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Dansk resumé

Glioblastoma multiforme (GBM) er den mest almindelige og aggressive hjernetumor hos, voksne
med en median overlevelse for nydiagnosticerede GBM patienterdei1,5 ar. Trodsn intensiv
indsats behandlingenyil langt de fleste patienter opleve tilbagefald en stor del aforskningeni
dager derforrettet modnye molekyleere og celluleetargets der kan forbedre prognosen for GBM
patienter. Et sadamargeter de hjernecancer stamcellgnende celle (hCSC), som menes at vaere
ansvarligg for tumorinitiering, -progression behandlingresistensog i sidste enddilbagefald
hCSC identificereppa baggrund af deres lighed medrmaleneurale stamceller (NSC) og deres
tumorigene potentialésSomdet er tilfeelde for NSC, menesden epidermale veekstfaktogceptor
(EGFR) og Notclreceptorsignakring at vaere vigtig for opretholdelse RESC.Pa den baggrund
udger dssesignaleringseje etlovendetargeti en fremtidigantthCSCGBM behandling.

Det overordnede formal med ttie PhDprojekt har vaeretat undersageden funktionelle rolle af
EGFR og Notch aktivitet hCSGs stamcellelignendeegenskabr og tumorigene potentiale med
henblik pa atiddybe vores viden omkrirdisse signaleringsvejihCSCpopulationeri GBM.

Ved at etablere og dyekhumaneGBM xenograft celler under NSforhold opnaedevi neurosfeere
kulturer, der indeholdt celler med stamcdignende og tumorigene egenskab&ndvidere
karakteriserede vile forskellige kulturer baseret pa deres edsgionsniveau af EGFR og Notch
receptoen samt ekspression af den nerede receptor EGFRVII, B ekspressignder blev
opretholdtfra patientaterialetil xenograft tumorer og cellekuiter. | en kultur der overudtryke
EGFRsamt udtrykteEGFRVIII, fandtvi, at EGFR inhilering farte tildifferentiering, mengorceret
differentiering ferte til nedregulering af EGFR og EGFRvlIDerudover viste vi, at
EGFR/EGFRUVIII nedreguleringenten sm fglge af forceretdifferentiering eller EGFR inh#ring
resulteredd nedsatin vitro tumorigen og stamcellelignendepotentiale. | kulturerder udtryke
hgjt niveau af Notchkl receptorenfandt vi, at Notch inhiberingnedsatte dein vitro tumorigene
potentiale mensdetaf de stamcellelignendeegenskabetkunvar den primaerafaere formationder
blev heemmet Kulturer med lav Notch ekspression blev ikke pavirketNatch inhiberingen
Omvendtfandt vi, atkunstig aktivering aNotch signagéringen resulteredeagetin vitro tumorigen
potentialesamt indikationepa & ggetstamcellelignendepotentiale i alle kulturerSammenlagt
tyder dssein vitro resultaterpd at aktiv EGFR og Notchsignaleringer vigtig for at opretholde
hCSC populatiorensstamcellelignende og tumorigenpotentiale Da vi testede effekten &fotch
inhibering pa intrakraniel tumorvaekst, obsenaeei ikke gget overlevelséor mus injiceret med
Notchinhiberedeceller, uansetellernesoprindelige Notch aktitet. Vi fandt imidlertid, at tumorer
etableret fra kulturer metgjt Notch udtryk og behandlet meden Notch inhibitor havdegget
angiogem potentiale og en tendens til gget differentieri®utteligt fandt vi at de neurosfeere
kulturer, derhar veeret brgt i dette projektkunneyderligere karakterisergsa baggrundaf deres
globale gerekspressiogprofil, og at denne profil, i nogen grakuinne korreleres megksponspa
Notch inhiberendéehandling

Pa baggrund af de, i dette projekt, opnaede resyltatervi, at det er muligt at targeteredsC
populationenved hjeelp af EGFR og/eller Notehhibering og fremtidige studier vil vise om anti
hCSC behandlinggombineré med den nuveerende behandliken forbedre prognosen for GBM
patienterder udtrykkerenspecifik gerekspressiosprofil.



English summary

Glioblastoma Multiforme (GBM) is the most common and aggressive brain tumor in adults with a
median survival for newly diagnosed GBM patients at less than 1.5 year. Despite intense treatment
efforts the vast majority of patients will experience relapse and much research today is therefore
searching for new molecular and cellular targets that can improve the prognosis for GBM patients.
One such target is the brain cancer stiém cells (bCSC)hat are believed to be responsible for
tumor initiation, progression, treatment resistance and ultimately relapse. bCSC are identified based
on their resemblance to normal neural stem cells (NSC) and their tumorigenic potential. Like for
NSC, the epiderad growth factor receptor (EGFR) and Notch receptor signaling pathways are
believed to be important for the maintenance of bCSC. These pathways as such present promising
targets in a future anRiCSC GBM treatment.

