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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 patienter på under 1,5 år. Trods en intensiv 

indsats i behandlingen, vil langt de fleste patienter opleve tilbagefald, og en stor del af forskningen i 

dag er derfor rettet mod nye molekylære og cellulære targets, der kan forbedre prognosen for GBM 

patienter. Et sådant target er de hjernecancer stamcelle-lignende celler (hCSC), som menes at være 

ansvarlige for tumor-initiering, -progression, behandlingsresistens og i sidste ende tilbagefald. 

hCSC identificeres på baggrund af deres lighed med normale neurale stamceller (NSC) og deres 

tumorigene potentiale. Som det er tilfældet for NSC, menes den epidermale vækstfaktor-receptor 

(EGFR) og Notch receptor signalering at være vigtig for opretholdelse af hCSC. På den baggrund 

udgør disse signaleringsveje et lovende target i en fremtidig anti-hCSC GBM behandling. 

Det overordnede formål med dette PhD-projekt har været, at undersøge den funktionelle rolle af 

EGFR og Notch aktivitet i hCSCs stamcelle-lignende egenskaber og tumorigene potentiale med 

henblik på at uddybe vores viden omkring disse signaleringsveje i hCSC populationen i GBM. 

Ved at etablere og dyrke humane GBM xenograft celler under NSC forhold opnåede vi neurosfære 

kulturer, der indeholdt celler med stamcelle-lignende og tumorigene egenskaber. Endvidere 

karakteriserede vi de forskellige kulturer baseret på deres ekspressionsniveau af EGFR og Notch 

receptoren samt ekspression af den muterede receptor EGFRvIII, en ekspression, der blev 

opretholdt fra patientmateriale til xenograft tumorer og cellekulturer. I en kultur, der overudtrykte 

EGFR samt udtrykte EGFRvIII, fandt vi, at EGFR inhibering førte til differentiering, mens forceret 

differentiering førte til nedregulering af EGFR og EGFRvIII. Derudover viste vi, at 

EGFR/EGFRvIII nedregulering, enten som følge af forceret differentiering eller EGFR inhibering 

resulterede i nedsat in vitro tumorigent og stamcelle-lignende potentiale. I kulturer, der udtrykte 

højt niveau af Notch-1 receptoren, fandt vi, at Notch inhibering nedsatte det in vitro tumorigene 

potentiale, mens det af de stamcelle-lignende egenskaber, kun var den primære sfære formation, der 

blev hæmmet. Kulturer med lav Notch ekspression blev ikke påvirket af Notch inhiberingen. 

Omvendt fandt vi, at kunstig aktivering af Notch signaleringen resulterede i øget in vitro tumorigent 

potentiale samt indikationer på et øget stamcelle-lignende potentiale i alle kulturer. Sammenlagt 

tyder disse in vitro resultater på, at aktiv EGFR og Notch signalering er vigtig for at opretholde 

hCSC populationens stamcelle-lignende og tumorigene potentiale. Da vi testede effekten af Notch 

inhibering på intrakraniel tumorvækst, observerede vi ikke øget overlevelse for mus injiceret med 

Notch-inhiberede celler, uanset cellernes oprindelige Notch aktivitet. Vi fandt imidlertid, at tumorer 

etableret fra kulturer med højt Notch udtryk og behandlet med en Notch inhibitor havde øget 

angiogent potentiale og en tendens til øget differentiering. Slutteligt fandt vi, at de neurosfære 

kulturer, der har været brugt i dette projekt, kunne yderligere karakteriseres på baggrund af deres 

globale gen-ekspressionsprofil, og at denne profil, i nogen grad, kunne korreleres med respons på 

Notch inhiberende behandling. 

På baggrund af de, i dette projekt, opnåede resultater, mener vi, at det er muligt at targetere hCSC 

populationen ved hjælp af EGFR og/eller Notch inhibering og fremtidige studier vil vise om anti-

hCSC behandling kombineret med den nuværende behandling kan forbedre prognosen for GBM 

patienter der udtrykker en specifik gen-ekspressionsprofil. 
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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 stem-like cells (bCSC) that 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 epidermal 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 anti-bCSC GBM treatment. 

The overall aim of the present PhD project has been to study the functional role of EGFR and Notch 

activity in bCSCs stem cell-like features and tumorigenic potential with the purpose of deepen our 

knowledge about the significance of these pathways in the bCSC population in GBM.  

By establishing and culturing human derived GBM xenograft cells under NSC conditions we 

obtained neurosphere cultures that contained cells with stem cell-like and tumorigenic properties. 

