
Ephrin-B2 is a glioblastoma oncogene

that drives perivascular invasion and

proliferation

Author:

Benjamin Krusche

Supervisor:

Dr. Simona Parrinello

Imperial College London

MRC Clinical Sciences Centre

A thesis submitted to Imperial College London for the degree of Doctor of Philosophy

June 11, 2015



Table of Contents

Abstract v

Declaration of Originality vi

Acknowledgements vii

List of Abbreviations viii

List of Figures xi

List of Tables xiv

1 Introduction 1

1.1 The subventricular zone . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 The vascular NSC niche . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Glioblastoma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.1 Cell of origin . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2.2 Molecular pathology of glioblastoma multiforme . . . . . . . . . . 9

1.2.3 Cancer stem cells in glioblastoma . . . . . . . . . . . . . . . . . . 11

1.2.4 GSC vascular niche . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.3 Glioblastoma invasion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.3.1 Glioma cells utilise the vasculature as substrate for invasion . . . . . 18

1.3.2 Invading glioblastoma cells are likely GSCs . . . . . . . . . . . . . 20

1.4 Ephs and Ephrins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.4.1 Molecular structure of Eph and ephrins . . . . . . . . . . . . . . . 23

1.4.2 Eph/ephrin signalling . . . . . . . . . . . . . . . . . . . . . . . . 25

1.5 Biological processes regulated by Eph/ephrin signalling . . . . . . . . . . . 28

1.5.1 Eph/ephrin signalling in angiogenesis . . . . . . . . . . . . . . . . 28

i



TABLE OF CONTENTS ii

1.5.2 Eph/ephrin signalling in the central nervous system . . . . . . . . . 29

1.5.3 Eph/ephrin signalling in stem cell niches . . . . . . . . . . . . . . 30

1.6 Eph/ephrin signalling in glioblastoma . . . . . . . . . . . . . . . . . . . . 31

1.6.1 EphA signalling in glioblastoma . . . . . . . . . . . . . . . . . . . 31

1.6.2 EphB signalling in glioblastoma . . . . . . . . . . . . . . . . . . . 32

Aims 34

2 Experimental procedures 35

2.1 Antibodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.1.1 Primary Antibodies . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.1.2 Secondary Antibodies . . . . . . . . . . . . . . . . . . . . . . . . 37

2.2 PCR-Primers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.3 RNAi sequences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.4 Media and solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.4.1 Cell culture media . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.4.2 Western Blot solutions . . . . . . . . . . . . . . . . . . . . . . . 48

2.4.3 ChIP buffers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.5 Cell culture techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.5.1 Isolation and culture of neural progenitor cells . . . . . . . . . . . 50

2.5.2 Culture of mammalian cells . . . . . . . . . . . . . . . . . . . . . 51

2.5.3 Viral infections . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.5.4 Cell cycle analysis using propidium iodide and BrdU . . . . . . . . 52

2.5.5 Cell differentiation . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.5.6 Migration assays and quantification . . . . . . . . . . . . . . . . . 53

2.5.7 Soft agar Colony formation assay . . . . . . . . . . . . . . . . . . 54

2.5.8 Suspension culture and cell retrieval . . . . . . . . . . . . . . . . . 55

2.6 Protein analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

2.6.1 Immunoblotting . . . . . . . . . . . . . . . . . . . . . . . . . . . 56



TABLE OF CONTENTS iii

2.6.2 Immunoprecipitation . . . . . . . . . . . . . . . . . . . . . . . . 56

2.7 Immunostainings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.7.1 Immunofluorescence . . . . . . . . . . . . . . . . . . . . . . . . 57

2.7.2 Immunofluorescence with signal amplification . . . . . . . . . . . 58

2.7.3 BrDU incorporation . . . . . . . . . . . . . . . . . . . . . . . . 59

2.8 DNA/RNA analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

2.8.1 Trizol extraction for RNA . . . . . . . . . . . . . . . . . . . . . . 59

2.8.2 Trizol extraction of DNA . . . . . . . . . . . . . . . . . . . . . . 60

2.8.3 Reverse transcription PCR . . . . . . . . . . . . . . . . . . . . . 60

2.8.4 Quantitative RT-PCR . . . . . . . . . . . . . . . . . . . . . . . . 61

2.8.5 Chromatin Immunoprecipitation . . . . . . . . . . . . . . . . . . 61

2.9 In vivo protocols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

2.9.1 Craniotomies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

2.9.2 Intravital 2-Photon imaging . . . . . . . . . . . . . . . . . . . . . 65

2.9.3 Orthotopic xenografts and in vivo imaging . . . . . . . . . . . . . 65

3 Generation of a tumour progression series 67

3.1 Introduction of oncogenes into neural progenitor cells to create a tumour

progression series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.2 Tumour model resembles mesenchymal Glioblastoma stem cells . . . . . . . 71

3.3 GSC1/2 form mesenchymal glioblastoma in vivo . . . . . . . . . . . . . . 72

3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4 Endothelial control of proliferation 80

4.1 Endothelial ephrinB2 enforces neural stem cell quiescence in a p53 depen-

dent manner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.2 Phosphoproteomics identifies potential links between Eph activation and

p53 activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.3 β-Catenin is not involved in mediating Eph signalling in NSC . . . . . . . 88



TABLE OF CONTENTS iv

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

5 Endothelial control of migration 93

5.1 Eph/Ephrin signalling compartmentalises normal neural progenitor cells but

not GSCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.2 Upregulation of ephrinB2 drives perivascular invasion of GSCs . . . . . . . 98

5.3 EphrinB2 upregulation is dependent on Mek/Erk signalling and SP1 tran-

scription factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.4 Elevated ephrinB2 levels in GSCs cause hyperactivation of EphB signalling

and insensitivity to migratory cues mediated by the vasculature . . . . . . . 105

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6 Cell autonomous Ephrin signalling 115

6.1 EphrinB2 is a glioblastoma oncogene . . . . . . . . . . . . . . . . . . . . 115

6.2 EphrinB2 enables progression through the G2/M checkpoint in suspension . 121

6.3 EphrinB2 drives anchorage-independent cytokinesis through RhoA . . . . . 123

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

7 EphrinB2 in human glioblastoma 130

7.1 EphrinB2 silencing suppresses GSC tumourigenesis . . . . . . . . . . . . . 130

7.2 EphrinB2 is a therapeutic target for glioblastoma . . . . . . . . . . . . . . 134

7.3 EphrinB2 expression in GBM correlates inversely with patient survival . . . 137

7.4 EFNB2 is significantly increased in a wide variety of human tumours and

inversely correlates with patient survival . . . . . . . . . . . . . . . . . . . 138

7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

Significance and future directions 146

Bibliography 155

Appendix 189



Abstract

Glioblastoma multiforme (GBM) are the most aggressive and devastating tumours of the brain

and are essentially incurable. They are defined by diffuse invasion of the surrounding brain

parenchyma along preexisting structures like the vasculature. Glioma stem cells (GSC) are

thought to be largely responsible for tumour recurrence following treatment due to their high

resistance to therapy, their ability to recapitulate tumours from single cells and their marked

invasive potential.

Here we show, that normal neural stem cell in the subventricular zone are compartmentalised

by endothelial ephrinB2 and their proliferation limited through activation of p53 in an Eph

signalling dependent manner. GSCs however evade both compartmentalisation and prolif-

eration inhibition and are able to invade perivascularly. Intravital imaging, coupled with

mechanistic studies in vitro revealed that upregulation of ephrinB2 in highly aggressive, mes-

enchymal GSCs enables escape from endothelial compartmentalisation through homotypic

forward signalling.

Surprisingly we also find that that ephrinB2 reverse signalling promotes tumourigenesis by

mediating anchorage-independent cytokinesis through activation of RhoA. In preclinical mod-

els using human GSCs we show, that inhibition of ephrinB2 by RNA silencing or with

ephrinB2-blocking antibodies strongly suppresses tumourigenesis of established glioblastoma

by inducing cell-cycle arrest and blocking GBM/vascular interactions. Thus, ephrinB2 is an

oncogene and represents an attractive candidate for anti-GBM therapies aimed at eradicating

the GSC compartment by targeting both glioma invasion and proliferation.

v
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Chapter 1

Introduction

Glioblastoma multiforme (GBM) is the most common and aggressive type of primary brain

tumour and one the most lethal forms of human cancer. Despite highly aggressive treatment,

recurrence is inevitable resulting in a median survival of less than 15 months. GBM are

characterised by diffuse invasion of the healthy brain parenchyma along preexisting structures.

Furthermore, GBM contain a population of stem-like cells which are highly infiltrative and

intrinsically chemo- and radio-resistant.

In this thesis I used a glioma stem cell model derived from neural stem cells of the subven-

tricular zone to investigate glioma invasion and proliferation. I will therefore introduce the

subventricular zone, one of the two neurogenenic stem cell niche in the adult brain which

has not only been implicated in gliomagenesis but also shares great structural and functional

similarities with the microenvironment controlling glioma stem cell maintenance and inva-

sion. Furthermore, I will introduce a class of proteins which are highly expressed in a variety

of stem cell niches and are known for both their tumour suppressing and promoting potential

in glioblastoma: Eph receptors and their ephrinB2 ligands.

1
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1.1 The subventricular zone

For most of the 20th century it was considered a dogma that neurons in the brain were not

added or replaced in adulthood.

However, it is now very well established, that the adult mammalian brain contains two neu-

rogenic regions capabable of continuously generating new neurons: The subventricular zone

(SVZ) of the lateral ventricle and the subgranular zone (SGZ) of the dentate gyrus. Parenchy-

mal cells in both of these regions create a supporting niche structure which controls self-

renewal and differentiation of the stem cells.

The concept of a niche providing signals to stem cells was first developed in 1978 by Schofield:

he proposed that stem cells reside in fixed anatomical compartments, niches, which are crucial

for the maintenance of cells with stem cell properties (Schofield, 1978). Initially progress in

identifying these proposed niches was mostly made in Drosophila and C. elegans due to the

anatomical complexity of mammals but in recent years enhanced experimental techniques led

to the identification of various stem cell niches in adult mammals (reviewed in Li and Xie,

2005).

The stem cell niche of the subventricular zone is one of the best-characterised mammalian

stem cell niches (Allen, 1912; Lewis, 1968; Blakemore, 1969) and cell proliferation within

the SVZ has been demonstrated in a large number of vertebrates including mice, rats,monkeys

and humans (Kornack and Rakic, 2001; Sanai et al., 2004; Eriksson et al., 1998).

The SVZ is located throughout the lateral wall of the lateral ventricles and consists of three

neurogenic stem and progenitor cell types: quiescent type B neural stem cells, transit ampli-

fying type C cells and type A neuroblasts. Type B-cells are a group of GFAP expressing cells

which are thought to be bona fide stem cells: Doetsch et.al. showed that they are label re-

taining slowly proliferating cells which are able to regenerate the pool of immature precursors

and neuroblasts after depletion by antimitotic treatment in vivo . Furthermore only type-B
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cells but not other cell types of the SVZ are able to form neurospheres in vitro and can be dif-

ferentiated into neurons, astroglial cells and oligodendrocytes (Doetsch et al., 1999a). Type

B-cells lie just under a single sheet of ependymal cells that line the ventricle and separate the

cerebrospinal fluid from the brain parenchyma with occasional processes of the type B cells

intercalating between the ependymal layer (Doetsch, 2003; Doetsch et al., 1999b) Type B-

cells give rise to the rapidly proliferating intermediate precursor cells (C-cells). Type C cells

in turn give rise to neuroblasts (A-cells). Type A neuroblasts then migrate in chains along

the rostral migratory stream (RMS) to the olfactory bulb where they differentiate into various

interneurons (De Marchis et al., 2007 ; Figure I).This chain migration has been observed in

the brain of adult rodents (Lois and Alvarez-Buylla, 1994) and primates (Kornack and Rakic,

2001). It is still debated whether the RMS exists in a similar fashion in humans whose SVZ

has a unique structure compared to other mammals (Sanai et al., 2004; Curtis et al., 2007).

The SVZ however does not only supply neurons for the olfactory bulb but also constantly

produces new oligodendrocytes and it has been shown that in response to brain injuries it

it also capable of supplying new astrocytes to replace damaged cells (Levison and Goldman,

1993; Alvarez-Buylla et al., 2000; Benner et al., 2013).

Apart from neural stem cells and their progeny the SVZ is composed of supporting parenchy-

mal cells, namely ependymal cells and a specialised vasculature. These supporting cell types ,

similar to cells in other stem cell niches in the body are required to provide the appropriate en-

vironment for the stem-like populations: firstly, signals produced by the niche have to be able

to control stem cell self-renewal, maintenance and survival (Li and Xie, 2005). Secondly, the

niche has to provide an architecture which promotes polarisation of stem cells and therefore

asymmetric cell divisions (Yamashita et al., 2010) and lastly, stem cells have to be anchored

within the niche through interactions with stromal cells and the extracellular matrix. This

ensures that the stem cells are kept in close proximity to the signals emanating from the niche

which regulate them ( Jones and Wagers, 2008 ; Figure II).
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Figure I: Schematics of the composition of the subventricular zone. The SVZ is one of the two
neurogenic stem cell niches in the adult brain (adapted from Ihrie and Alvarez-Buylla, 2011)

1.1.1 The vascular NSC niche

In recent years it has become more and more apparent that a specialised vasculature in the

subventricular zone plays an important role in providing these crucial functions to ensure the

right niche environment: an extensive network of blood vessels is present in the SVZ which

is structurally different from non-neurogenic regions of the brain and also differs from the

vasculature present in the subgranular zone (Tavazoie et al., 2008). Furthermore, both type-B

NSCs and transit amplifying type-C cells are in close contact to the vasculature throughout

their life cycle (Shen et al., 2008; Tavazoie et al., 2008). In fact, even migrating neurob-

lasts in the rostral migratory use blood vessels as a migratory scaffold and migrate parallel to

vascular structures until they reach their final location in the olfactory bulb (Huntley et al.,
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Figure II: Summary of known key components of stem cell niches. (adapted from Jones and
Wagers, 2008)

2014; Nam et al., 2007). Blood vessels also support neurogenesis by secreting factors that

further promote the differentiation of migrating neuroblasts into mature neurons (Goldman

and Chen, 2011; Leventhal et al., 1999). Importantly, it is well established that quiescent

type B stem cell form long cytoplasmic projections that make stable contacts with endothe-

lial cells through specialised end feet poising them to receive spatial and regulatory cues from

the vasculature (Tavazoie et al., 2008; Shen et al., 2008). Moreover, transplanted NSCs also

actively home towards the vascular niche, attracted by endothelial secreted SDF1 (Kokovay

et al., 2010). Endothelial cells secret a variety of soluble factors, that have been shown to

promote self-renewal and control neurogenesis of adult NSCs: for example, PEDF released

by endothelial cells promotes cell renewal in vitro and activates quiescent type-B cells in vivo

(Ramírez-Castillejo et al., 2006). Similarly, Betacellulin and NT3 are released by the vascula-

ture in the SVZ and regulate the self renewal and proliferation of NSCs (Delgado et al., 2014;

Gómez-Gaviro et al., 2012). In addition, circulating blood can carry factors like hormones

or cytokines that influence neurogenesis.



CHAPTER 1. INTRODUCTION 6

While many studies have found an important role for endothelial cells in neural stem cell ac-

tivation, recent work from our group intriguingly also showed that the direct contact between

quiescent type B stem cells and endothelial cells is critical for maintaining stem cell quiescence

and identity. Mechanistically we showed that endothelial ephrinB2 and Jagged1 ligands sup-

press cell-cycle entry downstream of mitogens and induce the expression of stemness genes.

In vivo ablation of either of these ligands leads to premature cell cycle entry of type B stem

cells and a rapid depletion of the stem cell pool over time (Ottone et al., 2014). This data is

particularly interesting as it shows how spatial information is integrated in stem cell niches to

achieve the right balance of self-renewal and differentiation.

Together this data highlights the importance of endothelial cells as regulating components of

a neuronal stem cell niche in the adult brain and raises important questions about what the

role of this system is in the diseased state.
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1.2 Glioblastoma

Most tumours in the brain originate from glial cells and are classified by their closest coun-

terpart in normal tissue: astrocytomas, oligodendrogliomas and ependymomas (Ohgaki and

Kleihues, 2005). Astrocytic gliomas are the most common and clinically relevant and were

classified into a grade system by the WHO in the 1970s which has been updated in 2007

(Louis et al., 2007) based on their clinical and biological properties (Table I). WHO grade

I only represents benign angiocentric gliomas in children and juveniles and is separate from

grade II-IV which describe adult astrocytomas with progressing malignancy (Burger et al.,

1985).

Table I: Classification and grading of glioma subtypes according to theWHO. (Louis et al., 2007)

WHO-Grade Tumour type Histology

I pilocytic astrocytoma no pleomorphic cells and low

proliferative potential

II diffuse astrocytoma usually nuclear atypia

III anaplastic astrocytoma usually nuclear atypia and mi-

totic activity

IV Glioblastoma nuclear atypia, mitosis, en-

dothelial proliferation and/or

necrosis

Histological WHO-grade II tumours commonly have an isomorphous appearance whereas

the anaplastic astrocytomas of WHO-grade III show an increase in cell density with frequent

mitotic events. The decisive event for a tumour to be graded grade IV glioblastoma instead of

grade III are areas of focal necrosis within the tumour and aberrant pathological neovascular-

isation (Burger et al., 1985).

Glioblastoma multiforme is the most aggressive and most common primary tumour of the
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brain and despite extensive efforts in clinical and basic research, current therapeutic approaches

are largely ineffective. GBMs almost invariably recur causing a median survival which for the

last 20 years has remained steady at around 15 months. Several reasons underly the high re-

currence rate and highly malignant nature of glioblastoma: GBM are highly invasive tumours

and possess the marked ability to diffusely infiltrate the surrounding healthy areas of the brain

which renders complete surgical resection near impossible (Smith and Jenkins, 2000; Pietsch

and Wiestler, 1997; Cuddapah et al., 2014). Additionally, GBM are genetically highly het-

erogenous tumours in appearance and gene expression showing a wide variety of genetic ab-

normalities which causes highly variable response rates to standard chemotherapies (Mrugala,

2013). Treatment is further complicated by the presence of the Blood Brain Barrier, which

although disturbed around the bulk of the tumour presents a significant barrier to efficient

drug delivery to invading glioblastoma cells (Pitz et al., 2011; Agarwal et al., 2013). Lastly,

glioblastoma contain a population of highly chemotherapy resistant cells stem-like cells which

are able to reconstitute the tumour after treatment (Venere et al., 2011; Chen et al., 2012).

1.2.1 Cell of origin

It is still disputed from which cells in the healthy brain gliomas originate and whether the

cell of origin is the same in all GBMs (Zong et al., 2012). This is partly due to the varied

anatomical locations in which glioblastoma arise. There is supporting evidence, that gliomas

originate in many cases from either of the normal stem cell niches in the brain (Alcantara

Llaguno et al., 2009): gliomas commonly contain cells with varying grades of differentiation

showing astrocytic, oligodendrocytic and even neuronal features. Strikingly however these

different cell types carry common genetic alterations which hints at a clonal origin of these

tumour cells. Moreover, the diverse lineages of the progeny of that clone suggest that the

originally transformed cell must have had progenitor or stem like properties (Wang et al.,

2009). Apart from these clinical observations there is experimental evidence showing that

glioblastomas can arise from transformed neural progenitor cells. In independent studies
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Holland et. al. (Holland et al., 2000) and Wang et. al. (Wang et al., 2009) showed that

mutating different oncogenic pathways in neural progenitor cells of adult mice leads to the

development of aggressive gliomas closely resembling their clinical counterpart.

However, other studies regard gliomagenesis as a multi-step process in which genetic alter-

ations lead to progressive dedifferentiation and transformation of normal, differentiated cells.

It has been shown for example, that loss of INK4A/Arf in combination with activation of

oncogenic K-ras in mature astrocytes leads to the formation of tumour resembling glioblas-

toma (Uhrbom et al., 2002). Similar results have been reported for different combinations of

oncogenes which also caused dedifferentiation of mature astrocytes and neurons and induced

high grade glioma in mice (Friedmann-Morvinski et al., 2012; Bachoo et al., 2002; Radke

et al., 2013).

1.2.2 Molecular pathology of glioblastoma multiforme

Despite their highly heterogeneous nature, extensive intratumoural variability (Inda et al.,

2014) and ongoing debates about the cell of origin, great progress has been made in recent

years in identifying key events during gliomagenesis (Figure III): the Cancer Genome Atlas

(TCGA) has identified three main molecular pathways which are disrupted in the majority of

all glioblastomas (TCGA, 2008):

1) the RTK/ras/PI3-K signalling axis,

2) the Retinoblastoma (Rb1) pathway and

3) the p53 tumour suppressor (TP53) pathway

Concurrently it has been shown, that inactivation of p53 combined with NF1 loss is sufficient

to induce high malignant astrocytoma with full penetrance in mice (Zhu et al., 2005). Addi-

tionally, in a slightly different murine model Chow and colleagues discovered, that mutations

in p53 and Rb pathways cooperate with loss of PTEN to induce highly aggressive astrocytoma

(Chow et al., 2011). These studies highlight the important impact of these three pathways on
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gliomagenesis and proof the validity of using key mutations as a model for glioblastoma.

PTENNF1 ras PI3K

Akt

FOXO

CDKN2A 
(ARF)

MDM2

TP53

MDM4

CDK4

CDKN2A
(p16/INK4A) CDKN2B CDKN2C

CDND2 CDK6

RB1

Mutation,homozygous 
deletion in 18 %

Mutation,
homozygous deletion

 in 35 %

Amplification 
in 18%

Proliferation
Survival

Translation

RTK/RAS/PI3K
signaling
altered in

88%

p53
signaling
altered in

87%

Rb
signaling
altered in

77%

Activated oncogenes

Senescence Apoptosis G1/S progression

EGFR ERBB2 PDGFRA MET

Figure III: Frequent genetic alterations in glioblastoma. (adapted from TCGA, 2008)

Expression profiling of a large number of glioblastoma patients made it possible to clus-

ter glioblastomas into subgroups based on a combination of genes over- or under-expressed

within each group. Four clinically relevant subgroups have been defined using the TCGA

dataset: classical, proneural neural and mesenchymal glioblastoma(TCGA, 2008; Verhaak

et al., 2010). Classical glioblastomas generally show gains on chromosome 7 accompanied by

partial loss of chromosome 10 and focal losses on chromosome 9p21.3. These losses on chro-

mosomal level lead to amplification of the EGFR gene with concomitant loss of the PTEN

and CDKN2A tumour suppressors. In contrast to that virtually no abnormalities in TP53,

PDGFRA or IDH1 occur. Proneural glioblastomas have been defined as having either fre-

quent overexpression or amplifications of PDGFRA or loss of IDH1 function. A majority

of all proneural glioblastomas also has mutations in the TP53 tumour suppressor pathway.
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Interestingly IDH1 mutations have also been associated with decreased mortality risk in pa-

tients (Dai et al., 2015). The neural subtype is not as well defined by gross genomic events

but neural glioblastoma show high expression levels of neuronal markers such as NEFL or

GABRA1.

The mesenchymal glioblastoma subtype is defined by deletions of a region on chromosome

17 containing the NF1 tumour suppressor gene. Loss of this region is also frequently accom-

panied by loss of TP53 and mutations of the Rb-signalling axis in this subtype (Verhaak et al.,

2010). The high expression of mesenchymal and astrocytic markers in comparison to other

tumour types is reminiscent of a epithelial-to-mesenchymal transition which has been linked

to more dedifferentiated and aggressive tumours (Thiery, 2002). Some reports suggest that

the mesenchymal glioblastoma subtype is also more aggressive due to the activation of gene

programs promoting high rates of cell proliferation, angiogenesis and invasion (Bhat et al.,

2011; Nakano, 2015). Interestingly, there is a clear shift specifically towards mesenchymal

glioblastoma but not other subtypes in tumour progression and recurrence further strength-

ening the notion of mesenchymal glioblastoma as a more aggressive subtype (Phillips et al.,

2006).

1.2.3 Cancer stem cells in glioblastoma

It is now well established that many tumours contain a small, relatively quiescent population

of cells with stem cell properties called cancer stem cells (CSC). The CSC model describes

tumours as a hierarchically organised tissue with the CSC population at the top. This popu-

lation is able to generate the more differentiated bulk of the tumour which loses the capacity

for self-renewal and tumourigenicity. (Figure IV).

CSCs were first identified in in acute myeloid leukemia (Bonnet and Dick, 1997) but simi-

lar results have since then been reported for prostate,liver,pancreas,breast and brain tumours

(Collins et al., 2005; Li et al., 2007; Singh et al., 2003). Cancer stem cells bear remarkable sim-
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Figure IV: Stochastic versus cancer stem cellmodels of tumourigenesis. According to the stochastic
model, every cell has the potential to become tumourigenic. In contrast, the cancer stem cell model
describes a hierarchical organisation of tumours where only a subset of tumour cells, called cancer stem
cell, have the ability to self-renew and be tumourigenic. Green shading depicts cancer stem cells, other
colours tumour bulk cells (adapted from Girouard and Murphy, 2011)

ilarities to normal stem cells in that they are able to self renew and differentiate into different

cell types (Chen et al., 2012). In addition to that CSCs are highly resistant to chemotherapeu-

tic treatment and it has been shown that a small number of CSCs is sufficient to reconstitute

the tumour bulk. These characteristics make them highly likely to be the underlying cause of

tumour recurrence (Todaro et al., 2007; Bao et al., 2006; Al-Hajj et al., 2003; Singh et al.,

2004).

Evidence for a stem like population in glioblastomawas first presented by Steindler et. al. who

showed that a subpopulation of cells isolated from human glioblastoma was capable of clonal

expansion (Ignatova et al., 2002). This led to a number of similar reports by several groups

which all showed that only a minority population of all cells isolated from glioblastoma have

the ability to recapitulate the parent tumour (Singh et al., 2003; Yuan et al., 2004). Singh
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et. al. identified and purified cells from primary human brain tumours which expressed the

cell surface marker CD133 and possessed, in contrast to cells lacking this marker, a marked

capacity for self-renewal and differentiation in vitro . Remarkably, injection of as few as 100

CD133 positive cells was sufficient to generate de novo tumours in vivo that were a phenocopy

of the parental tumour whereas CD133 negative cells engrafted but did not cause tumour

growth even if injected at much higher numbers (Singh et al., 2004). This study was seminal

in that it showed for the first time, that brain tumours contain a transformed, undifferentiated

cell population that was distinguishable from differentiated cells by the expression of a cell

surface marker and was quickly followed by other reports proving that these stem-like cancer

cells were indeed multipotent, that is, able to differentiate into different lineages in culture,

and had the capability of long term clonal expansion and therefore possessed all characteristics

of bona fide GSCs (Galli et al., 2004).

One of the hallmarks of glioblastoma is the inevitable recurrence of these tumours which is

caused by a small population of chemotherapy resistant cells. In a seminal paper Chen and

colleagues showed that this restricted population possesses all characteristics of GSCs and that

these cells are largely irresponsive to temozolomide treatment due to their quiescent nature.

Importantly, ablation of these Nestin positive GSCs significantly arrested tumour growth and

development in mouse models (Chen et al., 2012). More recently, in a similar experiment it

was shown, that loss of GSCs also leads to death, cell-cycle arrest and differentiation of the

remaining tumour mass (Zhu et al., 2014). This highlights the crucial role of glioma stem

cells in glioblastoma tumourigenicity.

1.2.4 GSC vascular niche

Glioblastoma are highly vascularised tumours characterised by extensive angiogenesis. The

newly formed tumour-associated vessels display gross anatomical abnormalities are often tor-

tuous, significantly larger than normal vessels and are highly permeable (Jain et al., 2007). A

special relationship between glioblastomas and the vasculature was first described by Scherer in
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the 1940s who observed tumour cells invading into the normal brain along preexisting blood

vessels and found that glioblastoma cells regularly formed cuffs completely surrounding blood

vessels (Scherer, 1940). It was presumed, that the main role of this extensive vascular network

is to provide nutrients to support the aggressive tumour growth. Stem cells in various tissues

inhabit protective niches and interestingly, neural stem cells lie in a vascular niche which reg-

ulates stem cell self-renewal through direct contact (Shen et al., 2004; Tavazoie et al., 2008;

Ottone et al., 2014). Importantly, there is overwhelming evidence, that cancer stem cells

in other solid tumours are highly dependent on similar vascular niches which regulate their

stemness and proliferation (Cabarcas et al., 2011; Quail et al., 2012; Korkaya et al., 2011; Ye

et al., 2014; Takakura, 2012).