The overall aim of the present PhD prajkas been tstudythe functional role of EGFR and Notch
activity in bCSG stem celllike features and tumorigenic potential with the purposeeepdn our
knowledge abouthe significance of these pathways in the bCSC population in GBM.

By establishingand culturing human derived GBM xenograft cells under NSC conditions we
obtained neurosphere cultures that contained cells with stedikeeind tumorigenic properties.

We moreover characterized the different cultures based on their expression IéeeEGRR and

Notch receptoas well aghe expression of the mutant receptor EGFRVIII, an expression that was
maintained from patient material to the xenogtafhors and cell culturedn a culture expressing

EGFR and EGFRvIll we found that EGFR inhibitianduced differentiation, while forced
differentiation led to dowamegulation of EGFR and EGFRUVIIl. In addition, we showed that
EGFR/EGFRuvIII down regulation either as a result of induced differentiation or EGFR inhibition
led to decreaseith vitro tumorigenic andstem ceHlike potential. In cultures expressing high levels

of the Notchl receptor we found that Notch inhibition decreatedn vitro tumorigenic potential

while, of the stem cell features, only the primary sphere forming potential wasedhiGiultures

with low Notch expression were not affected NHgtch inhibition. In opposite, we found that
artificial Notch activation resulted in increasedvitro tumorigenic potential along with indications

of increased stem cdike potential in all altures. Taken together, thesevitro results suggest that

EGFR and Notch activity are important for maintaining the sterdikelland tumorigenic potential

of the bCSC population. When we tested the effect of Notch inhibition on intracranial tumor
growth, we did not observe increased survivat mice injected with Notch inhibited cells
regardless of the celisitial Notch activity However, we found that tumors grown from high Notch
expressing cultures treated with a Notch inhibitor displayed augthentgogenic potential and a
tendency to increased differentiation. Finally, we found that the neurosphere cultures used in this
project could bdurther characterizebased on their global gene expression profile and that this
profile, to some degree calbe correlated with response to Notch inhibitory treatment.

Based on the results obtained throughout this thesis project, we suggest that targeting a bCSC
population by EGFR and/or Notch inhibition is feasible and future studies might provebfCS81

therapy in combination with conventional therapy can improve the prognosis for GBM patients
displaying a specific gene expression profile.

Vi
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Introduction

1. Introduction

Brain tumors are among the most lethal malignancies in adults. They can be of grimary
intracranial origin, or secondatymetastatic origin. Primary brain tumors (PBT) are classified
according to the World Health Organization (WHO) as either-doade (noranaplastic, WHO
Grades 4ll) or high-grade (anaplastic, WHO Grades-IM). PBT are mainly of neuroepithelial
(neuroectoderm) origin and are traditionally distinguished based on their histological appearance of
which gliomas is the most common PBT {B0%) with a yearly incidence of approximately
5.5/100,000 in western countrfésGliomas include oligodendrogliomas, mixed oligoastrocytomas,
ependymomas and astrocytomas, whereof the most malignant form, the msigboltastoma
multiforme (GBM, WHO Grade IV) accounts for approximately 70% of all jggde glioma In
Denmark 9001000 people are affected with PBT every year, 50% are gliomas and of them,
approximately 260 are GBM. In western countries the yearly incidendeGBM is 3.5/100,000

and tte incidence has been increasing since the 1960s, probably due to refined diagnoStic tools
Treatment of GBM todayamsists of debulking surgery followed by cheraad radiotherapy But
despite this multimodal treatment the vast majority of patients experience 1&ldpss GBM is

still considered incurabland new treatments are in urgent need.

Today, much amGBM research is focusing on finding new targets that play a role in tumor
formation and relapse. One such target is the so called brain cancdiksterlls (bCSC). They

are a population of canceells that shows great resemblance to normal neural stem cells’tN5C)
and display resistance towards staddztreme and radiation therapy** They furthermore harbor
angiogenic potential and tumorigenic abfiy’. One way to target the bCSC population could be
through pathways known to be important for the normal NSC. Examples of these epaltrenal
growth factor receptafEGFR) and Notch signaling pathways which have been shown to play a role
in both NSC and bCSE&GFR is expressed in NSC, where it is imaal in the activation of several
downstream intracellular signaling pathways, which in turn regulate multiple cellular processes,
such as proliferation, migration and surviValNotch signaling is mediated through the Notch
receptors, that likewise are expressed in NSC and is believed to influence the balance between the
normal NSC pool and its diffentiated progerly. Both pathways have been found aberrantly
activatedin GBM*** and EGFR mutations and over expression are furthermore hallmarks of
GBM?*?% Recent data moreover suggest that the EGFR and Notch signaling pathways play a role in
bCSC growth and survival’® As such, the EGFR and Notch signaling pathways present
interestingtargets for bCSC directed therapy for BEand in the present thesis project we have
therefore focused on further dissecting the role of these pathways in bCSC.




