wl dzisuehNdsiH 2?0, laldNa, yiazO f S A
spins > Yrradiation of magnetic nuclei with RF wawdsanges the spin state

from the ground state into a higher energy spin staite YwSf I EIF G A2y Q
magnetic nuclei back to thgroundstate releases RF waveasghich are detected

by aradiofrequency coil placed inside the spectrometBy measuring four
parametersof the emitted RF waves intensity, frequency, relaxation, and

phase¢ NMRcan be sed to determine chemical and protein structures and its
sensitivity enables the detectionf molecular interactions, such as occurs
between proteins and ligandsMeasured resonances are expressad a

chemical shiftelativeto a standard, such as tetramethylsilane (TMS) in organic
solvents and 2limethyl2-silapentane5-sulfonic acid (DSS) in aqueous

applicationswith units ofparts per million(Bothwell and Griffin, 2011)

H- and ®*GNMRspectroscopyare frequentlyused inbiologicalinvestigations

of metabolsm, particularly inmetabolomics studies of altered central carbon
metabolism(Markleyet al., 2017) 3P-NMR spectroscopy has been utilised to
distinguish between phosphocreatine, inorganic phosphate, and ATP. Inorganic
phosphate exists either as muscle phosphateP@l) or orthophosphate
(HPQ?*) depending on pH, and therefore equilibrium concentrations can be
used to measure pH changé3othwell and Griffin, 2011Phosphate groups
have also been investigatedithin phospholipiddy 3!P-NMR spectroscopin
order to elucidate total phospholipids (except phosphatidylcholine) and
phosphatidylcholinen brain tumourgSrivastavat al, 2010) Otheraspects of
biology have been examined usialjernate magnetic nucleiincluding the use

of deuterium oxde (*HO) as a blood flow and tissue perfusion tracer
(Ackermaret al., 1987)and'>N-labelled substrates to examine nucleotide and

amino acid metabolisniTarditoet al,, 2015) Unlike mass spectrometiyased
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metabolism studiesNMR has the added benefit of being able to be utilised in

reaktime to study metabolismn vivo(Bastawroust al., 2018)

1.8.3. Stableisotope resolved metabolomics

Stable isotoperesolved metabolomics (SIRMitilises isotopically enriched
metabolic substrateso trace their consumption ifiving systems. Stable
isotopes are nowadioactiveand include’H, 13C, or'®>N. Crude extracts from
living systems containing isotopically labelletetabolites are analysed by
either mass spectrometryMS) or NMR spectroscopWS readily determines
the number ofheavy atoms (isotopologues) incorporated and is often used
orthogonally wth gas and liquid chromatography methods to resolve large
numbers of metabolitesAlthough ultrahigh resolutionFouriertransform MS
can resolve nofisomeric metabolites without chromatographyNMR
spectroscopy is better suited to determine positional Bealling within
isotopomergBruntzet al., 2017) [*3G]Glucose is a relatively inexpensive tracer
used to followlabelling within glycolysis and in other pathways using glycelysis
derived precursorgSellerset al., 2015) However, glycolytic flux is better
resolved using glucose tracers labelled™ -2 or 3G-3. [3Gs]Glucose also
provides maximal labelling oftermediates within the PP@Bruntzet al., 2017)
However, the oxidative and notxidative branches of the PP&te better
resolvedusing [*G-1,2]glucosewhich caralsobe used teestimatePPP activity

using the ratio of PG-3]lactate to [*G>-2,3]lactate(Yinget al., 2012)

Activity within the TCA cyclean be investigated usingGlabelled glucose or
glutamine(Sonet al., 2013; Davidsoat al, 2016) [3G]|Glucseenters the TCA
cycle as PClacetytCoA via pyruvate dehydrogenased condenses with
oxaloacetate to P’C]citrate in the first round or Cjcitrate in the second
round of the TCA cycle G- and [-3G]citrate isotopologuesccur following
carboxylation of PG]pyruvate with unlabelled carbon dioxideand
condensation of the resulting'¥GJoxaloacetate witheither unlabelled or
[*3CG]acetyl CoAThecontribution ofpyruvate to the TCA cycle via carboxylation

alone can be traced using*3C>-3,4]glucosethat generates G]pyruvate.
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Oxicative and reductive glutamine metabolisoan both be monitored using
[13Gs]glutamine or separatelyusing [*3G]- and [*G]glutamine, respectively.
Oxidation of }*Gs]glutaminegenerateq*3Gjsuccinatefumarate,-malate, and
-oxaloacetate through the first turn of the TCA cyclehereas reductive
carboxylation of this tracer generat§SGcitrate that subsequently produces
[*3Gs]oxaloacetate;malate, andfumarate (Bruntzet al., 2017) Tracing the®®N
isotope also enablesmeasurement of the contribution of glutamine to the
synthesis of amino acidsnd nucleotidegDeBerardiniset al, 2007) Other
isotopic tracersused in biological investigationisclude [*3C]serine(Cowinet
al., 1996) [*°C]glycerolQiet al, 2012) and*3CGlabelled fatty acid§Kasumov
et al, 2005)

1.8.4. Coupled chromatographyass spectrometry

Mass spectrometryMS)coupled with chromatographic separation techniques
has the capacity to profile thousands of metabolites and lipid species, providing
muchbroadercoverage of the metabolome and lipidome comgaitoH-NMR
spectroscopy. In this technique, gas or liquid chromatography (LC) is performed
initially to separate volatile and nevolatile samples, respective{Wanget al.,

2015) Separated compounds are then ionised and identified based on-label
free measurement of mas®-charge {n/z) ratios (Lietz, Gemperline and Li,
2013) Severaionisation techniques have been developed based on the desired
application, including electrospray ionisation (ESI), atmospheric chemical
ionisation (ACPI), desorption electrospray ionisation (DESI), and rassisted
laser desorption/ionisation (MALOwad, Khamis and-Bheed, 2015)In ESI,
samples in solution are sprayed out into the ionisation source feospray
needle/capillary with a high voltage applied to produce charged droplets, a
process called nebulisation. Sheath gas directs the droplets from the capillary
tip through a curtain of heated inert gas, such as nitrogen, or a heated capillary
to medide solvent evaporatioriGaskell, 1997DESI was introduced by Takats
and colleagues as an ambient ionisation method that can profile the surface of
tissue samples at atmospheric pressure with little to no sampleamagion.

lonisation is mediated by charged microdroplets that are carried to the target
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surface as part of a fast nebulising gas jet propelled from avVoifage needle
(Takatset al., 2004) Through anESImechanismor heterogeneous charge
transfer, molecules from the target surface are ionised and desorbed into a
heated capillary leading to a mass spectromefeietz, Gemperline and Li,
2013)

There are different varieties of mass analyser used in metabolomics studies.
Quadrupoles are th simplest and consist of four parallel metal rods that filter
mass ions in response to a direct current (DC) voltage. By linearly arranging
three quadrupole cells, triple quadrupole or QQQ mass analysers were
developed which have tandeMS capabilities, ®aning that compound
structures can be elucidated through collisimmluced decomposition (CID)
and detection of the daughter fragments. Tiré&flight (TOF)/MS analysers are
based upon the relationship between ion mass and flight velocity along a flight
tube leading to different arrival times at the detect@@®uilhaus, Mlynski and
Selby, 1997)Combining TOF/MS with a quadrupole mass analyser produces
the instrument known as quadrupcime of flight (QTOF)/MS with tandem

MS capabilitiegAllwood and Goodacre, 2010Jo enable detection of low
abundance ions, trapased mass analysers werewtloped which permit
sequential MS (M$ by the trapping and rrapping of mass ions between
three electrodes: two hyperbolic metal electrodes with their foci facing each
other and a hyperbolic ring electrode positioned haHy between them
(Allwood aml Goodacre, 2010)In Orbitrap instruments,m/z ratios are
measured as a function of ion frequency during oscillatory motion using a

Fourier transformatior{(Savary, Toby and Kelleher, 2016)

1.9. NMR and MSbased metabolomics analysis of gliomas

Despite only detecting a limited coverage of the metabolormie;NMR
spectroscopy can detect distinct metabolic profiles from several CNS tumours,
including meningiomas, neoblastomas, and GBM$-lorianet al, 1995) as

well brain metastases(Moller-Hartmann et al, 2002. NMR profiles
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characteristic of GBMs include lower myoinositol (Ml)/creatine (Cr) and
Cr/choline (Cho) ratios in GBMs compared to normal bf@amstillo, Smith and
Kwock, 2000; Howet al,, 2003) Interestingly, Nacetytaspartate (NAA)/Cr and
NAA/Cho leveldall from the tumour periphery to the tumour core and are
lower in comparison to normal braifGoebellet al., 2006) Even further out
into contralateral brain, levels of Ml and glutamine are increased which is
suggestive of mild astrocytosis and early neoplastic infiltrafidallenberget

al., 2009) Early evidencef intratumour metabolic heterogeneity was provided
by Li and colleagues who identified voxels with different values of several
metabolic indices based on Cho, Cr, NAA, lactate, and lipid l@veds al.,
2002)

'H-NMR has also been used to profile lipids and cholesterol species in gliomas.
Compared to normal brain, gliomas demonstrated higher total cholesterol
content (cholesterol @srs and free cholesterol) and triglyceride levels
(Srivastaveet al, 2010) Tugnoli and colleagues attributed the presence of
cholesterol esters and triglycerides within glioma tissue to neovascularisation
processes since they positively correlatehalipid extracts taken from human
blood. Interestingly, GBMs featured higher quantities of chetinataining
phospholipids, including phosphatidylcholine and sphingomyelin, compared to
normal brain tissuéTugnoliet al., 2001) likely reflecting changes to membrane
structure due to aberrant biosynthetic and catabolic reactions. These studies
demonstrate the versatility ofH-NMRfor classification purposes and as a tool
to probetumour metabolism, particularly whestable isotopicsubstrates are
utilised. However, the drawback to this technique is the poor coverage of the
metabolome and lipidome which limits extensive evaluation tomour

metabolism.

An ultrahigh performance liquid chromatography/tandem mass spectrometry
(UHPLC/M8/1S}based metabolomics study of gliomas was performed by
Chinnaiyanand colleaguesleading to the identification of three metabolic

subgroups: (1energeticg this subgroupdisplayed a classic glycolytic profile
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with accumulation of upstream intermediates of glycolysis;af2abolicc this
subgroup showed elevated levels of metabolites associated with diverted
glycolytic intermediates and anabolic metabolism; and Bjosphaipid
catabolismg this subgroup had an anabolic profile characterised by-dmagn

fatty acid and lysolipid catabolism. The metabolomics analysis revealed a shift
from a classic glycolytic profile in grade Ill tumours to an anabolic profile in
grade IV tmours associated with significantly reduced overall survival. Grade
IV gliomas showed a decrease in overall carbohydrate levels, glycolipids,
lysolipids, and sterols, in contrast to increased abundances of essential and
medium chain fatty acids and metaltes associated with carnitine
metabolism. There was also an accumulation of key metabolites within the
pentose phosphate pathway and serine metabolism, including 6
phosphoglycerate #®G), ribose phosphate (R5P), serine, and glycine.
Interestingly, phoghoenolpyruvate (PEP) accumulation in grade IV gliomas
strongly correlated with the Mesenchymal subtype, consistent with
significantly reduced pyruvate kinase (PK) activity and increased PKM2

expression compared to the Proneural grd@hinnaiyaret al,, 2012)

Mass spectrometric analysis of the lipidome in glioma has been conducted
through DESMS, leading to the elucidation of lipid profiles correlating with
glioma subtype, histological grade, and tumour cell concentration. Lipid profiles
associated with GBMséature a high abundance of phosphatidylserine and
phosphoinositol species, and can be distinguished from grade Il and Il
astrocytomas by a lack of sulfatides. Delineation of tumour margins was also
achieved as the technique was capable of distinguishireg@sn of GBM with
nearly 100% tumour cell concentration from a region of infiltration consisting
of mainly grey matter with approximately 30% tumour cell concentration
(Eberlinet al, 2012) Stereotactic registration of tumour samples obtained
during surgery has been conducted using the neuronavigation pointer
(Brainlab) to identify the samplingpsition on preoperative 3D MRI. Samples
obtained from the same tumour showed heterogeneity in histological grade

and tumour cell concentration, with a reduced concentration of tumour cells
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observed at the tumour margin. Interestingly, samples from tihmaur margin

were classified as grade lll, whereas samples from the tumour mass were
designated as grade Il. In one surgical case, samples obtained at the tumour
resection margin demonstrated high tumour cell concentration, indicating
incomplete surgical amoval and the presence of residual tumour. These
preliminary studies highlight the potential of DEMS$ as an intraoperative
method to characterise brain tumours in near ré¢imhe, aiding surgeons to
achieve complete surgical resection and better patiemicomes(Eberlinet al.,

2013)

1.10. Project rationale and aims

Given the genetic basis underlyingcertain metabolic phenotypes, we
hypothesised that ITH in GBM would manifest at the level of metabolism.
Evidenceof such a phenomenon hagreviously been highlighted in lung
(Hensleyet al, 2016) and kidney (Okegawaet al, 2017) cancers The
identification of intratumour metabolic heterogeneity in GBM would have
major implications in the clinic sindargeting of metabolismusing single
agentsmay have the same drawbacks previously testedargeted agents
such as RTK inhibitors, in which redundaignalling pathways or subclonal
selection allow therapies to be circumvented and resistance to develop.
Therefore, there is atrong rationale to elucidate the level of intratumour
metabolicheterogeneity observed in GBNMnderstanding the genetic basis of
such heterogeneityis important to confirm te genetic programming of
metabolism, as well a® developa means to predict mabolic phenotypes
based on a genetic signatuaedenabk patient-tailored therapeutic strategies

in the clinic. We therefore aimed tcharacterise the level of intratumour
metabolic heterogeneity in GBM usindiquid chromatographymass
spectrometry (LGMS) followed byintegration with transcriptomic data to

better understand genenetabolic associationgithin anin vivocontext

Sinceseveral proliferative signalling pathways converge on a small number of

metabolic pathwaysincluding glycolysiand the TCA cycle, we predicted that
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the level of heterogeneitpbserved at the metabolic level would not equate to

the genetic complexityidentified in GBM following the basic metabolic
requirements of proliferating cells in terms o&nabolic substrates, energy
production and balance of redox potentidherefore, thechallenges presented

by the identification of intratumour metabolic heterogeneity in GBM may be
overcome through the identification of metabolic pathways to which
prolifeN G Ay 3 OF yOSNJ OSin brder tb MdhtainlsuRiah O SR Q
5SGSNXYAYLIGAZ2Y 2F &dzOK | YS@taneof thild W! OK
project, which ultimately bears more therapeutic relevanceas the
identification of a singleagent that circumvents intratumourgenetic and
metabolicheterogeneityas well aglisplayingefficacy across broad rangeof

patients is highly desirable.
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Materials and methods
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2. Materials and methods

2.1. Patient tissue sample collection todEMSbased metabolomic

and lipidomic analyses
Patient recruitment was conducted within UK NHS Trust centres at Nottingham
vdzSSyQa aSRAOIt /SyauNBz [SAOSadGSNI w2el
Recruitment was extended to international centres includvigssachusetts
General Hospital, Boston, USA. The study was ethically approved by the
National Research Ethics Service Committee for the East Midlands, UK.
Informed consent was obtained either before surgery or soon after in
accordance with the Code of Ptme for Research issued by the Human Tissue
Authority. Consent and ethical approval for internationally obtained samples
was obtained at the exporting centres. Madlagion sampling with or without
5-ALAadministrationwas conducted on patients with susged GBM based on
clinical history an@ whole batch of MRI sequences, includingiElghted T2
weighted fluid-attenuated inversion recovery FLAIRR TZXpostcontrast
(gadolinium), diffusion weighted, diffusion tensor imaging, perfusion imaging,
and magndic resonancespectroscopy.lntraoperative neuronavigation was
conducted using Fpostcontrast scans but target selectiatilised information
from all other sequencesTissue surplus to pathological confirmation of
diagnosis was immediately frozen in liquid nitrogen and store8@I{C or fixed
in paraformaldehyde for research use. Clinical information pertinent to the

patients utilised in this study is detailedTable3.1.

2.2. Tumour tissue sample preparation forlMS

Tumour tissue obtained from patients was initially divided into fragments using

a scalpel. The cuttg surface was in direct contact with a bed of dry ice to

prevent tissue from thawing, a process which would allow enzymatic reactions

to occur and alter/degrade metabolomic and lipidomic profiles. The wet weight

of each tumour fragment was measured pritw metabolite extraction.
5A&NHzZIG A2y 27F (0 Acaéld @S) metyanom(MeOH)>of high F A O

performance liquid chromatography (HPigtdde was performed using a
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handheld homogeniseBfbby ScientifiStuart; SHM1) until the disappearance

of visibleO f dzY LJa ® o-cold HRL@rad® ghlorbfar® was then added to

SFOK alYLXtS IyR @2NISESR 6Sttsx F2ff 268
cold HPL@rade water and further vortexing. These steps were carried out

using autoclaved 2 mL Eppendorf tubeistwounded bottoms for ease of use

with the homogeniser. Samples were then centrifugated for 10 min at 13,000 x

g at 4C to separate the two phases of the extraction procedure. The upper
phases containing polar metabolites were transferred into new Eppgnd

tubes and stored at80'C. By carefully displacing the protein sediments
occupying the separation point between the two phases, the lower phases

were transferred into fresh tubes and stored-80'C. Since the total volume of

the lower phases exceedadnn >[ X &l YL S& 6SNB RNASR
evaporator (SpeedVac; ThermoFisher Scientific) set to room temperature,
F2f{f26SR o0& NBO2yadAGdziaAzy Ay wmnan >]
centrifugated for 10 min at 13,000 x g at a temperature & 4Superatants

were carefully removed and stored in MS vials3&'C. Prior to L®AS analysis,

MeOH/HO extracts were transferred into MS vials and quality controls (QCs)
GSNBE LINBLI NBR o6& LR2ftAy3 p >[ FTNBY SIO

2.3. Liquid chromatographyontandem mass sp&ometry

The LEMS metabolomics analysis of prepareenour samplesvas conducted

by DrDongHyun KimMetabolites in the upper phase were separated using a
zwitterionic-hydrophilic interaction liquid chromatography (A&ILIC) column

(150 x 4.6 mr 5 um maintained at 45°C in a ThermoFisher Dionex UltiMate
3000 LC system (Thermo Fisher Scientific, Hemel Hampstead, UK). A linear LC
gradient from 80% B to 5% B was used over 15 min followed by a 5 min wash
with 5% B and 7 min requilibration with 80% B & flow rate of 300 pL/min,

where B was 100% acetonitrile and A was 20 mM ammonium carbonate in 18.2
am 6l GSNIo69f3IF alEAYIT 9t3F [Fo62 GSNL D
samples were maintained at 4°C. MS was performed using an Orbitrap Exactive
(Thermo Fisher Scientific, Hemel Hampstead, UK) with aHE®be operated

in a polarity switching mode and using the following settings: resolution 50,000,
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AGC target: balanceth/z range 701,400, sheath gas 40, auxiliary gas 5, sweep
gas 1, probe tempeture 150°C, and capillary temperature 275°C. For positive
mode ionisation: source voltage +4.5 kV, capillary voltage\s,4Qbe voltage

+70 V, skimmer voltage +20 V. For negative mode ionisation: source veltage
3.5 kV, capillary voltage30 kV, tube vabge-70 kV, skimmer voltagel8 kV.
Mass calibration was performed before each batch. The mass range was
extended to cover small metabolites by inclusion of dmass ions to the
standard Thermo calmix masses (belmiz 1400), GHsNG: (m/z 76.0393) for

ESt and @HsOs (m/z89.0244) for ESI

The LEMS lipidomics analysis of prepared tumour samples was conducted by

Dr Catherine OrtoriLipids extracts from patient tumour tissue was initially
separaed using areverse phase ACE Excel 2 C18 column 50 x 2.¢ohumn

equipped with the appropriate guard columand held at 50C in an Acella

modular system (ThermoFisher Scientific, Hemel Hempsted, UK) with cooled
autosampler, column oven and quaternary pump#$e injection volume was

aSi G2 wmn >[ HatdalCiUC mabileyphaseS sonsistSd of 2460

0f 0.1% MEANJI RS | YY2YyAdzy I OSGIFGS o0FAYyIlIE @2f
Maxima; Elga LabWaten)ith 40%acetonitrile] and B [1%of 0.1% MSrade
FYY2YAdzY FOSGIFGS 6FAYLE Oz yWwadnaliEh G A2y 0
LabWater)with 10%acetonitrile and 80%sopropanol(MSgrade, VWR, UK

The gradient adopted is displayed Table2.1. MS was performedising a

Exactive Orbital iotrap mass spectrometer (ThermoFisher Scientific, Hemel
Hampstead, UK) acquiring daganultaneously in full scan ion moda/(z 100-

1900; resolution 25,000)n both positive and negative polarity switching

modes. The flow rate of sheath gas, desolvation gas and sweep gas 83&re

15and>5 units, respectively. The capillary and desolvation heater temperatures

were set to 28'C and300'C, respectively. The spray voltage was set0@0

V. Local control of the LC systeras condated usingXcalibre2.0.7, which was

also used for MS control and data acquisition.
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Table 2.1. Mobile phase gradient setting for the tumour tissue
lipidomics experiment

. . Flow rate
Time (min B%b (uL/min)
o) 32 450
1 70 450
4 85 450
5 100 600
10 100 600
11 32 600
12 32 450

2.4. Metabolomics and lipidomics dgtae-processing

Raw LEMS data were processed with XCMS for untargeted qeelking
(Tautenhahn, Bottcher and Neumann, 20@8)d mzMatch for alignment and
annaation of related peak¢Scheltemaet al., 2011) IDEOM software was used

for noise filtering and putative metabolite identification, as shown presipu
(Creeket al, 2011) Metabolite identification was performed by matching
accurate masses and retention times of authentic standards [Level 1 metabolite
identification according to the metabolomics standards initiatiif@umneret

al., 2007, 2014) but when standards were notvailable, predicted retention
times were employed, hence these identifications should be considered as

putative (Level 2 identification).

Lipidomics data was pxerocessedby Dr Catherine Ortonusing Progenesis
Comet. Database searches for lipid was conducted using HMDB, Lipid Maps and
Metlin at an accuracy of parts per million ppm). LGMS chromatograms were

viewed and displayed using Xcalibre 3.0.63

2.5. Metabolomics and lipidomics data analysis

Metabolomics QC and data analysis was performed using the free online
MetaboAnalyst 4.0 too(Ritchieet al,, 2015) Using either the metabolite set
enrichment analysis (MSEA) or pathway analysis suite, metabolites with non
human putative identifications were removed from the set of variables. Data
analysis was then performed according to the protocol outlinedXiey and
Wishart (201}. Briefly, peak intensity Waes for each identified metabolite was

uploaded followed by the removable of variables with >50% missing values and
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imputation of remaining zero values with half of the minimum positive value.
Filters were then applied to remove features if their relatigeandard
deviations (RSDs) were >30% in the QC samples. Sample normalisation based
on total ion count was performed using IDEOM software. Therefore, only log
transformation of the data sets was applied. For univariate analysis, no data
scaling was appliedvhereas Pareto scaling was applied prior to multivariate
analysis. Univariate models were conducted witlp-galue cutoff of 0.05
following correction for multiple comparison based on false discovery rate
(FDR). In twssamplet-test comparisons, variaes were not assumed to be
equal between groups. Other features of MetaboAnalyst 4.0 were used to
generate heatmaps and dendrograms, featuring hierarchical clustering of
samples and metabolites, as well as principle components analysis (PCA) and
correlation analysis. Lists of metabolites identified as significant were
compared against pathwagssociated metabolite sets within the MSEA suite

or analysed for pathway impact within the pathway analysis suite of
MetaboAnalyst. Orthogonal partial least squaiscriminant analysis (OPLS

DA) of metabolomics and lipidomics data was conducted using Umetrics
SIMCAP 13 software.

2.6. Cell culture

¢tKS ID.a !yt OStt ftAyS gl a OdzZ G§dzZNBR
(DMEM; Gibco) supplemented with 10% foetal bovine se(BBS; HyClone),
non-essential amino acids (NEAAs; HyClone/Gibco), and Penicillin/
Streptomycin (P/S; Sigma). The paediatric glioma cell lines Res186, Res259,
UwW479, KNS42, and SF188 were initially cultured in DMERI/EGibco)
supplemented with 10% FBSglutamine, NEAAs and P/S. Later experiments
required conditioning of paediatric glioma cell lines to culture in DMEM with
NEAAs and P/S. The recurrent ependymoma cell linelBXBEPN cell line was
cultured in DMEM supplemented with 10% FBS, NEAAs, & dAR/cell lines

were cultured at 37°C in a 5% Q@cubator. Cells cultured under lipoprotein
deficient conditions were grown in media containing lipoprotein deficient

serum from foetal calf (LIBBS; Sigma) in place of FBS. Due to availability issues,
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later experiments were performed using lipoprotein deficient bovine calf

serum (LEBCSBioquote) as a replacement product for-EBS.

2.7. Cellular viability assays

Cells were grown in 4&ell plates at appropriate seeding densities. Growth
under lipoproteinreplete or-deplete conditions was assessed by staining cells
with a 0.2% crystal violet (Sigma; C6158) solution for 30 min followed by a series
of washes with distilled water to remove excess stain. Crystal violet was
solubilised with a 1% sagm dodecyl sulfate (MP Biomedicals) solution before
absorbance was measured at 570 nm using a FLUOstar Omega microplate
reader (BMG LABTECH). The procedure was repeated with empty wells as

controls to remove any background signal.

Cellular viability waalso assessed using the resazdrased PrestoBlue assay
(ThermoFisher Scientific; A13261). The PrestoBlue substrate reagent was
added at a 1:10 dilution to the culture medium and left to incubate at 37°C for
30 min. 100ul from each well was transferredalackbottomed 96well plates

and fluorescence measured using 5S4 excitation and 59Gm emission
settings on the FLUOstar Omega microplate reader (BMG LABTECH). Medium

only controls were included to remove background fluorescence.

2.8. Spheroid culture anionage processing

All cell lines were seeded into ulttaw attachment(ULA)96-well plates at
various seeding densities (total volume 200 pL of culture medium) and
maintained at 37°C in a 5% £i@cubator for 4 days to allow aggregation of
single cells into spheroids. From this timepoint (now referred to as day 0), a
50% medium change was performed every three days. Special attention was
given to day O spheroids allocated for lipoprotein deprimatwith a 50%
medium change conducted thrice to reduce the initial lipoproteaplete
medium by oneeight. Brightfield images were taken every three days which

coincided with medium changes. Medium changes were conducted prior to

60



image capture to wash aay debris surrounding the spheroids and provide
clearer demarcation of the spheroid circumference. Images were taken using a
Canon camera attached to a brightfield microscope set with a 10x or 20x
magnification lens. Spheroid growth assessment was perfdrimeimport of
images into ImageJ (FiJi version) and using a macro developeanoyet al.,
2014to measure spheroid area through demarcation of the spheroid boundary.
For failed automatic measurements, manual demarcation of the spheroid

boundary was conducted.