Earlier experiments had shown, that CD133+ glioblastoma stem cells produce high levels of

VEGF and actively promote tumour angiogenesis (Bao et al., 2006). This study showed, that

GSCs actively shape their vascular microenvironment, suggesting that the vasculature might

provide important survival and self-renewal cues for GSCs similar to normal stem cell niches

in the brain. Interestingly, anti-VEGF treatment with bevacizumab, while not affecting the

bulk of the tumour profoundly, seemed to selectively target GSCs resulting in a strong re-

duction in tumour growth (Leon et al., 1996; Vredenburgh et al., 2007). Proof that GSCs

are indeed residing in a vascular niche was provided by elegant experiments of Calabrese and

colleagues (Calabrese et al., 2007): they first showed using immunofluorescence and multi-

photon microscopy that CD133+ Nestin+ GSCs were in close contact to the tumour vascula-

ture in sections of human glioblastoma. When isolated, GSCs, but not other non-stem cells

isolated from the tumour, migrated towards the vasculature and interacted intimately with

endothelial cells in vitro. Crucially however co-implantation of brain tumour stem cells and

endothelial cell into the brains of immunocompromised mice caused a strongly accelerated

growth of these mixed populations compared to GSCs injected alone or combined with other

cell types like astrocytes and fibroblasts. These experiments conclusively prove the important

functional relationship between brain tumour stem cells and endothelial cells which mimics

and exploits the signalling of the normal vascular stem cell niche (Figure V).
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Figure V: Stylised view of the normal and tumourigenic stem cell niche. (adapted from Gilbertson
and Rich, 2007)

Similar to the normal stem cell niche signalling between endothelial cells and CSCs through

soluble factors has been shown to be important for tumour cell survival and proliferation

(Galan-Moya et al., 2011). In the same vein, Charles et.al. provided evidence that soluble

factors such as nitric oxide promote GSC maintenance through the activation of notch sig-

nalling (Charles et al., 2010). Intriguingly, GSCs are not only found in close proximity to

vessels but actively intercalate their processes between endothelial cells to achieve direct con-

tact (Farin et al., 2006). This close association bears a remarkable similarity to neural stem

cells in the subventricular zone, where we have discovered a crucial role for direct cell contact

between endothelial cells and NSCS to maintain the stem cell pool by supplying ephrin and

Notch ligands (Ottone et al., 2014). Recently, it has been shown that endothelial cells in the

glioblastoma vascular niche also express Notch ligands and through direct contact promote

self-renewal and survival of GSCs (Zhu et al., 2011). Additionally, another study reported,

that GSCs were located closely to SHH-positive endothelial cells in human tumour samples
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and that activation of this pathway by endothelial cells in vitro and in vivo led to increased

tumourigenicity and expression of stemness genes like Sox2 and CD133 (Yan et al., 2014).

In addition to factors provided by endothelial cells themselves, the perivascular space seems to

be enriched for extracellular matrix proteins, that are capable of promoting the survival and

proliferation of GSCs. For example it has been shown, that Laminin α2 is abundantly found

in the perivascular region and possibly through activation of integrins regulates GSCs growth

(Lathia et al., 2010, 2012).

Combined, these findings further highlight the similarities between normal and tumourigenic

stem cell niches in the brain and provide strong evidence for the important role of endothelial

derived signalling. It furthermore suggests that, paralleling our findings in the subventricular

zone, ephrin dependent mechanisms could also play a vital role in regulating glioblastoma

stem cell behaviour.
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1.3 Glioblastoma invasion

Glioblastoma are practically incurable which is in no small part caused by diffuse invasion of

single tumour cells into normal brain tissue. This makes complete surgical resection almost

impossible and allows tumour cells to escape chemo- and radiation therapy (Cuddapah et al.,

2014). Remarkably, glioblastoma rarely, if ever, metastasise outside of the brain and do not rely

on intravascular or lymphatic spread unlike any other high-grade solid cancer (Beauchesne,

2011). This lack of extra cranial metastasisation might be caused by the inability of invading

glioblastoma cells to penetrate the basement membrane and enter the blood stream, however

it is also possible that extraneural tissues do not provide the right set of growth factors and

attachment molecules necessary to provide glioma growth or patient survival is simply too

short for extracranial metastases to be established (Bernstein and Woodard, 1995; Cuddapah

et al., 2014; Lun et al., 2011). Instead glioma cells actively migrate through the extracellular

space of the brain. Remarkably, this invasion almost invariably follows preexisting structures

like white matter tracts and blood vessels resembling the migration pattern of brain cells during

development (Figure VI).

This unique characteristic of glioblastoma was first observed by Scherer who described so called

''secondary structures'' which are formed by the interaction between glioblastoma cells and

the neural microenvironment (Scherer, 1940). These early observations however were based

on fixed slices of human tumour samples and did not allow for a dynamic analysis of these

processes. One of the key questions left unanswered was, whether cells reach these secondary

structures randomly, or whether an active homing response is involved. It was also impossible

to assess whether these structures provide distinct advantages for the invasion of these cells or

whether they simply proved to be the paths of least resistance.

These pathways through which glioma cells spread can roughly be divided into the perivascular

space and the brain parenchyma. There are distinct differences between these two compart-

ments which require a distinct ways of migration. The brain parenchyma contains the cell
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Figure VI: Routes of glioblastoma invasion. Glioblastoma cells invade along stereotypical routes
termed ''Scherer's structures'': the brain parenchyma (A), pre-existing blood vessels (B), white matter
tracts (either perifascicularly, intrafascicularly or interfibrillary) (C) and the subarachnoid space below
the meningeal covering of the brain (D). (adapted from Cuddapah et al., 2014)

bodies and processes of neurons and glial cells and is therefore narrow, and offers a much

greater physical resistance than the fluid-filled perivascular space which surrounds all blood

vessels including arteries, arterioles and veins (Cuddapah et al., 2014).

1.3.1 Glioma cells utilise the vasculature as substrate for invasion

The predominant route of glioblastoma invasion follows the perivascular space surrounding

blood vessels in the brain. Importantly, it has been shown, that the vast majority of human

glioma cells in xenograft studies actively home towards vascular structures and migrate along
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them, hinting at a distinct advantage for glioma cells to be in close proximity to the vascu-

lature (Montana and Sontheimer, 2011; Farin et al., 2006). Interestingly, this attraction is

maintained in slice culture experiments, where no blood circulates through the vessels. This

strongly suggested that endothelial cells produce factors attracting glioma cells and therefore

drive perivascular migration (Lugassy et al., 2002; von Bülow et al., 2001). Indeed, it was

shown that endothelial-derived bradykin acts as a chemoattractant cue which directs invad-

ing glioma cells towards blood vessels (Montana and Sontheimer, 2011). In addition, the

perivascular space is enriched in extracellular matrix proteins like fibronectin and vitronectin

(Giese et al., 1994; Montana and Sontheimer, 2011) which can play a critical role in me-

diating glioblastoma cell invasion: cell migration is a highly coordinated biological process

which requires a combination of many factors. To migrate a cell has to undergo vast changes

in its cytoskeletal architecture to modify cell shape and stiffness enabling it to interact with

the surrounding ECM: invading cells becomes polarised with the formation of a leading edge

containing filopodia and lamellopodia. The extensions contain filamentous actin and sig-

nalling proteins which allow the cell to anchor to the ECM and pull the cell body forward

through cytoskeletal contraction (Demuth and Berens, 2004). Although ECM molecules are

required as fixed anchoring points they also present a physical obstacle to cell migration. This

is why glioma cells frequently over express a number of secreted proteases like matrix metallo-

proteinases (MMPs) which can cleave the proteoglycans and other molecules making up the

ECM and provide a space in which the cell can migrate (Mentlein et al., 2012).

In vivo 2-Photon microscopy revealed that the environment and the composition of the ECM

surrounding blood vessels might indeed be advantageous for glioma invasion as perivascular

invading glioma cells moved with higher velocity and more efficiently than cells which were

not associated with the vasculature (Winkler et al., 2009).

Fascinatingly, glioma cells do no only migrate in close proximity to blood vessels but ac-

tively dislodge astrocytic endfeet and other structures to gain direct contact with endothelial

cells strongly suggesting the involvement of cell-contact dependent mediators (Watkins et al.,
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2014). Endothelial cells however do not only provide a favourable environment for cell inva-

sion but seem to be involved in controlling the proliferation of glioma cells as well: Farin and

colleagues reported that in an ex vivo slice culture assay, cell division of singly invading glioma

cells occurred preferably at vascular branching points, with multiple glioma cells stopping and

entering cell division repeatedly at the same branch points. These findings strongly suggest

that further signalling molecules expressed on endothelial cells provide an environmental sig-

nal favourable for cell division and that these branching points could therefore act as a niche

for secondary tumour formation (Farin et al., 2006).

1.3.2 Invading glioblastoma cells are likely GSCs

Invasion of any cancer cell type is a multifactorial process involving complex interactions of

the invading cell with the ECM and adjacent cells. Interestingly, the morphology of migrat-

ing glioma cells closely resembles the morphology of migrating glial progenitor cells during

development in that they have a predominantly unipolar morphology with one long leading

process (Farin et al., 2006) and invasion of glioma cells also follows similar pathways neural

progenitor cells migrate on during development (Suzuki and Goldman, 2003; Dirks, 2001).

In the adult brain, normal neural stem cells remain highly motile however this motility is

regulated in a very strict manner (Puche and Bovetti, 2011). These similarities suggest, that

an invasive phenotype of glioblastoma cells stems from the loss of normal inhibitory controls

rather than the acquisition of a de novo feature (Demuth and Berens, 2004; Dirks, 2001).

Moreover, both normal neural progenitors and invading tumour cells are attracted by cues

from the vasculature and actively home towards it (Kokovay et al., 2010; Montana and Son-

theimer, 2011) suggesting a possible stem-like nature of invading glioma cells. Additional

support for this theory is provided by the cancer stem cell hypothesis (see Chapter 1.2.3).

By definition, cancer stem cells are a subpopulation of all tumour cells, which alone express

the right gene set to enable reconstitution of the tumour following therapy and are also able

to recapitulate the whole tumour if injected into a different host. Invasion and furthermore
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metastasisation require a very similar set of characteristics as it involves formation of a sec-

ondary tumour at a distant site (Sampieri and Fodde, 2012). Indeed, a number of studies

show, that GSCs derived from human glioblastomas or xenografts possess an elevated inva-

sive potential, both in vitro and in vivo compared to non-stem cells from the same tumours

(Inoue et al., 2010; Cheng et al., 2011). Remarkably, following chemotherapeutic treat-

ment, glioblastoma in patients often display an increased invasive activity and an elevated

metastatic potential (de Groot et al., 2010; Pacholska et al., 2012). This not only suggests,

that chemotherapy resistant GSCs are driving invasion of glioblastoma but even hints at a

potential negative control of glioma metastasisation by non-stem tumour cells.

Interestingly, it has been shown in a variety of solid tumours, that cancer stem cells are in-

deed responsible for metastasisation: Bae et al. show, that only a subpopulation of prostate

tumour cells is able to invade the surrounding tissue and promote metastasisation. This sub-

population expresses the stem cell markers Sox2 and Oct3/4 and depletion of these markers

markedly suppressed the invasion of prostate cancer stem cells (Bae et al., 2011). Similar re-

sults have been reported for breast cancer where only CD24 and CD29 positive stem cells

were capable of metastatatic colonisation of the lung (Malanchi et al., 2012). Further weight

to the idea that cancer stem cells are indeed identical to invasive cells in tumours is lend by

the main principal of the cancer stem cell hypothesis: According to this hypothesis only CSCs

possess the potential to self-renew and create a secondary tumour at a distant side in the body

(Baccelli and Trumpp, 2012). This would suggest, that even if non-stem cells possessed the

ability to invade healthy tissue, only stem cells were able to thrive, proliferate and cause the

formation of a metastasis. First experimental evidence for this hypothesis was provided using

a mouse model of spontaneous breast tumour which metastasises to the lung: Malanchi and

colleagues showed in a series of elegant experiments, that only a small population of cancer

stem cells were uniquely able to form a metastasis in different tissues by actively modulating

the microenvironment to render it suitable for further tumour growth. Indeed, ablation of

this subpopulation or of the proteins controlling this phenotype, led to a complete lack of

metastasisation in this model (Malanchi et al., 2012).
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Given the evidence in glioblastoma and other solid tumours it is therefore highly likely, that in-

vasive glioblastoma cells and glioblastoma stem cells are indeed the same cells. It is paramount

to gain a greater understanding of the mechanisms which enable perivascular invasion in tu-

mourigenic stem cells and to assess the contribution of GSCs in greater detail. This could

lead to more targeted therapies which could prevent metastasisation of glioblastoma more

effectively and pave the way to prolonged patient survival.
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1.4 Ephs and Ephrins

Eph receptor tyrosine kinases and their membrane-bound ephrin ligands are critical mediators

of contact dependent cell-cell communication, which control a variety of biological processes

in development, adult tissue homeostasis and repair and, when deregulated, can contribute to

many diseases, including cancer (Pasquale, 2008). The original receptor was cloned in 1987 by

Hirai et. al and named after the cell type it was first discovered in: erythropoietin-producing

hepatocellular (Eph) receptor (Hirai et al., 1987). A series of related proteins was discovered

in the following years (Henkemeyer et al., 1994; Lhoták et al., 1991) leading to the need for a

unified nomenclature which was introduced in 1997 (Eph Nomenclature Committee, 1997).

There are two subclasses of Ephs and ephrins in mammals named A and B based on sequence

homology and partially on binding preference. The mammalian A subclass consists of nine

members, EphA1-A8 and A10 whereas the B subclass has five members, EphB1-B4 and B6.

The ligands are divided into 5 A subclass members, ephrin A1-A5 and three B type ephrins,

ephrin B1-3.

1.4.1 Molecular structure of Eph and ephrins

The Eph receptors of both subclasses share strong structural similarities: The ephrin binding

domains are located at the most distal part of the extracellular region of the receptor, further

separated from the membrane by a cysteine-rich linker and two fibronectine type III repeats

(Noren and Pasquale, 2004). In the absence of ephrin binding the tyrosine kinase domain

of the Eph receptor interacts with the juxtamembrane domain so that it remains in an in-

active conformation (Wybenga-Groot et al., 2001). In addition to the kinase domain most

Eph receptors possess a PDZ-binding motif at the intracellular carboxy terminus and a Sterile

Alpha Motif (SAM) domain (Wybenga-Groot et al., 2001; Nowakowski et al., 2002). Both,

the A and B subclass of ephrins share a common extracellular domain with a conserved re-
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Figure VII: Structure of Eph receptors and ephrin ligands. (adapted from Kullander and Klein,
2002)

ceptor binding domain and a spacer. They differ however in the way they are attached to

the cell membrane (Figure VII): the A subclass is only attached to the cell membrane via a

glycosylphophatidylinositol (GPI) anchor whereas the B subclass of ephrins contains a trans-

membrane domain and a cytoplasmic tail with a PDZ-binding domain (Kullander and Klein,

2002). Within a subclass each Eph receptor can bind any ephrin. Generally speaking binding

between the two subclasses does not occur with a few notable exceptions: EphA4 is able to

bind both classes of ephrins (Kullander and Klein, 2002) and ephrinA5 was shown to bind

and activate EphB2 (Himanen et al., 2004).
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1.4.2 Eph/ephrin signalling

Both, Eph receptors and ephrin ligands are tethered to the cell membrane, so direct cell con-

tact between neighbouring cells is needed for signal transduction. Upon binding of ephrin,

ligands and receptors form clusters at the cell-cell interface. This multimerization is thought to

cause autophosphorylation of Eph receptors on multiple cytoplasmic tyrosines which disrupts

the inhibitor interaction between the kinase domain and the juxtamembrane domain allowing

downstream signalling molecules containing SH2 motifs to bind and enhancing the kinase ac-

tivity (Binns et al., 2000). A distinctive property of Eph-ephrin signalling is that upon binding

to EphB receptors, the cytoplasmic tails of B-type ephrin also become phosphorylated on mul-

tiple tyrosine residues through the activity of associated SRC kinases (Palmer et al., 2002). The

mechanism of signalling in A-type ephrins is less understood but possibly mediated through

associated transmembrane proteins (Pasquale, 2008). Thus, Eph/ephrin signalling ultimately

leads to cellular responses in both cell types: the conventional Eph receptor associated sig-

nalling is termed forward signalling whereas signalling in the ephrin expressing cell is dubbed

reverse signalling (Klein, 2009). Interestingly both receptors and ligands are able to signal in-

dependently from each other by cross talking with other signalling pathways and modulating

their function.

Eph forward signalling

Eph receptors remain in an autoinhibitory state unless bound to an ephrin ligand. Upon bind-

ing however, Eph receptor and ephrin ligands on adjacent cell surfaces are thought to cluster

and form tetramers or higher order aggregates (Himanen et al., 2001). This clustering is be-

lieved to be crucial for the transactivation of eph receptors in cis through autophosphorylation

of two juxtamembrane tyrosine residues (Kalo and Pasquale, 1999; Binns et al., 2000). Phos-

phorylation then causes the kinase domain to become converted to its active conformation

which in turn causes phosphorylation of the tyrosine domains of adjacent Eph receptors and
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other signalling molecules bound to the PDZ domain of Eph receptors (Kalo and Pasquale,

1999; Zisch et al., 2000; Kullander and Klein, 2002). Eph receptors are part of a complex

network of regulatory pathways and Eph forward signalling is therefore known to act through

a wide variety of mediators (Arvanitis and Davy, 2008). Many of the downstream effects of

Eph forward signalling are regulated through small GTPases (Noren and Pasquale, 2004). Eph

signalling has been shown to act through the Rho family of proteins (RhoA, Rac1 & CDC42)

specifically by binding to Rho familyguanine nucleotide exchange factors (Rho-GEF). These

Rho-GEFs trigger the exchange of GDP to GTP. This causes Rho-GTPases to switch from

an inactive, GDP bound form, to an active, GTP bound, conformation. Rho proteins con-

trol a wide variety of effects through restructuring of the actin cytoskeleton. Both EphA and

EphB differentially alter the activity of separate Rho-GTPases (Sahin et al., 2005). The Ras

GTPase-activating protein, Ras-Gap acts in a similar way and binds to tyrosine residues on

Eph receptors. This triggers the termination of downstream ras-Erk mitogen activated sig-

nalling (Holland et al., 1997). Eph receptors can, in addition to altering the activity of Rho

& Ras GTPases also signal through integrin mediated pathways like FAK & Jnk which are

involved in the adhesion of cells (Stein et al., 1998; Miao et al., 2000).

Ephrin reverse signalling

Similar to their Eph receptors, ephrins cluster upon binding, which triggers signal transduc-

tion in the ephrin expressing cell (Himanen et al., 2001). Ephrin-B ligands contain five highly

conserved tyrosine residues which become phosphorylated upon binding to an Eph receptor

(Brückner et al., 1997). In contrast to Eph receptors, ephrins do not possess an intrinsic ki-

nase domain and they are thus dependent on other kinases to transduce signals. The most

common signalling partner of ephrins are Src-family Kinases (SFK), which phosphorylate the

tyrosine residues on ephrinB ligands (Palmer et al., 2002). This enables adapter proteins like

Grb4 with an SH2 domain to bind to ephrinB ligands and potentially links them to a vast

signalling network ranging from the modification of focal adhesion kinases (FAKs) to mito-
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gen receptors like EGFR (Cowan and Henkemeyer, 2001). EphrinB's can also initiate reverse

signalling through their PDZ domain. A number of PDZ binding proteins have been shown

to interact with ephrins and have been implicated with regulating cell-cell contacts and the

restructuring of the actin cytoskeleton (Palmer et al., 2002). Interestingly, there is increasing

evidence that ephrin ligands are able to signal either independent of forward signalling or in

addition to Eph binding through associated receptors which do not bind to the PDZ/SH2

domains (Daar, 2012). A number of studies suggests a competition based model for recep-

tor independent ephrin signalling in which ephrins compete for binding sites in signalling

complexes and therefore alter pathways, affecting, amongst others, cell-polarity and adhesion

(Dravis and Henkemeyer, 2011; Lee et al., 2008).
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1.5 Biological processes regulated by Eph/ephrin signalling

Consistent with the multitude of effectors, ephrin and Eph receptor activation has been linked

to a great variety of biological functions (Kullander and Klein, 2002; Murai and Pasquale,

2003). This is further complicated by the fact that ephrin signals are regulated at several

levels for example by integrating different degrees of activation of forward and reverse signals

and also through heterooligomerization of A and B type receptors which depending on the

respective ratios cause different outcomes (Janes et al., 2011). The best characterised function

of ephrin signalling is to control cell positioning, adhesion and motility by modulating the

actin cytoskeleton. For example, Eph receptors initiate repulsive responses that lead to the

weakening of cell attachment to the extracellular matrix and retraction of cellular processes.

This causes Eph receptor expressing cells to be repelled by their ephrin expressing counterparts

(Murai and Pasquale, 2003).

This mechanism is not only important to establish tissue boundaries and ensure correct pat-

terning during development but also to guide the migration of different cell types, for exam-

ple during the migration of neural crest cells (Robinson et al., 1997) and in axon guidance

(Marquardt et al., 2005). However, Eph/ephrins regulated a much wider variety of complex

processes both during development and in the adult organism:

1.5.1 Eph/ephrin signalling in angiogenesis

The outgrowth of new sprouts from existing vessels or vascular remodelling of existing struc-

tures is called angiogenesis. Eph/ephrins have long been known to play a crucial role during

vascular morphogenesis in the embryonic organisms. The principal proteins involved are

ephrinB2 and EphB4 which are expressed in a reciprocal expression pattern in embryonic

veins and determine the specification of vessels into arteries and veins (Wang et al., 1998;

Brantley-Sieders and Chen, 2004). Interestingly however, the role of ephrinB2 and EphB4 is
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not only limited to embryonic stages but the expression pattern persists in the adult organism

and is required to ensure correct angiogenesis during cyclic vascular remodelling of the female

reproductive tract and in wound repair. Importantly, it has been shown that many cancer cells

actively exploit Eph/ephrins to induce tumour angiogenesis and facilitate endothelial cell mi-

gration and sprouting to ensure a constant supply of nutrients to the growing tumour mass

(Pasquale, 2008; Brantley-Sieders and Chen, 2004).

1.5.2 Eph/ephrin signalling in the central nervous system

The role of Eph receptors and ephrin ligands in the developing nervous system has been ex-

tensively studied. Both ligands and receptors are highly expressed during development and

it is well known, that they play a key role in the establishment of neuronal connections by

guiding sprouting axons. It has been shown in numerous studies, that gradients of Eph re-

ceptors and ephrin ligands form boundaries which determine the direction of axonal growth

(Pasquale, 2008; Poliakov et al., 2004; Luo and Flanagan, 2007). However, Eph/ephrins

do not only control neural connectivity in the developing organism but it has been shown,

that the Eph system is also involved in learning and memory formation by regulating the

plasticity of neuronal connections. Treatment with various soluble Eph receptors or ligand

affected the regulation of longterm potentiation and caused memory deficits, however the

mechanisms underlying these effects remain unclear (Yamaguchi and Pasquale, 2004). More

importantly however, Eph receptors and ephrin ligands play a crucial role in brain repair after

injury. Several member of this family have been shown to be upregulated at sites of injury

and developmental patterns of Eph/ephrin distribution are reactivated which may provide

guidance cues to reestablish the appropriate connections. (Du et al., 2007). This highlights

the sheer variety of physiological processes mediated by Eph/ephrin signalling in the normal

and injured brain and their continued importance from development to the maintenance of

an adult organism.
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1.5.3 Eph/ephrin signalling in stem cell niches

While the short term effects of Eph-ephrin signalling have been relatively well studied long

term effects of this signalling in the adult organism have just started emerging in recent years.

Intriguingly Eph receptors and ephrin ligands are widely expressed in most stem cells through-

out development and remain highly expressed even in adult stem cell niches. Studies have

shown expression of a variety of Eph's and ephrins in adult stem or progenitor cells in the in-

testine, mammary glands, hair follicles, the epidermis and in both neurogenic stem cell niches

in the brain (Batlle et al., 2002; Nikolova et al., 1998; Genander and Frisén, 2010). Both A

and B type Eph's and ephrins are known to regulate proliferation of stem cells in hair follicle,

epidermal and neural stem cells in the adult mouse however the exact mechanism is unclear

(Genander et al., 2010; Conover et al., 2000). Our group has previously investigated the role

of cell-cell contact dependent signalling in the vascular niche of the subventricular zone. Here

we found that Eph-ephrin signalling between the stem cells and endothelial cells is required

to maintain stem cell quiescence and identity. Depletion of EphrinB2 ligand from the vas-

culature caused a premature activation of the quiescent type B stem cells and a subsequent

loss of this population over time. This highlights the importance of Eph-ephrin signalling not

only in conveying short term positional cues but also in supporting long term homeostasis of

stem cells (Ottone et al., 2014).
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1.6 Eph/ephrin signalling in glioblastoma

A large body of evidence indicates that aberrant ephrin and/or Eph expression plays a key role

in cancer development and progression but the mechanisms are still poorly defined (Wykosky

and Debinski, 2008; Pasquale, 2010). Interestingly Eph signalling seems to play a dichoto-

mous role in tumourigenesis in that it can either act as tumour suppressor or tumour pro-

moters depending on tumour stage and signalling context. Eph receptors and ephrin ligands

are frequently overexpressed in human gliomas and their expression often correlated with a

higher proliferative and invasive potential.

1.6.1 EphA signalling in glioblastoma

EphA receptors and ephrinA ligands are frequently differentially expressed in GBM compared

to healthy brain tissue. Interestingly, increasing evidence suggests a gradient of EphA/ephrinA

expression with A-type receptors being highly expressed and poorly activated due to low ligand

levels in more dedifferentiated, aggressive tumours cells, whereas elevated ephrinA expression

can be found in more less invasive and proliferative tumours (Day et al., 2014). This model is

supported by various studies demonstrating, that high expression of EphA2 and A3 receptors

correlates with pathological grade, proliferation and worse prognosis for patient survival in

GBM (Hatano et al., 2005; Wykosky and Debinski, 2008; Liu et al., 2007; Binda et al.,

2012; Day et al., 2013). In contrast to that ephrinA1 ligand is lowly expressed in GBM

and overexpression of ephrinA1 leads to reduced migration and proliferation of GBM cells

(Liu et al., 2007). Similarly to that ephrinA5 expression is also low in GBM and it has been

proposed that it acts as a negative regulator of EGFR by promoting degradation of the receptor

and thus inhibiting proliferation (Li et al., 2009). Recent studies have shown a particularly

important role for EphA2 and EphA3 in glioblastoma stem cells: both receptors were found

to be most highly expressed on CD133 positive GSCs and actively maintain GSCs in a stem-

like state by negatively regulating MAPK signalling (Day et al., 2013; Binda et al., 2012).
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Several studies have also shown overexpression of other EphA receptors like EphA4, EphA5

and EphA7 in glioblastoma, however less is known about their functional significance (Fukai

et al., 2008; Bruce et al., 1999; Wang et al., 2008).

1.6.2 EphB signalling in glioblastoma

The role of EphB/ephrinB signalling in glioblastoma is less well understood however it seems

to become increasingly clear that they play a crucial role in promoting migration and invasion

(Nakada et al., 2004, 2006, 2010). In strong contrast to the A type receptors and ligands both

EphB and ephrinB proteins are overexpressed in glioblastoma and are frequently co-expressed

in tumour cells. This suggests an important role for direct cell-cell interactions between indi-

vidual glioblastoma cells which causes cell dispersion through repulsive Eph/ephrin signalling

and therefore favours an invasive phenotype (Figure VIII). This model would also explain

high levels of EphB2 phosphorylation found in invading glioblastoma cells (Nakada et al.,

2004, 2011). EphrinB2 and EphB4 are well known mediators of vascular sprouting and an-

giogenesis and it is not surprising that both have been found highly expressed in glioblastoma

and linked to tumour angiogenesis (Day et al., 2014). The coexpression of EphB receptors

and ephrinB ligands on endothelial cells and glioblastoma cells suggests a potential role for

Eph/ephrin signalling at the glioblastoma cell- endothelial cell interface. The fact that glioblas-

toma cells invade along blood vessels and preferentially proliferate at vascular branching points

highlights this interesting possibility (Farin et al., 2006).

Together these reports strongly suggest an important role for Eph/ephrin signalling in mediat-

ing GSC/vascular interactions which so far has only been addressed inadequately by previous

research. An improved understanding of this interaction will pave the way for new, more ef-

fective GBM chemotherapies with the potential to block perivascular invasion, a main reason

for tumour recurrence and aggressiveness.
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Figure VIII: Putative model of EphB/ephrinB2 function in glioblastoma invasion. Cell-cell con-
tact causes activation of ligand and receptor and repulsive ephrin/eph signalling then leads to dispersion
of the cells and favours an invasive phenotype (adapted from Nakada et al., 2011)



Aims
We previously found that in the normal SVZ stem cell niche, physical contact with endothe-

lial cells maintains type B cells as a population of quiescent undifferentiated stem cells. This

response is triggered by ephrinB2 & Jagged1 ligand on the surface of endothelial cells. We

showed that activation of Eph signalling specifically inhibits SVZ proliferation and profoundly

affects stem cell morphology. The results therefore identify an important role for Eph sig-

nalling in regulating progenitor behaviour in the normal SVZ.