Background

2. Background

2.1 Glioblastoma Multiforme

Glioblastoma multiforme (GBM) can develop as secondary GBM from lower grade gliomas or
arise asle novoprimary GBM that accounts for 95% of all GBMAs it is a neurological tumor the
symptoms vary greatly, with the most common being paresis and a@pfiasbait alsoinclude
headaches, seizures, cognitive or personality changes, eye weakness and nausea of $bmiting
However, development of high intracranial pressure is the most threatening feature 6. GBM
GBM is diagnosed histologically based on the high grade of cytological atypia, anaplasia, mitotic
activity, necrosis and microvascular preliétiori® (Figure 1A and B). The tumor is often located in

the cerebral hemispheres with occasionally contralateral invasion and in association to the lateral
ventricles and the basal gan§fi&**(Figure 1C) and due to theery invasive growth pattern total
resection is often not possifleThe $ andard treat ment t ordeagyi, mekon o
consists of debulking surgery, followed gdiotherapy (RT)plus concomitantand adjuvant
temozolomide (TMZ, Temodal®, an alkylating agéht}, When RT was introduced to the standard
treatment in the late 1970s, the survival of GBM patients improved for the first time, 2805n

when Stupp published the addition of TMZ, the median survival further increased from 12.1 months
to 14.6 month¥ and the five year overall survival from 1.9% to 98%and revewed in Perryet

al. (2012f). Despiteimprovement of survival during the last decades, more than 90% of GBM
patients experience relaps@where the prognosis is even worse (average surviah®ntti’),

and a plethora of different targeted therapies have consequently been tested on patients with
recurrent GBM. As of today, the most promising results for treatment of recurrent GBM have been
obtained with the antingiogenic agenbevacizumab (Avastin®j which has been shown to
increase progression free survitfalHowever, the effect could only be attributed to responding
patient§® and the overall survival remained almost unaffetted

It has been attepted to divide GBM patients into groups depending on how they are expected to
benefit from a certain treatment. As an example it has been shown that GBM patients with
methylation of the MGMT @-6-methylguanineDNA methyltransferasepromoter to a higher
degree benefit from TMZ treatment and as such have a better progribsidere are thus several
indications that GBM patients are a heterogeneous population, and have to be treated accordingly.

F|gure 1 H|stology and Iocallzatlon of GBIWvo main hlstologlcal features are essential for the diagnosis of C
Necrosis and excessive vasculature. AEH&aining showing necrosis with pseudo palisading cells around ne:
foci (see arrows). B) IHC staining of glial fibrillary acidic protein (GFAP) where negative areas re
proliferating endothelial cells (arrows). T1 weighted Magnetic Resonantmage (MRI) showing a GB&4 a
contrast enhanced tumor with necrotiblack centre in association with the lateral ventricle. The histologi
images are kindly lend from Helle Broholm and the MR image is kindly lend from Ulrik Lassen.
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As a consequence, several reports are emerging on how to distinguish GBM patient as will be
outlined in the following.

2.1.1 GBM suldypes and intratumoral heterogeneity

GBM tumors can be grouped by more markers than MGMT promoter methylation. Over expression
of the oncogen&EGFR and mutations of the tumor suppressor gpB8 were among the first
molecular characteristics that were dig® classify GBM, in this case distinguishing between
primary and secondary GBM respectiVdlyln fact, p53 mutations can be trackedofn lower
grades of gliomas to the progression of secondary EBMhas subsequently been demonstrated
that primary GBM can be further characterized by loss of heterozygosity (LOH) of 10q and
mutations in the phosphatase and tensin homdRXER) gené“? a negative regulator of the
PI3K/AKT pathway downstream of EGFR (see section 2.4.1). It should, however, be emphasized
that it is not a black and white picture. Ep§3 mutations are also observed in a subset of primary
GBM andPTENmutations can be fol in some secondary GB®