2.9. Exogenous cholesterol and fattychoescue

0.641 g of palmitic acid (PA) was saponified in 10 mL of 300 mM sodium chloride
(NaCl) in aqueous solution warmed to0'@0 66.6>L of this 250 mM PA/NaCl

solution was then added to 5 mL of 10% fatty acek bovine serum albumin

(BSA) in Dulbecébd LIK2 A LIKI S 06 dzF FSNB R-waingetl dzii A 2 y
to 37'C. This mixture was incubated for 1 hr af@7and stirred frequently to

facilitate fatty acid conjugation to BSA. The final palmitic acid concentration

was 3.33 mM, which was roughly equivalémthe concentrations of Oleic Acid
(OAYAlbumin (3.28 mM) and Linoleic Acid (1&4pumin (3.35 mM) purchased

from Sigma (03008 and L9530, respectively). Exogenous fatty acids were added

G2 Odzft GdzZNE YSRAdzY (2 | FTAYIl fesG2db®Sy (i NI
Griffithset al., 2013 Due to the ability of BSA to quench fluorescent signals, the

BSA content within treated and nereated cells was made equal. Cells were
cultured under lipoproteirdeplete conditions for 72 hr with or without the

addition of exogenous fatty acid prior to cellular viability assessment using the

PrestoBlue assags outlined in sectioR.7.

30 mg of methy -O& Of 2 RS E (i -bliblgsterad &Sigmds (C4591) was
dissolved in 5.35 mL of double distilled water (d@Hto generate a 13.7 mM

solution that was filtessterilised and stored as aliquots €0'C. Exogenous

I RRAGAZ2Y 2F OK2f SaidSNBt ¢l a O2yRdzOGSF
cholesterol solution in medium lacking lipoproteins or containing LXR agonists

insobzi A2y ® CAylt O2yOSyidN}iGA2ya dz&@SR 68
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viability assessment after 72 hr was performed using the PrestoBlue assay

outlined in sectiorR.7.

2.10. Flow cytometric cell cycle analysis

Cells were seeded in T25 flasks at an appropriate density to generate ~1 million
cells at 780% confluency after 5 days of growth. Seeded cells were left
overnight in lipoproteirreplete mediumto ensure attachment prior to
replacement of culture medium with either fresh lipoproteaieplete or -
deplete medium (0 hr timepat). At the 72 hr timepoint, culture medium
containing floating cells was collected and adherent cells were washed twice
withl Fyl1aQ oFftFyOSR alftid aztdziAzys (NBLE
The two cell fractions were combined and spun down in a centrifuge at 300 x g
for 5 min. The supernatant was removed followed by suspension of the pellet
as single cells by pipettingctgon in 0.5 mL phosphate buffered saline (PBS).
Fixation of this cell suspension by the addition of 4.5 mL 70% ethanol was
conducted for at least 2 hr at 4°C. Ethanol was removed by pelleting cells at 300
x g for 5 min and repeated with a PBS wash stbp.r€sulting cell pellet was
then resuspended in 0.5 mL propidium iodide (PI) staining solution [0.1% (v/v)
Triton %100, 10 pg/mL PI, and 100 pg/mL DN&se RNase A in PBS] and kept

in the dark at room temperature for 30 min. PI binding to DNA was nredsu
using the Beckman Coulter FC500 flow cytometer with excitation and emission
wavelengths set to 536 and 617 nm, respectively. Cell cycle analysis of the raw
data was conducted using Weasel software after the initial application of gates

to select singleells.

2.11. RNA extraction

RNA extraction from either tumour tissue or cells was performed using the
mirVana miRNA isolation kit (ThermoFisher Scientific; AM1561), consisting of
lysis/binding buffer, miRNA homogenate additive, wash solutions 1 aBd 2/

and fiter cartridges with collection tubes. For RNA extraction from tumour
GA&dadz2SE AYyAUGALIfT K2Y23aSyAalidAiazy 2F (dzy?2
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(approximately 10x the volume of tumour tissue) was conducted until all

clumps were no longer visiblen5 >[ omME: @Gk QB0 2F YAwb!

s A N A v

K

gda RRSR (2 (GKS fealisSs @2NISESR I yR

acidphenol:chloroform (ThermoFisher Scientific, AM9722) was added to the
lysate equal to the volume of lysis/binding buffer that wasially added. The
mixture was vortexed for 60 sec followed by centrifugation at 10,000 x g for 5
min for phase separation. The aqueous upper phase was transferred to a fresh
Gdz6S 6AGK Ly |LIWNRBEAYLFGS @2fdzyS 27
equatingto 1.25x the volume of the of the aqueous upper phase, was added
and the mixture transferred into filter cartridges with collection tubes. RNA was
isolated from the liquid phase by centrifugation for 15 sec at 10,000 x g,
T2 26SR 0@ ¢l 4K AT SHIAa Kzad ¥ Bdzir may >m
solution 2/3 conducted twice. Washes were conducted by centrifugation for 10
sec at 10,000 x g. Residual liquid was discarded trough centrifugation for 1 min
at 10,000 x g prior to the application of 100 uL of nustdface water
(ThermoFisher ScientifiBP248% pre-heated to 95C. RNA was eluted through

a 30 sec centrifugation step at 10,000 x g and assessed for purity at the
absorbance ratio 260nm/280nm (~2.0) and the presence of contaminants at
the absorbance rati 260nm/230nm (ranging between 222) using a
NanoDrop spectrophotometer (ThermoFisher Scientific). For RNA extraction
TNRY OStft LISttStaz GKS alyYS LINRG20O2¢
buffer and appropriate volumes of other reagents withire kit and eluted in

pn >[ 2 Freeymdr€ (TieimaFsher Scientific; BP248d)ncrease the
concentration of RNA. Samples were stored&’ and subjected to minimal

freezethaw cycles to prevent degradation.

2.12. DNase treatment

DNase treatment of RA samples was performed since the mirVana RNA
extraction method does not fully remove contaminating genomic DNA. The
TURBO DN#ee kit (ThermoFisher Scientific; AM1907) was used, consisting of
¢!w.h 5bl&S o6n dzyAlGak>[0X wmnkatioh! w. h
reagent and nucleastree water (ThermoFisher Scientific; BP24®4) Hp > |
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NEFOlGA2y @2fdzvySa ¢SNB aSG dzLJ O2yaAradAy
and 0.5 uL RiboLock RNase inhibitor (ThermoFisher Scientific, EO0381).
Mixtures were incubated a87'C for 20 min followed by the addition of 255

DNase inactivation reagent and incubation af@Zor 5 min to terminate the

reaction. Removal of the DNase inactivation reagent was conducted by
centrifugation at 10,000 x g for 1.5 min and transfer bé tsupernatant

containing RNA into fresh tubes. RNA purity and contamination were assessed

using a NanoDrop spectrophotometer as discussed above.

2.13. Transcriptomics

RNA extracts prepared from either tumour tissue or pelleted cells were first
diluted in nuclasefree water(ThermoFisher Scientific; BP2482 produce 10

>[ alyLXtSa O2yiFAyAy3a wmnannn y3a 2F wb! X
yak>[ ® wb! &alYLISa ¢SNB aSyid G2 GKS b
headed by Prof Sean May and managed by Dr M&CessellanodJribe. Initial
quality assessment of the RNA samples was performed using an Agilent RNA
6000 Nano kit (to produce a gel) run anAgilent Bioanalyzer 2100 instrument

to determine signs of degradation based on the ratio of the 18S and 28S
ribosomal bands, quantitatively summarised as a RNA Integrity Number (RIN).
RNA samples with RIN scores less than 7 weextracted from surplus tumour
tissue and reevaluated for integrity. Following the quality assessment phase,
RNA samples approved forwnstream transcriptomics analysis were assessed
using Affymetrix Human Gene ST2.1 Strips. Briefly, the Affymetrix GeneChip WT
PLUS Reagent Kit was used to create desttended cDNA from the RNA
template, from which cRNA was produced as a template fecarsd round of
cDNA synthesis. The resultant singteanded cDNA library was fragmented,
terminally labelled and hybridised to the strips using the Affymetric GeneAtlas
Hybridisation, Wash, and Stain Kit for WT Array Strips. Prior to downstream
differential expression analysis, evaluation of array hybridisation was
conducted using the Partek Genomics Suite to identify artefacts on the chip

that would generate spurious results.
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2.14. Transcriptomics analysis

For the multiregion sampled HGG metabolomics studgultilevel linear

modelling was conducted by Dr Anbarasu Lourdusamy. A separate but
complementary analysis was conducted in collaboration with Dr Tahseen Jilani

and Dr Tom Giles associated with the Advanced Data Analysis Centre within the
University of Naingham. For the lipoprotein and LXR agonist studibs,

differential gene expression analysis using R software was conducted
independently. Briefly, raw data was ppeocessed with theoligo package

(Carvallo and Irizarry, 2010jo mediate quantile normalisation using the

Robust Multiarray Average (RMA) method. Assessment of two QC metrics of

the data was performed by visualising Relative Log Expression (RLE) [compares

the expression level of one probesagainst the median expression of the same
probeset across samples] and Normalised Unscaled Standard Errors (NUSE)
[standardises standard error estimates across arrays so that the median
standard error for the probeset is 1 across all arrays]. Low varigees were

then removed using th@enefilter package(Bourgon, Gentleman and Huber,

2010) prior to differential gene expression analysis using liena package

(Ritchieet al,, 2015) The significance of differentially expressed genes (DEGS)

was determined using a 0.0p-value cutoff after correction for multiple
comparisons using the Benjamidbchberg (BH) method. Gene ontology (GO)
enrichment analysis of DEGs was conducted usingtap&O package by

LI @Ay 3 adladAraadAaort GSada ottestdb®r 2y S
gene scores (Kolmogoreédmirnovlike test) to different algorithms. The

WOt aaAo0Q +EI2NRGKY GSada SIFOK Dh GSNY
Dh KASNI NODKeé Aya2 | 002dzyid ¢KS WgSAIKID
[traverses theGO hierarchy from bottom to top, discarding any genes that
yy2GFrG6SR 6A0K aA3IYyAFAOLIYyGfte SyNAKROKSR
[connected nodes are compared to detect the most locally significant GO
terms] algorithms introduced b&lexa, Rahnenfuhrer and Lengauer (200te

parentChild algorithm was introduced I&rossmanret al, 2007to consider

0KS Fyyz2alada2y 2F (§SN¥a ,inzloing $0SedidzNNES y (i

the number d false positives due to the inheritance problem of annotations
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from more specific descendent terms. Generation of transcriptional networks
was conducted using NetworkAnaly3tia, Benner and Hancock, 2014ists of
DEGs along with log2 expression values were inputted intotifiee interface
and assessed using either of the curated databases (Bieueret al., 2013)

or String(Szklarczykt al., 2015)with a confidence score cutff of 900 and the
requirement of experimentakvidence to validate. The complexity of the
initially identified firstorder networks was reduced by evaluating zerder
networks, which only outlines seed proteins that directly interact with each

other.

2.15. Sample preparation for cddased metabolomicsnd lipidomics

For the optimisation of metabolite extraction methods, the appropriate

number of cells was seeded into T25 flasks to reacBR® confluency after a

5-day culture period. After removal of the culture medium, cells were rinsed

briefly with PBS warmed to 3, which was then discarded from the flask.

/| Sttdzf I NJ YSGFro2tAaY st a GKSyYy 1jdzSyOKSR
grade MeOH kept on dry ice. Whilst keeping the flask on ice, cells were scraped

off the growing surface and transferred into pceoled Eppedorf tubes.

Extracts were shaken af@ for 30 min to facilitate cell lysis-fBiasic extraction

gl & 02y RdzOG SR i KNER dz3 Kcold HPE@radR éhlbrofard y 2 F
YR nnn -eojd HRL®radé @&er, leading to a 1:3:1 ratio of
MeOH:chlordorm:water. Mixtures were vortexed well prior to centrifugation

at max speed for 10 min af@. Supernatants were then transferred into fresh
pre-cooled Eppendorf tubes and stored @0'C prior to LeMS analysis. In

protocols including a drying step to meentrate metabolites,
MeOH/chloroform solvent evaporation was conducted using a Jouan vacuum
evaporator set to room temperature and with pulsed ventilation. Polar and
nonLJ2f I NJ YSGF o2t AGS5a 6SNBE NBE@algMeDW (0 dzi SR
or isoproparl, respectively. Samples were then spun down at 13,000 x g to
remove debris and the supernatants placed in MS vials prior to analysis. For
experiments using T75 flasks or petri dishes, solvents were scaled up so that
Tnn > aShl gl & | RRs&Rolloived byjtdeSgdididh of Y SG | 0
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HmMan FYR tnn >[ 2F OKE2NRF2NY YR 461 GS
outlined above. To maintain consistency during thelasic extraction, 1400

>[ 2F (KS dzLILISNJ L2 | NJ LI kpdla® phasywRre m a1 n
collected. In all experimental seizLJa > v/ & ¢ SNB LINBLI NBR 0@

each sample.

2.16. Spent medium analysis

For the analysis of spent medium metabolites, 1 mL of culture medium was
removed at the 72 hr timepoint and transferred into an Epgeri tube for
centrifugation at 10,000 rpm for 5 min. The supernatant was transferred into a
fresh Eppendorf tube for storage at80'C. Prior to storage, 256L was
NEY2OSR (2 ¢ KA-Gréde MgDH predoled2of20'C wak added

and vortexed to pecipitate proteins. Mixtures were incubated &0'C for 20

min before vortexing for 15 sec and centrifuging at 17,000 rpm for 10 min at
4"C. The supernatant was then removed and transferred into a fresh Eppendorf

tube for storage at80'C.

2.17. Liquid chrom#ography mass spectrometry analysis of-balied

metabolites and lipids
The LEVIS metabolomics analysis of prepared 4mbed samples was
conducted by Dr Salah Abdelrapigmarilyand Sergey Evsegysing the same
protocol outlined in 1.2The LEMS lipdomics analysis of preparezkltbased
samples was conducted by Dr Catherine Ortapidomics of celbased lipids
consisted of initial lipid separation using a reverse phase ACE Excel 2 C18
column (50 x 2.1 mm) with guard column and Krudcatcher maiathat 50°C
in a ThermoFisher Dionex UltiMate 3000 LC system (Thermo Fisher Scientific,
| SYSt 1 FYLAGSIRE ' YOd ¢KS Aya2SOuAzy @7
held at 10C. LC mobile phases consisted of A%66f0.1% MSgrade
ammonium acetate (final iodzYS0 Ay My ®H am gl 0SSN 6
LabWater)with 40%acetonitrile] and B [1% of 0.1% MSrade ammonium
I OSGFGS o0FAYlLE O2yOSYGNIGA2Yy 0 AYy wmy ®H

67



with 10%acetonitrileand 80%sopropanolMSgrade, VWR, UKThe gadient
adopted is displayed ifable2.2. MS was performed using akEXactive Plus
Orbital iontrap mass spectrometer (ThermoFisher Scientific, Hemel
Hampstead, UK) acquiring daganultaneously in full scan ion moda/(z 200-
2000; resolution 70,000)in both positive and negative polarity switching
modes. Tandem MS/MS spectra were produced on the 5 most intense ions at
any one timeat a resolution of 17,5Q0Ihe flow rates of sheath gas, desolvation
gas and sweep gas were 47.5, 11a2il 2.25 units, respectively. The capillary
and desolvation heater temperatures were set to 266 and 41X,
respectively. The spray voltage was set to 3500V. Local control of the LC system
used Chromeleon Express as wetl¥re 3.0.63, which was alssed for MS

control and data acquisition.

Table 2.2. Mobile phase gradient setting for the cell -based
lipidomics experiment

. . Flow rate
Time (min B% (uL/min)
0 30 400
1 35 300
7 100 500
11 100 500
12 20 500
15 20 500

2.18. Celtbased metabolomics and lipidomics data-precessing
Preprocessing of metabolomics datand lipidomics datawas performed
according to the methodology outlickein sectiors 2.4 and 2.5. Univariate
analysis of lipidomics data was conducted by Dr Catherine Ortori using

LipidSearch software.

2.19. Amplex Red cholesterol assay

Cholesterol levels within cdblased lipid extracts weressayed using the
Amplex Red Cholesterol Assay Kit (Invitrogen, A12216). This kit contained
Amplex Red reagent, dimethydulfoxide (DMSO), 200 U/mL horseradish
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peroxidase (HRP), ~3% hydrogen peroxid€®fHstock solution, 5x reaction

buffer, 200 U/mL chelsterol oxidase, 200 U/mL cholesterol esterase, and 2

mg/mL cholesterol reference standard. A 1x reaction buffer was prepared by
adding 2.5 mL of 5x reaction buffer to 10 mL of gdHA series of cholesterol
a0FyRINRA& NIYy3IAy3I o0 S0eded ffomthe ch@esterol >3k Y
NEFSNBYyOS &aidl yRINR Ay ™ME NBIFOGAZ2Yy 0odzF
technical replicates) into a blaekalled, blackoottomed 96well plate. For

SIFOK &b YLX SS op > 2F ME NBwebpiatery o dzf T
which 5 pL of sample was added. This was repeated for isopropanol only
controls. A 200 U/mL catalase solution was prepared by dissolving 1 mg of
OFdGFftFrasS o{A3AYIT / monp0 AY Hp Y[ 2F t.
to the wells containing eithecholesterol standards, samples, or isopropanol

only and negative (1x reaction buffer) controls, based on the recommendations

of Robinetet al. (2010. The plate was then incubated at *&7for 15 min. A

positive control was prepared by preparing a 20 mpDHwvorking solution by

diluting the stock in ddkD, which was further diluteth 1x reaction buffer to a

FAYLEE O2yOSYyGNYGA2y 2F wmn >a F2N dza S
NEBII3Syd 41 a&a RAaaz2zt SR AY wnn >[ 5a{ho
wSR NBI3ISyd 41 a (GKSY LINBLI NSR o0& I RRA
solution,p n > 2F¥ Hnn | KY] |l wt 2 pn >] 27
a2tfdziAz2zy YR p >[ 2F wnn 'kY[ OKz2f Sali
buffer (sufficient for ~100 assays). This mixture was used to measure total
cholesterol levels, whereas excluding @sterol esterase from the mix

enabled free cholesterol levels to be measured. Reactions were started by

I RRAY3 pn >[ 2F (GKS 1YL SE wSR NBI3ISyi
constituents detailed above to each cholesterol standard, sample andaientr

The plate was incubated at 32 for 30 min whilst protected from light.
Fluorescence was then measured using a FLUOstar Omega microplate reader

(BMG LABTECH) set to 54 excitation and 59Gim emission.
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2.20. Liver X receptor agonist treatment

5mgofGW dpcp |/t o0{StftSO]lOKSYT {Hcono0 ¢l a
to generate a 10 mM stock solution. 10 mg of 162R was dissolved in 473.1

>[ 2F 5a{h (42 3ISySNIGS I pn Ya aiz2o0]
initially seeded in medium containing 10%S-&hd left to attach overnight. The

next day medium was replaced with medium containing 0.5% FBS. After 24 hr,
medium was exchanged with medium containing 1% FBS and LXR agbnists
concentrations ranging between 5 and ~50 u@®klls were then incubated at

37'C in a 5% Gnvironment. Low serum conditions were used to prevent
lipoproteins present in FBS from rescuing growth during the 72 hr LXR agonist
treatment. Controls containing vehicle only were included to account for DMSO
toxicity. However, drug comntrations were chosen so that the DMSO
concentration was <0.3%. Cells were then either harvested for RNA/protein
extraction, flow cytometric analysés described isection2.10, or assessed for

cellular viability in the presence or absence of exogenous cholesterol. The latter
was performed using the PrestoBlue assayoutlined in sectio2.7 with the
FLUOstar Omega microplate reader (BMG LABTECH) set-tan5dXcitation

and 596nm emission. Medium only controls were included to remove

background fluorescence.

2.21. Protein extraction

Cell pellets were lysed with RadiolmmunoPrecipitation Assay (RIPA) buffer
consisting of 150 mM NaCl, 1% Tritotd00, 0.5% sodium deoxycholate, 0.1%

sodium dodecyl sulfate (SDS), and 50 mM Tris solution adjusted to pH 8.0. Prior
tolyA\ & OhYLX SGSu LINRPGOSF&AS AYKAOAU2NI O2
stock solutions (25x and 20x concentrations, respectively) were diluted in the
wLt! o0dzZFFSNI G2 | ME FAYIf O2yOSydGNIF (A2
lyse cell pellets througmcubation on ice for 30 min and vortexing of samples

every 10 min. At the end of the incubation period, lysates were spun down at

14,000 x g for 15 min with the centrifuge set t&4 followed by the transfer of

supernatants into fresh Eppendorf tubes fiorage at80'C.
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2.22. Protein quantification by Bradford assay

I &aSNASa 2F aldlyRFNR RAfdzZiAz2zya o0SG6SSy
mg/mL BSA stock solution dissolved ingldb mn > 2F Sl OK adl
was pipetted in triplicate into a 9@ell plate. Protein samples to be assayed

were prepared by a 1:40 dilution in deBl performed in duplicate, of which 10

>[ 2F SI OK RdzLIX A Ol dwdll plate. BieRaddroteia asSal NS R (i
dye reagent was diluted in a 1:4 ratio with ddiH® H n nhe gyl re&y@nt

was added to all the standards and samples in thev@8 plate and left to

incubate for 5 min. Absorbance at 595 nm was then measured using the
FLUOstar Omega microplate reader (BMG LABTECH). Standard curves were
drawn using Microsoft Excélom which sample protein concentrations were

determined.

2.23. Sodium dodecyl sulfatgolyacrylamide gel electrophoresis

{FYLX Sa 6SNB LINBLI NBR 06& RAfdziaAzy (2 S.
and 4x SDS sample buffer (1x final concentration). 8®$ls buffer consists

of 40% glycerol, 240 mM Tris/hydrochloric acid (HCI) pH6.8, 8% SDS, and 0.04%
0 NB Y2 LK Sy 2 f-medchptzénolpiias added fresh to the sample
buffer each time. Diluted samples were then boiled at'®@5or 7 min to
denaturise proein structures, followed by downstream use or storageafC.
SDSyels of were prepared to mediate protein separation using the Mini
PROTEAN Tetra cell (Bad). Lower (resolving) gels were prepared with
varying acrylamide percentages (7%, 10% or 13#hjnava mixture of buffer

[1.5 M Tris/HCI pH8.8 and 0.4% SDS],.A418.6% of 10% aqueous ammonium
persulfate (APS) and 0.08% tetramethylethylenediamine (TEMED). Upper
(stacking) gels containing 4% acrylamide were prepared with buffer [0.5 M
Tris/HCI pH @. and 0.4% SDS], dg 0.5% of 10% APS and 0.1% TEMED.
Combs were inserted into the upper gel to form wells upon polymerisation.
Gels were placed into SEp8lyacrylamide gel electrophoresis (PAGE) tanks
containing electrode buffer [25 mM Tris and 193 miycge dissolved in ddi@

with a 1% final concentration of SDS]. Combs were removed from the upper
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(stacking) gel and the appropriate volume of each sample and Amersham ECL
Rainbow Marker (GE Healthcare) pipetted into the wells. Proteins were run
through the stacking gel at 80V (40 mA) for ~30 min and then at 140V (100 mA)

for ~60 min through the resolving gel.

2.24. Protein transfer and Western blotting

After separating proteins by SIPAGE, the stacking gel was removed from the
resolving gel and placed intoontact with polyvinylidene difluoride (PVDF)
membranes. PVDF membranes were initially activated by submersion in MeOH
for 30 sec and hydrated by soaking in d@Hor 3 min and transfer buffer for

10 min. Transfer buffer was prepared as follows: 25 mM dmig 193 mM
glycine dissolved in ddB containing a final v/v MeOH content of 20%. The gel
and PVDF membrane were sandwiched in cassettes between two pieces of
filter paper and a sponge (all preetted in transfer buffer) on each side,
ensuring the removabf any air bubbles. Cassettes were placed in tanks filled
with transfer buffer and incorporating an ice pack to maintain low
temperatures. Western blot transfer was conducted at 100V (350 mA) for 60
min with the tank placed inside a fridge. The successdnkfer of proteins was

then determined through Ponceau staining, followed by a series of washes in
ddHO and transfer buffer to remove the stain. At this point, membranes were
cut to allow assessment of multiple proteins with different molecular weights
Preparation of membranes for Western blotting was conducted by blocking for
60 min with either milk or BSA dissolved to a 5% w/v concentration in Tris
buffered salineTween 20 (TBST) [2 mM Tris/HCI pH 7.6, 13.5 mM NaCl, and
0.1% TweerR0]. After washinghrice with TBST for 10 min each, membranes
were exposed for 60 min to primary antibodies diluted in either 5%-roik
BSATBST. The following antibodies were used at the following concentrations
and diluted in either 5% mHkor BSATBST in accordance thi the
YIydzFl OGdzNENDR&a AyadNHzOiGAz2yay wmYpnn |
(Abcam; ab52617); 1:1000 AKT (Cell Signalling; #2920); 1:1000 Cagfatle
Signalling; #9662), 1.1,000 GAPDH (Cell Signalling; #5174), 1:1000 LC3B (Cell
Signalling; #3868),:1000 LDLR (Abcam; ab52818), 1:1000 p21 (Cell Signalling;
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#2947), 1:1000 p27 (Cell Signalling; #3686), 1:10@KP (Cell Signalling;
#4058), 1:3000 4AKT substrates (Cell Signalling; #3179), and 1:1000 SKP2 (Cell
Signalling; #2652). Another round of 3xrith TBST washes was proceeded by
a 60 min incubation of the membranes with the appropriate horseradish
peroxidaselinked secondary antibody (rabbit or mouse) diluted 1:2000 in
either 5% milk or BSATBST. Antibody binding was assessed through
chemiluminesent measurement upon 3 min incubation with ECL
(ThermoFisher Scientific) after equilibration to room temperature. Bands were
detected using photographic film in a dark room. Membranes were stored over
a short time period in TBST.B®bing of the same nmabrane was conducted

by first stripping previously applied antibodies for 15 min using ReBlot Plus Mild
Antibody Stripping Solution (Millipore), washing twice with TBST for 2 min, and
repeating the Western blotting procedure from the blocking state asimed

above.
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Chapter3

Investigating intratumour
metabolic heterogeneity in adult
GBM
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3. Investigating intratumour metabolic heterogeneity in adult GBM

A key feature of gliomagenesis is the development of ITH which allows
evolutionary adaptation to elective pressures within the tumour
microenvironment. However, less is understood about the impact of ITH on the
metabolic landscape. We performed-MS on GBM intratumour fragments
taken from four to five different regions selected by peand intraoperative
neuroy I A3 GA2Y dzaAy3d {0SIf (KAAbase 2y n 6
isolation of invasive margin tissue (Figure 3.2A). Target selection was made
using information from a whole batch of MRI sequences as detailed in section
2.1. This surgical sampy scheme aimed to determine if the heterogeneity
observed at the genomic level manifests phenotypically as intratumour
metabolic heterogeneity within the global metabolite (metabolome) and lipid

(lipidome) spheres (Figure 3.2B).