Elevated Eph and ephrin levels have also been observed in glioblastoma, the most common

and aggressive tumour of the brain which is defined by diffuse invasion along preexisting

structures, like the vasculature, and contains a population of glioblastoma stem cells, that

reside in a vascular niche which bears remarkable similarities to the neural stem cell niche of

the subventricular zone.

Consequently, the aim of this project is therefore to understand whether similar Eph/ephrin

depending signalling mechanisms are important for the interaction of glioblastoma stem cells

and the tumour vasculature.

This work will not only contribute to the understanding of glioblastoma invasion but also

has significant potential to identify novel therapeutic targets for the treatment of these highly

aggressive and deadly tumours.

34



Chapter 2

Experimental procedures

2.1 Antibodies

2.1.1 Primary Antibodies

Table II: Overview of primary antibodies used in this study

Antigen Host Dilution WB Dilution IF Supplier

β-Tubulin mouse 1:5000 - Sigma

BrdU mouse - 1:400 Roche

Cd133 mouse - 1:250 Millipore

CD31 rat - 1:400 BD

cleaved caspase-3 rabbit - 1:500 Cell Signalling

Eph receptor B1+ B2 phospho Y 594 rabbit 1:1000 1:400 Abcam

EphA4 rabbit 1:500 - Abcam

EphB2 goat 1:500 - Abcam

ephrinA5 goat 1:500 - R&D

ephrinB2 rabbit 1:250 - R&D

35
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Table III Continued: Overview of primary antibodies used in this study

Antigen Host Dilution WB Dilution IF Supplier

Erk rabbit 1:15000 - Sigma

GAPDH goat 1:1000 - abcam

GFAP goat - 1:1000 Abcam

GFP mouse - 1:400 Millipore

N-Cadherin mouse - 1:400 BD Bioscience

Nestin mouse - 1:400 Millipore

Phalloidin-594 - - 1:400 Invitrogen

p-Erk mouse 1:10000 - Sigma

p-FAK rabbit 1:500 - Cell signalling

p-Src rabbit 1:1000 - Cell signalling

O4 mouse IgM - 1:400 R&D

Sox 2 rabbit - 1:400 Cell Signalling

SSEA1 mouse - 1:400 BD Pharmingen

Tuj1 mouse - 1:500 Covance
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2.1.2 Secondary Antibodies

Table III: Overview of secondary antibodies used in this study

Antigen Host Conjugation Dilution Supplier

goat IgG donkey HRP 1:5000 R&D

mouse IgG sheep HRP 1:5000 R&D

rabbit IgG donkey HRP 1:5000 GE Healthcare

various IgG donkey Alexa Dyes 1:400 Invitrogen

mouse IgM donkey Alexa 555 1:400 Invitrogen

2.2 PCR-Primers

Table IV: Overview of mouse PCR Primers used in this study

Name Sequence (5'->3') Application Source

Abl1
fw TGAGCAGAAAGATGCGCCTGAC

Q-PCR Sigma
rv CGCTCATCTTCATTTAGGCTGCC

β-Catenin
fw CTGCTCATCCCACTAATGTC

Q-PCR Sigma
rv CTTTATTAACTACCACCTGGTCCT

Akt2
fw CCAACACCTTTGTCATACGCTGC

Q-PCR Sigma
rv GCTTCAGACTGTTGGCGACCAT

BCL6
fw GACGTTGTCATCGTGGTGAG

Q-PCR Sigma
rv GGTTGCATTTCAACTGGTCA

BLBP
fw GGGTAAGACCCGAGTTCCTC

Q-PCR Sigma
rv ATCACCACTTTGCCACCTTC

Bop1
fw TTACAGCCGCTTCATCCAGGAG

Q-PCR Sigma
rv GGAAAGGCTGAAGGTCTCTTGG
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Table IV Continued: Overview of mouse PCR Primers used in this study

Name Sequence (5'->3') Application Source

BTG2
fw GAGCGAGCAGAGACTCAAGGTT

Q-PCR Sigma
rv CGATAGCCAGAACCTTTGGATGG

Casp1
fw GGCACATTTCCAGGACTGACTG

Q-PCR Sigma
rv GCAAGACGTGTACGAGTGGTTG

Chi3l1
fw GCTTTGCCAACATCAGCAGCGA

Q-PCR Sigma
rv AGGAGGGTCTTCAGGTTGGTGT

DLL3
fw CCAGCACTGGATGCCTTTTACC

Q-PCR Sigma
rv ACCTCACATCGAAGCCCGTAGA

DNMT1
fw GGACAAGGAGAATGCCATGAAGC

Q-PCR Sigma
rv TTACTCCGTCCAGTGCCACCAA

DUSP1
fw CAACCACAAGGCAGACATCAGC

Q-PCR Sigma
rv GTAAGCAAGGCAGATGGTGGCT

DUSP2
fw AGATGGTGGAGATAAGTGCCTGG

Q-PCR Sigma
rv AGATGGTGGCTGAGCGAGAGAT

DUSP3
fw GCCACAGATTTCATTGACCAGGC

Q-PCR Sigma
rv CGTCCATCTTCTGCCGCATCAT

DUSP4
fw CTCCTGGTTCATGGAAGCCATC

Q-PCR Sigma
rv GACGAACTCAAAAGCCTCCTCC

DUSP5
fw TCGCCTACAGACCAGCCTATGA

Q-PCR Sigma
rv TGATGTGCAGGTTGGCGAGGAA

DUSP6
fw CTCGGATCACTGGAGCCAAAAC

Q-PCR Sigma
rv TCTGCATGAGGTACGCCACTGT

DUSP7
fw GGTGGTGAGTTCACCTACAAGC

Q-PCR Sigma
rv AGACACCACACTTCTTGGAGCG
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Table IV Continued: Overview of mouse PCR Primers used in this study

Name Sequence (5'->3') Application Source

DUSP8
fw CTTATCCAGCCTGCTACACGGA

Q-PCR Sigma
rv AGCTTGCTGAGCAGGATGGACA

DUSP9
fw GCCAAAGAAGAGTGGGATGCTG

Q-PCR Sigma
rv GTTTCACACAGGTGAGGACACTC

DUSP10
fw CAGCCACTTCACATAGTCCTCG

Q-PCR Sigma
rv GGGAGTTGTCACAGAGGTTTCC

DUSP16
fw ACTTCCTGCGAGTGCCTGTGAA

Q-PCR Sigma
rv GTGGATAAGCACACAGCCATTGG

EfnA1
fw GCTGAAGGTGACTGTCAATGGC

Q-PCR Sigma
rv CGGCACTGTAACCAATGCTGTG

EfnA2
fw GCTGACCGATACGCAGTCTACT

Q-PCR Sigma
rv CAGGTAGTCGTTGATGCTCACC

EfnA3
fw CAAGTTCTCCGAGAAGTTCCAGC

Q-PCR Sigma
rv CATCCTCAGACACTTCCAGTGC

EfnA5
fw TACGCCGTCTACTGGAACAGCA

Q-PCR Sigma
rv GTCTTCTGGGACAGAGTCCTCA

EfnB1
fw GGCCAAGAACCTGGAGCCCG

Q-PCR Sigma
rv GCACAGTGCTGCAAGCAGCC

EfnB2
fw GAGGGAGGGGTGTGCCAGACA

Q-PCR Sigma
rv GACAGCGTGGTCGTGTGCTG

EfnB3
fw CAGGGGGTGTGCAAGTCGGG

Q-PCR Sigma
rv CCTCACAACGCCGACCCTGG

Emx2
fw GCCTTTTGCAAAGGAGAGAA

Q-PCR Sigma
rv GTGGGGTAAGGAAAGGAAG
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Table IV Continued: Overview of mouse PCR Primers used in this study

Name Sequence (5'->3') Application Source

EphA1
fw CCCAAAACAGAGTGTCAGGACTG

Q-PCR Sigma
rv CCTCGGTTCTTTCTTCACCAGC

EphA2
fw GGCTGTACTCAAGTTTACCACCG

Q-PCR Sigma
rv CCGCTTTCAGTGTCTTGATGGC

EphA3
fw AGGAGAAGCGCCTTCACTTTGG

Q-PCR Sigma
rv TTGGTGGCATCCAACTCCTTCG

EphA5
fw GGTACTGGAAGATGATCCTGAGG

Q-PCR Sigma
rv CCAGACATCACTGGAAGAGGTG

EphA6
fw GGCATCTCAGAACAGCCTTGCT

Q-PCR Sigma
rv TCGTGGAGGAATAGGTGAGCTG

EphA7
fw GATGTTGCCACACTTGAGGAAGC

Q-PCR Sigma
rv ATGATGGTCCCTGCTACAGCCA

EphA8
fw TCAAACCAGGCACTCGCTACGT

Q-PCR Sigma
rv CCGTGATGAGTGTCAGGCAGAT

EphA10
fw CTTGCTCTGCTTCTGGGACCTG

Q-PCR Sigma
rv CGTGTTCATCCACGCCACTAATC

EphB1
fw GCAGCAGGAAACGAGCTTACAGCA

Q-PCR Sigma
rv CCCATGATGCTCGCCTCGCTC

EphB2
fw GCCGTGGAAGAAACCCTGATGGAC

Q-PCR Sigma
rv GCGGCGCCGGATGAATTTGG

EphB3
fw GGTCATCGCTCTTGTCTGC

Q-PCR Sigma
rv TTCATCCCAGGAGCAATGT

EphB4
fw TGAATGGTGTGTGCTACCTTAGCC

Q-PCR Sigma
rv CAGGAGAAAGAAACCCAATGC
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Table IV Continued: Overview of mouse PCR Primers used in this study

Name Sequence (5'->3') Application Source

EphB6
fw CGAGAGGGCCAGTTCAGTAG

Q-PCR Sigma
rv GCGAAGCAAGGAACTTGAAC

Erbb3
fw AGGCTCATTGCTTCTCCTGCCA

Q-PCR Sigma
rv GAAAATGGGCGCATCGAGCACA

Fbxo3
fw GTGAGGAAGACCTGGATGCTGT

Q-PCR Sigma
rv AGCGGTAGTGATTGGACAGTGC

FGFR3
fw ACAGGTGGTCATGGCAGAAGCT

Q-PCR Sigma
rv CTCCATCTCAGATACCAGGTCC

Gabrb2
fw CTAAGGCGGTATCCACTGGATG

Q-PCR Sigma
rv CTACGATGGAGAACTGAGGAAGC

GAPDH
fw TGCACCACCAACTGCTTAG

Q-PCR Sigma
rv GGATGCAGGGATGATGTTCA

MBP
fw ATTCACCGAGGAGAGGCTGGAA

Q-PCR Sigma
rv TGTGTGCTTGGAGTCTGTCACC

MEK1
fw AAGGTCTCCCACAAGCCATCTG

Q-PCR Sigma
rv AGTTGCACTCGTGCAGTACCTG

NXK2-2
fw AGAGCCCTTTCTACGACAGCAG

Q-PCR Sigma
rv GGATTTGGAGCTCGAGTCTTGG

Pax6
fw GCTTCATCCGAGTCTTCTCCGTTAG

Q-PCR Sigma
rv CCATCTTTGCTTGGGAAATCCG

PDGFA
fw CTGGCTCGAAGTCAGATCCACA

Q-PCR Sigma
rv GACTTGTCTCCAAGGCATCCTC

RASA1
fw GCAAAACCCAGTATGGTCAGAGG

Q-PCR Sigma
rv CCTGCTCAACTGGCAACGCATA
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Table IV Continued: Overview of mouse PCR Primers used in this study

Name Sequence (5'->3') Application Source

SESN1
fw GCAGTTACAGGAATGCCGAGAG

Q-PCR Sigma
rv CCTCAAAGTGCCGAGACACATC

Sncg
fw CGTGGTACAAAGTGTCACCTCAG

Q-PCR Sigma
rv GACCACGATGTTTTCAGCCTCC

Sox2
fw TCCAAAAACTAATCACAACAATCG

Q-PCR Sigma
rv GAAGTGCAATTGGGATGAAAA

TLR2
fw ACAGCAAGGTCTTCCTGGTTCC

Q-PCR Sigma
rv ACAGCAAGGTCTTCCTGGTTCC

TOP1
fw GAACAAGCAGCCTGAGGACGAT

Q-PCR Sigma
rv CTGCTGTAGTGTGATGGAGGCA

TP53INP1
fw TCTCAGTGAGGCGAGTTGTGGA

Q-PCR Sigma
rv ATCCACTGGGAAGGGCGAAAAC

TRADD
fw GTTGGCTGACTGATGAAGAGCG

Q-PCR Sigma
rv CACACGTCAGTTTGCAGAGCTC

RELB
fw GTTCTTGGACCACTTCCTGCCT

Q-PCR Sigma
rv TAGGCAAAGCCATCGTCCAGGA
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Table V: Overview PCR Primers for SP1 ChIP

Name Sequence (5'->3') Position on

Promoter sequence

Source

SP1_1
fw CAGAGATAAAGGGCGCCTCC

286-355 Sigma
rv GGTTCCAGTGCTCTCCTGAC

SP1_2
fw TGTCCTGGAGCGCAGAGATA

374-450 Sigma
rv CAGTGCTCTCCTGACTGCTT

SP1_3
fw CAGGGTTGGTCGCCTCTTAG

676-775 Sigma
rv CCACGTCTCGCCCTATCCTA

SP1_4
fw TACTTGGCGGATCCCTCTGA

840-958 Sigma
rv CTAAGGCTCTCAGCCTCGTG

SP1_5
fw TACCAACGTCTGGGAGGACT

1075-1159 Sigma
rv CCGGGTCACACCTAACTTCC

SP1_6
fw CCCACTTTTGCCTCTCCGTA

1273-1414 Sigma
rv GGACTGTGCCTTCCACCTAC
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Table VI: Overview of human PCR Primers used in this study

Name Sequence (5'->3') Application Source

GAPDH
fw GTCTCCTCTGACTTCAACAGCG

Q-PCR Sigma
rv ACCACCCTGTTGCTGTAGCCAA

EfnB1
fw CCTGGAGTTCAAGAAGCACCATG

Q-PCR Sigma
rv TCAGGCGTCACAGCATTGGGAT

EfnB2
fw GCAAGTTCTGCTGGATCAACCAG

Q-PCR Sigma
rv GCTGTTGCCGTCTGTGCTAGAA

EphB2
fw CGCCATCTATGTCTTCCAGGTG

Q-PCR Sigma
rv GATGAGTGGCAACTTCTCCTGG

EphB3
fw AAGCAGCGACACGGCTCTGATT

Q-PCR Sigma
rv GACACGTCGATCTCCTTGGCAA
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2.3 RNAi sequences

Table VII: Overview of siRNA sequences

Gene Name Target sequence

Dusp1

Dusp1_4 CTGTACTATCTTGTAAATAGA

Dusp1_5 CCCGATGACATGCGCGTATGA

Dusp1_6 ATCACGCTTCTCGGAAGGATA

Dusp1_7 AAGCGCGGTGAAGCCAGATTA

Dusp2

Dusp2_6 TACAAGAGCATTCCAGTAGAA

Dusp2_7 CAGCTTCATAGACTCGGTGAA

Dusp2_8 CCCGAGGGTTCCGATCTATGA

Dusp2_9 AACATTGAGGTTGTGTCAATA

Efnb2

Efnb2_1 CAGTATTATGCTTGAGTTATA

Efnb2_2 AAAGTTTATATGGTTGATAAA

Efnb2_3 CCCGGGTTAGACAATGATAAA

Efnb2_4 TTGGCCAGTATGAATATTATA

Table VIII: Overview of shRNA sequences

Gene Name Target sequence

Efnb2

shEfnb2_1 CCACAGATAGGAGACAAATTGCATATTAT

shEfnb2_2 GTGTGCCAGACAAGAGCCATGAAGATCCT

shEfnb2_3 GGTTGATAAAGACCAAGCAGACAGATGCA

shEfnb2_4 GTTCTCAGACCTCCAGTGAGTACCTGACAA
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2.4 Media and solutions

2.4.1 Cell culture media

All media was purchased from Gibco (Life Technologies)

Table IX: Overview cell culture media recipes

Name Components

Dissection Media

HBSS

0.01 µg/ml FGF

0.02 µg/ml EGF

1 µg/ml Laminin

Trypsinisation solution

HBSS

0.5 % Trypsin

40 µg/ml DNAse

SVZ control media

DMEM-F12

100 µg/ml Kanamycin

2 µg/ml Gentamycin

SVZ growth media

SVZ control media

1 % N2 (Invitrogen)

0.01 µg/ml FGF

0.02 µg/ml EGF

0.02 µg/ml BPE
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Table IX Continued: Overview cell culture media recipes

Name Components

Endothelial Media

DMEM

10% FCS

100 µg/ml Kanamycin

2 µg/ml Gentamycin

hGSC control Media

500 ml DMEM-F12

100 µg/ml Kanamycin

2 µg/ml Gentamycin

7.25 sterile glucose (Sigma, 2M)

5 ml of NEAA (PAA, 100x)

2.25 ml of HEPES (1M)

800 µl of BSA solution (75 mg/ml)

0.5 ml 2-mercaptoethanol (50mM, handle with care)

0.5 % N2

1 % B27

hGSC growth Media

hGSC control Media

0.01 µg/ml FGF

0.02 µg/ml EGF

1 µg/ml Laminin
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2.4.2 Western Blot solutions

Table X: Resolving Gel recipes

Resolving Gel 4% 6% 8% 10% 12%

30% Acrylamide 2ml 3ml 4ml 5ml 6ml

4x Tris-HCl-SDS pH8.8 3.75ml 3.75ml 3.75m 3.75ml 3.75ml

APS 100 µl 100 µl 100 µl 100 µl 100 µl

TEMED 20 µl 20 µl 20 µl 20 µl 20 µl

H₂O 9.13 8.13 7.13 6.13 5.13

Total volume 15ml (vol for 2 1.5 mm gels)

Table XI: Stacking Gel recipes

Stacking Gel 4%

30% Acrylamide 666 µl 1.322ml

4x Tris-HCl-SDS pH6.8 1.25ml 2.5ml

APS 50 µl 100 µl

TEMED 10µl 15 µl

H₂O 3.024 ml 6.088 ml

Total volume 5 ml 10 ml
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2.4.3 ChIP buffers

Table XII: Overview of buffers for ChIP

Name Components

Swelling buffer

25 mM HEPES pH 7.9

1.5 mM MgCl₂

10 mM KCl

0.1% NP-40

complete mini protease inhibitor cocktail (Roche)

Sonication buffer

25 mM HEPES pH 7.9

140 mM NaCl

1mM EDTA

1 % Triton X-100

0.1 % Na-deoxycholate

0.1 % SDS

Wash buffer A

50 mM HEPES pH 7.9

500 mM NaCl

1mM EDTA

1 % Triton X-100

0.1 % Na-deoxycholate

0.1 % SDS

Wash buffer B

20 mM Tris pH 8.0
1mM EDTA

250mM LiCl

0.5 % NP-40

0.5 % Na-deoxycholate
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Table XII: Overview of buffers for ChIP

Name Components

TE buffer 10 mM Tris pH 8.0

1 mM EDTA

Elution buffer 50 mM Tris pH 7.5

1 mM EDTA

2.5 Cell culture techniques

2.5.1 Isolation and culture of neural progenitor cells

Primary neural progenitor cells from the murine subventricular zone were isolated from adult

Cdh5(Pac)-CreERT2 or NF1flox/flox (Zhu et al., 2001) as previously described (Ottone et al.,

2014). The mice were decapitated and skin and skull removed. The brain was then dissected

from the brain stem and transferred into cold dissection media. The cerebellum and olfac-

tory bulb were taken off and the remaining brain was cut into coronal sections of 200 µm

thickness with a tissue chopper. The coronal sections were separated using micro forceps.

The subventricular zone, lining the lateral ventricles, was micro-dissected and collected in a

1.5ml eppendorf tube containing dissection media. The explants were then incubated with

trypsinisation solution for 5 minutes at 37 ◦C and pipetted up and down until no tissue pieces

were visible. Trypsination was stopped by adding 5ml of endothelial media.Cells were then

washed twice by centrifugation for 5 minutes at 1500 rpm and resuspension in prewarmed

DMEM-F12 containing 3 % FCS and 0.02 µg/ml EGF. The isolated cells were plated on a

poly-L-lysin coated 12 well cultured dish. After 48 hours the remaining other cell types were

separated from the strongly adherent progenitor cells by rinsing the dish 10 times with PBS.

Stem cells were then cultured in SVZ growth medium.
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2.5.2 Culture of mammalian cells

All cell culture work was carried out in a class II microbiological safety cabinet (Nuaire) and

cells were kept in dedicated cell culture incubators in maximum humidity and defined tem-

perature and CO₂. Progenitor cells and the tumour progression series derived from them

were cultured in SVZ growth medium at 37 ◦C in 5 % CO₂. Media was replaced every two

days to ensure the freshness of all growth factors. The brain microvasculature endothelial cell

line bEnd3 was cultured on tissue culture dishes in endothelial media at 37 ◦C in 5 % CO₂.

Primary endothelial cells were obtained from Cell Biologics and cultured on cells coated with

attachment factor in primary endothelial media. The retroviral packaging cell line, Phoenix

and the lentiviral packaging cell line 293T were routinely cultured on tissue culture dishes in

endothelial media. G7, G26, G144 and G166 were described previously (Pollard et al., 2009;

Stricker et al., 2013). G7 was classified as proneural/classical, G26 carries NF1 deletions and

p53 mutations, G144 and G166 are unclassified GSC cultures, with G144 displaying highly

invasive behaviour upon intracranial transplantation and G166 forming more defined, less

diffuse lesions. All human glioma stem cells were maintained in serum free HGSC growth

media and cultured on laminin coated plates.

2.5.3 Viral infections

To enable the expression of specific gene constructs cells were infected using retro- or lentiviral

vectors using Lipofectamine 2000 infection reagent (Invitrogen) according to the manufac-

tures protocol. 293T cells were seeded at a density of 3*10⁶ cells on a 10 cm culture dish

to achieve a density of 80 % on the following day. The day after 10 µg of plasmid contain-

ing the gene construct of choice was mixed with 7.5 µg of ∆8.9 gag/pol plasmid and 5 µg

VSVG plasmid in 1.5 ml of Optimem media. 30 µL of Lipofectamine reagent was added

to a separated tube containing 1.5 ml Optimem. Both tubes were incubated individually at

room temperature for 5 minutes, mixed together and incubated for a further 20 minutes.
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Endothelial media was removed from the 293T cells and the reagent mix added to the cells.

7 ml of Optimem containing 10 % FCS but no antibiotics was added and the cells cultured

in a dedicated lentiviral cell culture incubator over night. The next morning the media was

removed and replaced with 6 ml of endothelial media. Viral supernatant was collected the

day after, filtered through a 0.2 µm mesh and 0.2 mg/ml Polybrene added. This supernatant

was either snap-frozen on dry ice for later use or directly applied to the cells of choice. Cells

were incubated for 3 hours with the viral supernatant for 2-3 consecutive days to achieve a

maximum level of transduction efficiency.

2.5.4 Cell cycle analysis using propidium iodide and BrdU

To analyse the cell cycle profile a combination of propidium iodide to stain the DNA and

BrdU, which is incorporated into DNA during cell division was used. This enabled us to

clearly differentiate between the three main cell cycle phases: G1 (BrdU negative, DNA con-

tent: 1n), G2/M (BrdU negative, DNA content: 2n) and S-Phase (BrdU positive). For this

end 1*10⁶ cells were treated with 10 µM BrdU for 60 minutes. The cells were then trypsinised,

centrifuged for 5 min at 2000 rpm and 4 ◦C and fixed in 3 ml of 70 % EtOH over night at

4 ◦C. The alcohol was spun off and the cells washed twice with PBS at 2000 rpm for 5 minutes.

To denature the DNA cells were resuspended in 2 M HCl and incubated for 30 minutes at

room temperature with periodic vortexing. The acid was spun of and cells washed twice with

PBS-T and then incubated in 100 µl of 1/50 diluted anti-BrdU antibody in PBS + 0.1 % BSA

for 30 minutes at room temperature in the dark. Cells were washed twice with PBS-T and

incubated with 100 µl of 1/50 diluted secondary antibody in PBS + 0.1 % BSA for 20 min-

utes at room temperature in the dark. Afterwards 1 ml of 1mg/ml RNase was added and the

cells incubated for 30 minutes at room temperature in the dark vortexing every 10 minutes.

Finally the cells were washed once, and resuspended in 750 µ L 10 µ g/ml propidium iodide.

Cells were imaged on a FACS machine after 10 minutes of incubation.
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2.5.5 Cell differentiation

To test the stem cell characteristics of our cells we subjected cells to two different differen-

tiation protocols to induce differentiation into astrocytes/neuroblasts and oligodendrocytes

respectively. Cells were seeded on PLL and laminin coated glass coverslips at a density of

6x10⁴ cells. For differentiation into astrocytic and neurogenic lineages cells were cultured in

SVZ control media with 0.01 µg/ml FGF 1 % N2 (Invitrogen) and 2 % B27 for two days

and then for another two days in SVZ control media only containing N2 & B27 as previously

described (Ottone et al., 2014). To induce differentiation into oligodendrocytes we cultured

cells in SVZ control media containing N2, B27 and 30 ng µl T3 for four days (Glaser et al.,

2007). At the end of the differentiation protocol cells were fixed and stained for the relevant

marker proteins.

2.5.6 Migration assays and quantification

For migration assays endothelial cells and imNSC/GSCs were plated at a density of 2x10⁴

cells into adjacent compartments of cell-culture silicon inserts (Ibidi) separated by a 500 µm

gap. Alternatively one well of the insert was coated over night with 4 µg/ml of recombinant

ephrinB2-Fc,ephrinA5-Fc,ephrinA1-Fc fusion proteins or Fc control (RD). For this the re-

combinant protein was mixed with fluorescently labelled anti-Fc antibody at a molar ratio of

1:2 in PBS, a volume of 75 µl of this solution pipetted into the compartments and incubated

at 37 ◦C overnight. To remove the insert, the liquid in both compartments was removed and

the insert slowly taken off with a pair of forceps by pulling carefully on the outer wall, as

to not to destroy the cell monolayer. After removal of the insert, the cells were cultured in

medium supplemented with 1 % Matrigel (Invitrogen) and live cell imaging was performed in

a heated and CO₂ controlled chamber. Migration was quantified by tracing the boundary be-

tween GFP positive NSCs and non-stained bmvECs in ImageJ. To analyse the number of cell

contacts individual frames from the videos of cells making initial contact with the ephrinB2-
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Fc boundary were analysed by counting the total number of protrusions contacting other cells

at this time. All counting was performed blind. Kymograph analysis was performed using an

ImageJ macro. Quantification of the kymographs was performed by measuring pixel inten-

sities 200 µm before and after the ephrinB2-Fc boundary at the last imaged time-point (60

h) to assess the proportion of cells that migrate over ephrin-B2 upon contact. The obtained

values were expressed as relative cell densities by dividing the density of cells which migrated

onto the layer ephrinB2 by the density of cells in the gap before encountering the ligand. To

analyse scattering behaviour, cells were seeded sparsely at 10000 cells/12 well and their mi-

gration tracked for 20 h. Collisions between single cells were quantified over 200 min and a

minimum of 50 cells were counted per condition per biological repeat. Only head on colli-

sions between exactly two cells which did not encounter another cell for 120 minutes around

the time point of collision were considered.

2.5.7 Soft agar Colony formation assay

In vitro colony formation assays are a quantitative way to measure the ability of cells to grow

without anchorage signals. Anchorage independent growth is usually seen as a sign of trans-

formation and correlates well with in vivo tumourigenicity. For this, a 1 % base agarose and

a 0.7 % top agarose dilution were prepared by mixing appropriate amounts of sterile agarose

with water and heating it in the microwave until dissolved. The base agar solution was mixed

with warm growth media and 1.5ml added to each well of a 6 well plate. The base agar was

left at room temperature to solidify for 5 minutes. The top agarose solution was left in a

water bath to cool down to no more than 40 ◦C. In the meantime cells were trypsinised and

counted. 5000 cells were plated in each 6 well. To plate 1.5 ml of cell-suspension was mixed

with 1.5ml 0.7 % Agarose solution. 1.5 ml of this mixture was plated on a 6 well coated

with base agar. 3 ml were prepared to perform the experiment in duplicates. The plates were

then incubated at 37 ◦C in a humidified incubator for 10 days. The media was replaced every

other day to ensure stable concentration of growth factors. After 10 days all colonies were
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stained with 2 % crystal violet for 10-30 minutes. The stain was washed off with H₂O until

a sufficient difference in colour between colonies and the agar was observable. The colonies

were then counted using a dissecting microscope.