We moreover characterized the different cultures based on their expression level of the EGFR and 

Notch receptor as well as the expression of the mutant receptor EGFRvIII, an expression that was 

maintained from patient material to the xenograft tumors and cell cultures. In a culture expressing 

EGFR and EGFRvIII we found that EGFR inhibition induced differentiation, while forced 

differentiation led to down-regulation of EGFR and EGFRvIII. In addition, we showed that 

EGFR/EGFRvIII down regulation either as a result of induced differentiation or EGFR inhibition 

led to decreased in vitro tumorigenic and stem cell-like potential. In cultures expressing high levels 

of the Notch-1 receptor we found that Notch inhibition decreased the in vitro tumorigenic potential 

while, of the stem cell features, only the primary sphere forming potential was inhibited. Cultures 

with low Notch expression were not affected by Notch inhibition. In opposite, we found that 

artificial Notch activation resulted in increased in vitro tumorigenic potential along with indications 

of increased stem cell-like potential in all cultures. Taken together, these in vitro results suggest that 

EGFR and Notch activity are important for maintaining the stem cell-like and tumorigenic potential 

of the bCSC population. When we tested the effect of Notch inhibition on intracranial tumor 

growth, we did not observe increased survival for mice injected with Notch inhibited cells 

regardless of the cells initial Notch activity. However, we found that tumors grown from high Notch 

expressing cultures treated with a Notch inhibitor displayed augmented angiogenic potential and a 

tendency to increased differentiation. Finally, we found that the neurosphere cultures used in this 

project could be further characterized based on their global gene expression profile and that this 

profile, to some degree could be 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 prove if anti-bCSC 

therapy in combination with conventional therapy can improve the prognosis for GBM patients 

displaying a specific gene expression profile. 



VII 

 

Abbreviations 

 
ABC ATP-binding cassette 

AKT ñAKò was a temporary classification name for a mouse strain developing spontaneous thymic  

lymphomas. "T" stands for transforming, also known as protein kinase B (PKB)  

AML  acute myeloid leukemia 

APL acute promyelocytic leukemia 

ASLV avian sarcoma-leukosis virus (-A) 

ATCC american type culture collection 

ATP  adenosine triphosphat 

BBB blood brain barrier 

bCSC brain cancer stem-like cells 

bFGF basic fibroblastic growth factor 

bHLH basic helix-loop-helix 

CDKN2A   cyclin-dependent kinase inhibitor 2A 

CoA co-activator complex 

CoR co-repressor complexes 

crh chromosome 

CSL  CBF, Suppressor of Hairless, LAG-1; also referred to as RBP-Jə 

Dlk-1 delta-like ligand-1 

Dll  delta-like 

D. Melanogaster Drosophila Melanogaster 

DMEM dulbecco´s modified eagle medium 

EC endothelial cell 

EGF epidermal growth factor 

EGFR epidermal growth factor receptor 

ErbB/HER avian homolog erythroblastic leukemia viral (v-erb-b) oncogene, human homolog  

named HER 

ERK extracellular signal-regulated kinase 

FCS fetal calf serum 

FDG 2-deoxy-2-
18

F-flouro-D-glucose 

FET O-(2-[F]flouroethyl)-L-tyrosine 

FLT  
18

F-3'-fluoro-3'-deoxy-L-thymidine 

Gab1 Grb2-associated protein 1  

Grb2 Growth factor receptor-bound protein 2 

GBM glioblastoma multiforme 

GDP guanine dophosphate 

GFAP glial fibrillary acidic protein 

GFP green fluorescent protein 

GSI ɔ-secretase inhibitor 

GTP guanine triphosphate 

HAT histone acethyltransferase 

Hash human achaete-scute homologue 



VIII 

 

HB-EGF heparin binding EGF-like growth factor 

HDAC histone deacetylase  

Hes hairy/enhancer of split 

Hey hairy/enhancer of split related with YRPW motif protein 

i.v. intravenously 

ICN intracellular Notch domain 

ICN-1  intracellular Notch-1 

IDH isocitrate dehydrogenase 

IHC immunohistochemistry 

Jag jagged 

LIF leukemia inhibitory growth factor 

LOH loss of heterozygosity 

loxP locus of X-over P1 

mAbs monoclonal antobody (chimeric) 

MAML mastermind-like 

MAPK mitogen activated protein kinase, also named ERK 

Mash mammalian achaete-scute homologue 

MEK MAPK/ERK kinase 

MGMT  O-6-methylguanine-DNA methyltransferase 

miR micro-RNA 

MRI magnetic resonance imaging 

mTOR Mammalian target of rapamycin 

NB neurobasal media with defined additives 

NES nestin 

NF1:  neurofibromin 1 

NMRI-nu spontaneous mutant t-cell deficient mice 

NSC neurol stem cells 

OX orthotopic xenograft 

PBT primary brain tumor 

PDGF: platelet derived growth factor 

PDK1 3-phosphoinositide  dependent  protein  kinase-1 

PET positron emission tomography 

PI3-K phosphatidylinositol 3-kinase 

PIP-2 phosphatidylinositol (4,5)-bisphosphate 

PIP-3 phosphatidylinositol (3,4,5)-trisphosphate 

PKB protein kinase B 

PTEN phosphatase and tensin homolog 

RA all-trans-retinoic acid 

RAF serine/threonine kinase 

RAS  GTPase  

RCAS replication competent ASLV long terminal repeat with splice acceptor 

RNAi RNA interference 



IX 

 