Bulk tumour tissue fronezore regions has historically been used for molecular
and cellular neureoncological research. However, the spatiotemporal aspects
of ITH means that research based on tissue from one tumour region is too
reductionist and fails to characterise the entire ttegeneous genomic
landscape, likely contributing to the consistent lack of efficacy in phase Il clinical
trials using single agents targeting aberrant biological mechanisms prevalent in
the surgicallyesected tumour core. Staining of tumour fragmentsings
haematoxylin and eosin (Figure 3.3) or Ki67 (Figure 3.4) confirmed the
heterogenous nature of HGG at a cellular level regarding density, morphology
and proliferative potential. This work conducted by Dr Saachi Chhaya BMBS also
demonstrated the merit ourgical sampling as a method to study intratumour
heterogeneity. We therefore adopted a muitgion sampling approach (Figure
OPH! U & LA2YSSNBR o0& tNRFTFP [/ 2fAYy 2|
fragments are taken during standard surgical treatmemt@BM (Sottoriva et

al., 2013). Mass spectrometric analysis of tumour fragments generated a spatial
and quantitative output that was used to test the following hypotheses: 1)
GBMs harbour a heterogeneous metabolic landscape featuring niches

delineated bydistinct metabolomic and lipidomic profiles; 2) The therapy
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relevant invasive margin is characterised by a distinct metabolomic and
lipidomic signature that may be amenable to metabolbased therapeutic
intervention; 3) Metabolic and lipid profiles funahally represent underlying

genomic heterogeneity in metabolismelated genes.

R1: Superficial R2: Fluorescent R3: Non-fluorescent
enhancement core core

R4: Inferior R5: Deep
fluorescence edge

Figure 3.1. Stereotactic neuronavigation using CT scans of
patient 9. Stereotactic CT images of patient 9 are displayed as an
example of the use to the StealthStation E neuro -navigation tool.  The
outline of the tumour mass is indicated by the blue circle. However,

it is important to remember that the white areas indicating the tumour

mass represent areas of blood  -brain barrier breakdown, with the true

edge of the tumour extending beyond the contrasted area but
undefinable.  Target selection was conducted utilising information

from a whole batch of MRI sequences . Region (symbol R) designation s
are labelled within the figure. Locations of each region are depicted

by the red cursor.
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Multi-region samplin

5-aminolevulinic acid fluorescently
highlights tumourous tissue and
assists delineation of the invasive

region.

Metabolite profiling

Homogenisation CHCL;:MeOH:H,0 Centrifugation

C—

C—1

e

i pa
-
- R .

) Polar metabolites ) ‘ \ | :
Non-polar metabolites Je

LC-MS (Thermo Orbitrap)

Figure 3.2. Schematic representation of the methodology used to
profile intratumour metabolic heterogeneity in H GG. (A) Sampling of

multiple tumour regions (4
(left). Administration of

tumour fragment for LC

-5 per patient) during standard surgical treatment

5-aminolevulinic acid ( 5-ALA) assists surgical
excision of minimal disease beyond the main tumour mass (right). (B)
Biphasic extracti on of both polar and non -polar metabolites from each

-MS-based metabolomic and lipidomic analyses.
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Figure 3.3. Representative example of haematoxylin and eosin

staining of tumour fragments sampled from patient 15. This work was
produced by Dr Saachi Chhaya BMBS. (A) Tissue sampled from the lateral
temporal region demonstrates high cellularity, anaplasia, n uclear
pleomorphism , and a mixture of dark nuclei suggestin g hyperchromatism.
(B) A nterior region tissue exhibits features of anaplas ia, nuclear
pleomorphism and hyperchromatism. (C) Tissue fromthe  core region shows
the highest cell density and evidence of mitoses. An area of necrosis (N) is
observed and is lined with pseudopalisa ding cells (P). A blood vessel can an
also be seen (arrow) , reflecting the highly vascular tumour core . (D)
Posterior temporal region tissue contains a large section of necrotic tissue

(N) and palisading cells (P) , as well as features indicative of
hyperch romatism . (E) The invasive margin has a low nuclear to cytoplasmic

ratio and the tissue is not as anaplastic in comparison to other regions.

Brightfie 1d imagesweretakenat10 x magnification. Scale barsrepresent 100
pm in length.
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Figure 3.4. Representative example of a Ki67 immunohistochemical

staining of tumour fragments sampled from patient 15. This work was
produced by Dr Saachi Chhaya BMBS. (A, Band D) Immunohistochemistry
was performed using Ki  -67 at a dilution of 1:50. Almost a third of cells are
stained positive for Ki67 in the lateral temporal, anterior and posterior
temporal regions.  (C) Strong staining within the central core indicates that

this is the most proliferative region. (E) The invasive m argin is the least
proliferative with minimal staining of cells. Tumour images were taken at

x40 magnification. Scale bars represent 10 nm in length.

3.1. Patient information and tumour fragment details

Multi-region sampling was conducted on five patients hwipathology
confirmed diagnoses of HGG. Four patients (6, 8, 9, and 15) had typical GBMs
whereas one patient (14) had a malignant glioneuronal tumour (MGNT), a HGG
with neuronal characteristics. Of the four GBMs, three were identifiedDatl
wildtype (6, 8, and 9), whereas patient 15 expressed the mutant R132H variant.

Prior to surgery, patients 6, 9 and 14 were administeredlL? to facilitate
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complete resection of residual disease within the invasive margin, designated
by the surgeon as thmost likely region to contain infiltrating tumour cells and
residing in close proximity to micro deposits of neoplastic cells which will
ultimately generate the recurrent tumour. Four to five tumour regions were
removed from each patient. However, differenumbers of fragments were
obtained depending on the size of each tumour region (ranging freén 2
replicates). Stereotactic registration of each tumour region using the
StealthStatiodM pre/peri-operative imaging tool provided positional
information within the tumour mass, as depicted on computer tomography
images Figure3.1). Prior to LEMS analysis, the minimal wet tissue weight
required to obtain sfficient metabolome coverage and signal from low
abundance metabolites was optimised using grey and white temporal lobe
tissue fragments ranging from 15 to 40 mg in weigbgction 8.1 in the
Appendi®y. 20 mg of tissue was determined to be the minimum required to
produce strong signals across the metabolome, although an optimum weight
of 30-35 mg was recommended to enable identification of low concentration
metabolites. Based on the available tissweplicates of ~20 mg were produced
for patients 6, 8, 9, and 14, whereas surplus tissue from patient 15 allowed
replicates of ~30 mg. Of note, replicates as low as 10 mg were produced from
patient 6 due to the small amount of available tissue for some tuntegions
from which to sampleTable 3.1summarises the clinical characteristics of the
patients utilised in this studyAdditional details about the tumour regions

obtained during surgergre provided inTable3.2.
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intra -tumour metabolic heterogeneity study.

Table 3.1. Clinical information for the five patients chosen for the
Patient 5-ALA Resection Survival Treatment TMZ
! Sex Age Histology | IDH1 status | Tumour site e ! Comments
number adminisation| status (%) (months) RT/CT response
6 Male 53 GBM WT Left occipital Yes 100 29.1 60/TMZ Good
8 Female 54 GBM WT Left frontal No 90 5.1 60/TMZ Poor Very bloody/vascular
9 Male 48 GBM WT Le_ﬁ f_ron_tal, Yes 100 17.2 60/TMZ Good
intrinsic
14 Female 39 MGNT WT Left temporal Yes 100 Alive 60/TMZ Good BRAF VB0OE negative
Right _
15 Ferrale 33 GBM R132H temporal Mo 100 25.7 60/TMZ Goad Moderate MGMT methylation
IDH1 status (WT: wildtype),

Details are provided about the histological diagnosis (GBM: glioblastoma multiforme; MGNT: malignant glioneuronal tumour),
-ALA) administration, radiotherapy (

5-amino -levulinic acid (5

RT) in Gray units,

chemotherapy (CT), and response to

temozolomide (TMZ).




Z8

Table 3.2. Sample information for the five patients chosen for the intra
metabolic heterogeneity study.

-tumour

Patient Sample IDRegion I Region (clinical description)| Region type Fragment weight
number range (mg)

6.1 R1 [Superficial fluorescence Non-invasive

6 6.2 R2 Core, mild fluorescence Non-invasivd 11-22
6.3 R3 |Inferior fluorescence Non-invasive
6.4 R4 |Medial edge, mild fluorescencgnvasive
8.1 R1 [Superficial medial Non-invasive

8 8.2 R2  |Anterior medial Non-invasive 16-26
8.3 R3 |Deep edge Non-invasive
8.4 R4  |Medial front Invasive
9.1 R1 |Superficial enhancement Non-invasive
9.2 R2 |Core enhancement Non-invasive

9 9.3 R3 |Inferior fluorescence Non-invasive 20-28
9.4 R4  |Anterior enhancement Non-invasive
9.5 R5 |Invasive margin, fluorescence|lnvasive
14.1 R1 |Superficial enhancement Non-invasive
14.2 R2 |Fluorescent core Non-invasive

14 14.3 R3 |Non-fluorescent core Non-invasive 18-28
14.4 R4 |Inferior fluorescence Non-invasive
14.5 R5 |Deep edge Invasive
15.1 R1 |Lateral temporal Non-invasivd
15.2 R2  |Anterior Non-invasive

15 15.3 R3 |Core Non-invasive 27-39
15.4 R4  |Posterior temporal Non-invasive
15.5 R5 |Lateral edge Invasive




3.2. LCGMS based metabolite profiling of HGG metabolism

Briefly, polar and noipolar compounds were extracted from each tumour
fragment using a biphasic extraction procedneethanol:water:chloroform)

to enable analysis of both the metabolome and lipidome from the same
sample. All samples were analysed byM® within the same batch to avoid
variation introduced by running samples at different time points (bdtech
batch varation). Pooled quality control samples were included to analyse
instrument stability over the 48our run period, allowing removal of ions with
high relative standard deviati@(RSDslraw LEMS data vaspre-processed by
peak identification, alignment, amotation, noise filtering, and putative
identification of metabolites. Peak intensities were then normalised to total ion
count to account for differences in tissue weight and metabolite content.-Non
human metabolites were removed from the dat@ yield 5@ human
metabolites with putative identifications. The following subsections detail the
results of univariate and multivariate analysebaracterisingintratumour
metabolic heterogeneityPatients 6 and 15 will be discussed in the main text to
cover IDHwildtype and-mutant GBM, with the remaining patients summarised

in sections8.2, 8.3and8.4in the Appendix

3.3. HGGs display intratumour metabolic heterogeneity

Principle componer{s) analysis of metabolomic profiles revealed regional
heterogeneity as well as overlap between some regions with similar metabolic
activity. In patient 6, thefirst principle component largely separated each
tumour region, accounting for 45.5% of the variation in the d&igire 3.3\).

The horizontal plane indicated that regions 6_2 and 6_3 are more similar in
comparison to regions 6_1 and 6_4, as supportedhieyarchical clustering of
the samples Kigure 3.B). Clustering of the samples also demonstrated a
shorter distance measure between replicate 4 of region 6_3 (designated as
6_3 4) and fragments from region 6.2, supported by metabolomic similarities
as depcted in the heatmap overviewr{gure 3.&). Since these regions were

located adjacent to each other within the original tumour mass, it is possible
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that fragment 6_3 4 was derived from the same metabolic niche containing
region 6_2. However, this is highdpeculative and given that 6_3 4 was taken
from the same tissue sample as the other region 6_3 fragments, the

designation of 6_3 4 as a replicate from region 6_3 was retained.

In patient 15, separation of samples along the first component demonstrated

that most of the variation occurred between region 15_5 and all other regions
collectively Figure 3.8\, supported by low dissimilarity between regions 15_1,

15 2, 15 3 and 15 _4 and clustering of fragments from these regkigaré

3.6B). The heatmap oWldA S¢ 2F LI GA Sy (Figuep3®y YSil
highlighted a largely homogenous metabolic landscape within theineasive

regions compared to patient 6. Interestingly, both patients showed separation

and clustering of the invasive margin from Rmwasie regions in support of

our hypothesis that the invasive margin displays a distinct metabolomic

signature.
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3.4. Metabolites differ in extent of heterogeneity across HGG regions
Multivariate analysis of the HGG metabolome revealedore heterogereous
metabolic landscapen patient 6 compared to patient 15. To determine
metabolites with significant variation across regions, a-aay analysis of
variance ANOVA test was performedto select for variables with a false
discovery rate (FDRprrectedp-value of less than 0.05. A greater number of
significant metabolites was identified in patient 15{] compared to patient

6 (307), which was unexpected considering the homogenous mreatd patient

15 but is likely explained bthe highly distinct invasive margin, the higher
number of replicateger region, and the balanced nature of the data set (i.e.
same number of replicates for each region). Heatmaps displaying the top 50
significanh metabolites confirmed the findings of the multivariate analysis
above highlighting the relative similarity between regio®s2 and6_3 (Figure
3.7), and the stark contrast betweethe invasion margin and neimvasive
regions of patient 15(Figure 3.8). Table 3.3 lists metabolites that were

identified in all five patients to be sigraéintly variant across regions.

Each list of significant metabolites wasported into the MSEA suite of the
online MetaboAnalyst metabolomics data analysis tool to determine if
heterogeneity was confined to specific metabolic pathwaysignificant score
for glucosealanine cycléraw p-value=0.013jvas obtainedn patient 6(Table
3.4). In patient 15, significance was reachddr the metabolite sets
phosphatidylethanolamine biosynthesi¢raw p-value=0.012), cardiolipin
biosynthesigraw p-value=0.029)pyrimidinemetabolism(raw p-value=0.031),
and phosphatidylcholine biosynthedisaw p-value=0.032) {able3.5). In the
other patients, no metabolite set wasgrificantly enriched in patient 8Table
8.1 in the Appendix); phenylacetate metabolisnfraw p-value=0.030) and
glycolysis(raw p-value=0.045) were enriched in patient Baple 8.5 in the
Appendix); andphosphatidylethanolamine biosynthegisaw p-value=0.025)
were enriched in patient 14T@ble8.9 in the Appendix). In no patient did the
MSEA reach significance following correction for multgenparisonsusing

either the Holm or FDR method€oupéd with low fold enrichment scores,
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sdid conclusionould notbe made regarding thelucidation ofmetabolic

pathways displayngthe highest heterogeneity.

Table 3.3. List of metabolites commonly identified across all five

patients as  significantly variant using a one -way ANOVA model
Metabolite ID confidencsd
Alpha-ketoisovaleric acid 10
L-Ornithine 10

Glycerophosphocholine

N-Acetylglutamine
(S)-2,3,4,5-Tetrahydropyridine-2-carboxylate
2-Dehydro-3-deoxy-L-rhamnonate
3-Sulfinoalanine

4-Guanidinobutanoic acid

Anserine

Carnosine

D-Glucose

D-Proline

N-Acetyl-L-aspartate
(S)-3-Methyl-2-oxopentanoic acid
1-(beta-D-Ribofuranosyl)-1,4-dihydronicotinamide
Asn-Lys-Asn-Pro
Cystenyl-Serine
Glutamylleucine
Glu-Phe-Asn-Arg
Leucyl-Lysine
Leucyl-Threonine

Maleamate

Met-Ala-Ser

Met-Gly-Ser
N-Acetylaspartylglutamate
4-Pyridoxic acid

L-Methionine S-oxide
1-Pyrroline-5-carboxylate
Glycerophosphoethanolamine
2-Octenoylcarnitine
Ala-Ala-Ala

Asp-Thr-Thr-Asp

Glu-Thr-Thr
Methionyl-Asparatate 5

ID confidence scores delineate the confidence of the putative metabolite
identification.
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Figure  3.7. lIdentification of regionally variant metabolites in

patients 6 . One-way ANOVA was conducted on the metabolomic profiles
from patients 6 . Only the top 50 significant metabolites are displayed in the
heatmaps. Sample IDs (bottom) delineate the patient, region (symbol R),
and replicate number s, respectivel .

Table 3.4. Metabolite set enrichment analysis of metabolites in

patient 6 identified as significant using one -way ANOVA.

Metabolite Set Total |Expected Hits Raw p | Holm p FDR
Glucose-Alanine Cycle 13 1.56 5 0.0134 1 1
Histidine Metabolism 43 5.17 9 0.0623 1 1
Glycine and Serine Metabolisin 59 7.09 11 0.0847 1 1
Malate-Aspartate Shuttle 10 1.2 3 0.108 1 1
Carnitine Synthesis 22 2.64 5 0.113 1 1
The table details the top five enriched metabolite sets based on significantly
differentially abundant metabolites with log2 fold -change >0.58 or < -0.58.
Significan t raw p-values (Raw p) for enriched metabolite sets were adjusted for
multiple comparisons using the Holm (Holm p) or false -discovery rate (FDR) method
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Figure  3.8. Identification of regionally variant metabolites in
patients 15 . One -way ANOVA was conducted on the metabolomic profiles
from patients 15. Only the top 50 significant metabolites are displayed in the
heatmaps. Sample IDs (bottom) delineate the patient, region (symbol R),
and replicate numbers, respectively.

Table 3.5. Metabolite set enrichment analysis of metabolites in
patient 15 identified as significant using one -way ANOVA.

N
pol
w

Metabolite Set Total |Expected Hits Raw p [ Holmp

FDR

Phosphatidylethanolamine Biosynthesjs 12 2.92 7 0.0117 1

0.789

Cardiolipin Biosynthesis 11 2.67 6 0.0294

0.789

Pyrimidine Metabolism 59 14.3 21 0.0305

0.789

Phosphatidylcholine Biosynthesis 14 3.4 7 0.0322

0.789

S

Arginine and Proline Metabolism 53 12.9 18 0.0681

0.947

The table details the top five enriched metabolite sets based on significantly

differentially abundant metabolites with log2 fold -change >0.58 or <
Significan t raw p-values (Raw p) for enriched metabolite sets were adjusted

-0.58.
for

multiple comparisons using the Holm (Holm p) or false -discovery rate (FDR) method
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Following the difficulties above with the MSEA, a biased approach was adopted
to determine the regional distribution of metabolites belonging to the
glycolysis pathwaynd TCA cycle. An indication as to the functional effect of
these pathways was determined through assessment of several species
involved in energetics, including ATP and NADH. Given the importance of amino
acids to normal cellular function, essential, cdmhal, and noressential
amino acids were also assessedlutamate, kserine and glycine feed into the
one-carbon metabolic pathway, featuring the folate and methionine cycles
These metabolic pathways were also analysed since they feed intermediates

into nucleotide and glutathione synthegf¢ang and Vousden, 2016)

The heatmaps ifrigure 3.%highlighted regional heterogeneity in metabolites
related to glgolysis, TCA cycle, and energetics in patient 6. Within the glycolysis
pathway, only Bglucose had a significant ANOVA score (FDR<0.01) in reflection
of regional heterogeneity and higher metabolite abundance of the metabolite
within the invasive margin copared to the noninvasive regions (2.3tId
increase) ftigure 3.9\). Significant scores for citrate and isocitrate were also
obtained between the nofinvasive regions and the invasive margtig(ire
3.9B), perhaps reflecting differences in mitochondriattiaty and lipid
synthesis. Regional heterogeneity was observed for several energetic species,
including ATP, creatine, and NADHy(re 3.€). Interestingly, regions 6_2 and
6_3 demonstrated an above median abundance of NAD+, as observed for its
reducedequivalent NADH. Both these metabolites demonstrated a significant
ANOVA score, but only NAD+ levels within the invasive margin were
significantly different to noAnvasive regions (FDR<0.01). A similar pattern of
differences confined between nanvasiveand invasive regions was identified

for most amino acids apart from -dlutamine, which demonstrated
homogeneity across all regions that was not reflected in its immediate
downstream product, iglutamate Figure3.10A, B, and C). Althoughskrine

and Lglycine showed nowignificant heterogeneity between regions, this did
not translate into significantly variable glutathione levdtggy(re3.11A and B).

Table 3.6 summarises the biased analysis afitratumour metabolic
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heterogeneity across all regions and between fiovasive and invasive regions

in patient 6.
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Figure 3.9. Regional variation in patient 6 of metabolites generated

within the glycolysis pathway, tricarboxylic acid cycle, and
energetics. Heatmaps display median replicate values of mean -centred
peak intensities for metabolites generated within glycolysis (A), TCA cycle
(B), and energetics (C). Scale bars depict the grading of colours for fo Id

changes ranging between 0 and 2. Fold changes above 2 are numbered.
Peak intensities for metabolites of interest across regions (symbol R; left bar
plot) and between region types (right bar plot) are displayed in each panel.

Statistical evaluation of re  gional variation was conducted using a one -way
ANOVA model andtwo -samplet -test, respectively. Abbreviations: Non -inv i
non -invasive (light grey); Inv i invasive (dark grey). ns = not significant; *

= p<0.05; ** = p<0.01; ** = p<0.001; **** = p<0.0001.
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Figure 3.10. Regional variation in patient 6 of essential conditional

and non -essential amino acids Heatmaps display median replicate
values of mean -centred peak intensities for essential (A), conditional (B),
and non -essential (C) amino acids. Scale bars depict the grading of colours
for fold changes ranging between 0 and 2. Fold changes above 2 are
numbered. Peak intensities for metabolites of interest across regions
(symbo | R; left bar plot) and between region types (right bar plot) are
displayed in (D).
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Figure 3.11. Regional variation in patient 6 of metabolites belonging

to the serine/one -carbon metabolic pathway . Heatmaps display
median replicate  values of mean -centred peak intensities for metabolites
generated within serine/one -carbon metabolism (A). Scale bars depict the
grading of colours for fold changes ranging between 0 and 2. Fold changes
above 2 are numbered. P eak intensities for metabolites of interest across
regions (symbol R; left bar plot) and between region types (right bar plot)

are displayed in (B). Statistical evaluation of regional variation was
conducted using a one -way ANOVA model and two -sample t-test,

respectively. Abbreviations: Non -inv T non-invasive (light grey); Inv T
invasive (dark grey). ns = not significant; * = p<0.05; ** = p<0.01; *** =
p<0.001; **** = p<0.0001.
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Table 3.6. Metabolic variation across region and region

types in patient 6.

Metabolite ID Across regions Invasive vs non-invasive region
confidence| FDR |Significam log2FC | FDR |Significant

Glycolysis
D-Glucose 8 1.45E-03 *x 1.24 6.72E-03 *x
D-Glucose 6-phosphate 10 8.06E-01 ns -0.01 8.78E-01 ns
D-Fructose-1,6-bisphosphate 10 1.48E-01 ns -0.09 2.73E-01 ns
D-Glyceraldehyde 3-phosphate 10 4.08E-01 ns -0.36 7.05E-01 ns
3-Phospho-D-glycerate 10 1.55E-01 ns -1.84 1.82E-01 ns
Phosphoenolpyruvate 10 1.29E-01 ns -2.69 8.28E-02 ns
Pyruvate 10 2.18E-01 ns -0.28 9.85E-01 ns
Lactate 10 9.48E-02 ns -0.91 1.42E-01 ns
Tricarboxylic acid cycle
Citrate 8 2.02E-01 ns 0.78 1.21E-03 *x
Isocitrate 8 2.59E-01 ns -0.74 3.41E-03 *x
Succinate 10 2.36E-01 ns -1.08 4.11E-03 x*
Malate 10 2.41E-01 ns 0.11 4.35E-01 ns
Energetics
ADP 10 2.10E-01 ns -1.18 2.48E-02 *
ATP 8 4.98E-02 * -1.50 3.85E-02 *
Creatine 10 9.10E-03 *x 0.66 5.11E-05| ****
Creatinine 10 1.22E-03 *x 1.78 1.36E-04 rxx
NAD+ 10 8.87E-03 *x -4.27 4.53E-03 xx
NADH 10 2.50E-02 * -1.54 2.16E-01 ns
Essential amino acids
L-Histidine 10 1.77E-03 *x 1.54 7.51E-04 o
L-Leucine 10 4.12E-02 * -0.97 7.64E-02 ns
L-Lysine 8 4.59E-02 * -0.79 2.29E-01 ns
L-Methionine 10 2.17E-01 ns -0.33 6.53E-02 ns
L-Phenylalanine 8 3.27E-02 * -0.64 1.47E-01 ns
L-Threonine 10 8.88E-04 ol -0.85 1.31E-01 ns
L-Tryptophan 10 2.60E-01 ns -0.08 8.17E-01 ns
Conditional amino acids
L-Arginine 10 1.44E-01 ns 0.44 1.34E-01 ns
L-Glutamine 10 9.17E-01 ns 0.04 5.99E-01 ns
L-Tyrosine 10 3.47E-01 ns -0.29 2.29E-01 ns
Glycine 10 5.38E-02 ns -2.49 5.92E-04 rxx
L-Ornithine 10 4.52E-02 * -0.97 2.43E-01 ns
L-Proline 10 6.51E-04 rxx -2.57 2.78E-04 rxx
L-Serine 10 7.29E-02 ns -0.58 1.61E-01 ns
Non-essential amino acids
L-Alanine 10 1.02E-02 * 0.68 8.22E-05| ****
L-Aspartate 10 1.17E-01 ns 0.67 9.86E-04 el
L-Glutamate 10 1.51E-02 * 0.84 1.11E-03 *x
Serine/one-carbon metabolism
Betaine 10 4.27E-02 * 0.77 2.52E-02 *
L-Cystathionine 10 1.34E-03 *x 0.80 9.28E-03 *x
Qn[ nDf dzil | Y&f | m(BR & () 8.805¢-61 ns 1.47 7.38E-03 *
Glutathione 10 3.52E-01 ns 0.18 4.48E-02 *
Glutathione disulfide 10 2.86E-01 ns -1.05 2.11E-02 *
Hypotaurine 8 1.72E-03 *x -1.19 5.36E-05| ****
Taurine 10 3.89E-01 ns 0.03 6.96E-01 ns

Metabolites highlighted in red showed RSD values >30% in QC samples.
ID confidence scores delineate the confidence of the putative metabolite

identification. Fold changes are invasive ton

are displayed as logarithms to the base 2 (log2

or <

-0.58 are depicted

in

red and green,

on-invasive comparisons and
FC). Fold changes >0.58
respectively.