2.5.8 Suspension culture and cell retrieval

To enable FACS analysis of cells grown in suspension they were seeded in growth medium

containing 1.8 % Methylcellulose which forms a semisolid hydrogel as previously described

(Cremona and Lloyd, 2009). To prepare the methylcellulose medium 9 g methylcellulose

powder was autoclaved in a 500 ml Duran bottle. Under a laminar flow cabinet 500 ml of

37 ◦C warm DMEM-F12 was added bit by bit to the autoclaved methylcellulose, stirring all

the time with a sterile pipette to disperse the clumps. The bottle was then mixed on a heated

magnetic stirrer at 60 ◦C for 2 hours to ensure even dispersion of the powder into a cloudy

solution. The semi-dissolved methylcellulose solution was cooled to 4 ◦C over night to dissolve

completely. To seed the cells the required volume of methylcellulose medium was warmed to

37 ◦C, serum and factors were added to at the concentrations used in SVZ growth medium

and 1*10⁶ cells seeded in 10 ml of medium in a 50 ml centrifuge tube. To ensure the cells

were evenly mixed the tube was inverted 20 times and then cultured upright in a humidified

incubator at 37 ◦C for no more than 72 h. To retrieve the cells the methylcellulose suspension

was first diluted 1:2 with warm DMEM-F12, mixed thoroughly and then a further 30 ml of

cold DMEM-F12 were added and the tubes places on ice. The tubes were centrifuged at

500 g for 10 minutes at 4 ◦C and the medium aspirated to the 5 ml mark as the residual

methylcellulose and the cells did not form a compact pellet as this point. The cells were then

resuspended in 10 ml ice-cold PBS and transferred to a clean 15 ml tube. The suspension was

centrifuged again at 500 g for 5 minutes at 4 ◦C. After this the cell pellet could be used for

the desired application.

For analysis of binucleated cells, all cells were incubated with EdU (Life Technologies) for

4 hours in suspension and placed on PLL-coated coverslips 15 minutes before fixation and
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staining. As the metaphase in mammalian cells typically lasts less than an hour (Alberts et al.,

2008) we are able to distinguish between cycling (EdU positive) and cytokinesis arrested (EdU

negative) cells. Cells were stained using the Click-iT®Plus Assay Kits for Flow Cytometry (Life

Technologies) following the manufacturers protocol.

2.6 Protein analysis

2.6.1 Immunoblotting

Harvested cell pellets were lysed in 55 µL RIPA buffer and incubated on ice for 15 minutes,

vortexing every 5 minutes. The lysates were then centrifuged at 12000 g in a cooled table top

centrifuge at 4 ◦C for 1 minute before transferring the cleared supernatant to a fresh 1.5 ml

tube. The protein concentration was measured against a BSA standard using the Bio-Rad pro-

tein assay dye reagent. 6 x Laemmli sample buffer was then added and the samples boiled at

95 ◦C for 2 minutes to denature the protein completely. Samples were loaded onto polyacry-

lamide gels (see Table X), resolved by SDS gel electrophoresis (SDS-PAGE) and transferred to

PVDF membranes (Millipore). The membranes were blocked for 1 hour at room temperature

in 5 % milk powder or 3 % BSA in TBS-T. Blocked membranes were incubated with primary

antibody in blocking solution over night at 4 ◦C, washed 3x in TBS-T, and incubated for 1

hour in HRP-conjugated secondary antibody diluted in blocking solution. After 2x washes

in TBS-T the membranes were washed in TBS and chemiluminescence detected using ECL

Luminata Crescendo reagent (Millipore).

2.6.2 Immunoprecipitation

Freshly harvested, unfrozen cell pellets were used for immunoprecipitations to help preserve

protein complexes. The pellets were lysed in NP40 or RIPA lysis buffer containing phos-
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phatase inhibitors and the protein concentration measured using the Bio-Rad protein assay

dye reagent. 500 µg protein was used for each IP. The lysates were diluted to 500 µl total

volume in lysis buffer and pre-cleared using protein A or protein G sepharasoe beads rotating

for 1 hours at 4 ◦C before incubating with 10 µ g bead bound antibody for 1 hour at 4 ◦C.

Beads with bound protein were then washed 3 times in ice cold PBS containing phosphatase

inhibitors and the samples boiled for 2 minutes at 95 ◦C in Laemmli buffer. The samples

were then analysed using immunoblotting.

2.7 Immunostainings

2.7.1 Immunofluorescence

For analysis of protein expression cells in intact cells, cells were fixed and stained with fluores-

cent antibodies. The day before staining cells were plated on 13 mm diameter poly-L-lysine

and laminin coated glass coverslips in 4 well plates at a density of 80000 cells/well. The next

day cells were fixed in 4 % paraformaldehyde for 15 minutes at room temperature, washed

twice in PBS and permeabilised with 0.5 % Triton in PBS for 10 minutes. Cells were washed

3x in PBS again and blocked in 3 % BSA in PBS for 30 minutes at room temperature. Cells

were then incubated with primary antibody at the appropriate dilution at 4 ◦C over night.

The next day cells were washed 3x with PBS and incubated with the secondary antibodies

of choice for 1 hours at room temperature in the dark. Cells were washed 3x in PBS, and

incubated with DAPI to counterstain the nucleus for 15 minutes. Finally, cells were washed

3x in PBS and after one short wash in dH₂O cells were mounted with Prolong gold antifade.
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2.7.2 Immunofluorescence with signal amplification

Some proteins and phosphoproteins had levels to low to be detected by standard immunoflu-

orescence. For these proteins, signal amplification with the Tyramine Signal amplification kit

(Molecular probes) was performed. Cells were seeded and fixed as standard but all washes were

performed with TBSTi. After fixation for 15 minutes cells were permeabilised with TBSTi

containing 1 % NP40. Cells were washed in PBS (no phosphatase inhibitors as these might

interfere with the H₂O₂ reaction). Endogenous peroxidase activity was blocked with 0.1 %

H₂O₂ in PBS for 20 minutes at room temperature.. Cells were again washed 2x with PBS

and no inhibitors and blocked with 3 % BSA in TBSTi for 30 minutes at room temperature.

Cells were then incubated with primary antibodies in 3 % BSA at 4 ◦C over night. The next

day cells were washed with TBSTi 3x before incubation with tyramine reagent. The following

solutions were prepared freshly for that:

1. Prepare the tyramide working solution with 0.015 % H₂O₂ :

(a) Prepare buffer X = 0.5 µL of 30 % H₂O₂ in 100 µL of component E (amplification

buffer)

(b) Prepare working solution: 1 µL of buffer X into 100 µL of amplification buffer

2. Dilute component A in working solution at 1:100

The cells were then incubated in the diluted component A for 10 minutes at room temperature

in the dark. Afterwards cells were washed with TBS containing 0.1 % Tween for 3 times.

Finally nuclei were stained with DAPI in PBS for 15 minutes, cells were washed 3x with PBS

and a final quick wash in dH₂O and mounted with prolong gold antifade.
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2.7.3 BrDU incorporation

To analyse the percentage of cycling cells, BrDU incorporation was used as a measure of cell

proliferation. The day before staining cells were plated on 13 mm diameter poly-L-lysine

and laminin coated glass coverslips in 4 well plates at a density of 80000 cells/well. BrDU

was added to the cells for 3 hours at a concentration of 10 µM. The cells were then fixed in

4 % paraformaldehyde in PBS for 15 minutes at room temperature. Fixed cells were then

stained using standard immunofluorescence protocols.

2.8 DNA/RNA analysis

2.8.1 Trizol extraction for RNA

We isolated RNA from mammalian cells using Trizol reagent. As Trizol is neurotoxic it is

advisable to use a fume hood for the extraction. We typically used a confluent 6 well but

the volumes can be adjusted accordingly to different plate sizes. We first aspirated the media

from the plate and lysed the cells by adding 1 ml of TRI reagent to a 10 cm for 5 minutes.

200 µl of Chloroform was added to separate protein and nucleotides, the sample vortexed for

15 sec and incubated for 15 minutes at room temperature before centrifugation at 4 ◦C for

15 minutes at max 13000 g. The colourless top phase contains the DNA. Only 150 µl of this

phase was transferred to a new tube to avoid contamination of the RNA. This RNA was then

precipitated by adding 500 µl of isopropanol per 1 ml of TRI reagent, the sample vortexed for

10 seconds and incubated at room temperature for 10 min. Next, the RNA was pelleted by

centrifugation at 13000 g for 8 minutes at 4 ◦C and the pellet washed with 1ml µl of 75 %

EtOH per 1 ml of TRI-reagent. After a final centrifugation at 10500 RPM for 5 minutes at

4 ◦C the pellet was air dried for 5 minutes and finally dissolved in 10 µl RNase free water.
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2.8.2 Trizol extraction of DNA

It is also possible to isolate DNA using trizol. For this the steps up until phase separation

are identical to the isolation of RNA. After phase separation however, the upper clear phase

was removed as completely as possible. Afterwards 300 µl of 100 % EtOH per 1 ml TRi

reagent was added to the remaining organic and interphase and gently vortexed. The samples

were then incubated at room temperature for 5 minutes and centrifuged at 12000 rpm for 5

minutes.

The protein containing supernatant was removed and the DNA pellet washed two times in 0.1

M soduum citrate solution. 1 ml Na citrate per 1 ml Trizol was used again. The samples were

gently vortexed and incubated at room temperature for 40 minutes with periodic mixing. The

DNA pellet was then washed in 1 ml of 75 % Ethanol per 1 ml Tri reagent and incubated

for 15 minutes at room temperature. Finally the DNA was centrifuged again for 5 minutes

at 12000 rpm and air dried before resuspension in 50 µl of sterile water.

2.8.3 Reverse transcription PCR

To obtain cDNA from isolated RNA, the sample has to be reverse transcribed. We used the

iScript cDNA Synthesis Kit (BioRad) for this. The reaction was set up by adding

4 µl 5x cDNA synthesis kit buffer

1 µl iScript enzyme mixture

x µl Nuclease-free water

x µl 1 µg RNA sample

to a total volume of 20 µl in a 0.2 ml PCR tube.

This reaction mix was then run in a thermal cycle with the following parameters:
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5 min at 25 ◦C

30 min at 42 ◦C

5 min at 85 ◦C

Hold at 4 ◦C

30 µl of RNase free water was added after the reaction to obtain a total volume of 50 µl.

2.8.4 Quantitative RT-PCR

To quantitatively analyse cDNA and DNA we performed Q-PCR analysis using the MESA

Blue PCR Master mix (Eurogentec). The reaction was set up by adding

0.5 µl Stock primer (10 µM)

10 µl Mesa Blue 2x PCR Master mix

8.5 µl H₂O

1 µl cDNA

to a final volume of 20 µl. We analysed the obtained Cycle over treshold (Ct)-values by nor-

malising against a housekeeping gene and comparing the diferences with an internal control

(∆∆Ct-method).

2.8.5 Chromatin Immunoprecipitation

To investigate the interaction between transciption factors and specific DNA promoter se-

quences we performed Chromatin immunoprecipitations (ChIP) as previously described (Stock

et al., 2007). 5x10⁶- 1x10⁷ adherently growing cells were treated with 1% formaldehyde at

37 ◦C for 10 minutes to crosslink protein complexes with the bound DNA sequence. The

reaction was then stopped by the addition of glycine to a final concentration of 0.125 M. The

cells were washed in three times ice-cold PBS before 1 ml swelling buffer was added to lyse
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the cells (10 min, 4°C). The cells were then scraped from the tissue culture plates and the

nuclei isolated by dounce homogenisation (50 strokes, ''tight'' pestle). After resuspension in

sonication buffer (50 mM HEPES pH 7.9, 140 mM NaCl, 1mM EDTA, 1% Triton X-100,

0.1% Na-deoxycholate and 0.1% SDS) the nuclei were sonicated to produce DNA fragments

with a length of less than <1.6 kb using a diagenode biorupter. The resulting material was

centrifuged twice at 4 ◦C for 15 minutes at 14000 rpm. In the meantime, 50 µl of protein-G-

sepharose beads (Amersham Biosciences) were incubated with 10 µg protein specific or IgG

control antibodies for 1 hour at 4 ◦C to bind antibodies to the beads. To prevent unspecific

binding the beads were then blocked for 1 h at 4 ◦C using 1mg/ml sonicated salmon sperm

DNA and 1mg/ml BSA on a rotating wheel. The beads were then washed twice in sonication

buffer prior to use. The chromatin was precleared at 4 ◦C for 2 hours with 100 µl protein-G

beads per IP in the presence of 0.05 mg/ml BSA and protease inhibitor cocktail on a rotating

wheel. 50 µl of the precleared chromatin were used as an input sample and the remainder

(∼700 µg) used for the immunoprecipitation. For this 10 µg of antibody bound to beads was

incubated with 700µg pre-cleared chromatin over night at 4 ◦C on a rotating wheel. The

beads were then washed for 5 min at 4 ◦C with 1 ml of each of the following washing buffers:

1x with sonication buffer, 1x with wash buffer A, 1x with wash buffer B, 2x with TE Buffer.

The beads were collected by spinning at 200 g for 5 minutes at 4 ◦C.

To elude the bound protein-DNA complexes 150 µl elution was added to the beads and

incubated at 65 ◦C for 5 min. The mix was transferred to a rotating wheel for 15 min at room

temperature and the supernatant collected by centrifugation (3 min, 200 g). To maximise the

elution efficiency the beads were then re-eluted and both eluates pooled to obtain a final

volume of 500 µl. 450 µl TE buffer was added to the input sample to have an equal volume

in all samples. To reverse the aldehyde cross-linking of the immunoprecipitated chromatin

and the input we then added NaCl and RNase to final concentrations of 160 mM and 20

µg/ml respectively. After an overnight incubation at 65 ◦C the EDTA concentration was

increased to 5 mM and 200 µg/ml proteinase K (Roche) added. To fully digest all protein the

samples were incubated at 45 ◦C for 2 h. finally, the DNA was purified by phenol-chloroform
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extraction and ethanol precipitation.

The concentration of the immunoprecipitated DNA was measured using the Quant-IT Pico

Green kit (Invitrogen). This kit is designed to reliably and sensitively detect very low con-

centration of double-stranded DNA. We used 200 µl working dilutions of PicoGreen reagent

in a 96 well plate. The standard curve (1-100 ng/ml) was set up using the phage DNA sup-

plied with the kit. 1-2 /micro l of sample or input DNA was used per well. Note, that the

input DNA has to be diluted ∼ 50 fold in order to be in the linear range of the standard

curve. The fluorescence of the samples were measured at 480 nm excitation and 520 nm em-

mision wavelengths according to the manufactures instruction. All samples and inputs were

diluted to 0.2 ng/µl and 2 µl of each used in a 25 µl Q-PCR reaction. To obtain the final

result we used the percent input method. With this method, Ct-values obtained form the im-

munoprecipitated DNA are divided by the Ct calues of the input control. For this the input

control ( 1% of the starting chromatin) is adjusted to 100 % by subtracting 6.644 from the

Ct value of the input sample. The final result is then obtained using the following formula:

100 ∗ 2(Adjustedinput−Ct(IP )).

2.9 In vivo protocols

All animal work was carried out in accordance with the regulations of the Home Office and

the ARRIVE guidelines. Efnb2i∆EC mice and recombination protocols were described pre-

viously (Ottone et al., 2014; Wang et al., 2010). Briefly, to induce recombination of the

EfnB2flox/flox gene cassette 3 week old mice were injected with 200 µl of a 20 mg/ml Tamox-

ifen solution diluted in 25 % EtOH and 75 % vegetable oil for 3 consecutive days. Tamoxifen-

injected Efnb2flox/flox CreERT2 negative litter mates were used as controls. C57Bl6 and

CD-1 nude mice for tumourigenicity analysis were obtained from Charles River.
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2.9.1 Craniotomies

Cranial windows were surgically implanted into mice to enable intravital imaging of GFP-

labelled tumour cells according to previously published methods (Holtmaat et al., 2009).

6-8 week old Efnb2i∆EC or Efnb2flox/flox mice were anaesthetised with an intraperitoneal

injection of 0.08 mg/g ketamine and 0.008 mg/g xylazine. To limit an inflammation response

200 µL of 4mg/ml dexamethasone was administered intramuscular. Before cutting of the skin

a subcutaneous injection of 1mg/kg bupivacaine was given as local anaesthetic. The mouse

was placed on a heating blanket and the head stabilised in a stereotactic frame. To protect the

eyes from dehydration lacri-lube was applied. The scalp was washed with povidone-iodine

surgical scrub and a flap of skin roughly 1 cm² in size covering both hemispheres removed

with a sharp pair of scissors. 1% Xylocaine was applied to the exposed periosteum and the

exposed cheek muscles. After that the periosteum was removed by gently scraping the skull

with a scalpel blade to facility the glue sticking to the skull. To enlarge the potential area of the

cranial window the temporalis muscle was separated. A thin layer of cyanoacrylate (vetbond)

was then applied to the nearly dry skin, the temporalis muscle and the wound margins to

prevent the seepage of serosanguinous fluid, sparing the area where the cranial window is to

be placed. This layer of cyanoacrylate provides a better base for the dental acrylic which can be

applied in a thin layer afterwards again sparing the area of interest. Using a fine dental drill a

circular groove with a diameter of 3 mm was drilled 2 mm from bregma, 3.5 mm lateral. Care

should be taken no to apply excessive pressure, always to drill on a low setting and to apply

saline buffer regularly to prevent heating which could bruise the underlying brain structures.

After thinning out the groove until it becomes almost transparent the remaining island can be

carefully removed using angle-tipped forceps. Under ideal circumstances no bleeding of the

dura should be observed. 2x10³ tumour cells were injected using a micromanipulator and a

microinjection dispenser (picospritzer) at roughly 300 µm depth in the cortex. To minimise

reflux of the cell suspension the needle was left in the brain for 5 minutes after the injection.

Afterwards the optical window was completed by covering the hole with a circular coverglass
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of 6 mm diameter, #1 thickness. The exposed surface of the brain should be wet so that no air

is trapped between coverslip and brain but the surrounding skull needs to be dry. The optical

window was sealed to the skull with dental cement covering all the exposed skull, the wound

margins and the cover glass edges. A clean titanium bar with screw holes was embedded into

the dental cement over the intact hemisphere to stabilise the mouse during imaging sessions.

The mouse was then monitored until it woke up and supplied with wet food and additional

nesting material. 5-7 days were allowed between the surgery and the start of the imaging

protocol.

2.9.2 Intravital 2-Photon imaging

A purpose built microscope equipped with a tunable Coherent Ti:Sapphire laser and PrarieView

acquisition software was used for all in vivo imaging experiments. Mice were anaesthetized

with isoflurane and secured to a fixed support under the microscope. The eyes were coated

with Lacri-lube (Allergan) to prevent dehydration, an underlying heat pad used to maintain

body temperature (37 ◦C). To prevent dehydration isotonic saline solution was administered

(i.p.) during long imaging sessions. Depth of anaesthesia was closely monitored. To visualise

blood vessels 50 µl of a 3000MW dextran-Texas Red conjugate was injected intravenously

prior to imaging. A pulsed laser beam with a wavelength of 910 nm was used to ensure that

both GFP-tumour cells and Texas Red showed sufficient signal intensity.Animals were im-

aged a maximum of four times daily with cells imaged every 20 min up to 1 hour per session.

After image acquisition individual frames were aligned and the displacement of single cells

measured using ImageJ software.

2.9.3 Orthotopic xenografts and in vivo imaging

5x10⁴ luciferase expressing Cells were injected into 6-8 week old CD-1 nude or C57-Bl6 mice

into the right putamen (1mm rostral to bregma, 2mm lateral and 2.5 mm depth) as previously
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described (Ozawa James, 2010). Mice were anaesthetised with an intraperitoneal injection

of 0.08 mg/g ketamine and 0.008 mg/g xylazine and placed on a heating blanket. Before

cutting of the skin a subcutaneous injection of 1mg/kg bupivacaine was given as local anaes-

thetic. To protect the eyes from dehydration lacri-lube was applied. The scalp was washed

with povidone-iodine surgical scrub and an incision of the skin roughly 1 cm² in length was

made along the midline. A small hole was drilled into the skull using a 25G needle. Cells were

loaded into the hamilton syringe just prior to injection and needle kept in place for a further

5 minutes to ensure minimal reflux of the material along the needle tract. The wound was

closed using sutures and the mouse placed into a warmed chamber until it recovered fully. At

least 5 days were allowed between the surgery and the start of the imaging protocol. Tumour

formation, growth and volume were indirectly calculated by sequential images taken with

an IVIS Spectrum in vivo imaging system (Perkin Elmers). Following D-luciferin adminis-

tration (Intrace medical) by intraperitoneal injection at 120 mg/kg, mice were anaesthetised

(3 % isoflurane) and imaged under continuous exposure to 2 % isoflurane. Luminescent

measures were performed once a week starting 5 days after cell implantation until day 40. Bi-

oluminescence was detected by the IVIS camera system, integrated, digitised, and displayed.

Pseudocolour scale bars were consistent for all images of dorsal views in order to show relative

changes at tumour site over time. Tumours were quantified by calculating total flux (pho-

tons/s/cm2) using Living Image software (Xenogen, Caliper Life Sciences). For treatment

experiments, PBS or B11 administration was started once the tumours reached a minimum

signal intensity of 1x10⁶ photons/s/cm2. Mice were then randomised into two groups prior

to intravenous injection of 5 doses of either anti ephrinB2-scFv B11 (total dose 20 mg/kg) or

PBS control over a period of 9 days. Survival curves were estimated using the Kaplan-Meier

method. Significance was calculated using the log-rank Mantel-Cox test.



Chapter 3

Generation of a tumour progression series

3.1 Introduction of oncogenes into neural progenitor cells

to create a tumour progression series

Glioblastoma is the most aggressive primary brain tumour and a large number of studies sug-

gests a role for Eph/ephrin signalling in glioblastoma progression and invasion (Nakada et al.,

2006; Binda et al., 2012; Liu et al., 2007). However, due to the heterogeneity of glioblastoma

mutations on one side and the complexity of the Eph/ephrin signalling system no mechanis-

tic insights have so far been gained and it is still not understood whether the role of eph

receptors and ephrins is tumour promoting or suppressing (Pasquale, 2010). To dissect the

role of Eph/ephrin signalling in glioblastoma in a well defined system instead of using estab-

lished glioblastoma cell lines, we generated a murine glioblastoma stem cell model. Recent

efforts have been made by the Cancer Genome Atlas (TCGA) Research Network to identify

common mutations and subtypes of Glioblastoma on a genome wide level (TCGA, 2008).

Four subtypes, defined by specific genetic mutations were defined: The classical subtype is de-

fined by EGFR amplifications, rarely seen in the other three subtypes. Proneural glioblastoma

mainly occurred in younger patients and showed alterations of PDGFRA and point muta-

67
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tions in IDH1. The neural subtype showed a distinct expression of neuron markers such as

NEFL or GABRA1. Mesenchymal glioblastoma have been suggested to be a more aggressive

subtype and the other three subtypes show a clear trend towards mesenchymal classification

after recurrence (Phillips et al., 2006). Mutations in p53, NF1 and Rb pathway are frequently

observed in this subtype (Verhaak et al., 2010; Phillips et al., 2006). Interestingly, it has al-

ready been shown previously that mutations within the p53,NF1 and Rb axis are sufficient to

generate fully transformed cells which are able to induce high grade astrocytoma in the adult

mouse brain (Chow et al., 2011). To generate a model of mesenchymal glioblastoma stem

cells we isolated primary neural progenitor cells from the subventricular zone of adult mice

and introduced genetic changes in these three pathways. We used two complementary strate-

gies targeting the same pathways using different vectors. This approach enables us to exclude

any artefacts possibly introduced by the specific chosen oncogene and helps us to pinpoint

phenotypic changes to the exact genotype.

SVZ
pBabe+pLXSN 

imNSC1
pBabe SV40 largeT 

GSC1
pBabe-lT + pLXSN h-ras

SVZ 
NF1fl/fl

imNSC2
shp53 + pCMV-Cdk4 Nf1fl/fl

GSC2
shp53 pCMV-Cdk4 NF1-/-

Figure 1: Schematics of the tumour progression series. Two independent tumour progression series
were created using the pathways most commonly mutated in human glioblastoma

First we used a ''classical'' transformation regime introducing pBabe-SV40-largeT to immor-

talise adherently grown SVZ progenitor cells (imNSC1) and as a second step added pLSXN-

hRas to fully transform these cells (GSC1). SV40 largeT antigene is known to inactivate both

the p53 and Rb tumour suppressors (Ali and DeCaprio, 2001) whereas constitutively active

Ras mimics the loss of NF1, a hallmark of mesenchymal glioblastoma. NF1 belongs to the

family of ras-GAPs or guanosine triphosphatase (GTPase)-activating proteins. It catalyses the

hydrolysis of GTP bound to hras to GDP, thereby converting hras from its active into the

inactive form and therefore acting as a negative regulator of ras signalling (Cichowski and

Jacks, 2001; Trovó-Marqui and Tajara, 2006). As this model is based solely on the exoge-

nous expression of genes introduced with viral vectors it allowed us to rapidly test candidate
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effectors by transforming NSCs isolated from mice carrying specific gene mutations, as previ-

ously reported in a similar model for postnatal astrocytes (Blouw et al., 2003). In the second

approach we induced transformation by introducing defined genetic changes to rule out po-

tential artefacts caused by overexpression of oncogenes. We isolated NSCs from NF1flox/flox

mice and introduced a lentiviral construct carrying shRNA against p53 and afterwards in-

fected the cells with pCMV-Cdk4. The Rb-Axis including CDKN2A, CDK6 and CDK4 is

affected in the vast majority of all mesenchymal glioblastoma (Verhaak et al., 2010) and Cdk4

amplifications have been found in 14 % of all tumours in the TCGA GBM cohort (TCGA,

2008). Both, the use of shp53 + Cdk4 and SV40-largeT oncogene which affects the same

pathways are therefore highly clinically relevant. In a second step these cells were infected

with either GFP-Adenovirus (imNSC2) or Cre-Adenovirus to induce recombination of the

floxed alleles to create Nf1−/− cells (GSC2).

We immediately observed a distinct change in cells with impaired Nf1/ras signalling: Whereas

imNSC1 and imNSC2 closely resembled cells infected with empty vector controls in that

they grew in a well defined monolayer, GSC1/2 showed strong foci formation resembling a

neurosphere like phenotype (Figure 2a).

Next we confirmed that the introduced oncogenes were indeed functional. To assess loss

of p53 function we treated cells with Bleomycin, a radiomimetic that causes DNA double

strand breaks and a subsequent p53-mediated cell cycle arrest (Nelson and Kastan, 1994).

This treatment caused a complete cell cycle arrest of SVZ cells. In contrast to that, cells with

impaired p53 function (imNSC1 & 2) showed no significant reduction in proliferation rate

(Figure 2b).

To assess Rb function, cells were grown in growth factor depleted conditions which triggers an

Rb-dependent cell-cycle arrest in normal cells. While control cells arrested to a large extend,

imNSC1 and imNSC2 showed no significant decrease in proliferation rate (Figure 2b).

The MAPK/Erk cascade is a highly evolutionary conserved signal-transduction pathway that
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Figure 2: Introduction of oncogenes to create a defined tumour progression series. a) Phase
contrast images showing the morphology of the generated cell lines b) Quantification of BrdU incor-
poration after treatment with 30 µM Bleomycin or factor depletion for 24 hours. c) Immunoblotting
of cells grown in factor depleted conditions o/n. d) 5x10³ cells were seeded in soft agar and colony
growth assessed via crystal violet staining after 10 days (left). Quantification of colony growth (right)
error bars depict s.e.m. Students t-test.

controls the expression of important cell-cycle and differentiation specific proteins in response

to stimulation by growth factors (mitogens) (Alberts et al., 2008). Overexpression of onco-

genic ras or genetic deletion of the negative regulator NF1 causes increased phosphoryla-

tion of downstream targets like Erk in the absence of stimulating mitogens. Consistently

we observed increased Erk phosphorylation in growth factor depleted ras infected or Nf1−/−

cells(GSC1/2) but not in imNSC1/2 or control cells (Figure 2c).

One of the hallmarks of malignant cell transformation is the ability to grow anchorage inde-

pendently in semi-solid medium, a property closely linked to in vivo tumourigenicity (Freed-

man, 1974). Therefore to test the malignancy of the generated cell lines we embedded 5x10³

cells in soft-agar and assessed their potential to form colonies. The majority of imNSC1 and

imNSC2 cells remained as single cells and only less than 5 % generated small colonies as pre-
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viously reported for normal stem cells (Gürsel et al., 2011). Whereas normal cells failed to

proliferate significantly under these conditions, GSC1 and GSC2 cells embedded in soft-agar

and cultured over 10 days formed large colonies indicating that GSC1/2 cells are indeed fully

transformed cells (Figure 2d).

Thus we show that we have successfully generated cells, which express the desired constructs

and are fully transformed in vitro.