During the past decade gldlgene expression analysis has enabled scientists tgreup GBM

with regard to a wide panel of molecular markers. Although there are some discrepancies between
the groupings in each study, there are several coincidences. In a study by \&e@ld00 GBM
sampes from The Cancer Genome Atlas (TCGAyere analyzed and the grouping was validated

by comparison with previously published gene expresdita sets (Phillipst al (20062, Sunet

al. (2006¥“, Beroukhimet al. (2007f°> and Muratet al (2008)°). On this basis, Verhaak and
colleagues divided GBM into four maisub-types (see also Figure 2): the Classical, the
Mesenchymal, the Proneural and the Neuraktgpb. The Classical subype is characterized by

high frequency of chromosomal rearrangements since chromosome (chr.) 7 amplification together
with chr. 10 loss were detected in 100% of the classicatygetumors. As a resulEGFRgene

Proneural Neural Classical Mesenchymal

TP53  mut
IDH1  mut
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®

PDGFRA cn
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3
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Gene Expression Mutation ~ TP53LOH  EGFRuvIII I high level amplification

1EHEl
JEIE
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normal copy number
hemizygous deletion
homozygous deletion

Figure 2: Integrated vie@ of gene expression and genomic alterations across glioblastoma-types. Gene
expression data (ge) was standardized (mean equal to zero) across 202 dataset. Data are shown for 116
with both mutation and copy number data. Mutations (mut) are oated by a red cell, a white pipe indicates Ic
of heterozygosity, and a yellow cell indicates the presence of an EGFRvIII mutation. Copy number events
illustrated by bright green for homozygous deletions, green for hemizygous deletions, blackpp number
neutral, red for low level amplification, and bright red for high level amplifications. A black cell indicat
detected alteration. Reprinted with permission from Elsevier publishing (Verdeia:aik(ZOlO}).
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amplification together with loss of th€EDKN2A gene (cyclindependent kinase inhibitor 2A
encoding both th@16INK4Aand p14ARFtumor suppressor geri@swas observed in 97% of the
classical tumors. This sttgpe also demonstrates elevated expressiodE=S (Nestin, aneural stem

cell marker) as well as components of the Notch and Sonic hedgehog (SHH) signaling pathway
The Mesenchyal subtype is named so due to the high expression of mesenchymal markers such
asCHI3L1 (also known as'KL40, CD44 and MET together with the astrocytic markBtERTK
Moreover, upregulation of genes involved in the TNF superfamsiyn d NFoa B si gnal i n
have been observed is this dype and, as the author suggests, this might result from the high
degree of necrosis and associated infiltrating inflammatdty seen in this subype. Concurrent
mutations in theneurofiborominl (NF1) and PTEN genes are also frequently observed. The
expression pattern ghe Proneural sutype resembles that of a neural development profile, with
the two major alterations beinglphatype platelet derived growth factoreceptor PDGFRA
amplification andsocitrate dehydrogena$H1) point mutationsTP53mutations and LOH were

also frequent events. Similar to the classicaltyple, but less frequent, chr. 10 loss paired wfith

7 amplification were observed (54%). Expression of the oligodendrocytic math€&2 and other
proneural developmental genes suchDas 3 (encodes Deltdike 3, aNotch ligand, see section
2.5.1),ASCL1landSOXalso characterize the proneural gype Finally,the Neural sultypeis not

well defined, but it can be recognized by the expression of neuronal markers. To summarize,
Verhaak and collogues concluded that aberrations and gene expressE@®FBf NF1 and
PDGFRAIDH1 each defined the Classicalhe Mesenchymal and the Proneural -syfes
respectively. Although there was no clear correlation betweentgpb and survival, there was a
trend towards an increased survival for patients with the Proneuralysetb

By comparing the expression of a yolefined panel of glioma relevant proteins in 27 GBM surgical
specimens and relating them to the TCGA data, Brennan awdr&ers defined three groups based

on the expression and activation of distinct pathways and named the groups accordingly: the EGFR
core, the PDGF core and the NF1 éreThe EGFRcore showed increased levels of tetahd
phosphorylated EGFR and was named accordingly. It further resembles the Classical subtype from
Verhaaket al as it displayed high levels of the activated intracellular Natdomain (ICN1), the

Notch ligands Jaggetl (Jagl) and Deltdike 1 (DIl-1) and the Notch downstream target
hairy/enhancer of spit (Hesl). Moreover, genomic analysis revealed that most tumors in this
group had chr. 7 gairEGFR amplification and mutation as well as deletionlok4a ARF and

either chr. 10 loss d?PTENmutations in all tumorsThe PDGF corshowed some correlation with

the Proneural sutype from Verhaaket al Compared to the other cegeoups it displayed up
regulation of PDGFB, phosp®@ D GF Rb a n-8iIFKB1lh Also @mro incrased level of PTEN

was detected as well as increased activation of the Ras pathway as evident by increased levels of
phosphotMEK and-ERK. Moreover it showed expression of the marker OLIG2 which is involved

in oligodendrocytic developméefit None of the tumors in this core group, however, showed
amplification ofthe PDGFR or its ligand3.he NF1 coravas strongly associated with low levels of