Statistical

evaluation of variation between regions and region types was performed

using a one -way ANOVA model and two
Significance scores were corrected for multiple comparisons
ficant; * = p<0.05; ** = p<0.01;

discovery rate (FDR).

ns = not signi

*#%% = p<0.001; **** = p<0.0001.

-sample

t-test, respectively.

using false
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Patient 15 demonstrated a relatively homogenous avasive metabolomic
profile in terms of glycolysis (Figure 3.12), TCA cycle (Figure 3.13), and amino
acid metabolism (Figure 3.14). Hetgeneous levels of ADP, ATP (p< 0.0001),
NAD+ and NADH (FDR<0.05) were observed in support of regional differences
in energetics (Figure 3.12C). Consistent with previous analyses, heterogeneity
predominantly occurred between the neinvasive and invasiveegions, with
significant scores for most essential and conditional amino acids (Figure 3.13A,
B, and C). Of note, several glycolytic intermediates were lower in abundance in
the norrinvasive regions, indicative of increased glycolytic activity leading to
greater ATP levels (Figure 3.12A). Surprisingly, lactate levels were increased in
the invasive region despite hypothesised increased relative glycolytic activity
within the noninvasive regionsWe hypothesise that the high lactate levels
within the invasie region may be derived from infiltratingmour cells since
glioma cell invasionis dependent upon lactate efflugColenet al, 2011)
Lactate may als@nhance tumour cell motilityas seen in head and neck
carcinoma cell linesyhilst reducingmigration of immune cell§Goetzeet al,

2011) Lactate within the invasive region may therefore bdéiamarker of

tumour invasiorand immune evasioto beinvestigated in a larger cohort

Citrate and isocitrate levels were reduced in the fiowasive regionsHigure
3.12B), related perhaps to reduced TCA anapleurosis or shuttling of carbon
atoms into lipid synthesis. Indeed, levels of thglitamate and & precursor,
L-glutamine, were relatively unchanged across all regidriguie 3.13D),
indicating a lack of anapleurotic activity. No significsgures for glutathione in
oxidised or reduced form were observdeldure 3.1B), suggestive of sustained
synthesis to replenish metabolite pool¥able 3.7 summarises the biased
analysis of intratumour metabolic heterogeneity across all regions and
between noninvasive and invasive regions in patient 15. Collectively, both
patients 6 and 15 highlighted the different extents of heterogeneity within
severd metabolic pathways that was particularly evident between the non

invasive and invasive regions.
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Figure  3.12. Regional variation in patient 15 of metabolites
generated within the glycolysis pathway, tricarboxylic acid cycle,
and energetics. Heatmaps display median replicate values of mean -centred

peak intensities for metabolites generated within glycolysis (A), TCA cycle
(B), and energetics (C). Scale bars depict the grading of colours for fold
change s ranging between 0 and 2. Fold changes above 2 are numbered.
Peak intensities for metabolites of interest across regions (symbol R; left bar
plot) and between region types (right bar plot) are displayed in each panel.

Statistical evaluation of regional va riation was conducted using a one -way
ANOVA model andtwo -samplet -test, respectively. Abbreviations: Non -inv T
non -invasive (light grey); Inv i invasive (dark grey). ns = not significant; *

= p<0.05; ** = p<0.01; *** = p<0.001; **** = p<0.0001.
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Figur e 3.13 . Regional variation in patient 15 of essential , conditional
and non -essential amino acids . Heatmaps display median replicate

values of mean -centred peak intensities for essential (A), conditional (B),
and non -essential (C) amino acids. Scale bars depict the grading of colours

for fold changes ranging between 0 and 2. Fold changes above 2 are
numbered. Peak intensities for metabolites of interest across regions
(symbol R; left bar plot) and between regi on types (right bar plot) are

displayed in (D). Statistical evaluation of regional variation was conducted
using a one -way ANOVA model and two -sample t-test, respectively.

Abbreviations: Non -inv i non-invasive (light grey); Inv I invasive (dark
grey). ns = not significant; * = p<0.05; ** = p<0.01; *** = p<0.001; ****
= p<0.0001.
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Figure  3.14 . Regional variation in patient 15 of metabolites

belonging to the serine/one -carbon metabolic pathway . Heatmaps
display median replicate values of mean -centred peak intensities for
metabolites generated within serine/one -carbon metabolism (A). Scale bars
depict the grading of colours for fold changes ranging between 0 and 2. Fold

changes above 2 are numbere  d. Peak intensities for metabolites of interest
across regions (symbol R; left bar plot) and between region types (right bar

plot) are displayed in (B). Statistical evaluation of regional variation was
conducted using a one -way ANOVA model and two -sample t-test,

respectively. Abbreviations: Non -inv T non-invasive (light grey); Inv T
invasive (dark grey). ns = not significant; * = p<0.05; ** = p<0.01; *** =
p<0.001; **** = p<0.0001.
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Table 3.7. Metabolic

variation across region and region types

in patient 15.

Metabolite ID Across regions Invasive vs non-invasive region

confidenc| FDR [Significan]{ log2FC | FDR [Significant

Glycolysis
D-Glucose 8 1.90E-02 * 0.36 2.55E-04 rxk
D-Glucose 6-phosphate 10 9.57E-02 ns -0.16 9.45E-02 ns
D-Fructose-1,6-bisphosphate 10 8.55E-02 ns 0.56 1.33E-01 ns
D-Glyceraldehyde 3-phosphate 10 9.90E-09|  **** 2.42 4.69E-05|  ****
3-Phospho-D-glycerate 10 1.31E-01 ns -0.53 2.72E-01 ns
Phosphoenolpyruvate 10 1.98E-02 * 0.74 3.02E-01 ns
Pyruvate 10 5.96E-01 ns 0.23 7.43E-01 ns
Lactate 10 3.08E-06|  **** 0.54 1.26E-03 **
Tricarboxylic acid cycle
Citrate 8 4.42E-06|  **** 0.63 1.22E-07| ****
Isocitrate 8 2.64E-04 ol 0.22 5.27E-04 rxx
Succinate 10 6.49E-06[ **** 0.77 6.03E-05[ ****
Malate 10 1.12E-02 * 0.07 5.53E-01 ns
Energetics
ADP 10 8.08E-11 ekl -1.96 1.90E-05 ookl
ATP 8 1.72E-08| **** -2.51 5.14E-04 Xk
Creatine 10 2.48E-01 ns 0.14 2.94E-01 ns
Creatinine 10 1.07E-06]| **** 0.80 6.37E-03 xk
NAD+ 10 7.60E-Q9|  *x** -2.82 3.49E-03 x
NADH 10 3.46E-02 * -0.18 4.63E-01 ns
Essential amino acids
L-Histidine 10 3.86E-01 ns 0.18 1.71E-01 ns
L-Leucine 10 6.65E-08|  *x*=* -0.74 1.23E-03 **
L-Lysine 8 5.69E-05 ikl -1.08 9.21E-03 *x
L-Methionine 10 1.78E-07| **** -0.93 2.33E-03 xx
L-Phenylalanine 8 6.74E-06| ***=* -0.71 2.05E-03 **
L-Threonine 10 2.97E-06 Fhkx -0.51 4.82E-03 **
L-Tryptophan 10 3.81E-04 o -0.31 4.78E-02 *
Conditional amino acids
L-Arginine 10 3.31E-02 * -0.30 6.34E-02 ns
L-Glutamine 10 5.33E-02 ns -0.13 1.58E-01 ns
L-Tyrosine 10 1.42E-04 o -0.19 1.59E-01 *
Glycine 10 8.29E-05| **** -0.86 1.99E-02 *
L-Ornithine 10 2.43E-03 xx -0.55 3.09E-02 *
L-Proline 10 1.05E-08] **** -1.12 3.36E-03 **
L-Serine 10 5.91E-02 ns 0.35 8.03E-03 xx
Non-essential amino acids
L-Alanine 10 4.43E-01 ns 0.17 4.50E-02 *
L-Aspartate 10 5.66E-01 ns -0.08 5.06E-01 ns
L-Glutamate 10 6.23E-01 ns 0.09 9.79E-01 ns
Serine/one-carbon metabolism
Betaine 10 2.50E-10 ikl 1.65 1.18E-05 ikl
L-Cystathionine 10 2.56E-06| **** 1.92 1.27E-08| ****
Qn[ nDf dzii I Y&t | m@e a [i BWEES *x 1.93 3.568E-05| ****
Glutathione 10 2.29E-01 ns 0.19 1.89E-01 ns
Glutathione disulfide 10 2.55E-01 ns -0.31 1.99E-01 ns
Hypotaurine 8 3.34E-04 xkx -0.33 1.49E-01 ns
Taurine 10 3.59E-02 * 0.07 4.32E-01 ns

Metabolites highlighted in red showed RSD values >30% in QC samples.
ID confidence scores delineate the confidence of the putative metabolite

identification. Fold changes are invasive to

are displayed as logarithms to the base 2 (log2

or < -0.58 are depicted in red and green,

using a one -way A NOVA model and two

-sample

respectively.

Significance scores were corrected for multiple comparisons
discovery rate (FDR). ns = not significant; * = p<0.05; ** = p<0.01;
*** = p<0.001; **** = p<0.0001.

non -invasive comparisons and
FC). Fold changes >0.58

Statistical
evaluation of variation between regions and region types was performed

t-test, respe

ctively.

using false
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3.5. Lipid heterogeneity within angetween HGG patients

The heterogeneity observed within metabolomic profiles in relation to regional
variation between invasive and nenvasive regions were largely replicated
within lipidomic profiles. PCA of all patients revealed spread between tumour
fragments in patients 6, 8 and Bigure3.15B). Samples from patients 14 and
15 were more clustered in comparison to the other patierffgy(ire 3.15B).
Interestingly, patient 15 was slightly segregated from the other patients,
suggestive of a distinct lipidomic signature. This is likely due tolE&l
mutation in patient 15 influencing the lipid signature displayed by this tumour.
All QC samples apart from one showed strong clustering, indicating minimal
shift during the experiment duratior=(gure3.15A). FromFigure3.15B, it was
evident that some samples from different tumours demonstdate similar
lipidomic profile that segregated from the main cluster of samples. Analysing
the region type revealed most of these samples to be derived from the invasive
margin Figure3.15C). Sample 9 5 2 from the invasive region of patient 9 did
not cluster with all other invasive region profiles and may therefore be an
outlier. Collectively, this supported the notion of a highly distinct lipidomic

signature within the invasive margin compared to Aomasive regions.

Multivariate analysis based on class discrimination using an-DRL8odel
confirmed the clustering and separation of invasive region lipidomic profiles,
although some nofinvasive regn samples were ceegregatedKigure3.16A).

The strength of the model was only moderate with R2Y=0.662 and Q=0.56, with
R2X=0.414. The R2X valueigates the predictive and orthogonal variation in

X (data matrix) explained by the model, whereas the R2Y value indicates the
total sum of variation in Y (class discrimination) explained by the model. The Q2
value depicts the goodness of prediction of tmeodel and to identify
overfitting. The most important lipid species distinguishing the invasive and
non-invasive regions were sphingolipids and fatty acids, respectivedyre
3.16B), which may represent biomarkers for further evaluation. A few
lysophospholipid species were also associated with the invasive m&igurég

3.16B). Hypoxic and Rasansformed cells have been shown to scavenge
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exogenous lipidéKamphorset al., 2013). Therefore, differences between the
nor-invasive and invasive regions in terms of lysophospholipid species may
reflect differences in lipid scavenging potential. However, lipid classes were
identified for only a small fraction of lipids since tandéi&/MS was not
conducted in the methodology. Therefore, the differences observed may not
reflect the full complement of lipids classes that are altered within and between

patients.
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3.6. Multilevel modelling identifiedifferentially abundaninetabolites
between the noAnvasive and invasive regions
In order to identify common changes across several patients, multilevel
modelling was performed on patients 9, 14, and 15, covelidig1lwildtype
GBM, IDH1 mutant GBM, and MGNT tumour types. A multilevel model was
applied since it is not statistically amgpriate to treat samples from the same
patient as independent.Table 3.8 confirms the significance of several
metabolites associated with glycolysi§CA cycle, energetics, amino acid
synthesis and glutathione metabolism. The model emphasises the higher
abundance of several amino acids, includingrdline, in the norinvasive
regions compared to the invasive margin. The two metabolites with the highest
fold changs, NacetylL-aspartate (NAA) and Nacetylaspartylglutamate
(NAAG) are neuronal markers, indicating that tissue from the invasive margin
is not solely constituted of tumour cellSBISEA of metabolites with a fold
change > 1.5 or <0.67 showe significant enrichment ohucleotide sugars
metabolism starch and sucrose metabolisnand phosphatidylcholine
biosynthesiswith respective rayp-values of 0.012, 0.017 and 0.03&ble3.9).
Pathway analysis of the same list of differentially abundant metabolites
revealed significant impact to several pathways, includysgne degradation
pyrimidine metabolismand arginine am proline metabolis;mwith impact

scores of 0.33, 0.36 and 0.32, respectivégi]e3.10).
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Table 3.8. Metabolites of differential abundance between
non -invasive and invasive regions using a multilevel linear
model

. ID - Higher
Metabolite confidence log2FC FDR Significant abundance
N-Acetyl-aspartyl-glutamate 7 3.70 0.00E+00 falaloll Invasive
N-Acetyl-L-aspartate 8 1.77 5.65E-06 Fkkk Invasive
D-Glyceraldehyde 3-phosphate 10 1.50 5.42E-05 fieieled Invasive
Creatinine 10 0.89 5.07E-05 falaield Invasive
L-Cystathionine 10 0.88 5.07E-03 el Invasive
Betaine 10 0.66 2.55E-02 * Invasive
L-Histidine 10 0.52 1.03E-02 * Invasive
Glutathione 10 0.37 5.37E-03 el Invasive
D-Glucose 6-phosphate 10 0.36 3.17E-02 * Invasive
Citrate 8 0.32 2.46E-02 * Invasive
Creatine 10 0.26 7.84E-04 ekl Invasive
L-Alanine 8 0.23 8.45E-03 el Invasive
L-Aspartate 10 -0.17 3.88E-02 * Non-invasive
Isocitrate 8 -0.23 4.52E-02 * Non-invasive
L-Tryptophan 10 -0.29 3.40E-02 * Non-invasive
Glutathione disulfide 10 -0.54 2.77E-02 * Non-invasive
Choline phosphate 10 -0.64 5.51E-04 Hokx Non-invasive
L-Threonine 10 -0.65 0.00E+00 fuololed Non-invasive
L-Phenylalanine 8 -0.72 2.58E-04 ekl Non-invasive
L-Ornithine 10 -0.90 1.60E-05 falaield Non-invasive
UDP-N-acetyl-D-glucosaming 6 -0.90 5.65E-06 falaeld Non-invasive
L-Leucine 10 -0.92 1.40E-03 el Non-invasive
Ethanolamine phosphate 10 -1.04 8.01E-03 el Non-invasive
NADH 10 -1.06 1.17E-02 * Non-invasive
L-Kynurenine 8 -1.17 3.60E-03 el Non-invasive
L-Lysine 8 -1.35 1.23E-02 * Non-invasive
Glycine 10 -1.39 1.08E-02 * Non-invasive
(S)-1-Pyrroline-5-carboxylate 6 -1.66 0.00E+00 falaield Non-invasive
L-Proline 10 -1.70 2.33E-05 falaeld Non-invasive
ATP 8 -1.92 2.14E-04 ekl Non-invasive
NAD+ 10 -2.15 3.15E-03 el Non-invasive
5-Methylcytosine 8 -2.53 5.87E-04 ookl Non-invasive
2-Hydroxyadenine 7 -2.82 1.75E-03 ** Non-invasive

Metabolites highlighted in red showed RSD values >30% in QC samples.

ID confidence scores delineate the confidence of the putative metabolite
identification.  Fold changes are displayed as logarithms to the base 2
(log2FC). Fold changes >0.58 or < -0.58 are depicted in red and green,
respectively. The region type with the hi gher peak intensity is indicated.
Significance scores were FDR -corrected for multiple comparisons. ns =
not significant; * = p<0.05; ** = p<0.01; *** = p<0.001; **** =
p<0.0001.

Table 3.9. Metabolite set enr ichment analysis of metabolites
identified as differentially abundant based on a multilevel linear
model.

Metabolite Set Total [Expected Hits Raw p | Holmp FDR
Nucleotide Sugars Metabolism 20 2.71 7 0.0122 1 0.847
Starch and Sucrose Metabolism 31 4.21 9 0.0173 1 0.847
Phosphatidylcholine Biosynthes|s 14 1.9 5 0.0309 1 0.986
Lactose Synthesis 20 2.71 6 0.0428 1 0.986
Carnitine Synthesis 22 2.99 6 0.0656 1 0.986
The table details the top five enriched metabolite sets based on significantly
differentially abundant metabolites with log2 fold -change >0.58 or < -0.58.
Significan t raw p-values (Raw p) for enriched metabolite sets were adjusted for
multiple comparisons using the Holm (Holm p) or false -discovery rate (FDR) method
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Table 3.10. Pathway analysis of metabo lites identified as
differentially abundant based on a multilevel linear model.

Metabolic Pathway Total |Expected Hits | Rawp | Holmp| FDR | Impact
Lysine degradation 47 21674 | 12 |6.85E-07 5.48E-04 5.48E-05 0.33359
Pyrimidine metabolism 60 2.7669 13 | 1.76E-0f 0.000139 7.05E-05 0.35932
Arginine and proline metabolism 77 3.5509 14 | 6.33E-06 0.000494 0.000169 0.32182
Valine, leucine and isoleucine biosynthegis 27 1.2451 6 |0.001124 0.086543 0.022479 0.32856
Glycine, serine and threonine metabolism 48 2.2135 7 0.005629 0.42769| 0.09004| 0.33636

The table details the top five impacted metabolic pathways based on significantly
differentially abundant metabolites with log2 fold -change >0.58 or < -0.58.
Significan t raw p-values (Raw p) for enriched metabolite sets were adjusted for
multiple comparisons using the Holm (Holm p) or false -discovery rate (FDR) method
Impact scores range between 0 and 1.

Collective analysis of differentially abundant metabolites between the-non
invasive and invasive regions of patients 9, 14, and 15 demonstrated significant
enrichment of several metabolic pathways. However, to determine if these
pathways were also enricheat the individual level, each patient was assessed
independently through statistical evaluation of differentially abundant
metabolites between the notnvasive and invasive regions using-gedt.
Heatmaps for patients 6 (Figure 3.17A) and 15 (FigureB3.d&monstrated the
capacity of several metabolites to distinguish Aomasive from invasive
regions. MSEA of differentially abundant metabolites in patient 6 revealed
significant enrichment of glutathione metabolism (raw@lue=0.033) (Table
3.11), wheeas pathway analysis identified significant scores for arginine and
proline metabolism (raw {value=2.78M7), histidine metabolism (raw -p
value=7.20B5), and pyrimidine metabolism (raw-yalue=0.00025) (Table
3.12). However, pathway impact scores werav|gd0.26, 0.24 and 0.23,
respectively). In patient 15, MSEA showed significant enrichment for
phosphatidylethanolamine synthesis (rawvalue=0.030), purine metabolism
(raw pvalue=0.036), and pyrimidine metabolism (rawadue=0.038) (Table
3.13). Pathwayanalysis identified significant impact on several pathways,
including pyrimidine metabolism (raw\mlue=7.07EL1), arginine and proline
metabolism (raw pvalue=1.72E6), and purine metabolism (raw -p
value=4.46E6), with modest impact scores of 0.54,®and 0.38, respectively
(Table 3.14). Similar analyses in the other patients revealed pagjsatific

enrichment in certain metabolic sets, includinde novo triacylglycerol
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biosynthesis (raw 4value=0.102), glycolysis (raw-vplue=0.00043) and
phosphatdylethanolamine biosynthesis (rawvalue=0.0025) in patients 8, 9
and 14, respectively. However, arginine and proline metabolism were
consistently observed to be significantly impacted in patients 8, 9 and 14. Along
with the data from patients 6 and 15gis analysis indicated that nanvasive

and invasive regions differ metabolically in terms of arginine and proline
metabolism. This analysis also highlighted irgatient heterogeneity
indicating that there are not only metabolites commonly altered betwe
patients (Table 3.15), but also some metabolites that are altered in some

patients and not others.

Table 3.11. Metabolite set enrichment analysis of metabolites in

patient 6 identified as significant using t-test.

Metabolite Set Total [Expected Hits Rawp | Holmp FDR
Glutathione Metabolism 21 3.26 7 0.0326 1 0.966
Phosphatidylcholine Biosynthes|s 14 2.17 5 0.052 1 0.966
Glutamate Metabolism 49 7.61 12 0.0635 1 0.966
Lactose Synthesis 20 3.11 6 0.0753 1 0.966
Nucleotide Sugars Metabolism 20 3.11 6 0.0753 1 0.966
The table details the top five enriched metabolite sets based on significantly
differentially abundant metabolites with log2 fold -change >0.58 or < -0.58.
Significan t raw p-values (Raw p) for enriched metabolite set s were adjusted for
multiple comparisons using the Holm (Holm p) or false -discovery rate (FDR) method
Table 3.12. Pathway analysis of metabolites in patient 6 identified
as significant using t-test.

Metabolic Pathway Total |Expected Hits Rawp | Holmp| FDR | Impact
Arginine and proline metabolism 77 4.1267 17 | 2.78E-07 2.22E-05 2.22E-04 0.25857
Histidine metabolism 44 2.3581 10 | 7.20E-09 0.005687 0.002879 0.24098
Pyrimidine metabolism 60 3.2156 11 |0.000246 0.019209 0.006567 0.23188
Taurine and hypotaurine metabolism 20 1.0719 6 0.000439 0.033819 0.008784 0.1241
beta-Alanine metabolism 28 1.5006 6 0.002994 0.22753| 0.047901] 0.18935
The table details the top five impacted metabolic pathways based on significantly
differentially abundant metabolites with log2 fold -change >0.58 or < -0.58.
Significant raw  p-values (Raw p) for enriched metabolite sets were adjusted for
multiple compariso  ns using the Holm (Holm p) or false -discovery rate (FDR) method.

Impact scores range between 0 and 1.
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Figure 3.17 . Identification of differentially abundant metabolites

between non  -invasive and invasive re gions in patients 6 and 15. t-
test was conducted on the metabolomic profiles from patients 6 (A) and 15

(B). Only the top 50 significant metabolites are displayed in the heatmaps.

Sample IDs delineate the patient, region (symbol R), and replicate numbers,
respectively.
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Table 3.13. Metabolite set enrichment analysis of metabolites in

patient 15 identified as significant using t-test.

Metabolite Set Total |Expected Hits Rawp [ Holmp| FDR
Phosphatidylethanolamine Biosynthesjs 12 1.92 5 0.0302 1 1
Purine Metabolism 74 11.9 18 0.0362 1 1
Pyrimidine Metabolism 59 9.45 15 0.0377 1 1
Phosphatidylcholine Biosynthesis 14 2.24 5 0.0584 1 1
Arginine and Proline Metabolism 53 8.49 13 0.0666 1 1
The table details the top five enriched metabolite sets based on signif icantly
differentially abundant metabolites with log2 fold -change >0.58 or < -0.58.

Significant raw  p-values (Raw p) for enriched metabolite sets were adjusted for
multiple comparisons using the Holm (Holm p) or false

-discovery rate (FDR) method.

Table 3.14 . Pathway analysis of metabolites in patient 15 identified
as significant using t-test.

Metabolic Pathway Total |Expected Hits | Rawp [ Holmp| FDR | Impact
Pyrimidine metabolism 60 32405 | 19 |7.07E-11 5.65E-09 5.65E-09 0.53745
Arginine and proline metabolism 77 41587 16 | 1.72E-06 0.00013¢ 6.87E-05 0.24659
Purine metabolism 92 4.9688 17 | 4.46E-06 0.000344 0.000119 0.37727
Lysine degradation 47 2.5384 9 0.0007 | 0.053937 0.01401| 0.14851
Alanine, aspartate and glutamate metabolisin 24 1.2962 6 0.00133| 0.10107|0.021277 0.02849
The table details the top five impacted metabolic pathways based on significantly
differentially abundant metabolites with log2 fold -change >0.58 or < -0.58.

Significant raw  p-values (Raw p) for enriched metabolite sets were adjusted for
-discovery rate (FDR) method.

multiple compariso  ns using the Holm (Holm p) or false

Impact scores range between 0 and 1.

110




Table 3.15. List of metabolites commonly identified

across all five

patients  as significantly variant be tween invasive and non -invasive
regions using t-test
Metabolite conf:(?ence Aviiizglzitzea 6 8 Pagent 14 15

sn-glycero-3-Phosphocholine 10 2.01E+07 [1.32163] 1.1026|0.93661) 1.6265]|-0.3168
N-Acetyl-L-aspartate 8 1.65E+06 | 2.15628 2.10291f 1.60199 2.08613 1.24566
Homocarnosine 6 2.73E+05 |2.41363| 1.93713) 1.37063 2.04648 0.59055
N-Acetyl-aspartyl-glutamate 7 1.66E+05 | 3.64803) 1.95495 4.04411) 4.06921f 3.52785
2,3,4,5-Tetrahydropyridine-2-carboxylate 8 1.25E+05 | -1.7871| -3.5246]| -2.5618] -3.7791{ -1.2785
Maleamate 7 6.25E+04 |3.24738 2.90692 2.31301f 2.67203| 2.05577
Ala-Ala-Ala 5 4.80E+04 | 2.3148|1.36601 1.76856 2.62921] 2.78769
S-1-Pyrroline-5-carboxylate 6 4.14E+04 | -1.4469| -3.2917| -2.2616| -2.4104| -1.275
2-Isopropylmaleate 6 2.25E+04 | -0.9595| -0.7886| -0.6838| -2.1438| -0.5317
Met-Ala-Ser 7 1.23E+04 | 2.09761] 1.08513| 2.04076| 2.89598 4.58719
3-Sulfino-L-alanine 8 1.20E+04 | -3.3058] -2.6808| -3.8994| -5.8419]| -3.0084
Leu-Thr 7 1.03E+04 | 2.07401] 1.65745( 2.18098| 2.52069 4.24157
4-Acetamidobutanoate 6 1.01E+04 | 1.34468) 0.51766| 0.62217| 0.17144| 1.47682,
Val-His 7 6.59E+03 |2.59782 1.41798) 1.95411) 1.2418| 1.22726
r[stAlthygrrg;(tya(é|231]o’;|)(2§hi$alrii;nhydm 5 3.64E+03 | -2.9215| -2.8365| -2.1006 -1.7412| 0.64971]
Met-Gly-Ser 7 2.12E+03 | 1.91114) 1.26447) 1.74245{ 2.29838| 3.94019
4-Pyridoxate 6 9.78E+02 |2.60845 1.4386|2.89125 1.95445 4.64427

Metabolites highlighted in red showed RSD values >30% in QC samples.
ID confidence scores delineate the confidence of the putative metabolite
in metabolite peak intensities between the

identification.  Fold changes
invasive and non -invasive regions

2 (log2FC). Fold changes >0.58 or <

respectively.

are displayed as logarithms to the base

-0.58 are depicted in red and green,
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3.7. Noninvasive regionsxhibit (or are characterisdsy) high proline
levels
These findings revealed that metabolomic heterogeneity was largely confined
between noninvasive and invasive regions. Of particular interest was the
observation of consistently higher levels ofpiloline within noninvasive
regiors compared to invasive margin in all five patiefffigure3.18), indicating
that increased synthesis or reduced catabolism girdline is immrtant to
tumour growth. Increased abundance optoline cecoccurred with a similar
increase in its catabolicreakdown product, dpyrroline-5-carboxylate (P5C).
Indeed, the pattern finder feature of MetaboAnalyst indicated thatrbline
and P5C were strongly correlated with a highly significant (p<0.01) score of 0.8
and aboveacross all patientéTable3.16). L-glutamate 5semialdehyde (GSA),
another product of proline catabolism, showed a positive correlation with L
proline in four patients(Table 3.16). Transfer of the amino group from L
glutamate to GSA yieldsdrnithine, which is part of the urea cycle. In all
patients, kornithine was positively andignificantly correlated with-proline
(Table3.16). Only in patients 8, 14 and 15 waproline significantly correlated
with two other members of te urea cycle, fargininosuccinate and-arginine
(Table3.16). From these findings, proline metabolism and associated metabolic
pathways appear impoant to HGG growth. However, since theM6 analysis
represents a single timpoint, it is not possible to determine whether
increased synthesis or reduced degradation gdrdline is the contributing

factor, thus requiring further study
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Figure

belonging to the proline metabolism pathway.
-centred metabolite peak intensities. Fold

median replicate value of mean

changes above 2 are numbered. Peak intensities for L

3.18 . Regional variation in all five patients of metabolites

Heatmaps display the

-proline and P5C within

the non -invasive and invasive regions are displayed in each panel.