3.2 Tumourmodel resemblesmesenchymalGlioblastoma stem

cells

To better characterise the resulting cells we used core genes defining the four Glioblastoma

subtypes identified by TCGA (Verhaak et al., 2010) and checked their expression on mRNA

level in GSC1 and GSC2 tumour cells. Consistent with the pathways we targeted to create

our GSC model Q-PCR analysis indeed revealed revealed a higher relative expression of mes-

enchymal signature genes in comparison to genes associated with proneural, neural or classical

subtypes in both cell types (Figure 3a,b).
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Figure 3: GSC1/2 resemble mesenchymal glioblastoma cells. a,b) RNA
expression of specific marker genes associated with the GBM subtypes (classi-
cal=blue,proneural=grey,neural=red,mesenchymal=green) in GSC1 (a) and GSC2(b) respectively.
Error bars denote s.e.m. Two-Way anova.

Glioblastoma in many cases originate from adult neural stem cells and throughout tumour
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progression they retain a sizeable portion of cancer stem cells. Moreover, this relatively small

population is highly invasive and thought responsible for tumour recurrence and chemother-

apy resistance (Sadahiro et al., 2014; Oliver and Wechsler-Reya, 2004). Cancer stem cells are

defined by their expression of stem-cell markers, their ability to grow clonally and their po-

tential to differentiate into a variety of cell types. We first tested whether GSC1/2 cells retain

their stem cell properties in vitro by testing for the expression of the known stem cell markers

Sox2, CD133 and SSEA1. Both GSC1 and GSC2 homogenously express high levels of all

these markers (Figure 4a). Next we seeded GSC1/2 at clonal dilution to assess their potential

to form neurospheres (Ferrón et al., 2007) with high efficiency. Both cell lines readily divided

at clonal dilution and formed neurospheres with 95 % efficiency (Figure 4b) which expressed

high levels of Nestin (green). To confirm that GSC1/2 also remained tripotent stem cells

we tested their ability to differentiate into neural and astrocytic lineages by either removal

of growth factors or addition of 30 ng/ µL T3 to stimulate differentiation into oligodendro-

cytes (Glaser et al., 2007). After 4 days of treatment we were able to observe differentiation

into astrocytes (GFAP+ Sox2-), Neuroblasts (Tuj1+) and Oligodendrocytes (O4+) Figure 4c.

Quantification revealed that about 40 % of the cells differentiated into astrocytic lineages and

30% into a neural lineage Figure 4c.

All this in vitro data combined shows that the generated cells are bona fide mesenchymal

glioblastoma stem cells.

3.3 GSC1/2 form mesenchymal glioblastoma in vivo

To assess their tumourigenic potential in vivo we first injected 5x10⁴ GFP labelled GSC1/2

cells intracranially into the putamen, a structure in the dorsal striatum, of adult immuno-

compromised CD1 nu/nu mice. This enabled us to test their ability to establish tumours in

a neuroanatomical location relevant to human glioblastoma formation (Ozawa et al., 2002).

Both cell types readily formed highly aggressive tumours with 100 % penetrance. The median
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survival was 24 days for GSC1 and 38 days for GSC2 tumours respectively (Table 2). One

of the reasons for choosing a murine stem cell based system for our tumour model was the

possibility to grow tumours in syngeneic immunocompetent mice. We therefore also injected

GSC1 and GSC2 cells into fully immunocompetent C57/Bl6 mice. Whereas GSC2 were

not able to form tumours in this system GSC1 did so with a 56 % penetrance (5/9 animals)

indicative of a more aggressive phenotype than GSC2. We additionally injected GSC1 into

the cortex of immunocompetent mice (see Chapter 5) and observed a penetrance of 75 %

(9/12 animals) (Table 1).

Table 1: Penetrance of GSC1 injected into syngeneic mice

Anatomical Location Total tumours formed Penetrance Median survival

Striatum 5/9 (1 censored) 56 % 73 days

Cortex 9/12 (10 censored) 75 % 62 days

censored mice died of other reasons than tumours

Table 2: Penetrance of GSC in nude mice

Cell type Total tumours formed Penetrance Median survival

imNSC1 0/5 0% -

GSC1 5/5 (0 censored) 100 % 24 days

imNSC2 0/5 0% -

GSC2 4/4 (1 censored) 100 % 38 days

censored mice died of other reasons than tumours

A representative tumour formed by GSC1 in immunocompetent mice is shown in Figure 5a.

We also processed these tumours for H&E staining (Figure 5b) The histopathology of the

tumour resembled high grade astrocytoma given the degree of vascularisation (i), the high

rate of proliferation (ii,iii) and the presence of focal necrosis (iv) (Louis et al., 2007). Glial

tumours are characterised by their expression of intermediate filament protein GFAP. We
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therefore stained four GSC1 tumours formed in immunocompetent C57/Bl6 animals for

GFAP (Figure 5c). We observed differing degrees of GFAP expression within the tumour

indicating a degree of variability in the types of tumours formed after injection.

To better characterise the resulting tumours we also performed immunohistochemistry for

CD133, Sox2 and Nestin. All tumours expressed high levels of all three stem cell markers

both in the periphery and the in the centre of the tumour mass (Figure 5d).

The association of these cells with the vasculature was analysed by costaining for CD31, a

vascular marker, and GFP. In all tested tumours we observed a strong association of tu-

mour cells with the vasculature with tumour cells completely surrounding vessels in some

instances (Figure 5e i). We also observed a smaller percentage of potentially invasive cells

which were found removed from the main tumour mass and in direct contact with blood

vessels (Figure 5e ii).

We wanted to ensure that the mesenchymal signature of these cells is retained in vivo and that

the resulting tumours can indeed be classified as mesenchymal glioblastoma. We therefore

isolated GSC1 tumours 30 days after injection and analysed the expression levels of key sig-

nature genes. GSC1 tumours show a significant enrichment for mesenchymal genes similar

to the parental population. No significant association was found with signature genes of other

GBM subtypes (Figure 5f).

We thus show that the generated GSC model indeed leads to the formation of highly aggressive

mesenchymal glioblastoma with high penetrance.
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Figure 5: GSC1 formhighly aggressive astrocytoma in immunocompetentmice. a) Representative
immunofluorescence image of a coronal section of a C57-Bl6 mouse brain 60 days post intracranial in-
jection of 5x10⁴ GFP labelled GSC1 cells. b) H&E stains of the tumours showing all four hallmarks of
high grade astrocytoma c) Immunohistochemistry of 2 different tumours stained with GFAP (red) and
GFP(green). Scale bar = 50 µm d) Immunofluorescence pictures of representative tumours stained for
stem cell markers CD133 (red),Sox2(red), Nestin(white) and GFP labelling the tumour cells (green).
Scale bar = 50 µm e) Immunofluorescence pictures of tumours stained for endothelial marker CD31
(red) and GFP labeling the tumour cells (green). Scalebar = 50 µm f) quantitative RT-PCR analysis of
three independent GSC1 tumours isolated from CD1-nude mice.
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3.4 Conclusion

In this chapter we created a model system of mesenchymal glioblastoma by successively trans-

forming adult neural stem cells isolated from the subventricular zone. The subventricular zone

has long been implicated to play an important role in gliomagenesis (Recht et al., 2003; Oliver

and Wechsler-Reya, 2004) and many studies in mouse models suggest a stem cell origin of

glioblastoma (Chow et al., 2011; Wang et al., 2009; Abel et al., 2009). We chose to base our

model on mesenchymal glioblastoma as it is generally characterised as the most aggressive and

invasive human GBM subtype (Phillips et al., 2006). Additionally, recurrent glioblastoma,

that had previous treatment show an enrichment for mesenchymal-associated genes under-

pinning the importance of studying this subtype (Tso et al., 2006) . To model mesenchymal

glioblastoma we introduced specific genetic changes most significantly associated with this

subtype.

This approach has previously been used successfully to generate GBM of various subtypes

from primary neural stem/progenitor cells (Bachoo et al., 2002; Ligon et al., 2007).A main

advantage of using this approach over studying human cancer stem cells isolated from human

patients is that it allows us to readily test candidate effectors by transforming neural stem cells

from mice carrying specific mutations (Blouw et al., 2003). Importantly, these cells can then

be tested in vivo in syngeneic, fully immune competent mice. Glioblastoma are immuno-

genic tumours and it has become more and more apparent in recent years, that the effect of

the immune system can't be neglected in murine tumour models (Ridley, 1977; Oh et al.,

2014). The overexpression of oncogenes may cause artefacts, not typically observed in a nor-

mal cellular context. Especially, high concentrations of constitutively active kinases like h-ras

might cause the loss of substrate specificity (Hindley and Kolch, 2002). To exclude this pos-

sibility we used two complementary strategies to generate a mesenchymal GBM model: First

we utilised a ''classical'' transformation paradigm using SV40 largeT and h-ras oncogenes.

We also used a more targeted approach by specifically silencing p53 and overexpressing Cdk4
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in NSCs isolated from NF1flox/flox mice. In addition, we generated genetically matched

non-transformed cells which enabled us to precisely study the phenotypical changes occur-

ring during transformation and pinpoint them to exact genetic mutations. This is a unique

advantage of creating a defined model system and not relying on GSCs isolated from human

glioblastoma, which acquired a multitude of large-scale genomic aberrations during tumour

progression. We next showed that all introduced oncogenes are functional and that the gen-

erated fully transformed cells indeed acquired a mesenchymal signature as predicted. GSC1

and GSC2 also both retain their stemness in vitro and are able to differentiate into neural and

astrocytic lineages at similar efficiencies compared to established glioblastoma stem cell lines

isolated from patients (Pollard et al., 2009).

Most importantly however we show that these cells formed highly aggressive tumours in neu-

roanatomical locations where GBM formation has been observed in humans: We injected

cells into the putamen and the cortex (see Chapter 5) and obtained a penetrance of 56%

and 75% respectively. In agreement with previous publications, the formed tumours asso-

ciate strongly with the vasculature by coopting existing vessels and sometimes encapsulating

them completely (Cuddapah et al., 2014; Farin et al., 2006). This tumours were classified

by a trained pathologist as grade IV astrocytoma as H&E staining revealed increased cellu-

larity, neovascularisation and focal necrosis. Furthermore, immunohistochemistry analysis

showed expression of GFAP (Louis et al., 2007). GFAP expression was highly variable be-

tween different tumours which has however been previously observed in a similar model of

GSCs generated from NSCs (Bachoo et al., 2002) and also in GSCs isolated from human

glioblastoma patients (Pollard et al., 2009). In agreement with this and other publications

we also observed a very high percentage of undifferentiated stem-like cells in tumours with

fewer differentiated GFAP-positive cells (Chen et al., 2012). GSC2 did not form tumours in

immunocompetent mice which could be caused by the fact that these cells were not isolated

from inbred C57/Bl6 mice but a mixed background (Parrinello et al., 2008). Both tumours

however formed highly aggressive astrocytoma in immunocompromised mice and retained

their mesenchymal gene signature as confirmed by quantitative RT-PCR analysis.
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Combined these results confirm that we successfully created two highly interchangeable model

systems which resemble bona fide glioma stem cells and lead to the formation of tumours

which effectively mimic important characteristics of human mesenchymal glioblastoma.



Chapter 4

Endothelial control of proliferation

4.1 Endothelial ephrinB2 enforces neural stem cell quies-

cence in a p53 dependent manner

We have previously shown that endothelial ephrinB2 suppresses cell-cycle entry of normal

neural stem cells downstream of mitogens by mediating a G1-arrest (Ottone et al., 2014). We

aimed to investigate how this arrest is affected by the introduction of oncogenes into normal

neural stem cells. We therefore cultured normal stem cells (NSC), imNSC1 and GSC1 cells

on either a confluent monolayer of brain endothelial cells (bEND) or 8 µg ephrinB2-Fc.

Strikingly we found that the cell-cycle arrest in response to either co-culture with bEnd3 or

ephrinB2-Fc was completely lost in both, imNSC1 and GSC1 (Figure 6a). We specifically

introduced a vector expressing a dominant negative variant p53 into primary NSCS (p53)

to see whether this phenotype was caused by lack of p53 function in largeT infected cells, or

whether the inactivation of Rb was also needed. Intriguingly dominant negative p53 alone was

sufficient to rescue the cell-cycle arrest in NSCs in response to Eph stimulation (Figure 6a).

In agreement with the loss of cell-cycle inhibition we also observed no decrease in cyclinD1

80
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Figure 6: p53 is sufficient to rescue ephrinB2 induced G1-S cell cycle arrest in NSC. a) FACS
analysis of BrDU incorporating cells cultured over night either on Fc-control (Fc), endothelial cells
(bEND) or 8 µg/ml ephrinB2-Fc ligand (ephrinB2). Error bars depict s.e.m. b) quantitative RT-PCR
analysis of cyclinD1 in cells cultured overnight either on Fc-control (Fc),endothelial cells (bEND)
or 8 µg/ml ephrinB2-Fc ligand (ephrinB2).Error bars depict s.e.m. c) Western blot analysis of the
depicted proteins of cells cultured overnight either on Fc-control (Fc), endothelial cells (bEND) or 8
µg/ml ephrinB2-Fc ligand (ephrinB2) d) FACS analysis of BrDU incorporating cells cultured for two
days in factor depleted conditions either alone or on endothelial cells (bEND). Error bars depict s.e.m.

levels in co-cultures of p53 cells in contrast to NSCs which showed a strong reduction at

mRNA level using quantitative RT-PCR (Figure 6b). We previously observed decreased pErk

and EGFR levels in NSCs in response to overnight stimulation with endothelial cells. Inter-

estingly while EGFR levels were still reduced in p53 cells to a similar extent as NSC controls

no such reduction was observed in pErk levels. This suggests that pErk levels are not simply

dampened by the absence of ras stimulation through EGFR receptor, but are regulated by an

independent pathway (Figure 6c).

Given the differences observed in growth conditions we hypothesised that co-culture with

endothelial cells might give an additional growth advantage to tumour cells compared to

neural stem cells. We therefore cultured NSC, p53, imNSC1 and GSC1 cells on a monolayer
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of endothelial cells for two days in the absence of mitogens (Figure 6d). However we did not

observe a significant increase in the proliferation rate of any of the tested cell types.

Next we tried to identify the exact mechanism by which p53 mediates the Eph-dependent

G1/S-arrest of neural progenitor cells. To consolidate the involvement of p53 in this sys-

tem we initially checked the expression levels of p53 in NSC alone and compared it to those

in co-culture. While we did not observe increased total p53 mRNA levels, we observed a

strong increase in nuclear p53 in NSCs in co-culture with endothelial cells (Figure 7a,b). We

then introduced Luciferase constructs containing either the p53 binding site or a mutated

sequence which cannot be bound by p53 in NSCs and compared the p53 activity in cells

cultured alone with cells cultured overnight on an endothelial cell monolayer or ephrinB2-Fc

ligand. Bleomycin treatment served as positive control. Consistent with the previous find-

ings, p53 activity was significantly increased in cells co-cultured with bEnd3 or treated with

clustered EphrinB2 ligand (Figure 7c). Next, we checked the expression levels of a variety of

known p53-downstream targets such as SESN1, BTG2 and p21. Interestingly while SESN1

and BTG2 mRNA levels were significantly increased we did not see an increase in p21 tran-

scription levels (Figure 7d). As the dampening of pErk was lost in p53 negative cells, we

reasoned that Erk dephosphorylation might be caused by transcriptional upregulation of a

phosphatase through p53 activation. To test this hypothesis we cultured cells on endothelial

cells in the presence of 5 nM calyculin A, a potent phosphatase inhibitor (Figure 7e). We

observed a small increase of Erk phosphorylation in NSC co-culture treated with calyculin

A compared to DMSO treated cells. A potential class of phosphatases involved in this are

the dual specific phosphatases (DUSPs). DUSPs are Erk1/2 specific phosphatase and reports

have identified several DUSPs as transcriptional targets of p53 (Huang and Tan, 2012). We

therefore tested the expression levels of a panel of known DUSPs and observed a slight but sig-

nificant upregulation of Dusp1, 2, 8 and 9 through contact with endothelial cells (Figure 7f).

This hints to a possible role of this class of proteins in the dephosphorylation of Erk and the

resultant cell cycle arrest in neural progenitor cells. Dusp1 and 2 are both known downstream

transcriptional targets of p53 (Liu et al., 2008; Yin et al., 2003). We therefore tested several
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Figure 7: Endothelial ephrinB2 activates p53 signalling in NSCs to mediate G1-1 arrest. a)
quantitative Q-PCR analysis of p53 mRNA levels in NSC cultured on Fc control (Fc), a monolayer
of endothelial cells (bEND3) or coated ephrinB2 (ephrinB2) b) Western blot analysis of the nuclear
fractions of cells cultured either alone or on top of a monolayer of endothelial cells (bEnd3) c) Relative
Luciferase activity of cells transfected with Luciferase constructs containing either the wildtype p53
binding site (wt p53) or a mutated version sequence to which p53 does not bind to (mutant p53).
Error bars depict s.e.m. One way anova with Tukey post hoc test d) quantitative RT-PCR analysis
of NSCs cultured overnight on either Fc-control (fc), a monolayer of endothelial cells (bEND3) or
clustered ephrinB2-Fc ligand (ephrinB2). Error bars depict s.e.m. e) Western blot analysis of NSCs
cultured on a monolayer of endothelial cells and treated with either DMSO or 5nm calyculin A, a
phosphatase inhibitor. f ) quantitative RT-PCR analysis of the mRNA levels of different DUSPs in
NSC after overnight culture on PLL (alone) or on a monolayer of endothelial cells (bEND3). error
bars depict s.e.m.
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siRNAs for their potential to knockdown Dusp1 & 2. siDusp1 6 and siDusp1 7 were able to

cause a knockdown of Dusp1 of up to 80% without significantly affecting Dusp2 expression

(Figure 8a). Dusp2 siRNAs were less efficient, however a pool of four siRNAs (siDusp 6-9)

achieved a 75% knockdown on RNA level without affecting Dusp1, respectively (Figure 8b).

We then tested whether knocking down Dusp1 or Dusp2 has an effect on pErk levels in cells

co-cultured with endothelial cells over night (Figure 8c). We did not observe increased levels

of phosphorylated Erk in either of the two knockdowns thus concluding that neither Dusp1

nor Dusp2 mediate Erk phosphorylation downstream of p53 in NSCs.
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Figure 8: Dusp 1 & 2 are not mediating pErk levels in NSCs. a,b) quantitative RT-PCR analysis
of a panel of siRNAs specific against Dusp1 (a) and Dusp2 (b) respectively. Error bars denote s.e.m.
c) Western blot analysis of pErk levels in cells transfected with specific siRNAs against Dusp1 and 2
and then cultured over night on a monolayer of endothelilal cells (+bEND3).

Thus, we found a novel mechanism of cell-cycle regulation in neural stem cells which is medi-

ated through Eph-forward signalling induced by ephrinB2 on endothelial cells. We obtained

preliminary data suggesting that p53-dependent upregulation of a phosphatase might mediate

this phenotype through Erk dephosphorylation and subsequent G1-arrest. However we did

not identify a specific phosphatase responsible for this dephosphorylation and in the interest

of time continued to pursue other, more promising projects.
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4.2 Phosphoproteomics identifies potential links between

Eph activation and p53 activity

We next tried to identify potential links between Eph activation and p53 relocalisation to the

nucleus which in turn might lead to the upregulation of genes dampening Erk phosphoryla-

tion using more unbiased approaches. To this end we used a phosphoproteomics approach

to gain an overview over all proteins which become tyrosine phosphorylated in response to

activation of Eph-receptors which are phosphotyrosine kinases. Cells were labelled with heavy

and light amino acids for SILAC analysis, then treated with either scraped endothelial cells

or control medium for 10 minutes and an immunoprecipitation for tyrosine phosphorylated

proteins performed before analysis of the obtained protein extracts using mass spectrome-

try. By physically scraping endothelial off the plate we avoid the use of enzymes like trypsin

which can destroy the extracellular portions of membrane bound proteins like ephrinB2. The

endothelial cells settle on top of the monolayer of NSCs during the 10 minute incubation

but are easily removed by PBS washes as we have previously shown (Ottone et al., 2014).

This protocol is sufficient to induce robust phosphorylation of Eph receptors as shown in

Figure 9a. We first tested different lysis buffers for their potential to lyse cells effectively

without destroying post-translational modifications. Lysis with NP40 buffer achieved the

highest enrichment of tyrosine-phosphorylated proteins and was therefore chosen for further

experiments (Figure 9b). We first tested the correlation of the two separate conditions by

plotting the relative enrichment of each identified phosphorylated protein (Figure 9c).

Most proteins remained unchanged and align along the 90 % confidence band (dotted line).

Additionally more proteins can be found which have higher phosphorylation levels after stim-

ulation with endothelial cells. Thus, we were confident that the obtained data was not skewed

by excessive experimental variability caused by technical errors during cell lysis and immuno-

precipitation. Amongst the proteins with the highest fold change we found EphB2 (Ratio

H/L 1.5262) suggesting, that we are indeed able to detect specific events following Eph phos-
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Figure 9: pSILAC to identify phosphorylated proteins after stimulation with endothelial cells. a)
Western blot analysis showing the phosphorylation level of Eph-receptor after stimulation with scraped
endothelial cells (bEND) for 10 minutes b) Western blot analysis of the levels of tyrosine-phoshorylated
proteins (pTyr) pulled down using different lysis buffers. Input and flowthrough are shown as controls
c) Correlation plot of pSILAC results of cells cultured alone and stimulated with endothelial cells.
90 % confidence interval is shown as dotted line d) Western blot analysis of specified proteins after
immunoprecipitation with either IgG control (IgG) or Scribble specific antibodies (Scrib).

phorylation. The 10 highest ranking candidates are shown in Table 3
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Table 3: Overview of top scoring proteins in pSILAC analysis

Protein name unique peptides identified Ratio H/L

Protein Scribble homolog 15 1.778

Mitogen-activated protein ki-

nase 6

7 1.7427

Adenylate kinase isoenzyme 1 5 1.622

Dehydrogenase/reductase

SDR family member 1

25 1.5914

Filamin-C 48 1.5895

Annexin A7 17 1.557

Sorbin and SH3 domain-

containing protein 2

10 1.536

Ephrin type-B receptor 2 16 1.5262

Phosphatidylinositol 3-kinase

regulatory subunit alpha

14 1.43443

CD109 antigen 24 1.4327

Protein Scribble homolog is commonly known as a mediator of cell polarity however it has

been implicated to play a role in cell-cycle control and tumourigenicity in various systems

(Humbert et al., 2003, 2008). Mammalian Scribble is a scaffolding protein which appears to

be membrane bound and overlaps with cadherins localised at adherens junctions (Humbert

et al., 2003). Interestingly, in Drosophila, loss of scribble leads to overproliferation and it

has been shown to negatively regulate G1/S-Phase transition in epithelial cells (Dow et al.,

2007; Nagasaka et al., 2006). We went on to confirm whether Protein Scribble homolog

is indeed activated in our system by immunoprecipitation. After 10 minutes of stimulation

with scraped endothelial cells we did indeed observe higher tyrosine phosphorylation levels of

Scribble compared to mock treated controls (Figure 9d).
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4.3 β-Catenin is not involved in mediating Eph signalling

in NSC

Scribble as a scaffolding protein has a variety of binding partners which relay its signalling re-

sponses to the nucleus where transcription of target genes can be changed. Numerous studies

have shown that Scribble is strongly linked with the Wnt signalling pathway, a crucial media-

tor of various cell functions including cell cycle progression (Davidson and Niehrs, 2010). The

Wnt pathway critically relies on β-catenin which is a prominent binding partner of Scribble

(Sun et al., 2009; Qin et al., 2005). β-catenin is a dual function protein, regulating cell-cell

adhesion by binding to membrane associated proteins and also acting as a transcription fac-

tor in the nucleus (MacDonald et al., 2009). Interestingly, we previously observed a strong

downregulation of EphB2 receptor in NSCs in response to co-culture on endothelial cells and

β-Catenin has been shown to cause downregulation of EphB2 at the colorectal ''adenoma-

carcinoma'' transition (Batlle et al., 2002). This made β-catenin a highly attractive candidate

to mediate the effects downstream of Scribble phosphorylation. We therefore sought to un-

derstand whether activation of Scribble leads to relocalisation or a change in activation of

β-catenin which could explain both, the downregulation of EphB2 in co-culture and be a

possible pathway for the Eph-induced cell cycle arrest. Initially we performed cellular frac-

tionation of NSC cultured alone or on a monolayer of endothelial cells. No change in the

nuclear localisation of β-catenin or the total amount of protein was observed (Figure 10a).

We then transfected NSC with TopFlash-vector, a plasmid containing a β-catenin respon-

sive luciferase reporter construct. No significant change in β-catenin activity was observed in

response to either overnight culture with endothelial cells or coated ephrinB2.

Thus β-catenin is not involved in mediating the G1 arrest induced by Eph/ephrin signalling in

NSCs. pSILAC analysis proved to be a viable approach to find potential candidate proteins,

though a more thorough analysis of more than one candidate protein and its downstream

targets would be needed to identify the exact signalling pathway. However we conclude
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Figure 10: β-catenin localisation and activity does not change in response to endothelial contact.
a) Western blot analysis of cellular fractions of NSC cultured either alone or on a monolayer of en-
dothelial cells (bEND3) b) Relative Luciferase activity of cells transfected with Luciferase constructs
containing β-catenin binding sites. Error bars depict s.e.m. One way anova with Tukey post hoc test

that ephrin-B2 ligands on the surface of endothelial cells inhibit progenitor cell proliferation

through p53-signalling in a p21-independent manner. Instead, p53 activation downstream

of Eph blocks proliferation via a decrease in MAPK signalling. Importantly, our results also

show that loss of p53 function in transformed neural stem cells gives them a distinct prolifer-

ative advantage over normal NSCs in the context of a stem cell niche which strictly governs

the proliferation rate of cells within it.
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4.4 Conclusion

We have previously shown that direct contact with ephrinB2 on endothelial cells maintains

stem cells of the subventricular zone in a quiescent stem-cell state by causing a G1/S arrest

while at the same time profoundly affecting cell morphology (Ottone et al., 2014). Here

we show that Eph-receptors on NSCs act as early tumour suppressors that limit prolifera-

tion through p53 induction in a p21-independent manner. TP53 is classically known as a

DNA-Damage response gene that can arrest the cell to allow repair or initiate apoptosis if the

damage is too extensive. In recent years, however, a crucial role for p53 in stem cell biology

is emerging: p53 is constitutively expressed in a variety of adult stem cell niches (Bonizzi

et al., 2012; Solozobova and Blattner, 2011). In neural stem cells of the SVZ specifically,

p53 was shown to regulate self-renewal and differentiation and it has been shown that p53

knockout leads to increased proliferation of neural precursors (Armesilla-Diaz et al., 2009;

Gil-Perotin et al., 2006). Our results are in agreement with a previously published report by

Theus et.al. describing the regulation of p53 by EphB3 forward signalling in the SVZ during

homeostasis and following traumatic brain injury (Theus et al., 2010). Our data however

for the first time identifies endothelial cells and more specifically ephrinB2 as critical media-

tor of this phenotype. We next sought to understand the precise signalling pathway linking

Eph activation to p53 regulation using both classical hypothesis driven approaches and un-

biased proteome-wide screening techniques. Given their important role as major mediators

of critical signalling pathways we first explored the possibility of DUSPs regulating the Erk

1/2 dephosphorylation downstream of p53 as we observed an increase in pErk levels in cells

treated with a phosphatase inhibitor. We found a significant upregulation of a number of

DUSPs, siRNA knockdown however did not alter the response downstream of endothelial

contact. This could be due to the relatively low efficiency of the knockdown but more impor-

tantly, it has been shown on several occasions that knockdown of one member of the DUSP

family can be compensated by other DUSPs (Huang and Tan, 2012). It would nevertheless be

interesting to continue studying the potential involvement of phosphatases in this system, per-
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haps looking at a broader panel using available microarrays. We then performed an unbiased

analysis of the phosphorylation events immediately downstream of Eph activation following

endothelial contact using mass-spectrometry. We identified Scribble as potential downstream

effector of Eph which showed higher levels of tyrosine phosphorylation following stimulation

with endothelial cells. Scribble, together with discs large (Dlg) and Lethal giant larvae (Lgl)

is part of a group of highly evolutionary conserved proteins that link the seemingly unre-

lated functions of cell polarity and cell proliferation in epithelial cells (Humbert et al., 2003).

Mammalian Scribble is an important regulator of cell polarity and has been implicated to act

as a tumour suppressor by negatively regulating cell-cycle progression from G1 to S phase in

epithelial cells (Nagasaka et al., 2006). Scribble acts as a scaffolding protein for regulators of

canonical Wnt signalling like β-catenin to relay signalling from the membrane to the nucleus.