RT radiation therapy  

RTK receptor tyrosine kinase 

SCID severe combined immunodeficiency (spontaneous mutant T & B cell deficient mice) 

SHH sonic hedgehog 

siRNA small interfering RNA 

SVZ subventricular zone 

SOS son of sevenless 

SX subcutanous xenograft 

T-ALL  acute T cell lymphoblastic leukemia 

TCGA the cancer genome atlas 

TGF-Ŭ transforming growth factor Ŭ 

TKI tyrosine kinase inhibito 

TMZ Temodal®, temozolamide 

TVA 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 

VEGF vascular endothelial growth factor inhibitor 

VZ ventricular zone 

WB western blot 

WHO world health organization 

  



X 

 

Table of contents 

 

1. Introduction .................................................................................................................................... 1 

2. Background..................................................................................................................................... 2 

2.1 Glioblastoma Multiforme ........................................................................................................................ 2 

2.1.1 GBM sub-types and intratumoral heterogeneity ............................................................................... 3 

2.2 Glioblastoma Multiforme models ............................................................................................................ 6 

2.2.1 In vitro models .................................................................................................................................. 6 

2.2.2 In vivo models .................................................................................................................................. 8 

2.3 Brain cancer stem-like cells ................................................................................................................... 10 

2.3.1 Development of the CNS ................................................................................................................ 10 

2.3.2 Definition and origin of bCSC ........................................................................................................ 10 

2.3.3 Role in GBM .................................................................................................................................. 11 

2.3.4 Implication in treatment of GBM ................................................................................................... 12 

2.4 EGFR signaling ..................................................................................................................................... 13 

2.4.1 The pathway ................................................................................................................................... 14 

2.4.2 Mutations of EGFR and downstream mediators ............................................................................ 16 

2.4.3 Inhibitors and clinical implications for GBM ................................................................................. 17 

2.5 Notch signaling ...................................................................................................................................... 19 

2.5.1 The canonical pathway ................................................................................................................... 19 

2.5.2 The role of Notch in normal development ...................................................................................... 21 

2.5.3 Notch in GBM and bCSC ............................................................................................................... 23 

3. Aim of the project ........................................................................................................................ 26 

4. Results - Manuscript I  ................................................................................................................. 27 

5. Results - Manuscript II  ................................................................................................................ 42 

6. Results - Manuscript III  .............................................................................................................. 69 

7. Results - Manuscript IV  .............................................................................................................. 87 

8. Summarizing discussion and perspectives ............................................................................... 117 

8.1 Establishing and characterizing an in vivo/in vitro model of glioblastoma multiforme ...................... 117 

8.1.1 Establishing an experimental GBM model ................................................................................... 118 

8.1.2 Characterization of GBM neurosphere cultures ........................................................................... 120 

8.1.3 Going back in vivo ï can differences in the cultures explain differences in growth pattern? ...... 121 

8.1.4 Visualizing the orthotopic GBM model ....................................................................................... 123 

8.2 Studying the role of EGFR and Notch signaling in bCSC .................................................................. 125 

8.2.1 Expression of EGFR and Notch in the in vivo/in vitro GBM model ........................................... 126 

8.2.2 Are there similarities between the role of EGFR and Notch in the in vitro model? ..................... 128 

8.2.3 Functional role of Notch in the in vivo model .............................................................................. 132 



XI 

 

8.3 Perspectives - combination of targeted therapy ................................................................................... 134 

8.3.1 EGFR-Notch interactions ............................................................................................................. 134 

8.3.2 Implementation in the clinic ......................................................................................................... 134 

9. Conclusion................................................................................................................................... 137 

10. References ................................................................................................................................. 138 

Appendix 1a: Glioma gene expression in NB cultures. ................................................................................. 157 

Appendix 1b: Glioma gene expression in DMSO and DAPT treated cultures. ............................................ 158 

Appendix 2a: Notch pathway gene expression in NB-cultures. .................................................................... 159 

Appendix 2b: Notch pathway gene expression in DMSO and DAPT treated cultures. ................................ 160 

Appendix 3: Neurogenesis gene expression in NB- cultures. ....................................................................... 161 

Appendix 4: Bio-luminescence detection of an intracranial xenograft tumor. .............................................. 162 

Co-Author Declarations ................................................................................................................................. 163 