Statistical evaluation of was performed using a two

respectively . Abbreviations:
invasive (dark grey)

*¥** = p<0.001; **** = p<0.0001.

Non-inv

-sample t -test,
non -invasive ( light grey ); Inv 1

. ns = not significant; * = p<0.05; ** = p<0.01;
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Table 3.16 . Regional comparison of metabolites associated

with proline metabolism and correlation with L - proline
. ID Invasive vs non-invasive Correlation analysis
Metabolite i — - —
confidenc| log2FC | FDR [Significan{Correlatio] FDR [Significant

Patient 6
L-Proline 10 -2.57 2.78E-04 el N/A
1-Pyrroline-5-carboxylate 6 -1.45 | 5.92E-04| *** 0.91 1.42E-03 **
L-Glutamate 5-semialdehydg 8 -0.27 | 2.67E-01 ns 0.53 1.77E-01 ns
L-Glutamate 10 0.84 1.11E-03 o -0.88 | 2.85E-03 o
L-Ornithine 10 -0.97 | 2.43E-01 ns 0.75 2.42E-02 *
L-Argininosuccinate 8 0.59 8.26E-02 ns -0.48 | 2.40E-01 ns
L-Arginine 10 0.44 1.34E-01 ns -0.64 | 8.11E-02 ns
Patient 8
L-Proline 10 -1.81 7.30E-04 el N/A
1-Pyrroline-5-carboxylate 6 -3.29 | 1.14E-03 ** 0.96 3.79E-06| ***
L-Glutamate 5-semialdehydg 8 0.50 2.28E-03 ** -0.80 | 3.35E-03 *
L-Glutamate 10 0.37 1.73E-01 ns -0.58 | 5.34E-02 ns
L-Omithine 10 -1.12 | 4.72E-03 ** 0.92 9.72E-Q05[ **
L-Argininosuccinate 8 -0.22 | 9.50E-01 ns -0.29 | 3.81E-01 ns
L-Arginine 10 -0.92 | 1.43E-02 * 0.87 5.63E-04| ***
Patient 9
L-Proline 10 -1.12 | 3.46E-01 ns N/A
1-Pyrroline-5-carboxylate 6 -2.26 1.17E-02 * 0.88 3.92E-04| ¥
L-Glutamate 5-semialdehydg 8 -0.37 | 4.87E-01 ns 0.21 5.79E-01 ns
L-Glutamate 10 0.05 8.64E-01 ns -0.13 7.40E-01 ns
L-Omithine 10 -1.20 | 4.80E-02 * 0.83 1.69E-03 **
L-Argininosuccinate 8 -0.82 | 2.04E-01 ns 0.47 1.80E-01 ns
L-Arginine 10 -0.12 | 8.67E-01 ns 0.48 1.74E-01 ns
Patient 14
L-Proline 10 -3.39 | 9.82E-09| rx* N/A
1-Pyrroline-5-carboxylate 6 =241 | 8.95E-Q7| 0.91 4,39E-08|  **r*
L-Glutamate 5-semialdehyde 8 -1.00 | 6.16E-05] **** 0.85 3.07E-06[ **
L-Glutamate 10 0.34 6.74E-04] *** 0.18 4.99E-01 ns
L-Omithine 10 -1.85 3.95E-02 * 0.84 4.42E-06[ ***
L-Argininosuccinate 8 -2.70 | 2.04E-03 ** 0.94 1.65E-09| ****
L-Arginine 10 -0.34 | 3.01E-01 ns 0.74 2.40E-04] ***
Patient 15
L-Proline 10 -1.12 | 3.36E-03 *x N/A
1-Pyrroline-5-carboxylate 6 -1.27 3.34E-03 ** 0.91 1.22E-10| ¥+
L-Glutamate 5-semialdehyde 8 -0.60 | 3.41E-03 *x 0.74 1.19E-05| **+*
L-Glutamate 10 0.09 9.79E-01 ns -0.23 2.82E-01 ns
L-Omithine 10 -0.55 | 3.09E-02 * 0.84 4.14E-08| **
L-Argininosuccinate 8 -1.00 | 1.43E-03 ** 0.90 2.23E-10| ¥
L-Arginine 10 -0.30 | 6.34E-02 ns 0.54 4.47E-03 ok

ID confidence scores delineate the confidence of the putative metabolite
identification.  Fold changes are displayed as logarithms to the base 2
(log2FC). Fold changes >0.58 or < -0.58 are depicted in red and green,
respectively. Significance scores were FDR -corrected for multiple
comparisons. ns = not significant; * = p<0.05; ** = p<0.01; *** =

p<0.001; **** = p<0.0001.
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3.8. Regional heterogeneity in metabolistesociated gene expression
To determine if the basis of metabolic hetessgeity was due to an underlying
heterogeneous transcriptomic profile, a multilevel model was applied to
identify genes that were upregulated in the invasive margin, as these
transcripts were hypothesised to be the most likely to influence the
metabolomic pofile displayed by this region. Only a few metabolistated
genes were identified L(RP2 PDK4 (Table 3.17), indicating that metabolic
transcripts were largely uniform between namvasive and invasive regioris.

is also possible that other upregulated genes have an as yet unidentified role in
tumour metabolism, either directly or indirectlyntegration of the upregulated
genes in the invasive margin with metabolomic data through canonical
correlation analysis identified strong correlation scores for creatinine and L
ornithine (Figure3.19). However, the biological significance of this remains to

be elucidated through in vitro functional models.

Table 3.17 . Significantly upregulated genes within the invasive margin
determined using a multilevel linear model

Gene log2FC FDR O2y i X

ERMN 3.648 0.015239954 PEX5L 2.481 0.013573742
MAG 3.412 0.006896786 HHATL 2.458 0.007283041
MOBP 3.255 0.006896786 HAPLN2 2.438 0.006896786
MAL 3.216 0.009637143 CD22 2.407 0.009637143
ENPP2 3.161 0.04896076 HHIP 2.407 0.017447666
MOG 3.153 0.038164656 MAP7 2.386 0.043909255
SLC5A11 2.887 0.006926583 CLCA4 2.322 0.000479084
KLK6 2.851 0.02148992 LGI3 2.313 0.02148992

CNTNAP4 2.847 0.015198309 TMEM144 2.308 0.038846488
LRP2 2.789 0.002497308 SLCO1A2 2.302 0.006896786
DOCK5 2.789 0.02148992 PIP4K2A 2.267 0.017447666
EDIL3 2.770 0.038169065 SEPT4 2.236 0.006926583
NKAIN2 2.762 0.023627392 RAPGEF5 2.228 0.023627392
OPALIN 2.760 0.000479084 GRM3 2.209 0.009192237
FA2H 2.688 0.009192237 MYRF 2.180 0.000902181
BCAS1 2.658 0.042333074 TPPP 2.148 0.038033482
PLEKHH1 2.626 0.00074939 NKX6-2 2.145 0.00438546

CAPN3 2.605 0.026137615 CARNS1 2.117 0.009637143
CTNNA3 2.561 0.042333074 PDK4 2.092 0.02148992

PLCL1 2.484 0.007283041 C100rf90 2.058 0.041754283

The t op 40 significantly upregulated genes within the invasive margin compared to

the non -invasive regions are displayed. Genes are ordered according to fold changes
to the logarithm of base 2 (log2FC). False discovery rate ( FDR)-corrected p-values
were calculated using a multilevel linear model.
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Since only a fewnetabolismrelated genes were identified as differentially
expressed between invasive and Rmvasive regions, the expression of genes
encoding enzymes within glycolysis, PPP, TCA cycle, glutamine, serine/one
carbon, and lipid metabolism were examined tietermine evidence of
regionally heterogeneous expression. Most genes demonstrated minimal
variation (maximum fold change of ~2) across regions in patientSgre
3.20), 14 Figure 3.2) and 15 Figure 3.22 Interestingly, in all three patients
the expression oPDK4Figure3.20A,3.21A and3.22A) andLRPZFigure3.20G,
3.21G and3.22G) were higher in the invagiwegion (R5) compared to nen
invasive regions, confirming the combined analyses presentéichinle3.17.
These findings indicate that ITH@BM does not extend to most metabolism
related genes, possibly accounting for the relative homogeneity observed for
some metabolites across all regions. Therefore, screens will be required to
determine which enzymes represent synthetic lethal partnersseonmonly
observed GBM mutations. Ideally, enzymes essential for cancer survival but
expressed at a low level would be ideal candidates since relatively low drug
concentrations would be required to achieve therapeutic efficacy. For
metabolites that do demostrate regional variation, it is possible that there is
geneprotein mismatch, which describes the noorrelation that can occur
between transcript levels and protein expression or activity due to post
transcriptional or postranslational regulation, rggectively. Combined
transcriptomic/ metabolomic studies may therefore benefit from the addition
of (phospho)proteomic or reversghase protein arrayCreighton and Huang,
2015)data to examine protein levels, and isotopically labelled substrates to

examine protein activity.
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Variation across regions (symbol R) are shown for patient 1 5.
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3.9. Normal brain component within the invasive margin

Surgical removal of tissue from the invasive margins aims to collect tumour cells
that have invaded into the surrounding normal brain pafeyrma. Therefore,
invasive margin tissue consists predominantly of normal brain cell types with
low tumour cell content and possible recruitment of various immune cells
within the microenvironmentMRS studies use several metabolic markers to
distinguishtumour from normal tissue including NAA, which is a marker of
neuron integrity and viability. A 240 4.5fold increase in NAA levels was
measured across all patien(¥able3.18). This was matched by its hydrolysis
product, NAAG, which modulates glutamate release and may have a role in
neuroprotection and synaptic plasticity. Levels of creatiaemarker of
energetic potential, are reduced in GBMatVe to normal brain tissue IMRS
studies, consistent with higher energy consumption within tumour tissue.
Comparison of invasive versus nimvasive regions revealed a minor increase
in creatine levels ranging from 14 1.58fold, which was signifant in
patients 6, 8, and 14Table3.18). The proliferative activity of tumours results

in high membrane turnover and increased choline levels fomimane lipid
synthesis. InterestinglyMRS studies have demonstrated that choline levels
maintain elevation beyond the margins of contrast enhancement due to
tumour cell infiltration(Horska and Barker, 201@onsistentvith this, choline
levels were relatively unchanged between Riowasive and invasive regions in
patients 6, 8, and @rable3.18). In patient 14, chahe levels within the invasive
margin were reduced by more than half compared to the 4rorasive regions,
perhaps reflecting lower tumour cell content compared to invasive region
tissue from the other patients. In contrast to all other patients, cholewels in
patient 15 demonstrated a 1.8®ld increase in invasive margin compared to
norn-invasive regions. Further evidence of a normal brain component within the
invasive margin was supported by the observation of reduced levelsAhi?o
(Table3.18), Interestingly patients 6, 9, and 14vho were administered-B\LA,
demonstrated higher fold changes irAA levels between invasive and ron
invasive regions compared to patients 8 and NAultilevel modelling using

transcriptomic profiles from patients 9, 14 and tbm section3.8 identified
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92 upregulatedgenesin the invasive margienriched forpositive regulation of
nervous system developme@®O: 0051962; ravwp-value=7.68E4). Overall,
these findings indicate that invasive margin tissue contains low tumour cell
content. Therefore, the distinct metabolomic profile of the invashargin may
largely be due to the normal brain component that features neurons as well as

other cell types.

Table 3.18 . Regional comparison of metabolites indicative of

a normal brain component within the in vasive region

Metabolite ID Invasive vs non-invasive Higher

confidence| log2FC | FDR |[Significan{ abundance

Patient 6
N-Acetyl-L-aspartate 10 2.16 2.67E-04 il Invasive
N-Acetyl-aspartyl-glutamate 6 3.65 1.54E-04 *rk Invasive
Creatine 8 0.66 5.11E-05| **** Invasive
Choline 10 -0.09 7.26E-01 ns Non-invasivg
5-Aminolevulinic acid 10 -4.27 2.67E-04 il Non-invasivg
Patient 8
N-Acetyl-L-aspartate 10 2.10 3.57E-03 ** Invasive
N-Acetyl-aspartyl-glutamate 6 1.95 8.86E-03 *x Invasive
Creatine 8 0.56 3.91E-02 * Invasive
Choline 10 -0.04 9.91E-01 ns Non-invasiv{
5-Aminolevulinic acid 10 -0.89 1.28E-01 ns Non-invasiv{
Patient 9
N-Acetyl-L-aspartate 10 1.60 1.03E-02 * Invasive
N-Acetyl-aspartyl-glutamate 6 4.04 2.40E-03 *x Invasive
Creatine 8 0.30 4.41E-01 ns Invasive
Choline 10 -0.28 4.87E-01 ns Non-invasivg
5-Aminolevulinic acid 10 -1.93 1.83E-02 * Non-invasivs
Patient 14
N-Acetyl-L-aspartate 10 2.09 1.13E-03 *x Invasive
N-Acetyl-aspartyl-glutamate 6 4.07 6.59E-10| **** Invasive
Creatine 8 0.35 1.50E-04 il Invasive
Choline 10 -1.27 4.34E-02 * Non-invasivy
5-Aminolevulinic acid 10 -1.81 2.66E-05| **** Non-invasivy
Patient 15
N-Acetyl-L-aspartate 10 1.25 1.43E-03 ** Invasive
N-Acetyl-aspartyl-glutamate 6 3.53 4.57E-05| **** Invasive
Creatine 8 0.14 2.94E-01 ns Invasive
Choline 10 0.89 4.60E-03 ** Invasive
5-Aminolevulinic acid 10 -0.31 6.92E-03 *x Non-invasivs

Metabolites highlighted in red showed RSD values >30% in QC samples. ID
confidence scores delineate the confidence of the putative metabolite identification.

Fold changes are displayed as logarithms to the base 2 (log2FC). Fold changes >0.58
or< -0.58 are depicted in red and green, respectively. Significance scores were FDR -
corrected for multiple comparisons. ns = not significant; * = p<0.05; ** = p<0.01;

*+* = p<0.001; **** = p<0.0001.
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3.10. Chapter discussion

The subclonal nature of GBM $ideen demonstrated through a range of
techniques, including genomside copy number analysis, singlell
transcriptomics, and proteitevel expression of RTKSnuderlet al, 2011;
Sottoriva et al, 2013; Patelet al, 2014) Given the intimate association
between gene expression and metabalisit is of scientific interest to
determine whether the genetic heterogeneity observed within GBM manifests
phenotypically as a patchwork landscape of metabolically distinct njches
however interconvertible or transient Genetic heterogeneity often occur
within redundant signalling pathways that converge to regulate metabolic
pathways required to generate energy and biomass for sustained cancer cell
proliferation. It is therefore equallplausiblethat the metabolic landscape is
largely flat in reflectio of a minimum set o€ritical metabolic requirements.
Metabolic heterogeneity within gliomas has been shown across tumour grades
(Chinnaiyaret al, 2012) but has only been investigated in the context of a
single tumour in cancers of the lufigensleyet al., 2016)and kidneyOkegawa

et al, 2017) We performed multregion sampling in five HGG patients to
profile intratumour metabolic heterogeneity following successful
implementation of this technique in characterising genetariation within a
spatial contex{Sottorivaet al., 2013) Combined with L&S, metabolomic and
lipidomic profiles were obtained from four to five tumour regions per patjent
to our knowledge, tis is the first instance where intratumour GBM
metabolomics has been conducted’he extent of heterogeneity varied
between patients and at the individual level. Fastance, several metabolites
within the glycolysis pathway showed regional variation in patient 6, in contrast
to the relatively invariant profile in patient 15. Overlap of metabolomic profiles
from different regions provided evidence of metabolic nichiElse existence of
metabolic niches may be related to the ability of the tumour vasculature to
perfuse the oncogenic mass, as has been demonstrated through combined
dynamic contrasenhanced MRI (D@#RI) and*3Gisotopic analysis of lung
cancer metabolic heterogeneity (Hensley et al, 2016) The relatively

homogenous metabolomic profile ®DHL mutant patient 15 is of note since
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genetic lesions withinDH1 affect both gene expression and metabolism
(Reitmanet al, 2011; Tonjest al, 2013) With a larger cohort, it can be
investigated if mutantIDH1 expression results in a more metabolically
homogerous tumour given the strength of this oncogenic lesion in driving
tumourigenesis and metabolic reprogramming, in contrast@s1 wildtype
GBMs that are characterised by several oncogenic lesions, including
chromosome 710, CDKN2Aleletion, and amplificaon of EGFRand PDGFRA
(Sturmet al,, 2012) However |DH1mutations have been demonstrated to be
subclonal in 20% of GBN§IcGranaharet al., 2015) meaning that the extent

of metabolic heterogeneity may be influenced by the dominancdliil

mutations within the tumour hierarchy.

Complicating the phenomenon of genetically induced metabolic re
programming is the capacity of cancer cells to undergo metabolic plasticity
within a low nutrient or oxygen tumour microenvironment. Kucharzewska and
colleagwes highlighted several metabolic changes in GBM cells cultured in
hypoxic conditiongKucharzewska, Christianson and Belting, 20%&)chastic
determination of metabolic phenotypes is also observed since isogdinima
stemtlike cells GSCscan adopt either a glycolytic profile or utilise oxidative
phosphorylation to generate energy. In each GSC subtype, hypoxic stress
increased the expression of glycolys¢ated genes and promoted lactate
production (Shibacet al,, 2017) We hypothesised that hypoxic niches would
shape the metabolomic landscape by inducanglycolytigghenotype Patient

6 demonstrated evidence of a glycolytic phenotype in 4rorasive regions
compared to the invasive margin. Heterogeneity in several glycolytic
intermediates, including G3P and pyruvate, was observed that might reflect
differences in petose phosphate pathway flux and pyruvatamaseactivity,
respectively. Hypoxia has been demonstrated to reduce pentose phosphate
LI Kgl& FOGAGAGE | yR dzLINB3IdzZ F GS It 2ozt
GANR g ¢ LIK&hageidet dlJR013; KathageBuhmannet al, 2016)
Patient 15 demonstrated a reduction in G3P levels in-imvasive regions,

perhaps refletive of a proliferative response, whereas a higher abundance of

124



G3P was observed in the invasive marglowever, the expression of several
glycolytic and PPP enzymes was largely homogenous across all regions,
conflicting with hypotheses based on curremtderstanding of associations

between metabolism and invasion/proliferation.

Heterogeneitywas alsoobserved in TCA cycle metabolitésmt may reflect
dynamic flux changes within connected metabolic pathways. Citrate, which is
consumed inde novofatty add synthesigCurrieet al, 2013) was present at
lower levels in the nofinvasive regions of patients 6 and 15. Hypoxia induces
reductive metabolism of glutamine to generate citrate for lipid synthesis via
wildtype and mutant IDH{Metalloet al, 2011; Reitmaset al,, 2011) Evidence

of this process within patient 6 and 15 was not immediately obvious, since
glutamine and isocitrate levels were relatively uniform and citrate pools were
reduced within noAnvasive regions. Colleeely, the findings from patient 15
hint at the lack of a hypoxiemduced metabolic phenotype, supporting the
observations of Kickingereder and colleagues of strong inhibitid#ifeiAand
RSONBI aSR SELINBaaAzy 2A0H nuta@ mgliomasi I NB S i
(Kikingerederet al., 2015) Patient 15 also featured glucose levels that were
only moderately reduced and lower lactate levels in #iovasive regions
compared to the invasive margirboth of which do notstrongly support

induction of aglycolytic plenotypeto due to the development of hypoxia

Santandreu and colleaguegrovided evidence of intratumour metabolic
heterogeneity at the mitochondrial level following identification of a higher
respiratory rate and fewer antioxidant systems within the pbary compared

to the centre of the tumoufSantandretet al.,, 2008) This phenotypic spectrum

is likely influenced by the development of hypoxia, often within the centre of
solid cancers, which increases ROS produdfl@faniet al, 2016) Glycolytic
regions within patient 6 showed increased levels of oxidised glutathione. The
abundance of reduced glutathione was consistent across regions in patients 6
and 15 that may be supplemented bgrine and glycine incorporation into one

carbon metabolism(Yang and Vousden, 201&)d conversion of2glutamyt
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cysteine into glutathione, as supported by decreased levelQgitamyt
cysteine within norAnvasive regions. Patient 6 and 15 also demonstrated
increased levels of most essential, conditional and-assential amino acids
within non-invasive regions copared to the invasive margin. It is possible that
the higher cellularity of the noinvasive regions could be a confounding factor.
However, increased amino acid uptake and synthesis may reflect the need of
building blocks for protein synthesis. Of theragtie interest was the increased
concentrations of {proline and its strong correlation with its immediate
breakdown product P5C in nenvasive regions.Proline biosynthesis is
documented to support redox homeostasis in IDidatant glioma by reducing
the NADH/NAD+ ratio via PYCR1 activity, which enables continuation of TCA
cycle activity when flux through the electron transport chain is limiting as seen
in hypoxic conditiongHollinsheadet al., 2018) In line with this,Liu and
colleagues showed that cycling between the two metabolitesycles NAD+
units for use in glycolysis and the pentose phosphate pathiviaxet al., 2015)

In contrast, proline catabolism vidProdhwas shown tosupport spheroidal
breast cancegrowth via ATP production arvdas alsdound to be increased in
lung metastass compared to primary breast cancer tumoussng*3Gs-glucose

as a trace(Eliaet al., 2017) GBM cells that have infiltrated normal brain show
increasedgeneexpression oPRODHompared to tumour cells derived from
the corg calling for further study into the role of proline inmmour metabolism
(Darmaniset al., 2017)

Recently, Heiland and colleagues utilisedNIIR spectroscopy on 33 patients
and identified 46 metabolites. Despite imagaided tumour sampling and-5
ALA administration, the group could nchiaracterise metabolic heterogeneity
Moreover, this study utilised single region biopsies from the conteatanced
tumour core only and so could only reveal data on isitenour heterogeneity,

in contrast to multiregion surgical sampling methdHeilandet al., 2017) We
measured thelevels of 503 metabolites across four to five regions covering
several metabolic pathways, including glycolysi€A cycle, amino acid

metabolism, and redox metabolism. Despite greater coverage, some
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metabolites of importance ttumour metabolism were notletected, including

h KGand HGthat have important consequences on cancer cell proliferation.
However, Heiland and colleaguaso performed transcriptomics on 48 patents
covering the four Verhaak expression subgroups and integrated the data with
metabolamic profiles (Heiland et al, 2017) We attempted to integrate
transcriptomic and metabolomic data to determine associations between
genetic and metabolic heterogeneity. However, genes that wgneegulated
between the invasive and nenvasive regions were largely associated with
neurond myelin sheath processes and therefore did not provide useful
information pertaining to genenetabolite interactions within a spatial context.
Similarly, a lack of enrichment for metabolic processes was observed in the
multi-region transcriptomics analysiconducted bySottoriva and colleagues
(Sottorivaet al., 2013) However,it is possiblghat the different metabolomic
profilesobserveal between nonrinvasive and invasive regions reflectgulation

of metabolismat the posttranslational leveds opposed to the transcriptional
level The activity of several enzymes is regulated through phospation or
binding of metabolitesto allosteric sites Moreover, regulatory proteins or
metabolic enzymes maydemonstrate altered protein turnover.Future
investigations involvingstable isotopes and protein immunoblotting may
elucidate heterogeneity between the ndnvasive and invasive regions

accounting fothe observed metabolic differences.

Our experimental design can be improved by obtaining at least three replicates
from each region for transcriptomic profiling providitizat at least 30 mg of
tissue is left over from what is required for metabolomics analysigitionally,

dual metabolite/RNA extraction methods currently in development in the
laboratory could be used to permit more accurate integration of data from the
same tumour cell populatiorin a larger cohort of patientshe identification

of consistent metabolomic alterations can be investigated as biomarékrs
invasion alongside histopathological and MRI data, and correlaiidsurvival

to identify metabolidactors associated with either a better or worse prognosis.