β-catenin was a highly promising candidate to be a downstream effector of the p53 depen-

dent cell-cycle arrest for several reasons: β-Catenin transcription is known to be controlled

by p53 activation (Sadot et al., 2001) and is has been shown in multiple instances to regulate

MAPK/Erk signalling (Jeon et al., 2007) and control the expression of cyclinD1 (Tetsu and

McCormick, 1999). Interestingly, β-catenin activity has also been shown to cause downreg-

ulation of EphB2 (Batlle et al., 2002). We previously observed a strong downregulation of

Ephb2 on NSCs in co-culture with endothelial cells, suggesting that β-catenin might indeed

be involved in our system. However, no change in β-catenin activity or localisation was ob-

served in co-culture with endothelial cells or on ephrinB2-ligand. A previous report using

a similar model for SGZ neurogenesis identified β-catenin activity increased in a ephrinB2

dependent manner in the context of increased neurogenesis (Ashton et al., 2012). It is inter-

esting to note that stimulation with ephrinB2 causes opposing responses with an increase in

newborn neurons in the SGZ and a strong suppression of cell-cycle entry in the SVZ (Ottone

et al., 2014). Our results therefore further highlight the differences between two superficially

similar neurogenic niches in the adult brain. Our data might also further explain why loss

of p53 signalling is such an important event in early gliomagenesis which occurs in nearly

90% of all glioblastoma (TCGA, 2008). In our system it enables mutated stem cells, the
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likely cell of origin for a large percentage of glioblastoma , to escape the tight control of their

microenvironment and proliferate unhindered. At the moment it is still not entirely known

how Eph activation on the cell surface leads to p53 activation, Erk1/2 dephosphorylation and

a cell-cycle arrest in G1-phase. It would therefore be of great interest to study and under-

stand this pathway better, as the high frequency of p53-alterations in glioblastoma make any

downstream effectors a very attractive target for potential new therapeutic approaches.



Chapter 5

Endothelial control of migration

5.1 Eph/Ephrin signalling compartmentalises normal neu-

ral progenitor cells but not GSCs

Glioblastoma are characterised by their diffuse invasion of healthy brain tissue along pre-

existing structures (Scherer, 1940). A major route of invasion is perivascular migration along

blood vessels (Farin et al., 2006). To assess the interaction of GSCs with syngeneic brain

vasculature we injected GFP-labelled GSC1 and imNSC1 at a depth of 200-300 µm into the

cortex of 6 week old mice under a chronic cranial window. Using 2-Photon microscopy we

imaged these cells 7 days after injection in vivo in real time. (Figure 11a) GSC1 cells were

able to migrate along the vasculature in single cells, and were frequently observed detaching

from the main tumour mass and invading the surrounding healthy tissue. This migratory

behaviour is very similar to previous observations on perivascular invasion by other groups

(Farin et al., 2006). However, strikingly, imNSC1 were unable to migrate perivascular and

remained in stationary groups (Figure 11b). This difference was not caused by the inability of

imNSC1 to survive in vivo as at this early time point general cell morphology and occasional

movement of cells within the bulk of the injected cells was very comparable to GSC1 cells.
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This suggests that the vasculature compartmentalises normal neural progenitor cells in vivo .
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Figure 11: The vasculature compartmentalises normal neural progenitors cells in vivo. a)
Schematic of the craniotomy procedure b) Intravital 2-Photon stills of GFP-labelled imNSC1 and
GSC1 cells injected into the cortex of syngeneic mice and imaged 7 days post injection over 6 hours
through an intracranial window at a depth of 200 µm

It has previously been shown that infiltrating GBM cells primarily contact endothelial cells

during perivascular invasion. Indeed, studies suggests an active displacement of other cell

types, like astrocytes, which would hinder the direct contact between endothelial cells and

migrating glioblastoma cells (Cuddapah et al., 2014) Therefore, to dissect the mechanism of

vascular compartmentalisation in more detail we developed an in vitro migration assay which

mimics the response of infiltrating cells to the initial contact with endothelial cells. We used

cell culture silicone inserts which divide the cell-culture dish into two compartments sepa-

rated by a 500 µm gap. In each compartment different cell-populations can be seeded. After

removal of the insert, the cells migrate towards each other allowing to study their behaviour

upon contact. We seeded primary endothelial cells and normal SVZ progenitors in opposite

compartments and performed time-lapse microscopy. Remarkably this assay closely recapit-

ulated the results we observed in vivo . imNSC1 were strongly repelled when they came in

contact with endothelial cells, this resulted in the two cell types remaining completely sepa-

rated and forming a sharp boundary (Figure 12a) . This behaviour was significantly impaired
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in GSC1 which started to migrate over and into the endothelial monolayer and failed to sep-

arate completely resulting in a significantly longer, less straight boundary. We repeated these

measurements using imNSC2 and GSC2 to exclude the possibility that the observed phe-

notype is caused by artefacts induced by the overexpression of oncogenes. We observed very

similar results using this complementary approach (Figure 12b). To quantify the differences

in repulsion we measured the length of the boundary between endothelial and stem cells after

60 hours of migration. In agreement with our qualitative observation, a significantly longer

boundary was measured in GSC1 and GSC2 cells compared to the respective immortalised

controls (Figure 12c).

In a previous study we identified ephrinB2 as the ligand which is responsible for mediating

the direct contact between endothelial cells and normal stem cells in the subventricular zone.

We hypothesised that the same ligand might also be responsible for the compartmentalisa-

tion effect in this system as we previously observed a profound morphological change when

neural stem cells were plated on a monolayer of endothelial cells. We therefore tested the

role of ephrinB2 in our migration assay by using recombinant ephrinB2-Fc clustered with

anti-Fc antibody substituting endothelial cells in our migration assay witha coating of recom-

binant ephrinB2-Fc. We first performed serial dilutions of the clustered antibodyFc com-

plex to be able to determine the minimum concentration at which we observe phenotypical

changes in the migration of imNSC1. To our great surprise we observed a strong repulsion

of imNSC1 induced by ephrinB2 using this approach (Figure 12d). We decided to use 4

µg/ml recombinant clustered ephrinB2-Fc, as this concentration was sufficient to induce a

strong migratory arrest in neural stem cells without cells escaping the compartmentalisation

as seen with 3 and 2 µg. We then tested whether this effect was indeed specific for ephrinB2

by coating 4 µg Fc antibody control or ephrinA5-Fc and ephrinA1-Fc (ligands, which are

also expressed on endothelial cells) clustered the same way as ephrinB2-Fc. No changes in

the migration of imNSC1 were observed thus we conclude that ephrinB2 specifically com-

partmentalises imNSC1 (Figure 12e). Using this same coating approach we then tested the

response of GSC1 to ephrinB2 and found that, strikingly, these cells were completely insensi-
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Figure 12: Endothelial EphrinB2 regulates migration of normal progenitors cells but not trans-
formed cells. a) Representative images of imNSC1/GSC1 (green) migrating towards primary en-
dothelial cells (unstained).b) Representative images of imNSC2/GSC2 (green) migrating towards pri-
mary endothelial cells (unstained). c) Quantification of the boundary length after 60 h. Error bars
denote s.e.m. d) Representative phase contrast images of imNSC1 migrating towards different concen-
trations of coated ephrinB2-Fc. e) Representative images of imNSC1 migration towards Fc-antibody
control (Fc) and ephrinA5/ephrinA1-Fc ligands respectively. f ) Representative phase contrast images
of imNSC1 and GSC1 migration towards an ephrinB2-Fc coat (left) .Quantification of the ratio of
cell densities 200 µm before and after the boundary. (right)
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tive to the repulsive cues of ephrinB2. Instead, they readily migrated over the coated protein

layer and were not compartmentalised (Figure 12f). We again repeated these experiments

using imNSC2 and GSC2 obtaining identical results. To quantify this behaviour we calcu-

lated the ratio of cell densities 200 µm before and after the coated ephrinB2-Fc layer. This

quantification was a robust measurement showing that there is virtually no degree of com-

partmentalisation in GSC1 cells, as the cell densities on both sides of the ephrinB2-Fc layer

were nearly identical (ratio near 100 percent). In stark contrast, the ratio dropped to almost

zero in imNSC1 cells which were completely repelled (Figure 12f). We next wanted to test

whether ephrinB2 is not only sufficient, but necessary, to induce compartmentalisation of

imNSCs. For this we knocked down Efnb2 in endothelial cells using siRNA (Figure 13a).

Intriguingly, the knockdown severely disrupted their ability to compartmentalise imNSC1.

This resulted in a significantly longer boundary (Figure 13a).

Having observed this novel compartmentalisation mechanism in vitro we wanted to assess

whether ephrinB2 on endothelial cells also controls migration of imNSCs in vivo . For this

we used mice bearing a EfnB2flox/flox allele combined with an inducible CreERT2-cassette

under control of the endothelial cell specific VE-Cadherin promoter. This enabled us to

specifically remove ephrinB2 from the vasculature by inducing recombination using tamox-

ifen injections. Two weeks after recombination we injected GFP labelled imNSC1 under a

cranial window in these mice and monitored the migratory behaviour of GFP positive cells us-

ing 2-photon microscopy. Remarkably, genetic deletion of Efnb2 on the vasculature enabled

robust perivascular migration of single imNSC1 cells in vivo (Figure 13b). We quantified the

total distance cells migrated perivascularly. This confirmed that imNSC1 in knockout mice

indeed migrated significant distances along blood vessels albeit to a slightly lesser extent than

GSCs in wild type mice (Figure 13c).

We therefore conclusively show that endothelial ephrinB2 compartmentalises normal neural

progenitor cells and that ephrinB2 is both necessary and sufficient for this compartmentali-

sation response in vitro and in vivo .
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Figure 13: Endothelial specific knockdown of ephrinB2 enables perivascular invasion of nor-
mal neural progenitors. a) Representative images of imNSC1 and GSC1 migrating towards coated
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(right). b) Intravital 2-Photon stills of GFP-labelled imNSC1 cells injected into the cortex of en-
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through an intracranial window at a depth of 200 µm. c) Quantification of the total distance trav-
elled by perivascular migrating cells in wildtype (EfnB2 flox/flox ME) and endothelial specific EfnB2
knockout mice (EfnB2-/- ME)

5.2 Upregulation of ephrinB2 drives perivascular invasion

of GSCs

Intriguingly, both our in vitro migration assay and the in vivo 2-photon microscopy showed

that cells with impaired Ras signalling (GSC1,GSC2) became insensitive to compartmental-

isation by endothelial ephrinB2. We reasoned, that changes in Eph/ephrin levels on GSCs

might underly this change in behaviour, as a similar behavioural change has previously been

reported in prostate cancer (Astin et al., 2010). We therefore analysed the expression levels of

all Eph receptors and ephrin ligands using quantitative RT-PCR. We included control vector

infected cells in our analysis to rule out changes induced by abnormal p53 and Rb signalling

in imNSC12 which are unrelated to perivascular invasion. This analysis revealed that p53 and
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Rb inactivation did not change the composition of Eph receptors and ephrin ligands substan-

tially. Aberrant ras signalling did, however, cause strong downregulation of Ephb2 receptor

and a parallel upregulation of Efnb2 ligand. The changes in EphA and ephrinA composition

were more subtle, however an upregulation of Efna5 and downregulation of Epha4 could be

detected at RNA level in GSC1 (Figure 14a). Overexpression of constitutively active kinase

like h-ras might cause loss of their substrate specificity (Hindley and Kolch, 2002). This, in

turn, could alter the expression of genes which are not functionally related in a physiolog-

ical context but mere artefacts of the exogenous expression of high levels of an oncogene.

To exclude this possibility we performed the same analysis on imNSC2 and GSC2 cells and

obtained very similar results (Figure 14b), again seeing a upregulation of Efnb2 and Efna5

ligands, a significant downregulation of Ephb2 receptor but no changes in Epha4 levels.

We performed immunoblotting analysis to see whether the changes at RNA level are mirrored

at protein level. This revealed that only EphB2 and ephrinB2 changed significantly whereas

ephrinA5 and EphA4 protein levels remained unchanged in GSC1 (Figure 14c). We therefore

concentrated on EphB2 and ephrinB2 as candidates which might be responsible for the loss

of compartmentalisation in GSCs.

We first tested whether the downregulation of EphB2 was responsible for cells to become

insensitive to compartmentalising stimuli by ephrinB2. For this we overexpressed EphB2 in

GSC1 and monitored the migration of these cells towards a coated layer of ephrinB2-Fc using

live-cell imaging. To quantify the expected shifts in phenotype we transformed the obtained

live cell images into two dimensional space-time plots called kymographs. This produces a

representation of a spatial position over time, with time being represented on one axis and

the spatial axis set parallel to the direction of migration. The velocity of the forward edge

of the migrating cells is therefore represented as the angle in relation to the horizontal. In

cells exhibiting a compartmentalisation response a sharp change in the angle of progression

ending in a line parallel to the time axis is observed, representing an un-shifting boundary over

time. Cells which are insensitive to ephrinB2 continue to migrate at similar velocities upon
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encountering the boundary and the angular change is therefore less pronounced or absent

(Figure 15a). From these kymograph images we could then obtain the cell densities at any

given point in time by plotting a brightness profile of a single line (i.e. single time point). This

proved to be a very robust measurement of the degree of compartmentalisation as the ratio of

cell densities 200 µm before/after the ephrinB2-Fc was close to 1 in GSC1 and 0 in imNSC1

respectively, giving us a broad range to quantify intermediate phenotypes (Figure 15b).

Surprisingly, overexpression of EphB2 in GSC1 did not change the migratory behaviour and

the cells were still able to migrate over an ephrinB2 boundary (Figure 15c).

As EphB2 overexpression in GSC1 and genetic deletion of Efnb2 in imNSC1 had no effect on

the migration of these cells we next tested the role of ephrinB2. Remarkably, overexpression

of ephrinB2 in imNSC1 was sufficient to overcome the compartmentalisation of imNSC1,

and led to a migration pattern very similar to fully transformed GSC1 cells (Figure 15c).

Conversely, genetic deletion of Efnb2 in GSC1 completely restored boundary formation

and the migratory behaviour of these cells was indistinguishable from imNSC1 control cells

(Figure 15c).

We then tested whether ephrinB2 levels are also causative for the phenotypical changes ob-

served in boundary formation with endothelial cells. Indeed, overexpressing ephrinB2 in

imNSC1 was again sufficient to strongly interrupt boundary formation with bMVECs result-

ing in a much longer boundary than control cells. Mirroring this result, genetic deletion of

Efnb2 rescued the compartmentalisation phenotype in GSC1 cells and resulted in a straighter

and better defined boundary when interacting with endothelial cells (Figure 15d).

As a next step we injected imNSC1 overexpressing full length ephrinB2 (imNSC1-EfnB2)

and ephrinB2 knockout GSC1 (GSC1-Efnb2−/− ) intracranially into syngeneic mice and

monitored their perivascular migration behaviour using 2-Photon microscopy. Strikingly we

could observe the exact same behaviour as in our in vitro assay: ephrinB2 overexpression is

sufficient to induce robust migration of otherwise stationary imNSC1 and genetic knock-
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out of ephrinB2 on GSC1 rescues compartmentalisation and renders these cells incapable of

invading along vascular structures (Figure 15e).

Our observations show conclusively that escape from endothelial compartmentalisation in vivo

is mediated by overexpression of full length ephrinB2 in GSCs.

5.3 EphrinB2 upregulation is dependent on Mek/Erk sig-

nalling and SP1 transcription factor

We wanted to further our understanding of the relationship between aberrant ras signalling

and ephrinB2 overexpression in GSC1/2. We therefore tested a number of inhibitors targeting

downstream effectors of ras: UO126 to inhibit MEK, Ly294002 to inhibit PI3K and JnkiII

to inhibit Jnk-signalling. Whereas inhibition of PI3K and Jnk did not have an effect on

ephrinB2 expression, UO126 significantly decreased ephrinB2 expression both on protein

and RNA level (Figure 16a,b). UO126 did not alter the mRNA expression levels of any

other ephrin ligand or Eph receptor and treatment with UO126 only marginally affected

Efnb2 expression levels in imNSC1 (data not shown). Again we repeated this experiment in

our second model, GSC2, and obtained very similar results (Figure 16b).

In addition, we performed an unbiased in silico analysis of the murine EfnB2 promoter to

identify binding sites for transcription factors which become activated by MAPK signalling.

We used the TRANSFAC database to score the potential binding sites (Heinemeyer et al.,

1998). Amongst the highest scoring hits using this algorithm was SP1 with predicted bind-

ing sites over the full length of the Efnb2 promoter (Figure 16c). SP1 is a known activating

transcription factor which has been described extensively to act downstream of MAPK sig-

nalling (Tan and Khachigian, 2009). We therefore hypothesised that SP1 might mediate the

upregulation of ephrinB2 through increased binding to the ephrinB2 promoter. To test this

hypothesis we performed chromatin immunoprecipitation (ChIP) with a SP1 specific anti-
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body and amplified the bound DNA using primers targeting the murine EfnB2 promoter.

A strong increase in SP1 binding throughout the whole length of the EfnB2 promoter was

observed in GSC1 cells compared to imNSC1 cells. This increased binding was specific for

the promoter region as no difference was observed using primers targeting exon 3, and similar

levels of binding were observed for the promoter of the ubiquitously expressed DHFR gene

(Figure 16d).

Thus we conclude that ephrinB2 expression in GSCs is dependent on aberrant ras/NF1 sig-

nalling which activates the MAPK signalling cascade. This in turn causes recruitment of SP1

to the Efnb2 promoter and results in upregulation of ephrinB2 in tumourigenic cells.

5.4 Elevated ephrinB2 levels in GSCs cause hyperactivation

of EphB signalling and insensitivity to migratory cues

mediated by the vasculature

One of the key questions of the loss of compartmentalisation in GSCs was the exact mecha-

nism that causes them to become insensitive to endothelial ephrinB2 and enables transformed

cells to invade perivascularly. To gain insights into the potential mechanisms underlying

this change in behaviour we analysed cells coming into contact with the ephrinB2-coating in

greater detail. Interestingly we found that irrespective of the fact that all GSC cells eventually

migrate into the ephrin-B2 coated well, a small percentage of cells was repelled on first contact

with the recombinant ligand (Figure 17a).

A closer look at cells reaching the ephrinB2-Fc layer revealed an intriguing cell-contact depen-

dent behaviour of tumour cells which migrate over the boundary: Whereas single cells, and

cells in small groups, are invariably repelled independent of cell type, migration in larger

groups of cells causes a switch in behaviour in tumour cells which renders them insensi-

tive to the ephrinB2 ligand and enables migration into the coated well. In stark contrast,
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imNSC1s failed to overcome compartmentalisation independent of the number of cell con-

tacts (Figure 17a,b). We therefore specifically quantified the number of cell-cell contacts of

cells at the time of first contact with the ephrinB2 layer and found a strong correlation be-

tween the number of contacts and the outcome of the interaction between cells and ephrinB2

ligand: Cells which were repelled had an average of 1.57 cell contacts at the time of repulsion

whereas non repelled cells contacted 3.32 adjacent cells on average when migrating over the

ephrinB2 boundary (Figure 17c). To confirm this we quantified the number of cells which

migrated as single cells and tracked the changes in each cell population over time. In all cell

types a significant decrease of singly migrating cells was observed at the ephrin-B2 boundary

(Figure 17d). This shows again, that all cells migrating alone or in small groups are repelled,

which causes cells to ''pile up'' at the edge of the coated well. GSC1 and imNSC-Efnb2

however, overcome this compartmentalisation through homotypic cell contacts which pushes

adjacent cells over the boundary. As soon as cells are in full contact with the ephrinB2-Fc

ligand, no bias towards a more grouped migration was observed and the percentage of single

cells returned to normal levels.

To test the hypothesis that homotypic cell interactions are indeed responsible for the loss of

compartmentalisation we cultured GSC1 cells in Ca2+ depleted conditions and in a second

experiment infected them with dominant negative N-Cadherin, the primary mediator of cell-

cell adhesions in these cells. Both methods fully restored boundary formation whereas the

respective control treatment did not affect the migration (Figure 17e). Thus we concluded

that homotypic cell-cell interactions between GSCs cause a change in behaviour dependent

on ephrinB2 overexpression resulting in insensitivity to compartmentalising signals mediated

by endothelial ephrinB2.

As Eph/ephrin signalling is bidirectional, two possibilities arose: Increased ephrinB2 levels

cause increased forward signalling and Eph phosphorylation through homotypic cell interac-

tions resulting in a desensitisation to extrinsic ephrinB2, or higher levels of ephrinB2 cause

increased reverse signalling through ephrinB2 itself altering the cell behaviour. To answer this
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question we generated imNSC1 cells overexpressing a truncated version of ephrinB2 lacking

the intracellular domain (imNSC-∆ CEfnB2). As the specific vector used did not contain

any selection markers we used two complementary strategies to obtain a pure population ex-

pressing the truncated ephrinB2 construct: In the first approach we seeded imNSC1 infected

with ∆C EfnB2 in clonal dilution and checked the clones for the presence of EfnB2 cDNA

(Figure 18a). The positive clones were then pooled and used for experiments. In the sec-

ond approach we infected imNSC2 cells with the same vector, after infection stained these

cells with an antibody detecting the extracellular portion of ephrinB2 and FACS sorted cells

with high ephrinB2 expression levels. The sorted population was again checked for ephrinB2

expression using FACS staining and then used for experiments (Figure 18b). Both strate-

gies yielded populations with a high level of ∆CEfnb2 overexpression as confirmed by West-

ern blotting and FACS analysis (Figure 18b,c) Interestingly, overexpression of this truncated

construct was sufficient for cells to escape compartmentalisation by ephrinB2 (Figure 18d)

suggesting that Eph forward signalling is responsible for this phenotype. To confirm this we

performed immunoblotting analysis to detect phosphorylated (i.e. activated) Eph receptors

in these cultures. If ephrinB2 expression indeed activates Eph forward signalling higher phos-

phorylation levels are expected in these cultures. Indeed, while imNSCs only showed low

basal levels of Eph activation (p-Eph), GSC1 and imNSC1-Efnb2 displayed constitutively

high p-Eph levels. We cultured these cell in Ca2+ depleted conditions to assess whether this

phosphorylation was dependent on cell-cell contacts, or whether ephrinB2 expression causes

phosphorylation of Eph receptors on the same cell. Culture in low Ca2+ reduced the levels

of Eph phosphorylation in GSC1 and imNSC1-Efnb2 to the basal levels of imNSC1 cells.

We aimed to understand how these higher basal levels affect the response of GSC1 cells to

stimulation through extrinsic ephrinB2 expressed on endothelial cells. Interestingly, the high

basal levels of Eph phosphorylation in GSC1 cells seemed to be saturating, as neither co-

culture with endothelial cells nor with ephrinB2-ligand could stimulate a further increase Eph

signalling in GSC1. This desensitisation was entirely dependent on the presence of ephrinB2

on GSCs as genetic deletion of EfnB2 in GSC1 reduced basal levels to normal and fully
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Figure 18: EphrinB2 upregulation in GSCs desensitizes them to vascular repulsion by saturating
Eph forward signalling. a) Exemplary agarose gel of different clonally expanded imNSC1 cultures
infected with ∆ CEfnB2-vector. b) FACS profiles of cells stained with either secondary antibody
control (-ve) or with an ephrinB2 specific antibody. imNSC2-∆ CEfnB2 are shown before sorting
(pre sort, left) and after FACS sorting (post sort, right) c)Western analysis of imNSC1 overexpressing
either truncated ephrinB2 (∆ CEfnB2) or full-length protein (Efnb2) d) Kymographs showing the
response of imNSC and imNSC overexpressing intracellular deleted ephrinB2( ∆C Efnb2 (left). The
quantification of the Kymographs is shown on the right. Error bars denote s.e.m. Students T-test.
e) Representative western blot of the levels of phosphorylated Eph (p-Eph) of cells cultured in nor-
mal growth medium (ctrl) or calcium depleted medium (low Ca2+) f ) western blot analysis denoting
cells cultured on Fc-control antibody (Fc), a mononlayer of endothelial cells (Endo) or 4 µg coated
ephrinB2-Fc ligand (ephrinB2-Fc).
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restored Eph stimulation by endothelial cells or ephrinB2-ligand Figure 18f).

Ephs are well known mediators of cell migration and are known to mediate repulsion between

adjacent cells (Pasquale, 2008). To observe potential changes in the repulsive behaviour in our

system we sparsely seeded imNSCs and GSCs and monitored their migration behaviour using

live cell imaging. We observed a greater scattering of GSCs compared to imNSCs indicating

either faster migration or increased homotypic repulsion (Figure 19a). To determine the cause

we closely monitored head-on cell collisions between two cells and recorded their velocity 100

minutes before and 100 minutes after collision. Intriguingly, while their is no significant dif-

ference in the speed of migration before collision between imNSCs and GSCs, GSCs migrate

significantly faster immediately after a collision and only return to their normal velocity about

150 minutes afterwards. In stark contrast, imNSCs continue to migrate at similar velocities

before or after collision, even though these cells are still repelled upon collision. This is appar-

ent as a change in their angular movement, resulting in a directed migration away from the

point of collision.

To test whether this behaviour is indeed dependent on ephrinB2 overexpression we quantified

the relative velocities of imNSC-Efnb2 and GSC-Efnb2−/− before and after homotypic cell

collisions. Again we observed that ephrinB2 is necessary and sufficient to induce the increased

repulsion between cells as imNSC-Efnb2 showed higher velocities after collisions whereas

GSC-Efnb2−/− showed no such increase, and post-collisions velocities were similar to imN-

SCs (Figure 19b). As a second measurement we also recorded the time cell-protrusions from

adjacent cells remained in contact after initial contact. A significant decrease in the contact

time was observed in GSC1 cells compared to imNSC1: Whereas imNSC1 retained contact-

ing protrusions for an average of 105 minutes GSC1 protrusions of contacting cells collapsed

after only 41 minutes averagely. This, we interpreted as further proof of increased homo-

typic repulsion in GSCs (Figure 19c). Again, we wanted to assess wether this behaviour is

purely dependent on the presence of ephrinB2. For this we also quantified the time imNSC-

Efnb2 and GSC-Efnb2−/− remain in contact after homotypic collisions. Indeed, whereas
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Figure 19: Increased Eph forward signaling leads to increased repulsion and cell scattering. a)
Quantification of the velocities of indicated cells 100 minutes before (blue) and after (grey) head-on
homotypic collisions in sparse culture. Error bars denote St.D., One-way anova with bonferonni post-
hoc test. b) Quantification of the time contacting projections of adjacent cells remained stable. Error
bars denote St.D. One way anova with tukey post-hoc test. c) Representation of the migration of
tracked cells over 20 hours transformed into a common coordinate system (left). Quantification of the
total migrated distance (right). Error bar denotes St.D., One way anova.

imNSC-Efnb2 showed decreased contact times of only about 57 minutes, genetic deletion of

EfnB2 restored prolonged homotypic cell contacts and the average time GSC-Efnb2−/− re-

tained contacting protrusions was increased to 105 minutes, almost identical to the behaviour

imNSC1 showed. (Figure 19c).

From this we conclude that increased ephrinB2 levels in GSCs lead to saturated levels of

Eph phosphorylation rendering them insensitive to additional stimuli by endothelial cells.

This process is accompanied by an increased repulsion between GSCs, resulting in greater

scattering.
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5.5 Conclusion

One hallmark of glioblastoma is their ability to extensively invade along preexisting structures,

predominantly the vasculature in a process called perivascular invasion. Perivascular invasion

is not only one of the most important mechanisms of glioma invasions but also critical dur-

ing early primary glioma growth (Baker et al., 2014). In this chapter we identified ephrinB2

as a critical mediator of glioma perivascular migration. High levels of ephrinB2 signalling

have previously been linked to an invasive phenotype (Nakada et al., 2010). However, while

this emphasises the importance of ephrinB2 in GBM pathogenesis it remained unclear which

exact mechanisms enable perivascular invasion in the context of the complex microenviron-

ment of the brain. Intriguingly we found that while non-transformed cells readily associate

with the abluminal side of the blood vessels, they are unable to migrate along the vascular

space. This causes a compartmentalisation of immortalised neural progenitor cells which is

consistent with previous observations that show that normal SVZ precursors actively home

to the vasculature but remain stationary after initial contact is made (Shen et al., 2008; Nie

et al., 2010). Mechanistically we found that ephrinB2 ligands on vascular endothelial cells

mediate this compartmentalisation, which restricts the migration of SVZ progenitors by ac-

tivation of Eph forward signalling. It is tempting to speculate that this compartmentalisation

is also important for maintaining the proper niche structure in physiological stem cell niches

like the subventricular zone, where ephrin ligands and receptors are known to be expressed

on contacting endothelial cells and type B progenitor cells respectively (Ottone et al., 2014),

and ablation of Eph receptors leads to abnormal polarisation and cell positioning (Chumley

et al., 2007; Laussu et al., 2014).

A very similar role for Eph forward signalling has been reported in a variety of stem cell niches

(Genander and Frisén, 2010; Genander, 2012) and interestingly it has been shown that this

same signalling pathway also aids in constraining the migration of premalignant cells in a va-

riety of tissues: in agreement with our study, activation of Eph signalling through ephrinB2
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ligands in the surrounding normal tissue inhibits expansion and invasion of incipient lesions

in colorectal cancer (Cortina et al., 2007). A similar mechanism has also been observed dur-

ing prostate cancer development in that ephrin ligands on stromal cells repel normal and

non-metastatic cells (Astin et al., 2010). Our findings therefore further strengthen the no-

tion that during early tumourigenesis ephrins expressed in the normal tissue mediate tumour

suppressive effects. We also identified the vasculature as a critical mediator of these effects.