 



Introduction 
 

1 

 

1. Introduction 

Brain tumors are among the most lethal malignancies in adults. They can be of primary-, 

intracranial origin, or secondary-, metastatic origin. Primary brain tumors (PBT) are classified 

according to the World Health Organization (WHO) as either low-grade (non-anaplastic, WHO 

Grades I-II) or high-grade (anaplastic, WHO Grades III-IV). PBT are mainly of neuroepithelial 

(neuroectoderm) origin and are traditionally distinguished based on their histological appearance of 

which gliomas is the most common PBT (50-70%) with a yearly incidence of approximately 

5.5/100,000 in western countries
4,5

. Gliomas include oligodendrogliomas, mixed oligoastrocytomas, 

ependymomas and astrocytomas, whereof the most malignant form, the astrocytic glioblastoma 

multiforme (GBM, WHO Grade IV) accounts for approximately 70% of all high-grade gliomas
4
. In 

Denmark 900-1000 people are affected with PBT every year, 50% are gliomas and of them, 

approximately 260 are GBM
6,7

. In western countries the yearly incidence of GBM is 3.5/100,000
4
 

and the incidence has been increasing since the 1960s, probably due to refined diagnostic tools
8
. 

Treatment of GBM today consists of debulking surgery followed by chemo- and radiotherapy
9
. But 

despite this multimodal treatment the vast majority of patients experience relapse
10

, thus GBM is 

still considered incurable and new treatments are in urgent need.  

Today, much anti-GBM research is focusing on finding new targets that play a role in tumor 

formation and relapse. One such target is the so called brain cancer stem-like cells (bCSC). They 

are a population of cancer cells that shows great resemblance to normal neural stem cells (NSC)
11,12

 

and display resistance towards standard chemo- and radiation therapy
13,14

. They furthermore harbor 

angiogenic potential and tumorigenic ability
15-17

. One way to target the bCSC population could be 

through pathways known to be important for the normal NSC. Examples of these are the epidermal 

growth factor receptor (EGFR) and Notch signaling pathways which have been shown to play a role 

in both NSC and bCSC. EGFR is expressed in NSC, where it is involved in the activation of several 

downstream intracellular signaling pathways, which in turn regulate multiple cellular processes, 

such as proliferation, migration and survival
18

. Notch 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 differentiated progeny
19

. Both pathways have been found aberrantly 

activated in GBM
20-22

 and EGFR mutations and over expression are furthermore hallmarks of 

GBM
23,24

. Recent data moreover suggest that the EGFR and Notch signaling pathways play a role in 

bCSC growth and survival
25,26

. As such, the EGFR and Notch signaling pathways present 

interesting targets for bCSC directed therapy for GBM and in the present thesis project we have 

therefore focused on further dissecting the role of these pathways in bCSC. 
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2. Background 

2.1 Glioblastoma Multiforme   

Glioblastoma multiforme (GBM) can develop as secondary GBM from lower grade gliomas  or 

arise as de novo primary GBM that accounts for 95% of all GBM
4
. As it is a neurological tumor the 

symptoms vary greatly, with the most common being paresis and aphasia
27,28

, but also include 

headaches, seizures, cognitive or personality changes, eye weakness and nausea or vomiting
27-29

. 

However, development of high intracranial pressure is the most threatening feature of GBM
28

. 

GBM is diagnosed histologically based on the high grade of cytological atypia, anaplasia, mitotic 

activity, necrosis and microvascular proliferation
30

 (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 ganglia
28,31,32

 (Figure 1C) and due to the very invasive growth pattern total 

resection is often not possible
33

. The standard treatment today, known as the ñStupp-regimeò, 

consists of debulking surgery, followed by radiotherapy (RT) plus concomitant and adjuvant 

temozolomide (TMZ, Temodal®, an alkylating agent)
34,35

. When RT was introduced to the standard 

treatment in the late 1970s, the survival of GBM patients improved for the first time, and in 2005, 

when Stupp published the addition of TMZ, the median survival further increased from 12.1 months 

to 14.6 months
34

 and the five year overall survival from 1.9% to 9.8%
35

 (and reviewed in Perry et 

al. (2012)
9
). Despite improvement of survival during the last decades, more than 90% of GBM 

patients experience relapse
5,36

 where the prognosis is even worse (average survival 3-9 month
37

), 

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 anti-angiogenic agent bevacizumab (Avastin®)
38

 which has been shown to 

increase progression free survival
37

. However, the effect could only be attributed to responding 

patients
39

 and the overall survival remained almost unaffected
37

.  

It has been attempted 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 (O-6-methylguanine-DNA methyltransferase) promoter to a higher 

degree benefit from TMZ treatment and as such have a better prognosis
35,40

. There are thus several 

indications that GBM patients are a heterogeneous population, and have to be treated accordingly. 