NF1 and showed over expression of YKL40 and as such resembles the Mesenchytyyz $udm
Verhaaket al It further showed chr. 7 gain, although no EGFR amplification was detected. It
should be mentioned that the specimens from Bremtaal included a few Grade Il glioma
samples, however, the GBM samples were represented in all three core groups.
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In an arlier study by Phillipset al, which represents one of the four ds#ds, utilized in the
Verhaak study described above, Grade Ill and IV gliomas were assigned one of thtgeesub
Proneural, Mesenchymal and Proliferative, based on gene expféssitie Proneural and
Mesenchymal subtypes were similar to the ones described by Vedtaak whereas the
Proliferative suktype, when grouped together with some traits from the Megemalhsubtype,

could be compared to the Verhaak Classicattgpb. (A comparison of the Verhaak, Brennan and
Phillips study is presented in Figure 3).

It has been suggested that gene profiling is a superior prognostic marker for malignant gliomas
when canpared to histological grade or afeLikewise, Phillipset al. were able to correlate
prognosis with sultype. The Mesenchymal and Proliferative gypes were primarily Grade IV
gliomas, while the Proneural stype comprised gliomas of both Grade Il and®@VAs the
Verhaak study detected frequé®?53and IDH1 mutations in this subype', and as these features

also @e commonevents in secondary GBW*'°? this could indicate that at least some tumors
within the Prmeural sultype could represent secondary GBM. And three out of four tumors in the
proneural sultype from the Verhaak study were in fact secondary GBEN general, Phillip and
co-workers stated that tumors with a Proneural signature predicted a better prognosis as compared
to tumors with a Mesenchymal or Proliferative signatureurthermore, it has been suggdstieat

apart from prognosis, sttigpe might be correlated to treatment outcome as well (reviewed in
Woehreret al (20135). It should, however, be considered that in most cases, patientsamples

used for scientific purposes only represent a small portion of the whole tumor mass, and as GBM
tumors are highly heterogeneous, one could speculate thaedtfirstypes might ceexist within

the same tumdf®> Moreover, transition between stfpes upon recurrence has been
reported®*®>* Siill, as the sullypes to some extent can be correlated to prognosis and treatment
outcome, they might prove usable in the clinic wistratifying patients to the most optimal
treatment. However, until a stippe specific therapy package is available, full scaletgping of

GBM patients might be overstated in terms of stratification although individual markers such as
MGMT methylation lave proven its worth.

Brennan et al. Verhaak et al. Phillips et al. Prognosis/Survival

PDGF core <«——> Proneural <«——— Proneural

Neural
EGFR core Proliferative
— Classical

NF1core «——— Mesenchymal «——— Mesenchymal

Figure 3: Comparison of sdiype studies.Molecular subtyping of GBM based on gemression (Verhaadt al.
and Phillipset al.) and protein expression (Brennaat al.). Direct comparison across the datasets shows g
agreement for Vehaaks and Phillips Proneural-syde and Brennans PDGF core as well as for the Mesench
subtype from Verhaak and Phillips and the NF1 core fBsemnan, demonstrated by the black arrows. There is ¢
a good correlation between Brennans EGFR core and Verhaaks classical subtype, black arrows. The
concordance for Proliferative and Neural/Classicattypes between Verhaak and Phillipspresented by the grey
arrows. Overall, there is an agreement that survival decreases from the Proneural towards the Mesenchyn
type. lllustration modified from Woehrest al. (2010)2.
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2.2 Glioblastoma Multiforme models

2.2.1 In vitro models

In vitro cancer models are simple to work with, and offer great insight into cellular pathways and
mechanisms involved in cancer cell growth. In addition, they are usually the first step when
identifying new therapeutic targets and when testing potential neveaartter drugs. Traditionah

vitro culturing of mammalian cells occurs in the presence of fetal calf serum (FCS) as it contains
many important mitogenes and other components that support cell survival and growth. Serum
containing cultures have also been e@ldused for culturing of cancer cells, such as {ygide

glioma cells and thus GBM cells. However, when established and cultured in the presence of serum,
GBM cells lose important tumor hallmarks, and fail to resemble the original patient tumor, already
after a fewin vitro passages™®. As a consequence, commercially available cell lines established
and cultured the traditional way are poor experimental models for GBM and have therefore been
modified to express GBM hallmarks such as EGFR amplification and mutations. As an example of
this is the U87MG cell linethat has been modified to contain am@d EGFR and the mutant
EGFR variant, EGFRVIII (see section 2.4.2). It should be noticed that the U87MG cell line is of
glioma grade Il origin (anaplastic astrocytoma, AA), although it has been classified by the
American Type Culture CollectiBfATCC) asa GBM. As of today, there are no commercially
available GBM cell lines with endogenous EGFRVIII expression, and only one GBM cell line, the
SKMG3, has been reported to contain endogenous EGFR amplifiéafion