Given the ubiquitous expression of ephrins on endothelial cells it is tempting to propose a

more general tumour suppressive mechanism of the vasculature which acts by limiting the

expansion of incipient lesions via ephrinB2 signalling.

In striking contrast to the compartmentalisation observed in non malignant cells, transforma-

tion overrides vascular compartmentalisation and enables perivascular invasion of glioma cells.

This has previously been observed by others but so far studies were limited to the observation

of a phenotype without being able to explain the underlying mechanism (Farin et al., 2006;

Winkler et al., 2009). It is important to note that invading glioblastoma cells almost invari-

ably have direct contact with endothelial cells and not other cell types lining the vasculature,

therefore validating our in vitro model (Watkins et al., 2014). We conclude that the abil-

ity of GSC to escape endothelial compartmentalisation depends on constitutive Eph forward

signalling elicited by elevated ephrinB2 through homotypic cell-cell interactions within the

tumour cell population. This in turn desensitises the receptor to further activation, thereby

overriding the repulsion exerted by endothelial ephrinB2 and enabling unimpeded perivascu-

lar migration. This reliance on homotypic cell interactions is in agreement with other studies

showing that phosphorylation of the EphB2 receptor promotes migration and invasion in

glioblastoma(Nakada et al., 2004). Furthermore, the increase in ephrinB2 expression leads

to increased homotypic repulsion between GSCs. This causes greater scattering of GSCs, i.e.

"pushes" single cells out of a compact tumour mass leading to increased dissemination of sin-

gle cells, promoting diffuse infiltration of surrounding healthy tissue as observed previously

(Winkler et al., 2009).
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EphrinB2 overexpression causes increased invasion along the vasculature by desensitising the

cells to repulsion by extrinsic ephrinB2 expressed on endothelial cells and secondly enhances

the general motility of GSCs by increasing homotypic repulsion. This ``hijacking'' of the

signalling pathway through which the vasculature normally compartmentalises healthy tis-

sues differs significantly from previous reports. It has been mentioned in studies investigating

colorectal and prostate cancer invasion (Astin et al., 2010; Cortina et al., 2007) that tumour

spread mainly depends on the downregulation of Eph receptors in a cell autonomous man-

ner, whereas in our GBM model GSCs augment their tumourigenic potential in a non-cell-

autonomous fashion through constitutive activation of Eph forward signalling. This suggests

substantially different mechanisms to evade ephrin repulsion and subsequent compartmen-

talisation escape depending on the cancer type.

Thus we have, so far, shown that endothelial ephrinB2 is a critical tumour suppressor in early

stages of tumour development by compartmentalising normal neural stem cells and limiting

their proliferative potential. In later tumour stages, however, ephrinB2 upregulation on the

tumour cells themselves overrides this compartmentalisation leading to extensive perivascular

invasion.



Chapter 6

Cell autonomous Ephrin signalling

6.1 EphrinB2 is a glioblastoma oncogene

Given the important role of ephrinB2 in perivascular invasion we asked whether its expression

might also have an effect on tumourigenicity. To this end we aimed to study the kinetics of

tumour progression non-invasively using whole-body bioluminescence imaging of Luciferase

tagged tumour cells. We first performed a pilot experiment by injecting 1x105 GSC1 in-

tracranially in C57Bl6 mice to determine the right dose and length of incubation time fol-

lowing intraperetoneal injection of D-Luciferin substrate. We tested doses ranging from 1 to

6 mg D-Luciferin on the same set of three animals and measured the emitted photons over

a period of 30 minutes in one minute intervals. Doses below 2 mg showed a significantly

weaker signal over time, however the strength of the signal did not increase linearly at high

doses (Figure 20a): whereas almost no difference could be observed between 6 and 2 mg

of D-Luciferin a strong reduction in the maximal signal intensity from 2.2x10⁷ to 1.5x10⁷

photons/s/cm² was observed using 1 mg of D-Luciferin. The amount of photons emitted

increased steadily over time in all tested concentrations and reached a plateau at about 10

minutes after injection. The signal intensity then remained relatively stable for 10-15 min-

115
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utes independent of the injected amount before it began to decrease again. This is a typical

pattern observed with luciferin based imaging methods (Kemper et al., 2006). From this set

of experiments we decided to choose a dose of 2.4 mg of D-Luciferin and image 10 minutes

after injection of the substrate. We additionally tested whether imaging the fluorescent GFP

signal instead of measuring the luminescence was sufficient to image the tumours with high

confidence as this would have significantly reduced the time each animal had to be kept under

anaesthesia. We were able to detect signals in all mice using fluorescent imaging however as

the signal to noise ratio was about 4-fold less using Epi-Fluorescence than with Luminescence

and a strong unspecific signal was detected around the ears and snout, we decided to continue

using Luciferase based imaging (Figure 20b).
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Figure 20: Optimisation of IVIS imaging for monitoring of tumour growth. a) Time course of
bioluminescence intensities following injection of different amounts of D-Luciferin substrate b) Rep-
resentative images showing the same tumour imaged using GFP-Fluorescence (top left) or biolumines-
cence following injection of 2.4 mg D-Luciferin (bottom left). Quantification of the signal-to-noise
ratio in the obtained images (right). Error bars depict S.D.

To then study the effect of ephrinB2 on tumour growth we injected 5x10⁴ luciferase tagged

imNSC1, imNSC1-EfnB2, GSC1 and GSC1-EfnB2-/- into the putamen of Cd1-nude mice

and non-invasively monitored their growth over time by measuring the increase of the Lu-

ciferin signal. We chose to use immunocompromised mice as injection of GSC1 into im-

munocompetent mice only generated tumours with a penetrance of 56 % in our tumouri-

genicity studies (see Chapter 3). The incomplete penetrance precludes rigorous assessment

of the tumourigenic potential of lines derived from GSC1 cells in a syngeneic environment.

Surprisingly, quantitative imaging revealed a complete dependence of tumour formation on
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the presence of ephrinB2: while imNSC1 control cells did not form tumours, overexpression

of ephrinB2 was sufficient to enable survival and proliferation of these cells in vivo as indi-

cated by an increase of emitted photons over time (Figure 21a). Mirroring this, GSC1 cells

readily proliferated in vivo whereas their ephrinB2 knockout counterpart GSC1-Efnb2−/−

showed no increase in the Luciferin signal and initially an almost complete regression of the

observable cell mass (Figure 21a).

This data was supported by the Kaplan-Meier survival analysis we performed (Figure 21b):

mice injected with GSC1 tumours died within a median time of 24.7 days whereas all imNSC1

animals survived tumour-free beyond 150 days. Surprisingly, imNSC1-Efnb2 tumours re-

sulted in a similar median survival as GSC1 (28 days) . In stark contrast, GSC1 Efnb2−/−

developed lesions with much slower kinetics in 7 out of 9 mice (median survival: 62 days)

while the remaining two mice remained tumour free beyond 150 days. This suggests that

ephrinB2 is a bona fide oncogene which can substitute for oncogenic Ras in mesenchymal

glioblastoma.

To dissect the mechanisms involved in transformation by ephrinB2 we performed in vitro

soft-agar assays. Growth in semi solid soft-agar mimics the loss of anchorage and niche spe-

cific signals in vivo and is thought to be a valid in vitro measure for in vivo tumourigenicity

of cells (Freedman, 1974). Consistent with the in vivo findings we found a strong correla-

tion between ephrinB2 levels and anchorage independent growth: the majority of imNSC1

and GSC1 Efnb2−/− cells remained as single cells and less than 5% of the cells generated

small colonies (Figure 22a). Instead GSC1 and imNSC1-Efnb2 cells formed large colonies

at high efficiencies with very similar kinetics. This indicates that ephrinB2 drives anchorage

independent proliferation in vitro and tumourigenicity in vivo and is sufficient to transform

immortalised NSCs.

The previously observed effects of ephrinB2 on perivascular migration were mediated by Eph-

forward signalling. We therefore tested, whether forward signalling is also important in medi-

ating anchorage independent proliferation or whether ephrinB2-reverse signalling drives pro-
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liferation in the absence of anchorage signals. Intriguingly, and in contrast to the migration

phenotype, proliferation in suspension depended entirely on reverse signalling as overexpres-

sion of an intracellular deleted variant did not enable imNSC1 cells to form colonies in soft

agar (Figure 22a).

To rule out the possibility that the transforming ability of ephrinB2 is a peculiar feature of the

largeT-ras model, we repeated this experiment with imNSC2, imNSC2-Efnb2 and imNSC2-

∆CEfnb2. As the GSC2 progression series was not based on neural stem cells bearing an

Efnb2 floxed allele we relied on siRNA to achieve a knockdown of ephrinB2 instead. We used

either control (Scr) or three different Efnb2 specific siRNAs and observed a knockdown of

over 90 % at protein level in GSC2 using siRNA 1 (Figure 22d). We then repeated the soft

agar assay with the GSC2 progression series and obtained highly similar results confirming

the generality of these findings (Figure 22b,c): all cells with functioning ephrinB2 reserve

signalling (imNSC2-Efnb2 , GSC2-scr) formed large colonies, whereas imNSC2, imNSC2-

∆CEfnb2 and GSC2 siEfnb2 were not able to proliferate in suspension.

This conclusively shows, that ephrinB2 reverse signalling controls anchorage independent pro-

liferation, however it is not clear whether this effect is dependent on intercellular contacts

or whether it occurs cell autonomously. To answer this question we transfected imNSC1-

Efnb2 with adenoviral particles expressing either GFP (ctrl) or a dominant negative variant

of N-Cadherin (DN-NCdh). We have previously shown, that N-Cadherin is the dominant

Cadherin expressed on these cells and that overexpression of this construct is sufficient to in-

hibit cell-contact dependent signalling (see Chapter 5). Transfection with this construct did

not alter the ability of imNSC1-Efnb2 to form colonies in soft-agar showing that ephrinB2

mediates proliferation in the absence of anchorage signals in a cell autonomous way.
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6.2 EphrinB2 enables progression through theG2/Mcheck-

point in suspension

We next asked how ephrinB2 expression might override the checkpoints that arrest cells in ab-

sence of normal anchorage signals. We therefore examined how culture in suspension affects

the cell cycle progression of immortalised and transformed cells. To be able to retrieve single

cells after suspension culture we used a modified version of the soft agar assay by replacing the

agar with methylcellulose. Methylcellulose forms a semi solid medium in higher concentra-

tions but returns to a liquid state upon dilution (Cremona and Lloyd, 2009). This approach

enabled us to retrieve the cells by centrifugation and process them for immunostaining.

We seeded imNSC1, imNSC1-Efnb2 , GSC1 and GSC Efnb2−/− in either adherent condi-

tions or in methylcellulose culture for 72 hours, retrieved the cells by diluting the methyl-

cellulose fivefold and analysed their cell cycle profile by FACS following propidium iodide

(PI) staining. As expected, all cells in attachment proliferated efficiently, with cells expressing

oncogenic ras showing a higher proportion of dividing cells in S-Phase (Figure 23a,b). In

stark contrast, their behaviour in suspension was very distinct: while GSC1 in suspension

were able to proliferate with similar kinetics as in attachment, imNSC1 did not: A strong

increase of cells with 2n DNA content was observed with the PI profile also showing a smaller

percentage of cells in S-Phase (Figure 23a,b). This difference in cell-cycle profiles was not due

to an increased level of apoptosis in imNSC1 as both cell types showed similar numbers of

caspase3+ cells in suspended cultures (Figure 23c). This data suggests that while imNSC1 are

able to progress relatively normally through G1 and S-Phase in suspension (as predicted for

they are lacking functional p53 and Rb signalling) , their progression through G2/M phase

is blocked by an anchorage dependent checkpoint which is impaired in cells overexpressing

oncogenic Ras.
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Figure 23: Ephrin-B2 controls anchorage independent proliferation. a) Representative FACS
profiles of cells grown in attachment or methylcellulose for 72 h, showing DNA content by propidium
iodide (PI) staining. b) Quantification of cell cycle phases from the FACS profiles in a. n=3-5 as
indicated by the dots. Error bars depict s.e.m. c) Percentage of total number of caspase3 positive cells
after 72 h suspension culture. d) Representative FACS profile plots of indicated cells isolated from the
cortex of CD-1 nude mice 7 days after injection (left). Quantification of cell cycle phases from the
FACS profiles (right). Error bars depict s.e.m. One way anova.
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Strikingly, this Ras mediated cell cycle progression was again fully dependent on ephrinB2 re-

verse signalling as genetic deletion ofEfnb2 rescued the G2/M checkpoint and GSC1Efnb2−/−

were unable to complete a full cell cycle in suspension (Figure 23a,b). In addition, we showed

that overexpression of full-length but not ∆C Efnb2 was sufficient to overcome the G2/M

arrest of imNSC1 cells cultured in suspension. This was again not caused by increased apop-

tosis as shown in (Figure 23c). Thus, ephrinB2 controls progression through G2/M-Phase in

suspension culture.

To assess whether a similar mechanism caused the inability of cells lacking expression of Efnb2

to proliferate in vivo we injected imNSC1, imNSC1-Efnb2 , GSC1 and GSC1 Efnb2−/− into

6 week old CD-1 nude mice. The cells were then isolated 7 days later by dissecting the GFP

positive cells out of the brain and digesting the tissue using papain to obtain single cells.

Remarkably the cell cycle profiles of all cells were indistinguishable from the corresponding

in vitro suspension cultures with GSC1 and imNSC1-Efnb2 proliferating robustly and show-

ing a relatively low percentage of cells in G2/M whereas imNSC1 and GSC1 Efnb2−/− were

strongly growth inhibited and up to 50% of all cells showed a 2n DNA content.

This data confirms that ephrinB2 drives gliomagenesis in vivo by enabling proliferation despite

the absence of normal anchorage signals.

6.3 EphrinB2drives anchorage-independent cytokinesis through

RhoA

In a previous study a similar G2/M arrest of normal human fibroblasts in suspension was

reported which could be bypassed by expression of oncogenic ras. This study identified a

failure in progression through cytokinesis to be causative for this arrest (Thullberg et al., 2007).

We therefore sought to understand whether a failure to progress cytokinesis is responsible for

the arrest in our system as well. To this end we cultured cells in suspension in the presence of
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EdU for six hours. As the typical duration of cytokinesis in mammalian cells is less than an

hour, this experimental set up allowed us to distinguish between normally cycling binucleated

cells (EdU positive cells) and cells which were arrested at cytokinesis (EdU negative).

We additionally stained the cultures with phalloidin and DAPI to detect cortical actin and

nuclear DNA, respectively. As shown in Figure 24, we found that all methylcellulose cultures

lacking ephrinB2 reverse signalling (imNSC1, imNSC1-∆CEfnb2 and GSC1 Efnb2−/− )

contained a much larger proportion of EdU negative, binucleated cells with decondensed

chromatin compared to adherent conditions, indicative of an arrest at cytokinesis (Thullberg

et al., 2007).
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Figure 24: Ephrin-B2 mediates progression through cytokinesis. a) Representative immunoflu-
orescence pictures of cells grown in methylcellulose suspension for 72 hours and stained for cortical
actin (green),EdU (red) and DAPI (blue). Scale bar= 20µm. b) Quantification of the percentage of
binucleated cells in the cultures shown in a. Error bars depict s.e.m., one way anova with Tukey post
hoc test.

In contrast, cells with intact ephrinB2 reverse signalling (imNSC1-Efnb2 and GSC1) had sim-
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ilar percentages of binucleated cells in adhesion and suspension culture and binucleated cells

were EdU positive almost without exception. This small percentage of binucleated cells most

likely represents cells completing mitosis during normal division at the time of fixation. We

thus concluded that ephrinB2 reverse signalling mediates anchorage independent cytokinesis.

Cytokinesis is a highly complex process which integrates a multitude of signalling pathways

to ensure that assembly of the contractile ring and abscission occurs at the right time in the

right conditions. Amongst the downstream effectors of ephrinB2 Src, and RhoA have previ-

ously been linked to cytokinesis (Daar, 2012): RhoA plays a fundamental role in regulation

constriction of the contractile ring (Jordan and Canman, 2012; Piekny et al., 2005) whereas

Src signalling regulates the completion of abscission (Kasahara et al., 2007). We first tested

whether Src and its critical substrate FAK were involved in mediating anchorage indepen-

dent proliferation downstream of ephrinB2. For this we assessed p-Src and p-FAK expression

levels of imNSC1, imNSC-Efnb2 and GSC1 in attachment and methylcellulose suspension

(Figure 25a). p-Src was undetectable in suspension cultures in all three cell types and p-Fak

levels were also reduced to a comparable extent in all three cell types. Thus indicating that Src

does not play a role in our system.

We next assessed the levels of RhoA-GTP, the activated form of RhoA by using a RhoA activa-

tion pulldown assay. This assay uses the Rho binding domain (RBD) to specifically enrich for

the activated GTP-bound form of RhoA. We found that while levels of activated RhoA were

low in suspended cells lacking ephrin-B2 reverse signalling (imNSC1,imNSC1-∆CEfnb2 and

GSC1 Efnb2−/− ), they were greatly increased in cells that express high levels of full-length

ephrinB2 (imNSC1-Efnb2 , GSC1). This indicated a potential involvement of RhoA sig-

nalling in mediating progression through G2/M downstream of ephrinB2 (Figure 25b). To

test this hypothesis we transfected all cells with either a constitutively active form of RhoA

(RhoA-V14) or a dominant negative variant (RhoA-N19). Overexpression of RhoA-V14

in imNSC1, imNSC1∆CEfnb2 and GSC1 Efnb2−/− enabled progression through cytoki-

nesis and caused a highly significant reduction of the percentage of cells in G2/M-Phase

(Figure 25c). Consistent with this, overexpression of dominant negative RhoA-N19 in cells
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with high levels of RhoA-GTP in suspension (imNSC1-Efnb2 & GSC1) cause a cell-cycle

arrest to similar extents as exhibited by imNSC1 cells. To further consolidate these results we

also used a small-peptide inhibitor of Rho (C3) which blocks the exchange of GDP to GTP

in RhoA. Again we observed an accumulation of GSC1 cells in G2/M-Phase consistent with

the previous observation using overexpressing constructs (Figure 25d). Together these results

confirm, that ephrinB2 reverse signalling indeed drives anchorage independent cytokinesis in

a RhoA dependent manner.
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Figure 25: RhoA controls anchorage independent proliferation downstream of ephrinB2. a)
Western blot analysis of depicted proteins in cells grown in attachment (a) or methylcellulose suspen-
sion (s) b) Western blot analysis of RhoA-GTP pulldown of cells grown in suspension (top). Quan-
tification of the Western blot shown (bottom) c) Representative FACS profile plots of indicated cells
grown in suspension transfected with either GFP-control vector (ctrl), constitutively active RhoA (V14)
or dominant negative RhoA (N19) (left). The quantification of the cell cycle profile is shown on the
right. Error bars depict s.e.m. One way ANOVA with Tukey post hoc test was used to calculate p
values for differences in G2/M phase of each suspended culture relative to corresponding control in-
fected cultures d)Representative FACS profile plots of GSC1 cells grown in suspension treated with
either PBS (ctrl) or Rho inhibitor C3 (RhoI) (left). Quantification of the cell cycle profile is shown on
the right. error bars depict s.e.m. One Way Anova with Tukey post hoc test to calculate p-values for
differences in G2/M phase.
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6.4 Conclusion

In this chapter we describe the surprising ability of ephrinB2 to act as a GBM oncogene

and critical effector of the ''Ras-transformed phenotype''. We show that ephrinB2 is capable

of inducing full transformation of immortalised neural stem cells and that in our model of

mesenchymal GSCs it can substitute for oncogene ras: overexpression of Efnb2 in largeT im-

mortalised cells did indeed cause the formation of highly aggressive glioblastoma with nearly

identical kinetics to ras-transformed neural stem cells and genetic deletion of Efnb2 in GSCs

dramatically reduced their tumourigenic potential, significantly prolonging the median sur-

vival time of injected mice Although ephrinB2 expression has been linked with increased

tumourigenicity previously (Tu et al., 2012; Nakada et al., 2010) our study is the first to

demonstrate a mechanism for this phenotype. We link ephrinB2 expression to the ability of

GSCs to progress through cytokinesis in the absence of anchorage signals by maintaining high

levels of activated RhoA.

Cytokinesis is initiated by the assembly of an actin-myosin ring around the cell equator

which then begins to contract and physically separate the cytoplasms of the two daughter

cells (Glotzer, 2005). It is well known, that members of the Rho family of GTPases are cru-

cially involved in coordinating this process (Piekny et al., 2005). RhoA controls cytokinesis

at various stages: It activates Formin, which promotes actin polymerisation and therefore the

assembly of the contractile ring. Through activation of Rock it recruits myosin that generates

the force necessary for the ingression of the contractile ring and finally it activates Citron K

which regulates the final stages of cytokinesis (Piekny et al., 2005).

In contrast to perivascular invasion and the loss of compartmentalisation we find that pro-

gression through cytokinesis is not mediated by activation of Eph receptors on adjacent cells.

Instead ephrinB2 reverse signalling enables cytokinesis in a cell autonomous manner irrespec-

tive of direct cell-cell interactions. EphrinB2 reverse signalling independent of Eph-receptor

binding has been described before in regulating the morphology and motility of endothelial
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cells (Bochenek et al., 2010) and a similar role for Eph independent ephrinB2 signalling was

also described earlier in smooth muscle cells during blood-vessel wall assembly (Foo et al.,

2006).

While we identified RhoA as downstream mediator of ephrinB2 we currently do not know

how ephrinB2 leads to increased activation of RhoA. EphrinB reverse signalling has been

studied much less extensively than Eph forward signalling, however some recurring themes

evolve from the currently available literature: EphrinB ligands seem to be localised in lipid

raft signalling complexes (Jiang et al., 2008) and are connected with a vast array of signalling

networks through adapter proteins like Grb4 which bind to phosphorylated tyrosine residues

through SH2 binding domains (Pasquale, 2008; Cowan and Henkemeyer, 2001; Xu and

Henkemeyer, 2009). Interestingly Grb4 binds to a number of different proteins regulating

Rho signalling: Dock180, a guanine nucleotide exchange factor activating RhoA (Siu et al.,

2011), or Pak1 a known regulator of Rho exchange factors (Alberts et al., 2005).

Another possible downstream mediator of ephrinB2 is dishevelled which has been shown to

act downstream of other ephrinB ligands (Tanaka et al., 2003). Dishevelled is a key compo-

nent of the Wnt-signalling pathway and conveys Wnt signals from receptors to downstream

effectors. Interestingly, it has been shown that Dishevelled also acts as an activator of RhoA

in the non-canonical Wnt pathway (Gao and Chen, 2010). It is thought that binding of di-

shevelled to ephrins is again facilitated by Grb4 (Tanaka et al., 2003). While we have shown

the importance ephrinB2 reverse signalling in our system, there is a clear need to identify the

key molecules mediating this pathway. Future studies should explore the role of Grb4 and its

many downstream effectors to gain a better understanding of this novel role for ephrinB2 in

promoting progression through cytokinesis and tumourigenicity.

Thus we identified ephrinB2 as a de novo oncogene in mesenchymal glioblastoma. We show

that ephrinB2 reverse signalling mediates anchorage independent cytokinesis through RhoA

and can substitute for mutations in the ras pathway in driving tumourigenicity.



Chapter 7

EphrinB2 in human glioblastoma

7.1 EphrinB2 silencing suppresses GSC tumourigenesis

We have so far shown that ephrinB2 is a critical mediator of two key aspects of tumour for-

mation in our murine GBM model: It enables perivascular invasion and drives cytokinesis

in the absence of normal anchorage signals. To determine the relevance of these findings to

human glioblastoma, we obtained a panel of human GSCs and GBM cell lines: U87 and

U251 are well characterised primary human glioblastoma cell lines, which have been used

extensively in the past. G7, G144, G166 and G26 are human glioblastoma stem cells isolated

from individual patients by Steve Pollard et. al. (Pollard et al., 2009; Stricker et al., 2013).

Initially, we assessed EFNB2 mRNA levels using quantitative RT-PCR (Figure 26a). We

found that EFNB2 expression was strongly increased in either highly invasive GSCs (G144)

or GSCs originating from mesenchymal human GBM (G26) (Pollard et al., 2009; Stricker

et al., 2013). We confirmed the expression levels using immunoblotting and found a similar

trend with G26 expressing high levels of EphrinB2 (data not shown).

We next tested whether EphrinB2 expression affects tumourigenicity of human GSCs in vivo

130
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. For these experiments we used G26 cells, as they showed the highest expression levels of

EphrinB2 amongst the tested lines and were also derived from an NF1-deleted glioblastoma,

and therefore most closely resembled our murine model. We introduced constructs stably

expressing control shRNA (ctrl) or shRNA against EFNB2 into G26-GSCs. shRNA1 yielded

a knockdown of EphrinB2 on protein level of over 90% compared to scrambled controls,

whereas shRNA2 less efficient (up to 50 % knockdown) (Figure 26b). We then transplanted

5x10⁴ GFP-Luciferase tagged G26 ctrl or G26-shEFNB2 intracranially into the putamen of

6 week old CD1-nude mice and monitored their growth by bioluminescence imaging for 40

days(Figure 26c). Strikingly we observed a dramatic impairment of tumour formation and

growth in the EFNB2 knock-down group compared to scrambled control: control G26 cells

formed glioblastoma with exponential kinetics, as previously reported (Pollard et al., 2009).

In contrast, knockdown animals showed no evidence of tumourigenicity, and a rapid loss of

bioluminescence signal was observed (Figure 26d). We continued monitoring the shEFNB2

group and saw no evidence of tumour growth beyond 100 days post injection.

To gain better insights into the mechanisms responsible for the inability of G26-shEFNB2

cells to proliferate and form tumours in vivo we performed a series of experiments: we first

performed FACS analysis of G26 ctrl and shEFNB2 cells grown in attachment to determine

whether the normal proliferative potential of G26 cells might have been affected by the ex-

pression of shEFNB2. Both cells showed very similar proliferation profiles and completely

indistinguishable levels of BrdU incorporation after 8 h pulsing (Figure 27a).
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Figure 26: EphrinB2 silencing prevents tumourigenesis in vivo . a) Quantitative RT-PCR analysis
of EFNB2 expression levels in human GSC lines. Error bars depict s.e.m. b) Western blot analy-
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(shRNA1,2) shRNAs c) Representative bioluminescence images of mice injected with either ctrl or
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G26shEFNB2. Error bars depict s.e.m. Two way anova to calculate p-value for time-dependent dif-
ferences between the groups. e) Representative FACS profile plots of G26 cells isolated 10 days after
intracranial injection into CD1-nude mice (left). Quantification of the cell cycle profiles (right). Error
bars depict s.e.m. One way anova with tukey post hoc test to calculate p-values for the difference in
G2/M phase.
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Figure 27: EphrinB2 knockdown causes G2/M arrest in human GSC in vivo . a) Representa-
tive FACS profile plots showing BrDU positive cells after 8 hour pulsing (left). Quantification of the
percentage of BrDU positive cells (right). Error bars depict s.e.m. b) Representative immunofluores-
cence pictures of G26 ctrl and G26 shEFNB2 cells stained with caspase 3 (left). Quantification of the
percentage of caspase+ cells (right). Error bars depict s.e.m. Scale bar = 50 µm c) FACS profile plot
of G26 ctrl and G26 shEFNB2 cells isolated 10 days post intracranial injection into CD1-nude mice
(left). Quantification of the cell cycle profile of three independent tumours (right). Error bars depict
s.e.m. One way anova with tukey post hoc test to calculate p-values for the difference in G2/M phase

We next assessed whether shEFNB2 infected cells underwent apoptosis to a higher degree

than control infected G26. No increase of caspase3+ cells could be observed both in normal

growth conditions and after over night suspension culture in methylcellulose (Figure 27b).To

understand, whether the inability of G26 shEFNB2 to proliferate in vivowas due to a cell cycle

arrest similar to what we previously observed for our murine GSCs in vitro we recovered G26

ctrl and G26 shEFNB2 cells ten days after intracranial injection and examined their DNA

profile using FACS following PI staining. Similar to ephrin-knockout murine cells, EFNB2

deficient G26 arrested in G2/M (Figure 27c). This indicates that EphrinB2 is required for
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anchorage independent proliferation and progression through cytokinesis in human GSCs

in vivo as well.

7.2 EphrinB2 is a therapeutic target for glioblastoma

We observed that shRNA knockdown of EphrinB2 is sufficient to prevent growth of glioblas-

toma in xenograft models. Next, we asked whether blocking EphrinB2 in pre-established

tumours might be a feasible therapeutic approach to stop invasion and proliferation of GSCs.