Figure 1: Histology and localization of GBM. Two main histological features are essential for the diagnosis of GBM: 
Necrosis and excessive vasculature. A) H&E staining showing necrosis with pseudo palisading cells around necrotic 
foci (see arrows). B) IHC staining of glial fibrillary acidic protein (GFAP) where negative areas represent 
proliferating endothelial cells (arrows). C) T1 weighted Magnetic Resonance Image (MRI) showing a GBM as a 
contrast enhanced tumor with necrotic black centre in association with the lateral ventricle. The histological 
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 sub-types and intratumoral heterogeneity 

GBM tumors can be grouped by more markers than MGMT promoter methylation. Over expression 

of the oncogene EGFR and mutations of the tumor suppressor gene p53 were among the first 

molecular characteristics that were used to classify GBM, in this case distinguishing between 

primary and secondary GBM respectively
41

. In fact, p53 mutations can be tracked from lower 

grades of gliomas to the progression of secondary GBM
23

. It has subsequently been demonstrated 

that primary GBM can be further characterized by loss of heterozygosity (LOH) of 10q and 

mutations in the phosphatase and tensin homolog (PTEN) gene
4,42

, 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. E.g. p53 mutations are also observed in a subset of primary 

GBM and PTEN mutations can be found in some secondary GBM
23

. 

During the past decade global gene expression analysis has enabled scientists to sub-group 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 Verhaak et al.
1
 200 GBM 

samples from The Cancer Genome Atlas (TCGA)
43

 were analyzed and the grouping was validated 

by comparison with previously published gene expression data sets (Phillips et al. (2006)
22

, Sun et 

al. (2006)
44

, Beroukhim et al. (2007)
45

 and Murat et al (2008)
46

). On this basis, Verhaak and 

colleagues divided GBM into four main sub-types (see also Figure 2): the Classical, the 

Mesenchymal, the Proneural and the Neural sub-type. The Classical sub-type is characterized by 

high frequency of chromosomal rearrangements since chromosome (chr.) 7 amplification together 

with chr. 10 loss were detected in 100% of the classical sub-type tumors. As a result, EGFR gene 

Figure 2: Integrated view of gene expression and genomic alterations across glioblastoma sub-types. Gene 
expression data (ge) was standardized (mean equal to zero) across 202 dataset. Data are shown for 116 samples 
with both mutation and copy number data. Mutations (mut) are indicated by a red cell, a white pipe indicates loss 
of heterozygosity, and a yellow cell indicates the presence of an EGFRvIII mutation. Copy number events (cn) are 
illustrated by bright green for homozygous deletions, green for hemizygous deletions, black for copy number 
neutral, red for low level amplification, and bright red for high level amplifications. A black cell indicates no 
detected alteration. Reprinted with permission from Elsevier publishing (Verhaak et al. (2010)

1
). 
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amplification together with loss of the CDKN2A gene (cyclin-dependent kinase inhibitor 2A 

encoding both the p16INK4A and p14ARF tumor suppressor genes
47

) was observed in 97% of the 

classical tumors. This sub-type also demonstrates elevated expression of NES (Nestin, a neural stem 

cell marker) as well as components of the Notch and Sonic hedgehog (SHH) signaling pathways. 

The Mesenchymal sub-type is named so due to the high expression of mesenchymal markers such 

as CHI3L1 (also known as YKL40), CD44 and MET together with the astrocytic marker MERTK. 

Moreover, up-regulation of genes involved in the TNF super family- and NFəB signaling pathways 

have been observed is this sub-type and, as the author suggests, this might result from the high 

degree of necrosis and associated infiltrating inflammatory cells seen in this sub-type. Concurrent 

mutations in the neurofibromin 1 (NF1) and PTEN genes are also frequently observed. The 

expression pattern of the Proneural sub-type resembles that of a neural development profile, with 

the two major alterations being alpha-type platelet derived growth factor receptor (PDGFRA) 

amplification and isocitrate dehydrogenase (IDH1) point mutations. TP53 mutations and LOH were 

also frequent events. Similar to the classical sub-type, but less frequent, chr. 10 loss paired with chr. 

7 amplification were observed (54%). Expression of the oligodendrocytic marker OLIG2 and other 

proneural developmental genes such as DLL3 (encodes Delta-like 3, a Notch ligand, see section 

2.5.1), ASCL1 and SOX also characterize the proneural sub-type. Finally, the Neural sub-type is not 

well defined, but it can be recognized by the expression of neuronal markers. To summarize, 

Verhaak and collogues concluded that aberrations and gene expression of EGFR, NF1 and 

PDGFRA/IDH1 each defined the Classical, the Mesenchymal and the Proneural sub-types 

respectively
1
. Although there was no clear correlation between sub-type and survival, there was a 

trend towards an increased survival for patients with the Proneural sub-type
1
.  