During the past decade, it has become more common to culture glioma cells iffreerumadia, as

has been standard when establishing and culturing normal NSC since the mid 1990s. In that context,
it has beershown that culture conditions composed of a well defined media with the addition of
growth factors such ate epidermal growth factor (EGF) arlde basic fibroblastic growth factor
(bFGF) support NSC growth and maintainam?é”, whereas serum addition or growth factor
withdrawal induces differentiation of N&&2%*, |n 2006, Lee and colleagues showed that GBM
cells cultured as NSC exhibited an expression profile similar to that of the parental patient tumor
and nornal NSC, while GBM cells established and cultured in the presence of serum showed
resemblance to traditional serum cultured, and commercially available GBM cell lines (see Figure
4). Moreover, xenograft tumors derived from NSC cultured GBM cells bettepitaleded the

phenoe and genotype of the patient tumor, than xenograft tumors derived from-sentainting
culture$. The study by Lee and aworkers has subsequently been supported by the demonstration
that serurrfree GBM cell cultures reflect the cytogenetictoé parental tumor, even after several
passages. With the serunfree cell culture media as a base, there have been several attempts to
improve the growth of glioma and GBM cells vitro. Above EGF and bFGF also the leukemia
inhibitory growth factor (LIF) is believed to act as a mitogen for neural -stemd progenitor
cell>® the supplement B27 is thought to improve survival of neural °€edisd the N2
supplement is by the manufacture recommended for growth of neuroblastomas as welt as post
mitotic neuron& As a result, almost every laboratory iiog with establishingn vitro cultures

from GBM tumors have more or less developed their own sémenculturing formul.

a https://www.atcc.org/
b www.invitrogen.com
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Figure 4: GBM cells cultured in serufree condition better mimics the gene expression profile of the parent
tumor than corresponding seruntultured GBM cellsPrincipal component analysis (PCA) of the éeal. data
sets based on global gene expressaralysis. Small ballg vitro samples. Large balls vivoxenograft samples.
Colors of balls indicate the origin of samples: Parental patient tumors are marked as balls with red circ
different tones of blue represent two different parental tumso(1228 and 0308) and thereof derived cultures. F
tone marks commercial GBM cell lines and xenografts (both intracranial and subcutanéelies). balls represen
normal NSC sampleNBE_IC indicates intracranial xenograft generated from neurosphegesl 1228 S p3 ar
1228 cells at passages 3 in serum containing media. X, y, and z axes represent three major principal con
(PC). Note two distinct clusters: one cluster consistsestimfree cultured (NBE) GBRElls and their derivative
xenograf tumors, NSCs, and parental patient tumors, whereas the other cluster consists of sahlumed GBM

cells, ten commonly used glioma cell lines, and their derivative tumors. Reprinted with permission from E
publishing (Leet al. (2006).

When culturedduring the serurfree NSC conditions, NSC and glioma/GBM cells grow as-non
adherent, proliferating cell aggregates called neurospheres, that consist of neurosphere forming cells
with multipotent potential as well as more differentiated ¢&lI8°"*. When the neurospheres are
dissociated and passaged, the neurosphere forming cells are able to form new neurospheres, which
demonstrates their selénewing ability>’® the ability to maintain (or expand) their own
population. Upon serum addition or growth factor withdrawal the neurosphere cells become
adherent and grow with a more differentiated morphology. The changesorphology are
accompanied by expression of neural differentiation markers, and it has as such been concluded that
multipotent cells are present within the neurospher® 92 Finally neurosphere cells of both

NSC and glioma/GBM origin have been demonstrated to express stem cell markers such as the cell
surface glycoprotein CD13%"" and the intermediate filament Ne$fi® Because glioma
neurosphere forming cells harbors NSC characteristics and moreover thenggigenic
potentiaf®’®"*"® they are commonly referred to as brain cancer itentells (bCSC, see section

2.3.2.). The implication of bCSC in GBM tumorigenesis and treatment will be discussed in section
2.3.3.