Other limitations to the study are inherent to the chosen methodologyMSC
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analysis of quenched metabolism cannot provide information on dynamic flux
through pathways, making interpretation ofietabolic phenotypes a difficult
task. To overcome thi$’Gisotopelabelled substrates have been implemented
to great effect to study substrate utilisation and the destination of carbon units,
as shown by the usage of XXacetate in GBM and brain nedtases
(Mashimoet al., 2014) Moreover, the presence of a normal brain component
within the invasive margin precludes the identification of metabolic markers for
invading cells. At the time of writing, isolation techniquasneered in our
laboratory have beensuccessfullypptimised topermit fluorescenceactivated

cell sorting toisolate and purify infiltrating tumour cellson the basis of
persistent 5ALA fluorecence possurgery (Rahmaret al., manuscript in
preparation). Such an approach is direcyenable to metabolomic analysis
in a future study where a pure, tumourich invasive margin profile is

elucidated for the first time
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Chapter4

Assessing the dependency of adt
and paediatric GBM cells on
lipoproteins for metabolic viability
and growth
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4. Assessing the dependency of adult and paediatric GBM cells on

lipoproteins for metabolic viability and growth

Lipoproteins are multimolecular asemblies consisting of proteins as well as
cholesterol and lipid species. They function to transport nutrients from the gut
and liver to the peripheryTulenko and Sumner, 2003Ithough the BBB blocks

the passage of LDLs, smdDlk$ can traverse into the CNS. Independent of the
blood supply, apolipoprotein -Eontaining lipoproteins are generated by
astrocytes and are taken up by neurons and astrocytes via receptors of the LDLR
family (Wang and Eckel, 2014)he role of lipoproteins within the CNS is to
transfer phospholipids and cholesterdietween cells but they are also
AYLE AOFGSR Ay (KS LI {K?2@dheeSadiHayashit | 1
2010) Interestingly, recent work has demonstrated the dependency of U87
GBM cells and Rdmnsformed astrocytes on lipoproteins for sustained
tumour growth(Rioset al,, 2014) This has been corroborated within amvivo
mouse model of aGBM highlighting a roncogene addiction to lipoproteins

for the maintenance of cholesterol homeostasis and tumour groivillaet al.,

2016) We investigated whether the lipoprotein dependency observed in aGBM
models is also a feature of pGBM and hypothesised that biological differences
between the two age groups at the genetic level would lead to distinct

metabolic responses to lipoprotein deprivation.

4.1. Adult and paediatric GBM cells are dependent on lipoproteins for

growth in monolayer models

Several cells lines were evaluated to invgste lipoprotein dependency
between age groups and betwegmnadeswithin pGBM. U87 cells were utilised

to model aGBM, whereas KNS42 and SF188 were included to assess the pGBM
response. UWA479, Res259 and Res186 were also investigated to compare
outcomes inpaediatric gliomas of grade lll, Il and I, respectively. All cell lines
were grown in basal media with the addition of either FBS eFBB to simulate
lipoprotein-replete and-deplete conditions, respectively. Assessment of GBM

cell viability over 7 daysf culture revealed a relative increase in viability in
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KNS42 and SF188 cells cultured under lipopreateiplete compared tereplete
conditions(Figure 4.1B and CJhe observed increase in relative viability was
significant p<0.05) in SF188 cells aftedays and the growth curve implied an
increased growth rateHigure 4.TC). Although not significant in the KNS42 cell
line, cellular viability was consistently higher under lipoproteaplete
conditions relative teadeplete conditions across theday peiod (Figure 4.B).

In contrast, U87 cellular viability was maintained until day 3, after which the
growth plateaued leading to significar<(0.05) differences in comparison to
the growth of control cellsHigure 4.R). However, microscopic observations
were not concordant with the highecellular viability of pGBM cells as
suggested by the PrestoBlue cell viability assagt{on8.5 in the Appendix).
Therefore, a crystal violet assay was conducted alongside to assess the validity
of the observations made using the PrestoBlue assay. As shokigure 4.1

the crystal violet assay revealed a relative reductionah numberstarting at

day 5 that was significanp€0.05) at day 7 in KNS42 and SF188 cells. These
results indicated that growth under lipoprotetteplete conditions induced
functional responses within the pGBM cell lines which were generating an
artefactual readoutfrom the PrestoBlue assay. This was not observed for the
U87 cell line that displayed similar results from both ass&ygute 4.1 in
support of different metabolic responses between adult and paediatric GBM

cells to the removal of lipoproteins from tlggowth medium.
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Figure 4.1. Cellviability assessment

cultured under lipoprotein - deplete or

of adult and paediatric GBM cells

- replete conditions . Adult (U8

or paediatric (KNS42, SF188) GBM cells were cultured in the presence (red)
or absence (blue) of lipoproteins within the culture medium. Each panel
displays readouts of cellular viability using either the PrestoBlue (left) or
crystal violet (r ight) reagents. Fluorescence and absorbance was measured
at 590 nm and 570 nm wavelengths, respectively. Error bars represent the
SEM of n=3 experiments performed in triplicate. Significance was measured

at each timepoint using the student
p<0.001.

t-test: * p<0.05 ; **

7

p<0.01; ***
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Three lowergrade paediatric gliomas were also assessed to determine if the
metabolic responses observed replicate those seen in the pGBM cell lines.
Growth of the grade Il UW479 and grade Il Res259 cell lines under lipoprotein
deplete conditions resulted in a higher PrestoBlue readout compared to control
cells that was significant at day 7 in both cage®(05) Figure4.2A and B). As
observed for the GBM cell lines, cell viability assessment using the crystal violet
assay showed the opposite result with reduced viability over time. In both cell
lines, the diference in viability was significant at day 7 but was more prominent
in the UW479 cell line compared to the Res259 cell kingufed.2A and B). Out

of all six cell lines tested, Res186 demonstrated the largest response to growth
under lipoprotein deficient conditions in both the PrestoBlue and crystal violet
assaysHKigure4.2C). Control Res186 cells demonstrated a normal growth curve
whereas cells deprived of lipoproteins showed a minimal increase in growth.
The effect of removing lipoproteins from the medium was likely cytostatic
considering that Bs186 cells were still present within wells without any overt
morphological indications of apoptosis inductiofrigure 4.3). However,
lipoproteinstarved Res186 cells did appear morphologically different
compared to control cells, characterised by an elongated phenotype. This was
also observed in the U87 cell line along with additional cell shrinkage indicative

of apoptosis inductionKigure4.3).
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Figure 4.2. Cell viability assessment
and Il cells cultured under
conditions

of paediatric glioma grades I, Il

lipoprotein -deplete or -replete

. UW479 (grade l1ll), Res259 (grade Il) and Res186 (grade 1)

cells were cultured in the presence (red) or absence (blue) of lipoproteins

within the culture medium. Each panel
using either the PrestoBlue (left)
Fluorescence and absorbance was

displays readouts of cellular viability
or crystal violet (right) reagents.
measured at 590 nm and 570 nm

wavelengths, respectively. Error bars represent the SEM of n=3 experiments

performed in triplicate. S
the student t

ignificance was measured at each timepoint using
-test: * p<0.05; ** p<0.01; *** p<0.001.
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Res186

Figure 4.3. Crystal violet staining of U87 and Res186 cells cultured in the
presence or absence of lipoproteins . Cells were cultured in the presence (+ FBS)
or absence (+ LD -FBS) of lipoproteins for 5 days. Images were taken using a camera

attached to a brightfield microscope and are representative of n=3 experiments.
Scale bars represegit 100 T m in | en

+ LD-FBS

us7
B .
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The findings above indicated a higher capacity of pGBM cell lines compared to
their adult counterpart to increase reducing potential following metabolic
stress, as indicated by the PrestoBlue assay. A possible explanation for these
differences may baccounted for in the underlying tumour biology between
age groups as represented by these cell lines. However, we explored the
contribution of the basal medium to the differential responses since pGBM cells
were cultured in DMEM/A2 with 4.5 g/L glucoseompared to DMEM with 1

g/L glucose medium for aGBM cells. Indeed, upon conditioning the pGBM cells
to growth in DMEM with 1 g/L glucose the increased PrestoBlue output was no
longer observedHigure 4.8 and C). This was not attributable to lower glucose
levels as a compensatory response was not identified using DMEM with 4.5 g/L
glucose under lipoprotendeficient conditions We therefore modified our
hypothesis investigating the metabolic differences between adult and
paediatric glioma cells to aalternate hypothesis exploring the metabolic
vulnerability underlying growth under lipoprotein deficient conditions for GBM
cells within both age groups. To this end, the following experiments were
conducted using DMEM with 1 g/L glucose as the basal medince this
concentration of glucose more closely resembles physiological levels compared

to the 4.5 g/L glucose within DMEMIR.
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Figure 4.4. Lipoprotein dependency of adult and paediatric GBM cells
un der standardised conditions
GBM cells were cultured in the presence (red) or absence (blue) of
lipoproteins within the same basal culture medium (DMEM), containing either

1 g/L (red and blue) or 4 g/L glucose (gree
of cellular viability using either the PrestoBlue (left) or crystal violet (right)

reagents. Fluorescence and absorbance was measured at 590 nm and 570
nm wavelengths, respectively. Error bars represent the SEM of n=3

exper iments performed in triplicate. Significance was measured using the
p<0.05; **

test: *
serum.

p<0.01; ***

p<0.001.

. Adult (U87) or paediatric (KNS42, SF188)

n). Each panel displays readouts

Abbreviations:
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4.2. Adult and paediatric GBM cells are dependent on lipoproteins for

growth in spheroid models

Adult and paedtric GBM cells grown as monolayers demonstrated a metabolic
vulnerability to growth under lipoprotein deficient conditions. Evidence in the
literature indicates differences in metabolic gene expression in spheroid
models compared to cells grown as mongaes(Smithet al., 2012; Takahashi

et al, 2015) We hypothesised that adult and paediatric GBM cells would
demonstrate increased relative resistance tpowth in the absence of
lipoproteins when cultured as spheroids as opposed to monolayers. Cell
numbers for the U87, KNS42 and SF188 cell lines were optimised to generate
ALIKSNRARE 2F | LIWNBREAYI GSt& onn >Y Ay F
cells inULA plates. U87 spheroids were compact and rounded at all seeding
densities tested, with 5000 cells generating the required spheroid size upon day
4 (Figure 4.5A and B). In contrast, KNS42 spheroids were more loosely
aggregated and only became rounded at seeding densities of 2500 cells and
above Figure4.6A). KNS42 spheroids were often surrounded by debris that
could be washed away. This indicated that compared to the U87 cell line, KNS42
cells were not fully viable when grown as spheroids, perhaps due to the use of
DMEM with 1 g/L glucose insteal OMEM/F12 with 4.5 g/L glucose. Seeding
pnnn Yb{nu OSffa LINPRdIdzOSR &aLIKSNRARA (K
(Figure4.6B). SF188 clustered form tight, rounded spheroids with minimal
debris indicative of cell deathFi{gure4.7A). In contrast to KNS42 spheroids
which displayed a plateau in size at increasing cell densities, SF188 spheroids
steadily increased in size but were associated with greater variabilityghaehi
seeding densities. Although 2500 cells would have been sufficient to produce
ALKSNRARA 27F oFigured¥B), asedding dehsity206S SRLSB

cells was adopted for consistency with the U87 and KNS42 cell lines.
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Figure  4.5. Optimisation of cell numbers for U87 spheroid

generation . (A) Brightfield images of spheroids 4 days after seeding the

number of cells indicated. Images are representative of n=3 experiments.

Bl ack bars (bottom right) depict 300 T m in sc
bet ween seeding density a wofspherdids aftdridalage t er (17 m)
growth. Error bars represent the SEM of n=3 experiments performed with

six replicates.
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Figure 4.6. Optimisation of cell numbers for KNS42 spheroid

generation . (A) Brightfield im  ages of spheroids 4 days after seeding the

number of cells indicated. Images are representative of n=3 experiments.

Bl ack bars (bottom right) depict 300 T m in sc
bet ween seeding density and the di adndayser (1 m)
growth. Error bars represent the SEM of n=3 experiments performed with

six replicates.
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Figure 4.7. Optimisation of cell numbers for SF188 spheroid

generation . (A) Brightfield images of spheroids 4 days after seeding the

number of cells indicated. Images are representative of n=3 experiments.

Bl ack bars (bottom right) depict 300 T m in sc
bet ween seeding density and the diameter (1 m)
growth. Error  bars represent the SEM of n=3 experiments performed with

six replicates.
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Following optimisation of spheroid seeding densities for the U87, KNS42 and
SF188 cell lines, spheroid growth was assessed under lipoprrejeiete or-
deplete conditions over dl4-day period. Control U87 spheroids steadily
AYONBIAaSR AY RALFYS(OSNI T NIFgured.8Ay Tha 2
pattern of growth was largelynatched by spheroids deprived of lipoproteins
leading to nonsignificant differences in size despite consistently lower
diameters compared to the control spheroids. The differences were accounted
for by an initial decline in spheroid size at day 3 immexdyatollowing removal

of lipoproteins, which might indicate that the cells were adapting to the
metabolic stress during this period. Interestingly, from day 6 onwards small
groups of cells were breaking off from control spheroids to give the appearance
of migration despite the use of ULA platésgure4.8B). This phenotype was
not observed in the lipoprotendeprived spheroids. In contrast to U87 cells,
KNS42 and SF188 spheroids cultured under lipoprotein deficient conditions
demonstrated stark differences compared to control spheroids, with significant
differences in size observed from 9 days onwards in both paediatric cell lines
(Figure4.9A andFigure4.10A). Reduced growth of KNS42 and SF18@rspds
appeared to be cytostatic with no overt indications of extensive apoptosis
induction Figure4.9B andFigure4.10B). In conclusion, growth in spheroid
format indicated an increased capacity of U87 cells to deal with the metabolic
stresses associated with lipoprotein deprivation, whereas findings from
KNS42 and SF188 spheroids corroborated with the initial results from

monolayer models.
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Figure 4.8. Growth assessment of U87 spheroids under lipoprotein

deficient conditions . (A) Spheroiddi ameter (T m) was measured
14 -day period in the presence (red) or absence (blue) of lipoproteins within

the culture medium. Error bars represent the SEM of at least n=3

experiments performed with six replicates. (B) Representative brightfield

images o f spheroids at day 6 and 14. Black bars (bottom right) depict 300

T m i n scal eSignificancegvaisimeasured at each timepoint using the

t-test: * p<0.05;**  p<0.01; *** p<0.001.
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Figure 4.9. Growth assessment of KNS42 spheroids under lipoprotein

deficient conditions . (A) Spheroid diameter (T m) was
14 -day period in the presence (red) or absence (blue) of lipoproteins within
the culture medium. Error bars represent the SEM of at least n =3

experiments performed with six replicates. (B) Representative brightfield
images of spheroids at day 6 and 14. Black bars (bottom right) depict 300

T m i n scal eSignificencegvasimeasured at each timepoint using the
t-test: * p<0.05;** p<0.01;* ** p<0.001.
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4.3. Lipoprotein deprived adult GBM cells respond to the addition of
exogenous fatty acids or cholesterol

The cell viability experiments above highlighted a metabolic vulnerability to
lipoprotein deprivation in both adult and paediatric HGG cells cultured as
monolayers. Since lipoproteins contain several lipid and cholesterol species, we
hypothesised that theaddition of exogenous fatty acids or cholesterol may
rescue the growth defect imposed by removal of lipoproteins within the growth
media. Palmitic acid (18:0), oleic acid (18:1) and linoleic (18:2) acid were chosen
to represent saturated, monoand polyunsaturated fatty acids, respectively.
Maintenance of a specific ratio of saturated to unsaturated fatty acids is
essential to maintain cellular viability and deviation from the homeostatic state
can lead to metabolic stress and the induction of cell dg&hiffiths et al,
2013; Younget al,, 2013) U87 cells cultured in lipoprotein deficient medium
(LPDN demonstrated significantly improved viability upon addition of either
oleic acid or linoleic acid, whereas exogenous palmitic acid did not rescue
growth (Figure4.11A). In both KNS42 and SF188 cell lines, addition of either
saturated or unsaturated fatty acids did not significantly improve viability in the
absence of lipoproteinsHgure4.11B and C). These results indicate that the
removal of lipoproteins from the growth medium caused either 1) an increase
in the saturateato-unsaturated fatty acid ratio in U87 cells, hence the rescue
in viability ypon addition of moneunsaturated oleic acid and pelynsaturated
linoleic acid, whereas fatty acid homeostasis was maintained in the paediatric
cells; or 2) U87 cells have a higher capacity for fatty acid uptake from the

extracellular environment compared KNS42 and SF188 cells.
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Figure 4.11 . Rescue of lipoprotein - deprived adult and paediatric GBM
cells with exogenous fatty acids . Adult U87 (A) and paediatric KNS42 (B)

and SF188 (C) cells were cultured for three days in either normal medium
containing lipoproteins or lipoprotein deprived medium (LPDM)
supplemented with either palmitic acid (PA), oleic acid (OA), or linoleic acid
(LA). Viability was assessed using the PrestoBlue assay and expressed as a
percentage of the control condition with normal media (NM). Error bars
represent the SEM of at least n=3 experiments performed in triplicate.

Significance was measured using the t-te st: ns not significant; * p<0.05;

p<0.01; *** p<0.001.

*%*

147



Sterols form a large component of lipoproteins and have been demonstrated
to promote aberrant tumour growth. To determine if the reduced viability
under lipoprotein deficient conditions is due teduced cholesterol content, a
series of cholesterol concentrations were added to the growth medium.
Cholesterol was complexed with IMD which assists solubility in water.

Il RRAGAZ2Y 27T icDohplesterdl significanthaimmoved the viability
of U87 cells deprived of lipoproteins but did not rescue growth completely
relative to control cellsRigure4.12A). KNS42 cells demonstrated a similar trend
in response to MCDcholesterol but was not significant across the range of
concentrations usedHigure4.12B). In SF188 cells, significant improvements in
OStftdzZk  NJ gAlIoAfAGE o1 a | OKASOSR dzZLll2y &
Mi CDcholesterol Figure 4.12C). However, the improvement was only
marginal, consisting of only 10% increase in viability. In combination with the
fatty acid experiments above, these results indicated that addibdrither
fatty acids or M CDcholesterol was not sufficient to completely rescue growth
under lipoprotein deficient conditions, with the exception of linoleic acid
supplementation in U87 cells. Considering that lipoproteins consist of both lipid
and sterd species, combined deficiency of fatty acids and cholesterol may be
necessary and sufficient to underlie the growth defect demonstrated by adult

and paediatric GBM cells.
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Figure 4.12 . Rescueof lipoprotein -deprived adult and paediatric GBM

cells with exogenous cholesterol

. Adult U87 (A) and paediatric KNS42

(B) and SF188 (C) cells were cultured for three days in either normal medium

containing lipoproteins  or

lipoprotein

deprived medium (LPDM)

supplemented with various concentrations of cholesterol complexed to

methyl -a-cyclodextrin (M aCD-Cho).

Viability was assessed using the

PrestoBlue assay and expressed as a percentage of the control condition

(NM). Error bars represent the SEM of at least n=3

in triplicate.
* p<0.05; **

Significance was measured
p<0.01; *** p<0.001.

experiments performed

using the t-test: ns not significant;
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4.4. Growth under lipoproteirdeplete conditions induced cell cycle arrest

in paediatric GBM cells

Assessment of paediatriGBM cells under lipoprotein deficient conditions
revealed a cytostatic phenotype with no overt indications of apoptosis
induction. Therefore, cell cycle analysis through flow cytometry was performed
on Pistained cells that were cultured under lipoproteiaplete or-deplete
conditions for 3 days prior to fixation. This timepoint was chosen since the
divergence of viability curves at this point implies that molecular changes in
response to lipoprotein deficiency have occurred. Cell cycle analysis of I1#87 ce
was consistent with the greater resistance displayed by this cell line to
metabolic stresgFigure 4.1R No significant changes to all four phases of the
cell cycle was observed for the U87 cell I{(Regure 4.13), in contrast to the
KNS42 and SF188ll lines that displayed a significant decrease and increase of
the percentage of cells in GO and S phases, respeciiviglyre 4.18 and C)
Additionally, the KNS42 cell line demonstrated a significant decrease in the G2
phase and a minor increase inettsub GO phas@igure 4.18). These results
indicate that after 3 days culture under lipoprotein deficient conditions, U87
cells demonstratd no alterations to cell cycle dynamiaghereas KNS42 and
SF188 paediatric cells demonstrdt€1/S transitionin associaton with an
elongation of S phasélhis phenotype may have manifested duestalled
replication forks followindpNAdamageor deficiencies iimetabolites required

for DNA synthesis and replicatiopotentially highlighting differences in DNA

repaircapacity between the adult and paediatric GBM cell lines
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Figure 4.13. Flow cytometric analysis of adult and paediatric GBM

cells deprived of lipoproteins . Adult U87 (A) and paediatric KNS42 (B)

and SF188 (C) cells were cultured for three days in the presence (red) or
absence (blue) of lipoproteins. Error bars represent the SEM of at least n=3
experiments performed in triplicate. Significance was measured using the t -
test: * p<0.05; ** p<0.01; *** p<0.001.

4.5. Distinct transcriptomic responses are displayed between lipopretein
deprived adult and paediatric GBM cells

Analysis of the effects of depriving GBM cells of lipoproteins has shown that
measurable phenotypic responses are observed from day 3 onwards. We
therefore aimed to elucidate the underlying genetic basis for these differences
as well as decipher the mechams leading to cytostatic growth through
application of transcriptomics via gene expression microarrays. RNA was
extracted from GBM cells cultured in either lipoprotegplete or-deplete
conditions for 3 days. In U87 cells, 51 genes were identifiedgagfisantly

differentially expressed after correction fanultiple testing Table 4.). The
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highest upregulated transcript with known function w&3 C2which encodes

a secreted glycoprotein that has either oncogenic or tumour suppressor
properties dependhg on the tumour typglLaw and Wong, 2010; Haat al,
2015) Interestingly, gene ontology (GO) enrichment analysis identiiedidiar
response to hypoxias the top enriched category within the U87 transcriptome,
despite being cultured under normoxic conditiodgble4.2). Other transcripts
upregulated within this GO category wef@A9 BNIP3 VEGFRAand NDNF
Metabolic stress associated with growth under lipoprotein deficient conditions
thus appeared to stimulate a hypoxic response in U87 cells, perhaps reflective
of induced transcriptional programs following ROS generation. Possibly
orchestrating these resptses was the observed upregulation AK4 which
Oy aidloAftAasS I LCmh GKNRBAAK wh{ L1INB RdzO
mediated metabolic checkpoin(Janet al, 2017) Evidence of a cellular
response to lipoprotein deficiency was demonstrated by upregulatidn 6

an extracellular enzyme that releases lipids from HDLs and facilitates
lipoprotein uptake(Slebeet al, 2016) Increased transcript levels &DH10
further supported this by implicating alterations to lipid droplétsang and
Napoli, 2013) Nutrient deprivation has been shown to stimulate lipolysis in
conjunction with autophagy(Jaishy and Abel, 26). The observation of
increasedBNIP3expression supports this functional mechaniéBellotet al,,
2009) However, decreased expression DIRAS3mplied suppression of
autophagic processeduet al, 2014) meaning that it was unclear what the
autophagic response was under lipoprotein deficient conditions. To identify
protein-protein interactions within the list of differentially expressed genes,
network analysis was performed using NetworkAnal¢Xta, Benner and
Hancock, 2014)The list of significant genes uploaded into the online tool was
extended to cover genes with an unadjusteglalue of 0.05 (total of 547 genes)
for the U87 cell line, since only 51 genes were significant after correction for
multiple comparisons. ldentéd networks were associated with secreted
factors Figure 4.14A), differentiation Figure4.14B), and fatty acid/sterel
related metabolismKigure4.14C and D).
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Table 4.1. List of the most differentially expressed genes in U87

cells deprived of lipoproteins for 3 days.

Symbol Name log2FC | AveExpradj.P.Val B
C5orf46 chromosome 5 open reading frame 46 2.128 | 3.929 [5.32E-24 46.00
LOC154761 [family with sequence similarity 115, member C pseudogehel.478 | 5.693 |1.30E-09 19.11
STC2 stanniocalcin 2 1.268 | 5682 |6.01E-07 12.51
CP ceruloplasmin 1.196 | 5.200 |4.91E-0 10.46
TXNIP thioredoxin interacting protein 1.100 | 6.602 |6.11E-04 7.95
LOX lysyl oxidase 1.066 | 6.597 [1.41E-04 7.10
CA9 carbonic anhydrase 9 1.055 | 5430 |[1.72E-04 6.83
BNIP3 BCL2 interacting protein 3 1.040 | 10.236 | 2.18E-04 6.48
AK4 adenylate kinase 4 1.033 | 6.938 |2.44E-04 6.31
LIPG lipase G, endothelial type 1.030 | 5773 [2.44E-04 6.24
ERVK-7 endogenous retrovirus group K member 7 1.025 | 5.507 |2.60E-04 6.12
VEGFA vascular endothelial growth factor A 1.021 | 6.432 |2.60E-04 6.02
RDH10 retinol dehydrogenase 10 1.010 | 8.498 |3.11E-04 5.77
DIRAS3 DIRAS family GTPase 3 -1.018 | 5.515 [2.65E-04 5.96
MT1F metallothionein 1F -1.022 | 7.425 [2.60E-04 6.05
LOC105372738incharacterized LOC105372733 -1.040 | 3.996 [2.18E-04 6.48
PSG5 pregnancy specific beta-1-glycoprotein 5 -1.100 | 4.563 |6.11E-04 7.95
USP17L5 ubiquitin specific peptidase 17-like family member 5 -1.278 | 7.035 |5.23E-07 12.80
ABCA1 ATP binding cassette subfamily A member 1 -1.325 | 5.823 | 1.40E-00 14.20
ZNF595 zinc finger protein 595 -1.435 | 6.229 |4.17E-09 17.67

Statistical evaluation of differentially expressed genes was performed by

implementing a Bayesian linear model using the R package

between lipoprotein  -replete and -deplete conditions are expressed as logarithms to

limma . Fold changes

the base of 2 (log2FC) alongside average expression values (AveExpr). Genes that
are upregulated under lipoprotein -deplete conditions  have log2FC values in red,
whereas downregulated genes are in green. P-values were adjusted for multiple

comparisons using the Bonferonni
that a gene is differentially expressed.

-Holmm ethod. B -statistics (B) indicate the log odds
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Table 4.2. Gene ontology analysis of genes differentially expressed in U87 , KNS42 and SF188 cells deprived of lipoproteins.