By comparing the expression of a pre-defined panel of glioma relevant proteins in 27 GBM surgical 

specimens and relating them to the TCGA data, Brennan and co-workers 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 core
48

.  The EGFR core showed increased levels of total- and 

phosphorylated EGFR and was named accordingly. It further resembles the Classical subtype from 

Verhaak et al. as it displayed high levels of the activated intracellular Notch-1 domain (ICN-1), the 

Notch ligands Jagged-1 (Jag-1) and Delta-like 1 (Dll-1) and the Notch downstream target 

hairy/enhancer of split-1 (Hes-1). Moreover, genomic analysis revealed that most tumors in this 

group had chr. 7 gain, EGFR amplification and mutation as well as deletion of Ink4a/ARF and 

either chr. 10 loss or PTEN mutations in all tumors. The PDGF core showed some correlation with 

the Proneural sub-type from Verhaak et al. Compared to the other core-groups it displayed up 

regulation of PDGFB, phospho-PDGFRɓ and phospo-NFKB1. Also an increased level of PTEN 

was detected as well as increased activation of the Ras pathway as evident by increased levels of 

phosphor-MEK and -ERK. Moreover it showed expression of the marker OLIG2 which is involved 

in oligodendrocytic development
49

. None of the tumors in this core group, however, showed 

amplification of the PDGFR or its ligands. The NF1 core was strongly associated with low levels of 

NF1 and showed over expression of YKL40 and as such resembles the Mesenchymal sub-type from 

Verhaak et al. It further showed chr. 7 gain, although no EGFR amplification was detected. It 

should be mentioned that the specimens from Brennan et al. included a few Grade III glioma 

samples, however, the GBM samples were represented in all three core groups. 
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In an earlier study by Phillips et al., which represents one of the four data-sets, utilized in the 

Verhaak study described above, Grade III and IV gliomas were assigned one of three sub-types: 

Proneural, Mesenchymal and Proliferative, based on gene expression
22

. The Proneural- and 

Mesenchymal subtypes were similar to the ones described by Verhaak et al., whereas the 

Proliferative sub-type, when grouped together with some traits from the Mesenchymal sub-type, 

could be compared to the Verhaak Classical sub-type. (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 compared to histological grade or age
50

. Likewise, Phillips et al. were able to correlate 

prognosis with sub-type. The Mesenchymal and Proliferative sub-types were primarily Grade IV 

gliomas, while the Proneural sub-type comprised gliomas of both Grade III and IV
22

. As the 

Verhaak study detected frequent TP53 and IDH1 mutations in this sub-type
1
, and as these features 

also are common events in secondary GBM
41,51,52

, this could indicate that at least some tumors 

within the Proneural sub-type could represent secondary GBM. And three out of four tumors in the 

proneural sub-type from the Verhaak study were in fact secondary GBM
1
. In 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 signature
22

. Furthermore, it has been suggested that 

apart from prognosis, sub-type might be correlated to treatment outcome as well (reviewed in 

Woehrer et al. (2013)
2
). It should, however, be considered that in most cases, patient tumor samples 

used for scientific purposes only represent a small portion of the whole tumor mass, and as GBM 

tumors are highly heterogeneous, one could speculate that different sub-types might co-exist within 

the same tumor
46,53

. Moreover, transition between sub-types upon recurrence has been 

reported
22,46,54

. Still, as the sub-types to some extent can be correlated to prognosis and treatment 

outcome, they might prove usable in the clinic when stratifying patients to the most optimal 

treatment. However, until a sub-type specific therapy package is available, full scale sub-typing of 

GBM patients might be overstated in terms of stratification although individual markers such as 

MGMT methylation have proven its worth.    

 

Figure 3: Comparison of sub-type studies. Molecular subtyping of GBM based on gene expression (Verhaak et al. 
and Phillips et al.) and protein expression (Brennan et al.). Direct comparison across the datasets shows good 
agreement for Vehaaks and Phillips Proneural sub-type and Brennans PDGF core as well as for the Mesenchymal 
subtype from Verhaak and Phillips and the NF1 core from Brennan, demonstrated by the black arrows. There is also 
a good correlation between Brennans EGFR core and Verhaaks classical subtype, black arrows. There is less 
concordance for Proliferative and Neural/Classical sub-types between Verhaak and Phillips, represented by the grey 
arrows. Overall, there is an agreement that survival decreases from the Proneural towards the Mesenchymal sub-
type. Illustration modified from Woehrer et 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 new anti-cancer drugs. Traditional in 

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 widely used for culturing of cancer cells, such as high-grade 

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 few in vitro passages
3,55,56

. 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 line that has been modified to contain amplified 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 III origin (anaplastic astrocytoma, AA), although it has been classified by the 

American Type Culture Collection
a
 (ATCC) as a 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 amplification
57,58

.  