Although it 6s many applicati onsinvitrotmodels carinohpe r t a
representative for all processes within a multi cellular organism, and especially the interaction
between a tumor and its surrounding microenvironment requireimalido models.
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2.2.2 In vivo models

In vivo models of tumor growth is pivotal in cancer research as it offers insight into the-hostor
interaction. They are as such essential when studying molecular and genetic events that lead to
tumor formation in e.g. the nervous system and serves as insidpertools when evaluating
potential new art(brain) cancer treatment strategies. However it should be held in mind that there
are some pitfalls when working with animal tumor models: 1) the tumor model may not reflect the
biological properties of the fgiant tumor, 2) the animals used may not display the same
pharmacokinetics as humans and 3) the established tumor may not mimic the cellular heterogeneity
and properties of the human counterpart (reviewed in Husttaly (20125°%). There are three main

brain tumor animal models: the chemically induced, the genetically engineered and the xenograft
model, which will be described below.

The rat is the most popular animal used for chemically induced gliomalsnéideas been shown

that tumors in the rat brain can be induced by administrating methylnitrosmuedaylnitrosourea
compoundsS either intravenously, orally, locally or transplacentally to the adult or pregnant rat
(reviewed in Huszthet al (2012§° and Barthet al (2009%%). Chemically induced glioma models

may offer insight into chemically initiated human gliomagenesis causeché&yical exposure.
However, the exposure time, dose and kinetics of the carcinogenic compound differs between rat
and human and moreover no single chemical agent has been implicated in human brain tumor
development?®3. Furthermore, when intracranial engrafteatjent glioma cell lines derived from
chemically induced tumorshow only modest resemblance to human gliomas with regard to
morphology and histolod§®> As example, no single cell infiltration to the contralateral
hemisphere and microvascular abnormalities, characteristic for human GBM, are present in these
models, although some invasion can be detected (reviewédsizthyet al (201259).

Increasing knowledge about genomic alterations that possibly play a role in human gliomagenesis
has led to generation of genetically engineered glioma mouse models (reviewed in leustthy
(2012¥° and Fonehenkoet al. (2006°). These modes reflect the human tumor histology, biology

and etiolog§’. Genetically engineered models are based on either gain or loss of specific genes, in a
specific cell type, and at a specific time pamtdevelopment. This is accomplished by inducing
genetic changes in the cell type of interest, e.g. by thioxneecombinase or ta systems under the
influence of a cell specific promoter. One such example is the RCAS/TVA system published by
Holland andco-worker€®®. HereRASand/orAKT were introduced into the viral vector RCAS

which subsequently was injected intracranially into thairbrof newborn transgenic mice
expressing TVAdownstream from thlestinpromoter. TVA acts as a receptor for the viral vector

and as a result, the viral gene construct will only be incorporated into the genome and transcribed in
cells where theNestin promoter is active, such as neural progenitor cells, and where TVA is
expressed. Using this approach, Holland and colleagues showed that combined activation of RAS
and AKT in neural progenitors induced GBM formation in fiic@aken it further, by combining

the above described RCAS/TVA system with thelosesystem Huet al. obtained a similar TVA

¢ Nitrosourea are alkylating compounds with mutagenic and carcinogenic properties. http://www.reference.md/files/D008/mD008770.html
d Replication Competent ASLV long terminal repeat with Splice acceptor, derived from the avian sarcoma-leukosis virus-A (ASLV-A).
€ Member of the low-density-lipoprotein receptor family, encoded by the tv-a gene and acts as the receptor for ASLV-A in avian cells.
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mouse, althouglthis mouse hatbxP-site$ flanking thePTEN-gene. By injecting a RCAS vector
containing the Cre recombinase protein gene fused with the green fluorescent protein (GFP), knock
out of PTENwas obtained in the Nestin expressing cells. This was howevesyffictent to induce
lesions, but when combined with RAS activation, GBM was forfhed

The genetically engineered models have helped scientists to understand the molecular events
leading to GBM initiation, progression and metastasis. They are furthermore good models for the
tumorstroma interaction that contribute to malignancy, includingjagenic processes, and as such
have expanded our knowledge about the tumor reoreronment and provided insight into the
sequence of genomic events that follow a specific genetic alteration. It is however still an open
qguestion whether the genetic ewetiihat result in tumor formation in experimental animals truly
mirror the initiating events in human gliomagenesis (reviewed in Husttaly(2012§°).