GO.ID Term Annotated | Significant | Expected | classicFisher classicKs weight01K5 |parentchildFis Genes
usg?
GO:0071456 cellular resporse to hypoxia 98 5 0.53 1.70E-04 5.80E-03 8.80E-04 3.50E-04 |sT2,CA9, BNIF3, VEGFA, NDNF
G0:0032376/| positive regulation of cholesterol trans. . 11 2 0.06 1.52E-03 2.99E-02 2.69E-02 8.73E-02 |ABCAL, UPG
G0:0030823| regulation of cGMP metabolic process 12 2 0.06 1.82E-03 1.01E-01 3.50E-02 2.80E-02 |VEGFA, PDESA
G0:0030199 collagen fibril organization 15 3 0.08 6.40E-05 4.81E-02 4.81E-02 1.30E-04 |Lox, LUM, P4HAL
KNS42
GOD080337|  type linterferon signaling pathway 57 16 0.99 8.00E-16 4.90F-08 2 10E-09 1.00E-08 IFiG, OASZ, IRF7, OASL, MX1, XAF1,IFi35, IFITM1, IRF3, IFIZ7, USP18, OAS3, 15615, 5TATZ, IFIT3,

IFIT2
DDIT4, DAS2, IRF7, DAS1, IFi44L, MX1, IFITM1, IRF9, DAS3, [5G15, IFNE, CXCL10, STAT2, HTRAL,

GO:0051607 defense response to virus 107 17 2.05 1.30E-11 2.80E-07 2.00E-05 1.50E-08 T3, IFIT2, MICA
INSIG1, HMGCS1, MSMO1, DHCR24, MVK, DHCR7 , NSDHL , ACATZ , SQLE , MVD , SC5D, EBP, IDI1,
G0:0006635 cholesterol biosynthetic process 42 15 0.8 5.10E-16 1.60E-09 8.00E-03 3.54E-02
TM75F2 , HMGCR
SF188
GO:0060337|  type linterferon signaling pathway 55 20 | 3.08 | 490812 | 3.50£-08 | 1.308-09 | 1.80g-05 |7 /7L, OS2, XARL, STATZ, WXL, IFTZ, IATS, IRE7, IRES, IMIRZL, LSFIS, CAS3, 5G15, WATSA,
IFITM , STATI , SAMHD1 , OASL , IFI35
GO:0045540| regulation of cholesterol biosyntheticp... | 27 14 151 | 2.50E11 | 1.10E-07 | 1.10E-07 | 8.85E-03 |HMGGI,MVK,SGD, TM7SF2, DHCR7, MVD, SQLE , CYPSIAL, IDI1, LSS, SCD, HMGCR, FDPS , FASN
IFIH1, IAT1, OAS2, IL1B , 5TAT2 , MIX1, IFIT2 IFIT3, IL6, IRF7, IF44L, PML, IRF9, HERCS, DDX58, OAS3
60:0051607 deferse response tovirus 111 28 6.22 | 7.30E12 | 1.90E-08 | 1.80E-06 | 2.00E-07 | ' Eroe,fb7, 2iAie, RS, S, T, T, T2, T, P, T, TR, s, B
MICA, I5G15, GBP3, CXO 10, IFITI1, TNFAIP3, STAT1, HTRAI , SAMHDI , PARP9, OASL , EXOSC5
GO-0008695 tholesterol bigsynthetic process a1 20 23 5 AQF-15 1.40F-09 2 80E-03 2 18E-03 INSIGI, HMGCS1, M5SMO1, MVK, ACAT2, 5C5D, TM75F2, EBP , DHCR7, MVD , 5QLE, CYP51A1, DHCR24,
IDI1, LS5, S5CD, HMGCR, NSDHL , FDPS , FASN
INSIG1, HMGCSI, M5MO1, MVK, ACATZ2, SC5D, TM75F2, EBP , DHCR7Z , MVD , SQLE, CYP51A1, DHCR24
GO:0016126 sterol biosynthetic process 43 21 2.41 1.10E-15 1.90E-10 | 3.10E-02 8.90E-07 ’ : ’ ’ ’ ’ Y ’ (SULE ’ o
IDI1, 155, CYB5R2, 5(D, HMGCR, NSDHL , FDPS, FASN
Statistical evaluation of gene ontology (GO) categories based of the number of significant -to-expected observations wusing either Fi sh
or Kolmogorov -Smirnov test (KS). Different algorithms were utilised to take account of the GO hierarchy, including classic, weight01, and parentchild.
Genes that are upregulated and downregulated under lipoprotein -deplete conditions are highlighted in red and green, respectively.
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Figure 4.14 . Network analysis of differentially expressed genes in

U87 cells cultured under lipoprotein deficient conditions. Genes that
are upregulated and downregulated followi ng culture under lipoprotein
deficient conditions for 72 hr are highlighted in red and green, respectively.

The curated database utilised to generate the networks is displayed in the

bottom right corner of each panel.

KNS42 cells cultured under lipoprotedeficient conditions demonstrated
transcriptomic changes indicative of an inflammatory response as evidenced by
enrichment of the GO processdgpe | interferon signalling pathwagnd
defence to virugTable4.2). Several upregulated genes were associated with
stress responses, includifgESN2DDIT4 and SLC6A9GLYT1)Table 4.3).
SESN2s a tumour suppressor that limits ER stréRe et al, 2016) inhibits
MTORCL1 signallin@armigianiet al, 2014) and protects cells from glucose
starvation induced cell death via regulation of mitochondrial homeos{&sigy

et al, 2016) Interestingly,SESN2ipregulation implicates reduced mTORC1

155



dependent expression of ligigenes(Byunet al,, 2017) possibly to conserve
ATP and NADH under metabolic stress. Increased expresdi@hiafsupports

this stress response by its role in inhibiting mTOR@AdceHurtado, Fajardo
and Pinto, 2018)and has been associated with a worse prognosis in (FiBNb

et al, 2017) Several of the upregulated genes were ATF4 target genes,
including SLC6AYGLYT)L CHACland ASNSimplicating the induction of ER
stress and the UPRSLC6AYGLYTLis a glycine transporter that increases
glycine uptake required for glutathione synthesis under cellular s{tdes/ard

and Hirst, 2011)Additional evidence of metabolic dysregulation due to growth
under lipoprotein deficient conditions included increased expressidDHiRS3

a p53induced ER protein that is associated with lipid dro@ecumulation
(Deisenrothet al,, 2011) andALD1L2which stimulates ATP productigiang

et al, 2016) and distributes onecarbon units between the cytosol and
mitochondria(Krupenkeet al., 2010) Interestingly, the most upregulated gene

in KNS42 cells deprived of lipoprotei@d)F15is an antinflammatory cytokine

and is implicated in cellular stress protectifinet al., 2017) Network analysis

of differentially expressed genes in KNS42 cells highlighTe&ll ISTAT2IRF9

and ISG15as a key node in the networlEigure4.15B). In sectio.3, it was
shown that the administration of exogenous cholesterol was not sufficient to
rescue KNS42 cellular viability under lipoprotein deficient conditions.
Transcriptomics analysis identifieupregulation of 15 genes associated with
the GOcholesterol biosynthetic procesacludingHMGCSIHMGCRandMVK

in the early stages of cholesterol synthesis, @dCR24nd DHCRn the
latter. This supports our hypothesis that growth under lipoprotéieficient
conditions leads to reduced intracellular cholesterol levels and the induction of
cholesterol synthetic processes, features that were not apparent in the GO

analysis of the U87 cell line.
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Table 4.3. List of the most differentially expressed genes in KNS42
cells deprived of lipoproteins for 3 days.

Symbol  |Name log2FC AveExprladj.P.Va B
GDF15 |growth differentiation factor 15 2.280 | 6.314 | 7.98E-21 44.98
ALDH1L2 |aldehyde dehydrogenase 1 family member L2 2.180 | 5.681 |2.89E-19 40.57
SLC6A9 |solute carrier family 6 member 9 2.178 | 5.585 |2.89E-19 40.50
NUPR1 |nuclear protein 1, transcriptional regulator 2.058 | 5727 |4.05E-11 35.50
SESN2  |sestrin 2 2.039 | 6.040 | 7.49E-11 34.70
ASNS asparagine synthetase (glutamine-hydrolyzing) 1.925 | 7.879 [6.57E-18 30.26
CTH cystathionine gamma-lyase 1.874 | 3.680 |4.12E-14 28.37
IFI6 interferon alpha inducible protein 6 1.840 | 8.499 |1.36E-13 27.11
SEL1L3  |SELIL family member 3 1.795 | 6.776 | 6.51E-13 25.50
ULBP1  |UL16 binding protein 1 1.768 | 4.232 [159E-13 24.56
DDIT4 DNA damage inducible transcript 4 1.763 | 5244 |1.76E-12 24.37
CHAC1 |ChaC glutathione specific gamma-glutamylcyclotransferase 1.721 | 7.487 | 7.37E-14 22.93
SLC1A4 |solute carrier family 1 member 4 1.706 | 5595 [1.14E-11 22.44
INSIGL |insulininduced gene 1 1.694 | 8330 [1.60E-11 22.05
DHRS3 |dehydrogenase/reductase 3 1.650 | 4519 [7.00E-11 20.58
HMGCS1 |3-hydroxy-3-methylglutaryl-CoA synthase 1 1592 | 6.774 |4.68E-1Q0 18.72
TMEM154 [transmembrane protein 154 1578 | 3.900 [6.94E-1Q 18.29
MMP9  |matrix metallopeptidase 9 -1.057 | 8.488 |3.86E-04 4.77
ZNF595  |zinc finger protein 595 -1.063 | 5305 |3.48E-04 4.88
HNRNPU |heterogeneous nuclear ribonucleoprotein U -1.083 | 6.526 |2.42E-04 5.31
MAP1LC3Cmicrotubule associated protein 1 light chain 3 gamma -1.565 | 6.029 [1.00E-09 17.88
Statistical evaluation of differentially expressed genes was performed by
implementing a Bayesian linear model using the R package limma . Fold changes
between lipoprotein  -replete and -deplete conditions are expressed as logarithms to

the base of 2 (log2FC) alongside average expression values (AveExpr). Genes that
are upregulated under lipoprotein -deplete conditions have log2FC values in red,
whereas down regulated genes are in green. P-values were adjusted for multiple
comparisons using the Bonferonni -Holm method. B -statistics (B) indicate the log odds

that a gene is differentially expressed.

The transcriptomic response of SF188 cells was more akin to KNS42 rather than
the U87 cell line, possibly reflecting differences between adult and paediatric
GBM. However, there were more differentially expressed genes with roles in
metabolism Table 4.4. FABP3s induced under hypoxia and mediates lipid
droplet accumulation independent afe novosynthesigBensaackt al., 2014)
Although cultured under normoxia, SF188 cells demonstrated an upregulation
of FABP3 Cholesterol dysregulation was also observed with increased gene
expression ofiINSIGland HMGCS/lindicating reduced cellular sterol levels
under lipoprotein deficient conditions. This was supported by enrichment of

the GOcholesterol biosynthetic proceasnd sterol biosynthetic procesdue to
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upregulation of several cholesterol synthesyenes, includingHMGCS1
HMGCRMVK DHCR24ndDHCRZ7Evidence of cellular stress was indicated by
enrichment of the GO processdgpe | interferon signalling pathwagnd
defence response to vir@§able4.2), as supported by increased expression of
NUPR1(Emmaet al, 2016) and PTGS2(COX2), which mediates several
inflammatory responses(Stasinopouloset al, 2013) Network analysis
highlightedinterferon-stimulated gene 15SG1%as a key node in the network
(Figure 4.15B). ISG15 is a ubiquitiike protein that can conjugate with
intracellular proteins (ISGylatiomnd is induced by type | introns (IFNs),
viral and bacterial infection, lipopolysaccharide, retinoic acid, or genotoxic
stressinducing agentqVillarroyaBeltri, Guerra and Sanché&#tadrid, 2017)
Another upregulated gene, the E3 ligdsERComediates ISGylatiom which
ISG15 is conjugated to proteins in a process similar to ubiquitination
(Oudshoornet al, 2012) ISGylation is involved in several cellular processes,
including DNA repair, autophagy, protein translation and exosome secretion
(Segattoet al, 2014) Interestingly, several miRNAs were downregulated in
SF188 cells starved of lipoproteins; MiB8c impairs migration and invasion
(Sunet al,, 2016) whilst MiR1299 suppresses cell proliferation by targeting
CDK@Zhuet al,, 2016)and is a negative regulator of STAWanNget al., 2017)
Downregulation of these miRNAs is likely a cellular mechanism to maintain
tumourigenic properties. However, counteracting these effects was the
observed downregulation of MiR1, which isan oncogenic miRNA that confers

invasive properties in tumour®ornacheaet al,, 2012)
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Table 4.4. List of the most differentially expressed genes in SF188

cells deprived of lipoproteins for 3 days.

Symbol Name logFC | AveExpfadjP.va] B

NUPR1 nuclear protein 1, transcriptional regulator 2.572 | 7.542 |1.83E-04 5091
IFI6 interferon alpha inducible protein 6 2427 | 7.142 |2.44E-07 15.56
FLG filaggrin 2.100 | 5.876 |1.12E-06 12.30
FABP3 fatty acid binding protein 3 2.003 | 5.011 |2.44E-07 14.62
SAMDIL sterile alpha motif domain containing 9 like 1971 | 5388 [2.44E-0] 14.86
INSIG1 insulin induced gene 1 1.840 | 8.715 (2.82E-01 14.18
LOC10192788funcharacterized LOC101927880 1.817 | 6.444 |2.04E-06 11.41
ULBP1 UL16 binding protein 1 1.801 | 5.090 [2.26E-04 -0.60
PTGS?2 prostaglandin-endoperoxide synthase 2 1797 | 6.402 [1.64E-0 11.81
EDN1 endothelin 1 1.783 | 7.359 [2.44E-07 14.52
HERC6 HECT and RLD domain containing E3 ubiquitin protein ligase family memberl6773 | 5.193 [3.72E-04 13.76
IFIT1 interferon induced protein with tetratricopeptide repeats 1 1.714 | 4.080 |2.02E-04 11.54
LUM lumican 1.684 | 7.660 |1.23E-03 9.15
OAS?2 2-5-oligoadenylate synthetase 2 1.681 | 4.425 |1.27E-03 9.05
DHRS3 dehydrogenase/reductase 3 1674 | 4232 |1.23E-0§ 9.11
LOC105375440uncharacterized LOC105375440 1.637 | 4585 |1.11E-06 12.48
CXCL11 C-X-C motif chemokine ligand 11 1.626 | 5183 [1.12E-0§ 12.26
HTR1D 5-hydroxytryptamine receptor 1D 1.625 | 5967 [3.94E-04 10.64
KCNN3 potassium calcium-activated channel subfamily N member 3 1598 | 4.995 |9.32E-03 6.85
IFIH1 interferon induced with helicase C domain 1 1590 | 4.192 [9.55E-0] 12.74
TMEM52B  |transmembrane protein 52B 1.580 | 7.110 [3.77E-04 10.74
HSD17B2 hydroxysteroid 17-beta dehydrogenase 2 1529 | 7.007 |3.94E-06 10.59
OR2B6 olfactory receptor family 2 subfamily B member 6 1523 | 3.850 [8.52E-0§ 9.71
SAMD9 sterile alpha motif domain containing 9 1514 | 6.478 |2.04E-04 11.38
HMGCS1 3-hydroxy-3-methylglutaryl-CoA synthase 1 1502 | 7.247 |7.42E-0§ 9.88
ERMARD ER membrane associated RNA degradation -1.008 | 6.074 |4.40E-03 1.65
HISTIHID |histone cluster 1 H1 family member d -1.012 [ 3539 [2.32E-03 2.47
SNORD88B |small nucleolar RNA, C/D box 83B -1.025 | 6.884 |1.12E-03 3.56
SNORDE5  |small nucleolar RNA, C/D box 65 -1.048 | 6.082 |4.08E-03 1.76
MT1X metallothionein 1X -1.054 | 8729 [5.35E-04 4.57
FRGIHP FSHD region gene 1 family member H, pseudogene -1.082 | 4.775 | 1.31E-03 3.33
MIR1299 microRNA 1299 -1.085 | 5.416 | 6.64E-03 1.07
HISTIHIB  |histone cluster 1 H1 family member b -1.091 [ 9.173 [4.18E-03 1.71
MIR548C microRNA 548¢ -1.094 | 2.881 |4.08E-03 1.76
SNORD12  |small nucleolar RNA, C/D box 12 -1.095 | 6.914 |6.33E-04 4.32
HIST1H3I histone cluster 1 H3 family member i -1.112 | 10.648 | 4.50E-04 4.82
MIR21 microRNA 21 -1.130 | 6.335 |4.07E-03 1.78
SNORD4A  |small nucleolar RNA, C/D box 4A -1.150 | 4.684 [1.54E-03 3.09
SFXN2 sideroflexin 2 -1.166 | 5.392 [4.62E-04 4.73
HISTIH3F  |histone cluster 1 H3 family member f -1.389 | 8.786 | 2.66E-04 8.24
MAP1LC3C |microtubule associated protein 1 light chain 3 gamma -1.436 | 6.065 | 1.83E-04 5.87
HIST1H2BI  |histone cluster 1 H2B family memberi -1.436 | 4.193 |5.70E-04 4.49

Statistical evaluation of differentially expressed genes was performed

implementing a Bayesian linear model using the R package
between lipoprotein  -replete and -deplete conditions are expressed as logarithms to

by

limma . Fold changes

the base of 2 (log2FC) alongside average expression values (AveExpr). Genes that

are upregulated under lipoprotein -deplete conditions have log2FC values in red,
whereas downregulated genes are in green. P-values were adjusted for multiple
comparisons using the Bonferonni -Holmm ethod. B -statistics (B) indicate the log odds

that a gene is differentially expressed.
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Figure 4.15. Network analysis of differentially expressed genes in

KNS42 and SF188 cells cultured under lipoprotein deficient
conditions. Genes that are upregulated and downregulated following
culture under lipoprotein deficient conditions for 72 hr in KNS42 (A) and

SF188 (B) are highlighted in red and green, respectively. The curated
database utilised to generate the n etworks is displayed in the bottom right
corner of each panel.
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It was particularly evident from the transcriptomics data that upregulation

of a cholesterol biosynthetic response was a key feature of pGBM cells under
lipoprotein deficient conditions. Exanation of the changes in expression of
several genes involved in cholesterol regulation, synthesis, export, import and
storage Table4.5) revealeddifferent responsebetween the adult U87 and the
paediatric KNS42 and SF188 cell lines. pGBM cell lines demonstrated a positive
log2 fold change in most genes involved in regulation, synthesis, import and
storage of cholesterol under lipoprotein deficiecinditions Figure 4.1% For

most genes, a positive log2 fold change was also identified for the U87 cell line
but was less in magnitude compared to the pGBM respoirsgute 4.1%
Interestingly, the negative log2 fold change in ABCA1 was much greater i
magnitude in the U87 cell line compared to the pGBM cell likagute 4.1
suggesting that reduced export is the primary mechanism by which U87 cells
maintain cholesterol homeostasis under lipoprotein deficient conditions. These
results support inherst differences in response to metabolic stress due to
lipoprotein deficiency between U87 and pGBM cell lines, which may be a

reflection of the different genetic pathologies underlying adult and paediatric

GBM.
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Figure 4.16 . Differential expression of cholesterol -related genes

under lipoprotein deficient conditions in U87, KNS42 and SF188

cells. Log2 fold changes under lipoprotein deficient conditions of genes
involved in cholesterol regulation, synthesis, expor t, import and storage are
displayed for U87 (red), KNS42 (blue) and SF188 (green).
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Table 4.5. Statistical analysis of cholesterol -related genes in U87,

KNS42 and SF188 cells under lipoprotein deficient condit ions
Gene log2FC F adj.P.Val Significancd
us7 | KNS42] sSFiss
Regulation
INSIG1 0.519 1.604 1.850  75.144 3.34E-0f
SREBF1 0.417 0.369 0.154 3.441 0.244454 ns
Synthesis
HMGCS] 0.731 1.6046 1.444 54.104 1.58E-05  ***
HMGCR 0.399 0.741 0.697  23.191 0.001054 o
MVK 0.349 1.394 1.131] 43.35§ 3.85E-05  ***
PMVK 0.031 0.10§  -0.131 0.43dJ 0.904111 ns
MVD 0.493 0.92¢ 1.04d 15.62Q 0.004692 *x
IDI1 0.434 0.866§ 0.859  23.31¢ 0.001054 r
GGPS1 -0.031 0.109 0.077 0.237 0.952797 ns
FDPS 0.314 0.734 0.51d 12.283 0.009993 x
FDFT1 0.456 0.614 0.360 14.573 0.005714 *x
SQLE 0.462 0.952 0.889d 37.873 7.61E-0p  **
LSS 0.337 0.704 0.794 16.083 0.00427 o
CYP51A1 0.49¢ 0.694 0.862 30.918 0.000244 orx
TM7SF2 0.519 0.814 1.079  14.709 0.005644 r
MSMO1 0.631 1.301 1.243  43.729 3.85E-05  ***
NSDHL 0.354 1.011 0.689 21.01Q 0.001641 ox
HSD17B7 0.734 0.62¢ 0.569 8.249 0.037001 *
EBP 0.289 0.891 0.962 22.392 0.00120¢ *x
SC5D 0.437 0.893 1.069  43.744 3.85E-0p  ***
DHCR7 0.507 1.112 0.879 32.783 0.00018¢ orx
DHCR24 0.34(Q 1.149 0.973 22.194 0.001239 o
Efflux
ABCA1l -1.427 -0.399 -0.03§  14.518 0.005714 r
ABCG1 | -0.0885% 0.19242 -0.00507 1.00d9 0.877179 ns
APOE -0.041 0.324 0.415 3.827 0.204334 ns
Uptake
LDLR 0.400 0.756 0.884 16.97Q 0.00379 *x
VLDLR 0.654 1.282 0.803  12.039 0.01070¢ *
Storage
ACAT2 | 0.299 0.957 1.08d 22.893 0.001111 o
Fold changes between lipoprotein -replete and -deplete conditions are expressed as

logarithms to the base of 2 (log2FC). Analysis of variance (ANOVA) using the R
package limma was performed to determine if the if the log2FC values differ

significantly from zero based on the F statistic. P-values were adjusted for multiple
comparisons (adj.P.Val) using the Bonferonni -Holm method. ns = not significant; *
= p<0.05; ** = p<0.01; ** * = p<0.001; **** = p<0.0001.

4.6. Chapter discussion
Lipoproteins function to deliver lipid and sterol species from the liver to
peripheral organgTulenko and Sumner, 2002DLs are the only class of

lipoproteins capable of penetrating the BBB, although a fraction of lipoproteins

within the CNS are synthesised by astrocytes and to a lesser extent by neurons.

CNS lipoproteins are hypothesised tmaintain homeostasis through
distribution of lipid and sterol species throughout the bréifang and Eckel,
2014) However, the association between apolipoprotein variants and the
LI §K23SySara 2F !'f1 KSAYSNnRna RAaSkas

lipid/sterol delivery(Vance and Hayashi, 2010h cancer, lipoproteins have
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been demonstrated to be an essential component of the growth medium for
the mainenance of cellular viability of Ré®nsformed astrocytes and the U87
cell line (Rioset al, 2014) We initially identified a different response to
lipoprotein deprivation m pGBM cells, characterised by increasasllular
viability by the PrestoBlue assajdowever, this was deemed artefactual
following observations made using the crystal violet assahich is a
triarylmethane dyehat can bind to ribose type moleculsachas DNA in nuclei
and thus give a readout of cell numb@&hebasis of thePrestoBlueassayis the
reduction of the active resazurin reagent into resorufinreductantsn viable
mitochondria.Therefore, drugreatment or cultureunder differentconditions

may influence redox/mitochondrial metabolism but notthe rate of
proliferation, resulting in incorrect conclusions being drawn from the
PrestoBlue assayAdditional components within the DMEM/E2 basal
medium, such adipoic acid (cofactor fothe pyruvate dehydrogenase complex

| V' R -ketbglutarate dehydrogenasg) most likely maintained redox/
mitochondrial metabolismin pGBM cells cultured under lipoproteteplete
conditions whichdid not translate into increased cell numbexs determined
using the crystal violet assaysing the same basal medium for both adult and
paediatric GBM cells, a greater vulnerability to lipoprotein deprivation was
observed in pGBM cells compared to their adult counterpart in both monolayer
and spheoid models. Impairment of cellular viability was not observed to be a
HGGspecific phenomena, as gradeecific responses were seen with the
grade Il paediatric Res259 glioma cell line demonstrating resilience to the
removal of lipoproteins, whereas a ogtatic response was observed in the
grade | paediatric Res186 cell line accompanied with morphological changes
reminiscent of elongation. This change in morphology was also identified in U87
cells, and the underlying cause may be due to altered membrgnardics or
induction ofepitheliakmesenchymal transitionEMT). Interestingly, growth of
U87 cells within spheroids led to a resistant phenotype, which was not seen in
the pGBM cell lines. Previous research has demonstrated the differential
effects of culuring cells in spheroid format on metaboligi@mithet al.,, 2012)

These results highlight the importance of lipoproteins to the maintenance of
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GBM cell line growth, particularly within paediatric models. The importance of
lipoproteins within arin vivosetting has indirectly been demonstrated through

inhibition of lipoprotein uptake using LXR agon{sslaet al, 2016)

The findings from monolayer and spheroid experiments indicated that the
removal of lipoproteins is cytostatic. Flow cytometric analysis revealed a
significant increase in the percentage of pGBM cells in S phase. Combined with
the reduced growth rates, thialluded to the induction of S phase arrest, a
phenomenon previously observed in response to nucleoside analq&nest

al., 2001) U87 cells demonstrated an unaltered profile due to minimal viability
differences at this timepoint. Since major differences in viability were only
observed from day 3 onwards, we hypothesised that any transcrigtomi
response underlying the phenotypic changes following lipoprotein deprivation
would be secondary or tertiary in nature. Transcriptomics was therefore
applied to cells deprived of lipoproteins for 3 days. The data analysis hinted at
stress induction with everal genes implicated in ER stress and autophagy.
ATF4, a key mediator of the ER stress response, was upregulated in KNS42 cells
but was only significant when th@-value was unadjusted for multiple
comparisons. It is possible that significant inductmisuch keys drivers of
stress responses occurred within 24 hours of the induction of stress and that
turnover of the transcripts reduced significance at day 3. Interestingly, the U87
cell line demonstrated upregulation of several genes associated witipaxic
response, whereas pGBM cell lines demonstrated transcriptomic signatures
associated with inflammatory signalling and cholesterol biosynthesis. Both
pGBM cell lines demonstrated a stark induction of genes associated with
cholesterol homeostasis in ogparison to the U87 cell line, which may highlight

a pGBMspecific tumour biology for further study using patient tissue. It is
unclear as to why a hypoxic response was initiated considering that U87 cells
were cultured in normoxia. However, it is possilileat increased ROS
LINE RdzOG A2y RdzS G2 YSGlo2fAO0 auNXlaa f SR
hypotheses that can be tested through measurement of protein levels and

cellular localisation via Western blotting and confocal microscopy, respectively.
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Changes in membrane lipid composition can lead to the induction of ER stress
and the unfolded protein response UPR (Volmer and Ron, 2015)The
induction of cholesterol synthetic genesder lipoproteinderived conditions
implicates reduced cholesterol level€holesterolis required in the ER
membrane to maintain the lateral mobility tlansmembrane proteins, and its
depletion is correlated with impaired E®-Golgi transportand ultimately
protein section (Ridsdaleet al, 2006) Low cholesterol levels in the ER
membrane may therefore initiate an ER stress respomséypothesis that
could be tested by examining ER ultrastructure under lipoprotein deficient
conditionsin the presence or absence of exogenous cholestétblesterol
depletion may alsoaccount for the inflammatory responses observed in the
pGBM cell linessince limiting cholesterol synthesis indas a type | IFN
response Network analysis highlighted the centrality of STAT2 and IRF9 within
both KNS42 and SF188 cell lines deprived of lipoproteins. IFM Yy ONB I & S &

and IRF9 expression which driveclL S E LINB & & A(Naylet a,A2018)b C T .

which is also involveth mediating ER stresfriven inflammatory responses.
Significant upregulation of 4& was observed in KNS42 and SF188 cells under
lipoprotein deficient conditions, but this was only significant when unadjusted
for multiple comparisons in the KNS42 celéliProlonged activation of IRF9 in
complex with STATs 1 and 2 following continuous exposure tdelogV IFN
mediates resistance to DNA dama@heoret al, 2013)

The transcriptomics data showed few significant @sges from genes
associated with lipid or cholesterol metabolism. Decreased expression of
ABCAlin U87 cells hinted at cellular responses due to low sterol levels.
Although increased expression of cholesterol related genes, incl8REBF1
INSIGLINSIG2STARDAMVD, SQLELRP1 andVLDLRwas observed in U87
cells, p-values were not significant following adjustment for multiple
comparisons. In contrast, several of these genes were significantly upregulated
in pGBM cells, implicating dysregulated cholesterol metabolism due to
deprivation of lipoproteins as a paediatiiiology-specific phenomenon. This

was met by upregulation 6fLDLRnd/or LDLRo increase lipoprotein uptake.
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Surprisingly, addition of exogenous cholesterol could not rescue the growth
defect, indicating other roles provided for by lipoproteins. Therevidence to
suggest that HDLs function as mitogens. Using a fibroblast model, Angius and
colleagues demonstrated that cell transition from GO to G1/S required HDL
uptake to increase cholesterol ester levels, with a concomitant increase in pAKT
via SRBI (Angiuset al,, 2015) This may provide some explanation as to the
cytostatic observations following lipoprotein  deprivation. Indeed,
supplementation of lipoprotein deficient medium with HDL rescued the growth
of transformed astrocytegRioset al,, 2014) HDLs are similar in saturated lipid,
cholesterol and sphingolipid composition to lipid rafts, with lipid exchange
occurring between lipid rafts and HD{SorciThomaset al,, 2012) Therefore,
future studies could examine lipid raft dynamics that may be adversely affected
by deprivation of lipoproteins, with implications on rdficalised signalling

proteins.
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Chapterbs

Determining the metabolic
changes associated with growth
under lipoprotein deficient
conditions in adult and paediatric
GBM cells
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5. Determining the metabolic changes associated with growth
under lipoprotein deficient conditions in adult and paediatric

GBM cells

In the previous chapter, adult and paediatric GBM cells were shown to exhibit
a similar dependency on lipoproteins for the maintenance ofutallviability

and proliferation. Lipoproteins consist of several cholesterol and lipid species,
including triglycerides and phospholipifi&asaret al, 2008) Cholesterol and
lipids are important components of the plasma membrane and must
accumulate in biomass to enable cell divisi@imons and Toomre, 2000)
Lipids are also utilised @sdzo & G NI 1 S& (2 LINRoRidatdBorSy S NH ¢
as building blocks in the generation of secondary signalling mole(Cigseet

al., 2013) We therefore hypothesised that depriving GBM cells of lipoproteins
would alter the lipidome and allow thidentification of lipid species whose
abundance is highly dependent upon lipoprotein uptake. Since several
metabolites associated with carbon metabolism feed into the lipid synthesis
pathway, we envisaged a compensatory response in several metabolic
pathways to maintain a lipogenic phenotype, a feature highly characteristic of
the latter malignant stages of tumour progressidftenendez and Lupu, 20Q7)

In this endeavour, we utilised tNIS as an analytical technique to profile both
polar (metabolites) and nopolar (ipid) compounds from adult and paediatric

gliomacells cultured under lipoprotetneplete or-deplete conditions.