During the past decade, it has become more common to culture glioma cells in serum-free media, as 

has been standard when establishing and culturing normal NSC since the mid 1990s. In that context, 

it has been shown that culture conditions composed of a well defined media with the addition of 

growth factors such as the epidermal growth factor (EGF) and the basic fibroblastic growth factor 

(bFGF) support NSC growth and maintainance
59-61

, whereas serum addition or growth factor 

withdrawal induces differentiation of NSC
60,62-64

. In 2006, Lee and colleagues showed that GBM 

cells cultured as NSC exhibited an expression profile similar to that of the parental patient tumor 

and normal 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 better recapitulated the 

pheno- and genotype of the patient tumor, than xenograft tumors derived from serum-containting 

cultures
3
. The study by Lee and co-workers has subsequently been supported by the demonstration 

that serum-free GBM cell cultures reflect the cytogenetic of the parental tumor, even after several 

passages
56

. With the serum-free cell culture media as a base, there have been several attempts to 

improve the growth of glioma and GBM cells in vitro. Above EGF and bFGF also the leukemia 

inhibitory growth factor (LIF) is believed to act as a mitogen for neural stem- and progenitor 

cells
65,66

, the supplement B27 is thought to improve survival of neural cells
67

 and the N2 

supplement is by the manufacture recommended for growth of neuroblastomas as well as post-

mitotic neurons
b
. As a result, almost every laboratory working with establishing in vitro cultures 

from GBM tumors have more or less developed their own serum-free culturing formula
68

.  

                                                           
a
 https://www.atcc.org/ 

b www.invitrogen.com 
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When cultured during the serum-free 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 cells
3,59,60,69-74

. When the neurospheres are 

dissociated and passaged, the neurosphere forming cells are able to form new neurospheres, which 

demonstrates their self-renewing ability
72,75

, 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 changes in morphology are 

accompanied by expression of neural differentiation markers, and it has as such been concluded that 

multipotent cells are present within the neurosphere
3,11,62,63,70-72

. Finally neurosphere cells of both 

NSC and glioma/GBM origin have been demonstrated to express stem cell markers such as the cell 

surface glycoprotein CD133
76,77

 and the intermediate filament Nestin
69,78

. Because glioma 

neurosphere forming cells harbors NSC characteristics and moreover have tumorigenic 

potential
56,70,71,79

, they are commonly referred to as brain cancer stem-like cells (bCSC, see section 

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

2.3.3. 

Although itôs many applications, it is important to emphasize that in vitro models cannot be 

representative for all processes within a multi cellular organism, and especially the interaction 

between a tumor and its surrounding microenvironment require valid in vivo models. 

 

Figure 4: GBM cells cultured in serum-free condition better mimics the gene expression profile of the parental 
tumor than corresponding serum-cultured GBM cells. Principal component analysis (PCA) of the Lee et al. data 
sets based on global gene expression analysis. Small balls: in vitro samples. Large balls: in vivo xenograft samples. 
Colors of balls indicate the origin of samples: Parental patient tumors are marked as balls with red circle, two 
different tones of blue represent two different parental tumors (1228 and 0308) and thereof derived cultures. Red 
tone marks commercial GBM cell lines and xenografts (both intracranial and subcutaneous). Yellow balls represent 
normal NSC samples. NBE_IC indicates intracranial xenograft generated from neurosphere cultures. 1228_S_p3 are 
1228 cells at passages 3 in serum containing media. x, y, and z axes represent three major principal components 
(PC). Note two distinct clusters: one cluster consists of serum-free cultured (NBE) GBM cells and their derivative 
xenograft tumors, NSCs, and parental patient tumors, whereas the other cluster consists of serum cultured GBM 
cells, ten commonly used glioma cell lines, and their derivative tumors. Reprinted with permission from Elsevier 
publishing (Lee et al. (2006)

3
). 
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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 tumor-host 

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 indispensable tools when evaluating 

potential new anti-(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 patient 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 Huszthy et al. (2012)
80

). 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 glioma models. It has been shown 

that tumors in the rat brain can be induced by administrating methylnitrosourea or ethylnitrosourea 

compounds
c
 either intravenously, orally, locally or transplacentally to the adult or pregnant rat 

(reviewed in Huszthy et al. (2012)
80

 and Barth et al. (2009)
81

). Chemically induced glioma models 

may offer insight into chemically initiated human gliomagenesis caused by chemical 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 
82,83

. Furthermore, when intracranial engrafted, rodent glioma cell lines derived from 

chemically induced tumors show only modest resemblance to human gliomas with regard to 

morphology and histology
84,85

. 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 (reviewed in Huszthy et al. (2012)
80

).  