Although both the chemically induced and the gendyicehgineered glioma animal models
provide insight into the events of gliomagenesis, growth and progression as well as the interaction
with the surrounding brain parenchyma,smodels lack one fundamental feature: the cancer cells
are not of human origi In the xenograft model, human cancer cells are transplanted or grafted onto
immunocompromised mice or rats. There are two types of tumor xenografts: the subcutaneous
xenograft (SX) were the tumaells or tissue are injected or inoculated respectivety the flanks

of the experimental animaind the orthotopic xenograft (OX), which in the case of brain tumors is
established by injecting human brain cancer cells intracranially into the brain of the model animal.
Both the SX and the OX model can be bbshed either directly from patient tumor tissue or from

in vitro cell cultures. The SX model is simple to work with and tumor formation and growth are
easy to monitor. However, the OX model is a clinically more relevant model, as the tumor is located
in the proper anatomic site, and as such, in the case of gliomas, offers insight into thbraimor
parenchyma interactiShand it has beestated that the micrenvironment in the OX model is

more comparable with that observed in GBM patients, than the +4@nsficonment in the SX
modef?. Compared to SX, OX are laborious to establish erahitor and require expensive
equipment and technical expertise such as EtRl/or CFPET-scanners. However, the monitoring

of OX will on the other hand enable testing of novel imaging methods and different isotopic tracers
for PET scans. One major drawkao the xenograft model is the requirement of immunedeficient
mice as the immune system is thought to play a significant role in tumor progression and response
to therapy-.

All three types ofin vivo glioma/GBM models described above, offer possibility for studying
signaling pathways and cealell- and tumosstroma interactions important for tumor formation,
maintenance and recurrence as well as tumorigenic processes such as angiogenesis and
migration/invasion. However, the chemically induced and the genetically engineered models are
more relevant for studying events leading to brain tumor initiation and growth, whereas the
xenograft model is more suitable for investigating processes involved irr mmaiatenance and
testing of new therapeutic approaches, as this model is based on naturally transformed human
cancer cells. Moreoven vivo models are crucial when testing potential new-eaticer therapies,

f Locus of X-over P1, a sequence that serves as binding site for the Cre recombinase protein.
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as one can study the effect of the treatnmnthe whole organism. However species to species
differences needs to be taken into account as described above.

2.3 Brain cancer sterdike cells

2.3.1 Development of the CNS

During the fourth week of human embryogenesis, di@iocaudalneural tube is formed from
invagination of the neural plate consisting of neuroepithelial cells (also designated neuroectodermal
cells). This process is known as neurulation and is the first step in development of the CNS
comprising the brain and the spincord. At this early stage of embryogenesis the vesicles that
eventually will give rise to the different regions of the brain are visible. When the neural tube has
formed it is lined with proliferative neuroepithelial cells. Most of the cells comprigiaguture

CNS, are produced from these cells present in zones adjacent to the ventricles, namely the
ventricular zone (VZ) and the subventricular zone (SVZ) (reviewed in Nowakeivaki(199953).

Thus, the neuroepithelial cells lining the VZ and the SVZ can be considered as multipotent NSC,
and ae the common precursors for cell types such as neurons, glial and ependymal cells.
Importantly, in the adult brain a small SVZ is still detectable and some of its cells continue to
proliferate throughout lifé*>and give rise to neurons and glial c&tf§.

2.3.2 Definition and origin of @SC

Growing evidence supports the idea that malignant tumors are initiated @ntaimed by a
population of tumor cells with similar biological properties as normal adult stem’¢éf&°. The

cancer stem cell theory was first demonstrated from research with acute myeloid leukemia
(AML) *°° and subsequently canceestlike cells have been identified in different solid tumors
such as gliomas and GBM. Normal stem cells maintain their population through asymmetric cell
division that gives rise to one daughter stem cell {®glEéwal) and one cell that displays a more
differentiated phenotype, namely a progenitor cell. The progenitor cell will proliferate and give rise
to several new iddical progenitor cells throug
symmetric cell division before they beco
proliferative exhausted and begin to termina
differentiae”™%*% The cancer stem cell hypothes
states that the cancer stdéike cell is able to self G 6 6 G
renew as well as give rise to all the differentiat
progenies that eventually make up the heterogene
cell mass of the tumor (see Figure 5). To support RSALAANNNNAANINolololc
hypothess, the bCSC have been demonstrated
hold NSC potential as they are able to maintain t
own population through seftenewal, able to give
rise to cells of the three neural lineages (neuror/gure 5: The brain tumor cell hierarchin the
oligodendrocytes and astrocytes) and moreovcancer stem cell model, the bCSC (red) have
express diffeent NSC markers such as CD133 an?fr']lggvatlo (L?gglt;'na:trf)v\go2?:“;3;1:229; Sr:"g
Nestin, as mentioned above (section 2.2.1). Besidgifferentiated tumor cells (green, yellow, blue
from their NSGClike characteristics, bCSC arethat make up the majority of the tumor bulk.
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