5.1. Optimisation of celhumbersand metabolite extraction methods for LC
MS sample generation

Six glioma cell lines were chosen to study lipdein dependence across age
group as well as tumour grade: U87 (adult grade 1V), KNS42 (paediatric grade
IV), SF188 (paediatric grade 1V), UW479 (paediatric grade IllI), Res259
(paediatric grade 1), and Res186 (paediatric grade 1). All cell lines unaawrre
were cultured in the same medium consisting of 1 g/L glucose DMEM with 10%
FBS, P/S, and NEAAs representing normal medium (NM). Growth under

lipoprotein-deplete conditions wamediatedthrough replacement othe FBS
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componentin NM with lipoprotein-deficient calf serum{LPDM). Based on the
cellular viability assays discusga@viously a 72 hr timepoint was chosen for

the metabolomics and lipidomics analysis siiceitro phenotypic alterations
manifested at or after this timepoint under lipoprotenteficient conditions.
Simultaneous extraction of both polar metabolites and spmtar lipids through

a biphasic extraction procedure was conducted to enable combined
metabolomics and lipidomicanalyses The metabolite extraction procedure
was optimised ging the U87 cell line grown in T25 flasks to compare two
different methods: 1) methanol extraction and 2}giasic extraction using a
1:3:1 ratio of methanol:chloroform:water. 154 metabolites with putative
identifications were commonly identified betweerthe two extraction
procedures, which was lower than the expected number of approximately 700
metabolites typically identified using LKAS This was attributed to there being

too few cells in a T25 flask from which metabolites were extracted. An arbitrary
fold change threshold of 0.8 was chosen to compare the extraction efficiencies
of the two extraction procedurs. Out of the 154 metabolites, 123 metabolites
RSY2Yy&aGNF GSR | T2t R OKI y 3-fhasis todthe s KSYy
methanol extraction procedure&Several metabolites demonstrated higher peak
intensities following bphasic extraction compared to methanol alomperhaps
reflectingincreased cell lysidue tothe addition of chloroform(Table5.1). To
improve the strength of the L-0IS signal, we increased the number of cells
being extracted from by using petri dishes and T75 flasks and included a drying
step to concentrate the metabolites. Analysisthe peakintensity signal from

a T75 flask (1.06E8) and two petri dishes combined (1.12E8) indicated that the
number of cells from a T75 flask was sufficient to generate a stromg3 slgnal

for metabolomics and lipidomics analysis with the incorpmnmatof a drying

step into the biphasic extraction procedure.
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Table 5.1. Metabolite peak intensities and fold change differences
between two metabolite extraction protocols.

. . MeOH Bi-phasic |Fold changd
Putative metabolite extraction | extraction | (Bi:MeOH)
[FA methyl(6:0)] 2-methyl-hexanoic acid 2657 12887( 48.49
Butanal 2442 83555 34.22
[FA (10:1/2:0)] 2E-Decenedioic acid 2444 56210 23.00
[FA hydroxy(9:0)] 2-hydroxy-nonanoic acid 928 12410 13.38
2,5-Dioxopentanoate 6367 75050 11.79
N4-(Acetyl-beta-D-glucosaminyl)asparagine 6855 1587 0.23
Octadecanamide 51249 10847 0.21]
Linoleate 13647 2451 0.18
(L-Seryl)adenylate 18624 2181 0.12
di-n-Undecylamine 60762 22290 0.04

Ten representative metabolites with putative identifications are displayed derived
from methanol (MeOH) or bi -phasic (methanol:chloroform:water) extraction of

cellular metabolites. Fold changes represent the ratio of peak intensities between the
bi-phasic and MeOH extraction procedures (Bi:MeQOH).

5.2. Determination of doubling times under lipoprotegplete and-
deplete conditions
Apreliminaryexperiment examining thmetabolomeof the U87 cell line under
lipoprotein-replete and cdeplete conditions was performedusing n=3
replicates Thisexperiment highlighted issues associated with different growth
rates under the two experimental conditions. As growth rate was reduced
under lipoproteirdeficient conditions, seeding the same number of cells at O
hr led to different numbers of cells at thé2 hrtimepoint. Therefore, to
examine the same number of cells at the 72 hr timepoint, we measured the
doubling time of each cell line under the two experimental conditions using the
exponential growth equation to calculate doubling times dndalues(Table
5.2). This had the added benefit of preventing the need for an extensive

normalisation procedure to account for differing cell numbers.

Table 5.2. Doubling times of adult and paediatric glioma cells under
lipoprotein  -replete and  -deplete conditions

us7 KNS42 SF188 uw479 Res259 Res186
NM [LPDM| NM |LPDM| NM |LPDM| NM [LPDM| NM |LPDM NM |LPDM

k 0.02140.01290.013§0.0096 0.02370.0110 0.0201 0.01590.02740.0138 0.02710.0173
DT (hr) | 32.38 53.79 51.14 72.29 30.09 63.09 34.5 43.64 25.28 50.34 25.57 40.19
The parameter Kk represents the rate constant in the growth equation N
= No x eX!, where N is the number of cells at t time ( hr) after the start of
an experiment seeded with No cells. The doubling time DT is calculated
as In(2)/ k.

Parameter
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5.3.  Metabolomics of adult and paediatric GBM cells cultured under
lipoprotein-replete and-depleteconditions
Following the optimisation of cell numbers a@h metabolite extraction
procedures, the metabolomic profiles of all six clfles cultured under
lipoprotein-replete or-deplete conditions was assessed throughM&based
metabolite profiling. A total of 604 human metabolites with putative
identifications were obtained from the -MS analysis of cellular metabolites,
referred to as the Yhetabolomic fingerprin Analysis ofculture medium
componens to determine changes in nutrient levefsllowing metabolite
exchange between cells and thacroenvironment was also conductedhis is
NEFSNNBR (2 a GKS WYS150 umdn 2ndtdbalitest 2 2 LI}
were identifiedputatively. The data was mined feanonicametaboliteswithin
classiavell characterisedanetabolic pathwaysincluding glyelysis and the TCA
cycle Growth under lipoproteirdeprived conditions resulted in cedpecific
glycolytic responses generally characterised by reduced glycolytic
intermediates(Figure5.1), indicative of increased metabolic flux. In U87 and
Res186 cells, this was associated with increased lactate (Ergise5.1A and
F) perhaps reflecting an amplified Warburg effect. Interestinghg pGBM
KNS42 cell lindemonstrated minimal changes to early glycolytic intermediates
that was not observed for thether pGBMcell ling SF188Kigure5.1B and C)
Several paediatric glioma cell lines demonstrated redupgdivate levels,
reaching significance in the KNS42, SF188, Res258emi@6 cell line§ able
5.3). Reduced levels of pyruvate likely indicate increased shuttling of this
metabolite into the TCA cycle to maintain energy production as well as supply
carbon units for lipid synthesis, as lothesised under lipoprotein deficient

conditions.
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Figure 5.1. Heatmap representation of glycolysis metabolites under

lipoprotein  -replete or  -deplete conditions. (A-F) Mean peak intensities
for glycolysis metabolites identified from six glioma cell lines cultured under
lipoprotein -replete (NM) or -deplete (LPDM) conditions were centred using
the grand mean. Scale bars depict the grading of colours for fold changes

ranging between 0 and 2. Abbreviations: G6P i glucose 6 -phosphate; G3P i1
glyceraldehyde 3 -phosphate; 3PG I 3-phospho -glycerate; PEP T
phosphoenolpyruvate; Pyr I pyruvate; Lac 1 lactate.
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Table

5.3. Fold change differences for metabolites within the glycolysis pathway and tricarboxylic acid cycle under

lipoprotein  -replete relative to lipoprotein -deplete conditions.

Metabolite ID usg7 KNS42 SF188 uw479 Res259 Res186

confidence| log2FC| FDR | log2FC| FDR | log2FC| FDR | log2FC| FDR | log2FC| FDR | log2FC| FDR

Glycolysis
D-Glucose 6-phosphate 10 -0.04 9.20E-01 0.0/ 9.99E-01 -0.244.83E-01 @ 0.574.66E-01  1.08 6.03E-03  -0.55 9.98E-0]
D-Glyceraldehyde 3-phosphate 8 2.452.12E-05  0.06 9.95E-01 -1.60 5.22E-02  0.72]1.69E-02 -0.941.41E-01  0.59 9.98E-0]
3-Phospho-D-glycerate 8 -0.92 8.53E-02 -0.128.93E-01 -0.014.94E-01 @ 0.099.48E-01 -0.36§4.08E-01 -0.552.16E-0
Phosphoenolpyruvate 8 -1.532.06E-02 -0.099.97E-01 0.90 2.16E-01 -0.711.78E-01 = 0.28 7.16E-01  -0.99 9.30E-0!
Pyruvate 8 -0.36 3.28E-01  -1.200 2.00E-02 -1.645.10E-083 -0.4 1.24E-01 -0.931.17E-02 -0.76 1.87E-0!
Lactate 10 0.70 7.73E-02  0.01]9.91E-01 -0.156.45E-01 @ 0.149.00E-01 @ 0.265.13E-01  0.49 7.60E-0]
Tricarboxylic acid cycle
Citrate 8 0.50 8.52E-02  0.35/3.62E-02  0.38 5.82E-02  0.47 7.05E-02  0.20 2.91E-01  0.08 6.67E-0
Succinate 10 -1.636.11E-05 -0.79 1.58E-02 0.20 1.11E-01 -0.799.47E-08 -0.4(0 4.95E-02 -2.14 3.02E-0]
Malate 10 -0.10 6.78E-01  -0.34 2.56E-02 -0.64 2.43E-04 -0.49 1.92E-01 -0.04 8.69E-01 -0.3( 7.89E-0]
Energetics
ADP 10 0.21]7.36E-01  0.247.33E-01  0.127.58E-01 @ 0.228.62E-01 @ 0.30 7.98E-01 -0.266.17E-0
ATP 8 0.8004.17E-02 -0.099.72E-01 @ 0.3§ 4.14E-01 = 0.434.12E-01 = 0.205.64E-01  -0.24 5.20E-0
Creatine 10 -1.395.27E-08 -0.84 1.09E-08 -1.131.05E-0% -2.6(3.67E-04 -1.4115.64E-0% -1.59 3.02E-0]
Creatinine 10 -3.4211.40E-04 -2.638.45E-05 -2.979.10E-0¢ -4.71497E-05 -3.685.54E-07 -2.85 1.50E-0¢
NAD+ 8 0.57/3.22E-01  0.176.44E-01 0.2 1.92E-01 = 0.18 5.61E-01  0.40 1.67E-01  0.31 2.69E-0
NADH 8 -0.04 9.98E-01  -0.28 2.84E-01 -0.28 5.32E-02  0.145.35E-01 @ 0.23 4.79E-01  0.44 7.89E-0]
NADPH 8 0.21] 7.25E-01  -0.0§ 8.45E-01 -0.30 5.29E-01 0.50 5.43E-01 0.22 5.56E-01 0.10 7.72E-0

Metabolites highlighted in red showed RSD values >30% in QC samples.

where green and red represent significantly reduced or elevated metabolite levels under lipoprotein

lipoprotein -replete. Statistical evaluation was performed using a
= the false discovery rate (FDR). Abbreviations: ADP i adenine diphosphate; ATP i
w adenine dinucleotide (phosphate); NAD(P)H I reduced NAD+/NADP+.

Fold change differences are given to the base of 2 (log2FC)

-deplete conditions relative to

t test and p-values were corrected for multiple comparisons using
adenine triphosphate; NAD(P)+ i

nicotinamide



Analysis of TCA cycle metabolites provided evidence of dysregulated
mitochondrial metabolism following significantly reduced succinate levels in all
cell lines barring SF18&i@gure5.2 and 5.3). However, lipoproteirdeprived
SF188 cells demonstrated significantly reduced malate levels as was also
observed for KNS42 cellBigure5.2), consistent with the incomplete shuttling

of carbon atoms around the TCA cycle. In all cell lines, citrate levalged an
increasing trendreaching significancen KNS42 celld={gure5.2 and 5.3). As
summarised iMable5.3, a prevailing picture emerged of reduced TCA cycle flux
possibly in association with shuttling of citrate carbon into lipid synthesis
pathways. Reductive carboxylation of glutamine is a means by which cells with
dysfunctional mitochondria or under hypoxstress can generate lipids for
normal cellular functiorfMetalloet al,, 2011; Mulleret al, 2011) Surprisingly,
significantly increased instead of decreased lewélglutamine were observed

in KNS42 and SF188 cells, which was associated with higher levels of glutamate
in the SF188 cell lin€&igure5.2). Glutamne and glutamate levels were largely
unchanged in the other cells lindsigure5.2 and5.3), indicating that glutamine

was not used as a TCanapleurotic or anabolic substrate within the

experimental conditions.
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Figure 5.2. Peak intensities of tricarboxylic acid cycle -related
metabolites in U87, KNS42 and SF188 cultured under lipoprotein -
replet e or -deplete conditions. Mean peak intensities are displayed for
TCA cycle -related metabolites under lipoprotein -replete (NM; red) or -
deplete (LPDM; green) conditions Abbreviations: Pyr T pyruvate; Cit T
citrate; Suc 1 succinate; Mal T malate; Glu T glut amate; GIn 1 glutamine.
Statistical evaluation was performed using a two -sample t-test: ns = not
significant; * = p<0.05; ** = p<0.01; *** = p<0.001; *¥*** = p<0.0001.
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Figure 5.3. Peak intensities of tricarboxylic acid cycle -related
metabolites in UW479, Res259 and Res186 cultured under
lipoprotein  -replete or  -deplete conditions. Mean peak intensities are
displayed for TCA cycle -related metabolites under lipoprotein -replete (NM;
red) or -deplete (LPDM; green) conditions Abbreviations: Pyr T pyruvate; Cit
I citrate; Suc 1 succinate; Mal 1 malate; Glu 71 glutamate; GIn T glutamine.
Statistical evaluation was performed using a two -sample t-test: ns = not
significant; * = p<0.05; ** = p<0.01; *** = p<0.001; ****=  p<0.0001.
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The analysis abovedicated that growth under lipoprotein deficient conditions
resulted in increased glycolysis and decreased flux within the TCA cycle. Given
that ATP is produced in the biosynthesis of succinate and reducedisFAD
geneited in the conversion of succinate to fumardbe utilisationin oxidative
phosphorylation, we hypothesised that energetic substrates would be altered
under lipoprotein deficient conditions. However, levels of ADP and ATP were
largelyunchanged in all dis lines(Figure5.4), apart from a significant increase

in ATP levels in U87 caltdinewith evidence of increased glycolyfiable5.3).
Interestingly, although weoncluded the possibility aficreased lipid synthesis
based on reduced TCA flux and increased citrate levels, the levetse of
essential cofactor in lipid synthesiBlADFH, were not signifiantly altered
under lipoprotein deficient conditionéTable5.3). This was also the case for
NAD and NADH which are essential reducing equivalents in several metabolic
pathways Table5.3). As summarised ifrigure5.4, these results indicate that
energetics is largely unaffected by the removal of lipoproteins from the growth

medium.
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Figure 5.4. Heatmap rep resentation of energetic metabolites under

lipoprotein  -replete or  -deplete conditions. (A-F) Mean peak intensities
for energetic metabolites identified from six glioma cell lines cultured under
lipoprotein -replete (NM) or -deplete (LPDM) conditions were ce ntred using
the grand mean. Scale bars depict the grading of colours for fold changes

ranging between 0 and 2. Abbreviations: ADP i adenine diphosphate; ATP 1
adenine triphosphate; NAD(P)+ T nicotinamide adenine dinucleotide
(phosphate); NAD(P)H 1 reduced NAD+/NADP+.

The culture of adult and paediatric glioma cells under lipoprotein deficient
conditions caused minimal changes to amino acid metabolism, as summarised
in Table5.4. Although several amino acids demonstrated a significant change
within cell lines, fold changes were not consistent with a marked metabolic
response following lipoprotein deprivation. Excepts to this included serine,
glycine, and alanineT@ble5.4). Serine and glycine are important metabolites
for growth (Jainet al,, 2012; Labuschagret al., 2014) Although significantly

reduced serine levels were observedthin the fingerprint of all cell lines
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(Figure 5.3, B and CFigure 5.8, B and C), this is likely attributed to the
significantly lower serine component within LPDM compared to ¥iMufe

5.5D andFigure 5.®). In contrast, there was a general increasdéingerprint
glycine levels that was significant in SF188, UW479 and Res259, which was not
due to different levels between NM and LPDMgure 5.and Figure 5.3
Fingerprint alanine levels were significantly reduced in LPDM compared to NM
in all celllines, with the exception of the U87 cell linéigure 5.9%nd Figure

5.10). This could be attributed to significantly lower levels of alanine in LPDM
compared to NM Eigure 5.® andFigure 5.10). It is interesting to note the
highly significant releasef @lanine from U87, KNS42, SF188 and Res186 cells
deprived of external lipoproteins to the extent that there are rsignificant
differences between footprints in NM and LPDM, despite lower levels in LDPM
compared to NM to begin witHjgure 5.® andFigue 5.1M).We hypothesise

that the increased alanine release is due to increased synthesis via alanine
transaminas® ¢ KA OK O2y @SNIL A LIRNUzOFGS | yR 3f
thus potentially contributing to TCA anapleurosfdternatively, lipoprotein
starvation may induce autophagy to obtain amino acids from protein
catabolism for use as energetic substrategith release of alanine as a
byproduct However, it must be stressed that the observations made for
alanine within the footprint and medium cont®lare to be interpreted with
caution since alanine obtained a very low identification confidence sd@ial¢

5.5). Serine and glycine both feed intiee methionine cycle which is directly
associated with glutathione synthesis. Within this pathway, only cystathionine
demonstrated a significant reduction in U87, KNS42, SF188, and Res186 cells
(Table 5.4. Reduced glutathione levels were not significamwhyer in LPDM
compared to NM, indicating that acute lipoproteiteprivation does not induce
stress associated with increased ROS production, within the context of this

experiment.
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Table 5.4. Fold change differences for amino acid metabolites under lipoprotein

-replete relative to lipoprotein

-deplete

conditions.

Metabolite ID u87 KNS42 SF188 Uuw479 Res259 Res186

confidence| log2FC| FDR | log2FC| FDR | log2FC| FDR | log2FC| FDR | log2FC| FDR | log2FC| FDR

Essential amino acids
L-Histidine 10 0.11{ 4.60E-01 0.28 5.01E-02 0.44 2.72E-03 0.12 1.07E-01 0.31{ 1.51E-02 0.38 8.72E-0
L-Isoleucine 10 0.13 1.15E-01 0.11 2.56E-01 0.31f 1.89E-03 0.03 6.81E-01 0.26| 2.36E-02 0.26/ 1.29E-0
L-Lysine 8 0.27/4.42E-01 0.14 8.04E-01 0.235.22E-01 -0.195.61E-01 0.17/4.80E-01 0.18 5.13E-0
L-Methionine 10 0.08 1.88E-01 0.131.25E-01 0.31]8.67E-05 -0.094.61E-01  0.40 2.36E-03  0.29 9.07E-0
L-Threonine 10 0.21} 3.47E-02 0.28 5.71E-04 0.24/ 1.14E-03  -0.11 2.47E-01 0.40 1.08E-0% 0.11f 3.92E-0
L-Tryptophan 10 0.16/ 2.03E-01 0.23 1.20E-02 0.36/2.13E-04 -0.07 6.37E-01 0.50 6.69E-04 0.38 1.72E-0
L-Valine 8 0.06/ 5.87E-01 0.18 7.20E-02 0.339.60E-04 -0.02 8.01E-01 0.25/ 2.18E-02 0.19 2.69E-0
Conditional amino acids
L-Arginine 10 -0.03 9.20E-01 -0.09 6.40E-01 0.183.47E-01 -0.194.68E-01 -0.086.21E-01 0.11{ 4.26E-0
L-Cysteine 8 -0.16 8.82E-01 0.701.67E-01  0.423.37E-01 -0.802.85E-01  0.27/6.59E-01  0.04 6.63E-0
L-Glutamine 10 -0.077.31E-01 0.41) 6.39E-03 0.38 7.99E-03 0.03 8.39E-01 0.21§ 1.03E-01 0.14 2.25E-0
L-Tyrosine 10 0.28 3.15E-02 0.45 1.00E-03 0.62 1.33E-04 0.04 7.69E-01 0.70 4.99E-0% 0.49 2.35E-01
Glycine 10 0.40 7.84E-02 0.3 9.47E-02 0.84{ 9.84E-04 0.35 8.89E-03 0.60| 1.15E-03 0.25 1.72E-0
L-Proline 10 0.29 2.89E-02 0.21) 6.99E-02 0.48/7.22E-04  -0.06 3.24E-01 0.28] 3.54E-03 0.34{ 2.31E-0
L-Serine 10 -0.541.12E-02 -0.533.48E-04 -0.551.46E-08 -0.822.08E-0% -0.5¢ 1.95E-03 -0.82] 1.09E-04
Non-essential amino acids
L-Alanine 8 -0.37/9.35E-02 -0.734.16E-04 -0.76 2.10E-0% -0.932.37E-08 -0.341.07E-02 -1.4¢ 3.65E-0¢
L-Asparagine 10 -0.14 1.65E-01 0.42 6.84E-03 0.7204.14E-04  -0.02 8.39E-01 0.45/1.11E-02 -0.03 7.72E-0
L-Aspartate 10 -0.12 3.44E-01 0.25 1.65E-01 0.225.32E-02 -0.18 2.05E-01 0.393.67E-02 -0.48 3.65E-0]
L-Glutamate 10 0.21{ 8.98E-02 0.19 1.64E-01 0.338.38E-04 -0.05 7.69E-01 0.27/9.74E-03 0.11{ 4.24E-0

Fold change differences are given to the base of 2 (log2FC) where green and red re
— lipoprotein -deplete conditions relative to lipoprotein

3 comparisons using the false

discovery rate (FDR).

-replete. Statistical evaluation was performed using a

present significantly reduced or elevated metabolite levels under

t test and p-values were corrected for multiple



Figure 5.5. Peakintensi ties of serine in U87, KNS42 and SF188 cells

cultured under lipoprotein -replete or -deplete conditions. Peak
intensities for serine are displayed following extraction from (A) U87, (B)
KNS42 and (C) SF188 cells (fingerprint; top left in each panel ) or cultured
medium (footprint; top right in each panel ) under lipoprotein -replete (red)
or -deplete (green) conditions. Comparisons between either NM or LPDM in
the presence or absence (CTL) of cells are included (bottom left and bottom

right in each panel , respectiv ely). Serine levels within NM and LPDM in the
absence of cells are compared in (D). Statistical evaluation was performed
using atwo -sample t-test: ns = not significant; * = p<0.05; ** = p<0.01;
k= p<0.001; **** = p<0.0001.
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