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 Huszthy et al. 

(2012)
80

 and Fomchenko et al. (2006)
86

). These models reflect the human tumor histology, biology 

and etiology
87

. Genetically engineered models are based on either gain or loss of specific genes, in a 

specific cell type, and at a specific time point in development. This is accomplished by inducing 

genetic changes in the cell type of interest, e.g. by the cre-lox recombinase or tv-a systems under the 

influence of a cell specific promoter. One such example is the RCAS/TVA system published by 

Holland and co-workers
88,89

. Here RAS and/or AKT were introduced into the viral vector RCAS
d
, 

which subsequently was injected intracranially into the brain of newborn transgenic mice 

expressing TVA
e
 downstream from the Nestin promoter. 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 the Nestin 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 mice
89

. Taken it further, by combining 

the above described RCAS/TVA system with the cre-lox system Hu et al. obtained a similar TVA 

                                                           
c
 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). 

e
 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, although this mouse had loxP-sites
f
 flanking the PTEN-gene. By injecting a RCAS vector 

containing the Cre recombinase protein gene fused with the green fluorescent protein (GFP), knock 

out of PTEN was obtained in the Nestin expressing cells. This was however, not sufficient to induce 

lesions, but when combined with RAS activation, GBM was formed
90

. 

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 

tumor-stroma interaction that contribute to malignancy, including angiogenic processes, and as such 

have expanded our knowledge about the tumor micro-environment and provided insight into the 

sequence of genomic events that follow a specific genetic alteration. It is however still an open 

question whether the genetic events that result in tumor formation in experimental animals truly 

mirror the initiating events in human gliomagenesis (reviewed in Huszthy et al. (2012)
80

). 

Although both the chemically induced and the genetically engineered glioma animal models 

provide insight into the events of gliomagenesis, growth and progression as well as the interaction 

with the surrounding brain parenchyma, these models lack one fundamental feature: the cancer cells 

are not of human origin. 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 tumor-cells or tissue are injected or inoculated respectively onto the flanks 

of the experimental animal, and 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 established 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 the tumor-brain 

parenchyma interaction
91

 and it has been stated that the micro-environment in the OX model is 

more comparable with that observed in GBM patients, than the micro-environment in the SX 

model
92

. Compared to SX, OX are laborious to establish and monitor and require expensive 

equipment and technical expertise such as MR- and/or CT-PET-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 drawback to 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
92

.   

All three types of in vivo glioma/GBM models described above, offer possibility for studying 

signaling pathways and cell-cell- and tumor-stroma 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 in tumor maintenance and 

testing of new therapeutic approaches, as this model is based on naturally transformed human 

cancer cells. Moreover in vivo models are crucial when testing potential new anti-cancer 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 treatment on the whole organism. However species to species 

differences needs to be taken into account as described above.  

 

2.3 Brain cancer stem-like cells 

2.3.1 Development of the CNS  

During the fourth week of human embryogenesis, the craniocaudal neural 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 spinal cord. 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 comprising the future 

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 Nowakowski et al. (1999)
93

). 

Thus, the neuroepithelial cells lining the VZ and the SVZ can be considered as multipotent NSC, 

and are 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 life
94,95

 and give rise to neurons and glial cells
73,96

.  

 

2.3.2 Definition and origin of bCSC 

Growing evidence supports the idea that malignant tumors are initiated and maintained by a 

population of tumor cells with similar biological properties as normal adult stem cells
17,32,97-99

. The 

cancer stem cell theory was first demonstrated from research with acute myeloid leukemia 

(AML)
100

 and subsequently cancer stem-like 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 (self-renewal) and one cell that displays a more 

differentiated phenotype, namely a progenitor cell. The progenitor cell will proliferate and give rise 

to several new identical progenitor cells through 

symmetric cell division before they become 

proliferative exhausted and begin to terminally 

differentiate
75,101-104

. The cancer stem cell hypothesis 

states that the cancer stem-like cell is able to self-

renew as well as give rise to all the differentiated 

progenies that eventually make up the heterogeneous 

cell mass of the tumor (see Figure 5). To support this 

hypothesis, the bCSC have been demonstrated to 

hold NSC potential as they are able to maintain their 

own population through self-renewal, able to give 

rise to cells of the three neural lineages (neurons, 

oligodendrocytes and astrocytes) and moreover 

express different NSC markers such as CD133 and 

Nestin, as mentioned above (section 2.2.1). Besides 

from their NSC-like characteristics, bCSC are 

Figure 5: The brain tumor cell hierarchy. In the 
cancer stem cell model, the bCSC (red) have the 
ability to maintain its population through self-
renewal (circular arrow) and give rise to more 
differentiated tumor cells (green, yellow, blue), 
that make up the majority of the tumor bulk. 




















































































































































































































































































