To this end we used an ephrinB2 blocking scFV human antibody fragment (B11) which

was previously developed as a potential antiangiogenic therapeutic in vivo (Abéngozar et al.,

2012). Single chain variable fragments, or scFv, are fusion proteins consisting of the variable

region of the heavy(VH) and light chains(VL) of immunoglobulins, typically joined by a short

linker peptide (Skerra and Plückthun, 1988). We implanted Luciferase-tagged G26 cells in-

tracranially into immunocompromised CD-1 nude mice and monitored tumour growth using

bioluminescent imaging. As soon as the signal intensities of individual exponentially grow-

ing tumours reached 1x10⁶ photons/s/cm² the mice were randomised into two groups with

equal average bioluminescence (Figure 28a). A total dose of 400 µg B11 or PBS control was

administered per animal in five separate intravenous injections over a period of 9 consecu-

tive days as reported (Abéngozar et al., 2012; Binda et al., 2012). Glioblastoma are defined

by abundant neovascularisation in later stages of the tumour development and ephrinB2 has

previously been shown to control angiogenesis (Jain et al., 2007; Wang et al., 2010) To exclude

the possibility that B11 affects tumour growth through blocking angiogenesis we specifically

chose this treatment regime to assess B11 efficacy before the onset of neoangiogenesis and

vascular sprouting. Remarkably treatment with B11 strongly suppressed tumour growth in

all animals. The average tumour mass of B11 treated tumours was reduced by over 90% with

one animal out of six showing complete recession of the observable tumour mass beyond 150

days post treatment (Figure 28b,c).
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Figure 28: Treatment with anti-Ephrin-B2 ScFv blocking antibody fragments inhibits tumour
growth of pre-established GBMs. a) Bioluminescence images of one complete cohort of Cd-1 nude
mice at the start of the treatment (left). Quantification of the randomised groups (right). Error bars
denote s.e.m. b,c) Representative images (a) and quantification (b) of bioluminescence radiance of
PBS or anti Ephrin-B2 scFv antibody (B11) injected mice. Dotted line depicts radiance of the tumour
that regressed completely. n=4 for PBS and 6 for B11 treated groups. d,e) Representative fluorescence
images of control and treated G26 tumours 5 days after first B11 injection, stained for GFP to identify
tumour cells, CD31 (red), to label the endogenous vasculature and the proliferation marker Ki67
(red). Note the absence of perivascular interactions and the presence of multinucleated cells (inset) in
B11-treated tumours. Dotted circles demarcate individual nuclei within multinucleated cells. Scale
bar=50µm
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We analysed a panel of B11 and PBS treated tumours immediately after the third round of in-

jections to examine the effects of ephrinB2 blocking in vivo . Immunofluorescence analysis of

these tumours revealed abundant perivascular invasion at the tumour margin in PBS treated

controls, as previously reported (Pollard et al., 2009). Intriguingly, the association with the

vasculature was significantly reduced in B11-treated tumours also showing a much less organ-

ised overall structure of the tumour mass (Figure 28d). We also analysed B11 and PBS treated

tumours for their percentage of proliferating cells staining for Ki67, a proliferation marker.

We observed a significant difference in Ki67 positive cells in B11 treated tumours compared

to PBS control (Figure 28e). Remarkably, while there were still Ki67 positive cells in B11

treated mice, these were often multinucleated, which was not observed in PBS treated tumours

(Figure 28f). This is indicative of a failure to complete cytokinesis similar to the results we

observed in our murine Efnb2 knockout and human EFNB2 knockdown models. Therefore,

we concluded that B11 suppresses G26 tumourigenicity by inhibiting ephrinB2 dependent

perivascular invasion and anchorage independent progression through cytokinesis.

To further confirm the tumour cell intrinsic effects of B11 we performed in vitro assays: We

first tested the efficacy of B11 to rescue boundary formation of imNSC1-Efnb2 and GSC1

with endothelial cells (Figure 29a,b). We found, that treatment with 20 µg/ml B11 but not

control protein inhibited imNSC1-Efnb2 and GSC1 migration into and over the endothelial

monolayer, leading to significantly shorter boundary with endothelial cells in both cell types,

thus at least partially restoring compartmentalisation. Additionally we treated GSC1 cells

grown in methylcellulose suspension with 20 µg B11 or control protein and analysed their cell

cycle profile using PI staining and FACS . Treatment with B11 caused a significant increased

of cells in G2/M-Phase comparable to the effects of EFNB2 knockdown. Additionally some

cytotoxicity was observed as indicated by the increase of apoptotic or necrotic sub-G1 cell

population (Figure 29c). From this we conclude that blocking ephrinB2 with specific scFv is

a feasible approach to suppress tumourigenesis in vivo by directly targeting the invasion and

proliferation of tumour cells independent of the effects B11 might have on angiogenesis.
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Figure 29: Treatment with anti-Ephrin-B2 ScFv blocking antibody fragments rescues boundary
formation and anchorage dependent G2/M arrest in vitro . a) Merged Fluorescence and phase
contrast still images taken from time-lapse microscopy experiments of GFP labelled imNSC1-Efnb2
and GSC1 (green) migrating towards brain microvascular endothelial cells (unlabelled cells) treated
with either 20 µg/ml anti ephrinB2 scFv (B11) or control protein (Fc). Scale bar = 500 µm b) Quan-
tification of boundary length at 60 h. Error bars depict s.e.m. Students t-test. c) Representative FACS
profile plots of GSC1 grown in suspension treated with 20 µg/ml B11 or control protein (Fc) (left).
Quantification of the cell cycle profiles (right). Error bars depict s.e.m. One way anova to calculate
the p-value of differences in G2/M phase

7.3 EphrinB2 expression in GBM correlates inversely with

patient survival

To extend our findings to a larger cohort of human glioblastoma specimen we analysed the

publicly available TCGA dataset (n=482). We first analysed EFNB2 expression levels in GBM

subtypes according to the classification by Verhaak et al., 2010. Here we found that mesenchy-

mal and classical subtypes have significantly higher EFNB2 levels than the average of all GBM
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(Figure 30a). In addition, in mesenchymal glioblastoma EFNB2 was the only ephrinB ligand

that was found significantly upregulated (Figure 30b).

Next, we split the cohort of tumours into EFNB2 high (> median) and low (< median) ex-

pressors and assessed the overall patient survival. Remarkably, EFNB2 strongly correlated

with decreased patient survival in glioblastoma (Figure 30c). This correlation was main-

tained in the proneural and mesenchymal subtypes but not in neural or classical glioblastoma

(Figure 30d).We then performed an unbiased correlation analysis to identify SNPs and CNVs

which significantly correlated with differentially regulated EFNB2 levels in the TCGA dataset.

Remarkably, The gene alterations which showed the highest correlation with increased EFNB2

expression were NF1 and p53, both defining mutations of the mesenchymal GBM subtype,

and IDH1, almost exclusively mutated in the proneural subtype, respectively (Figure 30e).

This further highlights the important role of EFNB2 in mesenchymal and proneural glioblas-

toma.

Together, these findings strongly suggest an important role for EphrinB2 in the pathogenesis

of human glioblastoma.

7.4 EFNB2 is significantly increased in a wide variety of hu-

man tumours and inversely correlates with patient sur-

vival

EFNB2 is highly expressed throughout development in almost all tissues and has been shown

to be expressed in a variety of solid tumours. Given the highly significant correlation of

EFNB2 expression with glioblastoma prognosis and survival we asked whether a similarEFNB2

dependent mechanism might be involved in other tumour types as well. For this we first

compared the expression of EFNB2 in a number of normal tissues with their malignant coun-

terpart using the affy package for analysis of Affymetrix microarray data in R (Gautier et al.,
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Figure 30: EphrinB2 expression is increased in mesenchymal and proneural human GBM and
correlates inversely with patient survival. a) Relative mRNA expression levels of Ephrin-B2 in
the four GBM subtypes of the TCGA dataset. One-way ANOVA with Tukey post-hoc test. b) fold
change of all human EFN-genes in mesenchymal GBM compared to all other samples of the TCGA
dataset. One-way anova with Tukey post hoc test. c) Kaplan Meier analysis of 482 human GBMs from
the TCGA dataset stratified into high and low EFNB2 expressors relative to the median expression
value of the cohort. Log Rank Mantel Cox test. d) Kaplan Meier analysis of human GBM subtypes
stratified into EFNB2 high and low expressors. Log Rank Mantel Cox test. e) Radial plot depicting
mutations most highly correlated with increased EFNB2 expression (and corresponding significance
of the correlation) in the TCGA dataset
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Figure 31: EphrinB2 expression is increased in a wide variety of human tumours. a) Relative
expression of EFNB2 in normal and tumour tissue. Analysis was performed using publicly available
microarray data and the affy package in R.

2004). Surprisingly, EFNB2 expression was significantly increased in a wide variety of hu-

man tumours including tumours of the colon, esophagus, kidney, ovary, pancreas, prostate,

stomach and testis (Figure 31a).

For some of these tumours large cohorts of patients had been sequenced which allowed us to

analyse the correlation of EFNB2 expression and patient survival in these tumours. For this

we used the online tool SurvExpress, a tool for the validation of biomarkers in cancer gene

expression data which uses data sourced from a large number of publications and work from

big consortiums like TCGA (Aguirre-Gamboa et al., 2013). We analysed colon, ovarian,

kidney, pancreatic and prostate cancers to show the validity of this approach (Figure 32a-

e). High EFNB2 levels significantly correlated with decreased patient survival in both colon,

ovarian and prostate cancer (Figure 32a,b,e). Interestingly the inverse correlation was found

in kidney clear cell carcinoma (Figure 32c). For most of the remaining tumour types the

available databases are too small to identify significant associations between gene expression

and patient survival. One example is shown in Figure 32d depicting pancreatic cancer with

an n of 100 sequenced tumours.

To validate this database based approach we performed another independent search using the

PrognoScan tool, a database for meta-analysis of the prognostic value of genes (Mizuno et al.,
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Figure 32: EphrinB2 expression correlates inversely with patient survival in colon,ovarian and
prostate cancer. a-e) Kaplan Meier analysis of various human tumours stratified into EFNB2 high and
low expressors. Log Rank Mantel Cox test. a) Patient survival in colon cancer is significantly decreased
in tumours expressing high EFNB2 levels p-value = 0.037. Log Rank Mantel Cox b) High EFNB2
correlate with decreased patient survival in ovarian cancer. p-value = 0.0192.Log Rank Mantel Cox c)
In kidney renal clear cell carcinoma increased EFNB2 strongly correlate positively with patient survival.
p-value <0.0001.Log Rank Mantel Cox d) No significant association was observed in pancreatic cancer.
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Figure 33: EFNB2 but not EFNB1 or EFNB3 is specifically overexpressed in a variety of human
cancers. a) Overview of a analysis of published microarray data using PrognoScan. Correlation with
tumour tissue in comparison to the respective normal tissue is shown for EFNB1 ,textitEFNB2 and
textitEFNB3. Individual dots depict individual studies. Only significant correlations with a corrected
p-value <0.05 are shown

2009). This allows a more direct approach scanning all publicly available microarray datasets

irrespective of cancer type. To increase the rigour of this analysis we also included EFNB1 and

EFNB3 as controls to exclude false positives. The results are shown in Figure 33 and in the

tables Table 5,Table 6 andTable 7 in the Appendix.This method again showed a highly signif-

icant correlation with high EFNB2 levels and decreased survival in numerous patient cohorts.

Interestingly EFNB2 expression in colon cancer and ovarian cancer was again found to be

significantly associated with a more malignant phenotype. In addition to that, a strong cor-

relation is found in a variety of lung cancers, namely Non-Small Cell Lung Cancer (NSCLC)

and Adenocarcinoma cohorts. We included EFNB1 and EFNB3 in this analysis to show that

the observed effects are specific for EFNB2. Indeed, EFNB2 was the only gene which consis-

tently showed higher expression values in tumours compared to normal tissue and positively

correlated with tumour progression (Figure 33).

Overall our findings suggest a more general role of EFNB2 in a variety of tumours. We

observe a strong correlation between decreased patient survival and high EFNB2 levels in such

different tissues as Lung,Colon and ovaries suggesting a common mechanism of ephrin-B2

mediated tumourigenicity.
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7.5 Conclusion

In this chapter we show that knockdown of EFNB2 in human xenograft glioblastoma models

inhibited the establishment of intracranial tumours. We show that knockdown of EFNB2

causes a a G2/M arrest and inability of hGSCs to progress through cytokinesis, identical to the

phenotype observed in our murine GBM model. Significantly, treatment of pre-established

glioblastoma with ephrinB2 blocking antibodies caused a strong reduction in tumour size and

caused complete regression in one animal.

Preclinical studies often only assess the potential of a new treatment to delay the growth of in-

jected tumours by pre-treating the cells rather than targeting established tumours (Day et al.,

2013). Additionally, these studies often rely on direct perfusion into the brain using os-

motic pumps (Binda et al., 2012) or viral delivery of knockdown constructs (Day et al.,

2013). In contrast, we chose our treatment regime specifically to mimic human therapeu-

tic paradigms by administrating B11 intravenously in clinically relevant doses and treating

established glioblastoma. Importantly, during the treatment no side effects or toxicity were

observed.

Glioma growth in animal models is usually characterised by two distinct vascular phases

(Stiver, 2004): during early tumourigenesis small numbers of tumour cells co-opt preexist-

ing blood vessels to meet their metabolic demand without the need for angiogenesis. With

exponential tumour growth however, the existing vasculature alone quickly fails to provide

sufficient nutrients to sustain further growth. This leads to tumour cells becoming hypoxic

and upregulating expression of vascular endothelial growth factors (VEGF) which lead to the

sprouting of new blood vessels and angiogenesis. This process typically occurs when a tumour

reaches a size of 1-2 mm (Naumov et al., 2006). EphrinB2 is highly expressed on prolifer-

ating endothelial cells and is important for sprouting and formation of new vessels (Wang

et al., 2010). We specifically chose to start treatment of our xenografts before an angiogenic

switch occurred to avoid blocking angiogenesis without directly affecting the tumours cells,
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as previously shown (Abéngozar et al., 2012; Sawamiphak et al., 2010). We further con-

firmed the direct effect of B11 on GSCs by analysing the treated tumours and found not

only a reduction in size but also clear nuclear-abnormalities, with a large number of multin-

ucleated cells, and a significant decrease in vascular association and alignment compared to

control groups. Although we currently don't have direct evidence proving that the injected

scFv is able to pass the intact blood brain barrier (BBB), the fact that it reaches its target cells

in sufficient concentrations to cause observable effects strongly suggests that this is the case.

This might be facilitated by a breakdown of the BBB by the initial injection, although dis-

ruption of the BBB is typically of short duration and reversible following introduction of a

similar stab wound (Persson et al., 1976). A more likely explanation could be the nature of

the GSCs itself: It has recently been shown that glioma cells associated with the vasculature

dislodge astrocytic end feet and pericytes from endothelial cells and more importantly that

even singly migrating cells are sufficient to disrupt the blood brain barrier locally (Watkins

et al., 2014). It is nevertheless important to assess the potential of B11 (size 30kDa) to pene-

trate the BBB as previously reported for other scFv (Peter et al., 2013).This could be achieved

by using fluorescently tagged B11 and tracing its distribution in the brain shortly after in-

jection. A very similar approach is used to assess the leakiness of vessels using fluorescently

labelled high molecular weight dextran injected intravenously (see Ottone et al., 2014). We

currently do not know the mechanism of action by which the B11 blocks ephrinB2 reverse

signalling. One possible explanation however, is that binding of the fragment interferes with

ephrinB2 lateral clustering and therefore effectively inhibits activation and phosphorylation

of intracellular downstream targets (compare Pasquale, 2005).

We found ephrinB2 drives human gliomagenesis in preclinical xenograft models through the

same mechanisms identified in our murine mesenchymal GSC model. To further this con-

clusion we analysed patient samples using the TCGA database. We have shown that Efnb2 in

murine GSCs is upregulated in a NF1/ras dependent manner and indeed a strong correlation

with EFNB2 expression and the mesenchymal subtype was observed. Moreover, not only was

EFNB2 identified as core gene of the mesenchymal GBM signature previously (Carro et al.,
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2010), it also inversely correlated with patient survival in mesenchymal and proneural GBM

and directly with the mutations defining both pathways in our analysis.

Eph/signalling is a critical mediator of a large number of processes in almost all tissues dur-

ing throughout development (Klein, 2012). Interestingly, developmental gene programs are

known to be re-activated in a variety of solid tumours (Naxerova et al., 2008) and EphrinB2

specifically has been shown to be expressed in a variety of solid tumours. We therefore anal-

ysed a wider set of human tumours to identify potential links between tumour progression and

EFNB2 expression. Surprisingly we found a strong correlation between high EFNB2 levels

and worse prognosis in Lung, ovarian and colon cancer using different in silico approaches.

Interestingly, both colon and ovarian cancers are highly vascularised tumours that show a high

rate of tumour recurrence, similar to glioblastoma. Both also contain a defined cancer stem

cell population and there is some evidence suggesting a quiescent stem cell population as likely

source for these tumours (Flesken-Nikitin et al., 2013; Gostjeva and Thilly, 2005). Various

reports additionally suggest a cross-regulation between these CSCs and endothelial cells simi-

lar to the vascular niche described in glioblastoma (Lin et al., 2013; Pasquier and Rafii, 2013).

In agreement with our in silico analysis, there have been reports about a correlation between

increased ephrinB2 expression and tumour grade in ovarian cancer (Alam et al., 2008). It

would be interesting to assess whether ephrinB2 plays a similar role in regulating cytokinesis

in ovarian or colon cancer stem cells.

In the previous chapter we have identified ephrinB2 as de novo oncogene in a murine model

of glioblastoma. Here we show that this observation is not only limited to a murine system

but that ephrinB2 expression drives tumourigenesis in human glioblastoma stem cells in vivo .

Furthermore we show that ephrinB2 expression correlated with a progressively worse progno-

sis in human glioblastoma and surprisingly a variety of other highly vascularised and aggressive

tumours.



Significance and future directions

This study describes the important role of ephrin/Eph signalling during gliomagenesis and

significantly expands our current knowledge about how the vasculature can act as a tumour

suppressing niche in a healthy organism.

In particular we have shown, that ephrinB2 expressed on endothelial cells acts as a tumour

suppressor which limits the tumourigenic potential of neural stem cells in two ways: First, it

compartmentalises normal neural stem cells and inhibits perivascular invasion. Secondly it

also limits their proliferation through activation of p53 and subsequent cell-cycle arrest. p53

is classically known as a DNA damage response gene, however it has become more and more

apparent that it serves a more general role in stem cells: p53 is constitutively expressed in a

number of stem cells and its deletion causes overproliferation and abnormal differentiation

patterns (Solozobova and Blattner, 2011). In the subventricular zone p53 is constitutively

expressed at high levels in neural stem cells despite the fact, that apoptosis is a very rare event

in this cell population until their more differentiated progeny reaches the olfactory bulb as

neuroblasts (Meletis et al., 2006; Biebl et al., 2000) It is therefore tempting to speculate that

loss of p53 in gliomagenesis might not primarily be required to avoid apoptotic stimuli but

rather to enable mutated stem cells to escape the proliferation-restricting stem cell niche.

So far we have not identified any director mediators that link Eph signalling and p53 acti-

vation but it would be of great interest to further pursue the candidates we have identified

using hypothesis-driven and unbiased approaches to understand the underlying mechanism.

146
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Interestingly, it has been shown, that endothelial cells secret BMP's which negatively regulate

proliferation of stem cells in the subventricular zone. This arrest was rescued by p53 ablation

but only partially when blocking BMP signalling (Mathieu et al., 2008). It is possible, that

Eph and BMP signalling pathways converge on an activator of p53 and cooperate to regu-

late neural progenitor proliferation. It would be therefore intriguing to study the potential

cooperation of Eph and Smad signalling in this context. Eph/ephrin is highly important in a

large variety of other stem cell niches and this combined with the fact, that p53 loss is an early

event in tumourigenicity in a large number of other tumours (Rivlin et al., 2011) suggests a

more general role of this signalling pathway.

Endothelial ephrinB2 however not only limits the proliferation of stem cells, but also inhibits

their migration. It is crucial for a healthy organism to strictly control the positioning of

stem cells in their respective niches as failure to do so would enable potentially unchecked

dispersion of a population of cells with nearly unlimited proliferative potential. Recently Niola

and colleagues described an elegant synchronicity of stemness and cell positioning of neural

stem cells: They showed that Id proteins, a family of key transcription factors which prevent

premature differentiation of stem cells, also directly control key mediators of cell adhesion and

act to preserve anchorage of NSCs in their specialised niche (Niola et al., 2012). Whereas this

is a distinctly cell-intrinsic mechanism, it seems as if vascular ephrinB2 performs a similar

dual role in the SVZ: It directly controls stem cell maintenance through p53 and ensures

correct positioning through compartmentalisation. This steady state of quiescence and tight

anchorage in the niche however has to be overcome once a stem cell becomes activated, divides

and then migrates out of the SVZ along the rostal-migratory stream both as part of regular

cell turnover or in response to injuries like a stroke (Zhang et al., 2004; Lim and Alvarez-

Buylla, 2014). It would be of great interest to understand how and through which signalling

pathways this robust spatial and divisional control is subdued to ensure that stem cells can

respond to an increased demand of differentiated progeny.

We further discovered, that ephrinB2 upregulation in a MAPK dependent manner helps ma-
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lignant neural stem cells to overcome the compartmentalisation by endothelial cells but even

more importantly also enhances the intrinsic tumourigenic capabilities of GSCs by enabling

anchorage independent cytokinesis. Interestingly, we found that two key aspects of glioma-

genesis, anchorage independent proliferation and perivascular invasion are mediated by the

same molecule through very distinct signalling mechanisms: perivascular invasion depends

on Eph forward signalling whereas anchorage independent proliferation is cell autonomous

and requires ephrinB2 reverse signalling. Bidirectional signalling is a distinctive feature of

Eph/ephrin molecules and distributes greatly to the ability of Eph receptors and ligands to

mediate a great variety of distinct biological processes but also complicates the understanding

of Eph/ephrin signalling in a disease context (Pasquale, 2008). There has been a long-standing

debate about the dichotomy of Eph/ephrin signalling in tumour progression: various studies

have provided extensive evidence of ephrins and Eph receptors acting both tumour suppressive

and promoting in the same tumours (Pasquale, 2010; Nakada et al., 2011). Our data offers

a simple new explanation for this: it is well conceivable, that tumour protective signalling

pathways are hijacked by mutated cancer cells to achieve the opposite aim. As such, both

tumour promoting and suppressing effects can be mediated by the same molecule depending

on the specific intercellular interactions, differences in forward and reverse signalling and the

complex stoichiometry of Eph/ephrin clusters on the individual cell surfaces (see Janes et al.,

2012; Pasquale, 2005).

Intriguingly, the novel mechanism for perivascular invasion we have discovered in glioblas-

toma differs significantly from other reports which identify downregulation of Eph receptors

as cause for increased invasiveness in colorectal and prostate cancer (Astin et al., 2010; Cortina

et al., 2007). We propose a model in which GSCs escape niche regulation by homotypic cell

interactions which causes permanently high levels of Eph activation and leads to saturation

of this signalling pathway. This in turn causes an insensitivity of GSCs to compartmentalis-

ing vascular stimuli. Interestingly, it has already been reported, that phosphorylation of both

EphB2 receptor and ephrinB2 ligand is crucial for glioma migration and invasion in vivo

(Nakada et al., 2004, 2010) which is in agreement with our proposed model (Figure 34).
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Figure 34: Model of ephrinB2 mediated perivascular invasion. Endothelial ephrinB2 compart-
mentalises normal neural stem cells by activating Eph signalling. GSCs overexpress ephrinB2 and have
continuously saturated levels of activated Eph-signalling. They become insensitive to compartmental-
ising stimuli from the vasculature and are able to invade perivascularly.

This suggests, that absolute levels of specific Eph receptors and ligands expressed on a cell

might not be the crucial determinant for cell behaviour. Instead the key factor might be

the activation state of this protein in comparison to other Eph receptors and ligands. More

research is needed however to understand this effect in more detail.

One key aspect which remains unclear is how single cells are able to continue migrating

perivascularly once they lost homotypic cell-interactions as a means of overcoming compart-

mentalisation. One possibility is the following: initially GSCs rely on homotypic interactions

to saturate Eph signalling and become insensitive to vascular ephrinB2. Once they are in con-

tact and migrating along the vasculature however, the permanent stimulation of Eph signalling

through endothelial ephrinB2 maintains the high phosphorylation levels. As the levels of Eph

activation remain steady throughout this, the cells perceives no change in the microenviron-

ment and continues migrating even though, stimulating ephrinB2 ligands were first supplied
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by neighbouring tumour cells and then by endothelial cells. One important limitation of

this simple model is, that if invading cells transiently loose contact with the vasculature they

would become compartmentalised again if they again try to invade perivascularly. It has to

be noted however, that in vivo migrating GSCs not only contact endothelial cells but also

other cell types present in the perivascular space. Amongst them are astrocytes, which are also

known to express high levels of ephrinB2 and might contribute to the saturation of Eph sig-

nalling in migrating GSCs (Ashton et al., 2012). Additionally, it is possible, that expression

of ephrinB2 in GSCs to some extent inhibits the transduction of Eph signalling in cis for

example by competing with bindings partners of the receptor. A similar mechanism of cis-

inhibition has already been observed by Falivelli and colleagues (Falivelli et al., 2013). To truly

understand the mechanism of ephrinB2 enabled perivascular invasion we should perform a

more detailed analysis of singly migrating GSCs.

We specifically chose the transforming mutations in our murine tumour model to gener-

ate GSCs resembling mesenchymal glioblastoma. This subtype is generally considered as the

most aggressive (Phillips et al., 2006); however it has to be noted, that glioblastoma is one

of the most aggressive and invasive tumours known, irrespective of subtype. This therefore

raises the important question of whether a similar ephrin-B2 dependent mechanism is also

involved in other GBM subtypes and, if not whether specific genetic mutations help these

cells to circumvent compartmentalisation, for example by altering the expression or function

of other Eph receptors or ephrin ligands. We have shown, that our approach is successful

in linking specific genetic mutations to phenotypic changes in Nf1 mutated mesenchymal

glioblastoma and one could easily adopt the protocol to analyse GSCs with other stereotypi-

cal genetic aberrations like EGFR amplification or IDH1 mutations. In silico analysis using

the publicly available TCGA database confirmed a strong correlation between EFNB2 levels

and decreased patient survival and predicted an important role for this ligand in mesenchy-

mal and proneural subclasses. Interestingly, perivascularly invading proneural tumour cells

appear to be slowly proliferative which might hint at a potential stem cell like phenotype of

these invading cells, similar to mesenchymal glioblastoma (Sabit et al., 2014). It seems to be
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clear, that tumour stem cells need to bypass vascular compartmentalisation through changes

in Eph/ephrin expression levels and it is likely that different proteins of this family might be

involved in different glioblastoma subtypes. Using the in vitro and in vivo tools we have es-

tablished, we are able to pinpoint the underlying genetic mutations to phenotypical changes

in perivascular invasion and tumourigenicity and it should therefore be a priority to widen

our findings from one mesenchymal GSC line to a broader spectrum of GSCs of all subtypes.

The factors enabling a specific cell within a tumour to become invasive have been the subject

of a long-standing and very intriguing debate. Mounting evidence in glioblastoma suggests,

that it is indeed glioma stem cells, that are not only driving tumour recurrence after treatment,

but are also largely responsible for tumour infiltration and invasion (Inoue et al., 2010; Venere

et al., 2011). This is in agreement with our study and similar publications which employ a

stem cell based model for glioblastoma formation: extensive invasion is observed in these

xenografts, whereas injection of differentiated tumour cells only leads to the generation of

well defined lesions but no formation of diffusely infiltrative tumours (Cheng et al., 2011).

Interestingly, it has been reported that following chemotherapy, invasion of glioblastoma cells

is strongly enhanced which not only hints at surviving GSCS as drivers of invasion but even

at a potential suppression of tumour invasion by differentiated tumour cells (Velpula et al.,

2012). The efficacy of anti-ephrinB2 treatment in inhibiting glioblastoma progression in our

stem cell based model indicated that this therapy would be able to target GSCs specifically

and might therefore be a valid approach to attack the most critical subset of cells within GBM.

In addition, we observed a robust increase of ephrinB2 levels in GSCs compared to normal

neural stem cells and other normal tissue. This would predict a relatively specific therapeutic

approach with limited side effect consistent with the absence of any observed toxicity or other

adverse effects in our xenograft models.

Gliomablastoma growth heavily relies on the association of glioblastoma stem cells with the

vasculature (Calabrese et al., 2007). This highly vascularised nature led to previous attempts

to employ anti-angiogenic therapies in the treatment of glioblastoma. Indeed, many anti-
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angiogenic therapies are currently in trials and bevacizumab a monoclonal antibody targeting

VEGF is currently approved under the name Avastin® to treat recurring glioblastoma. How-

ever despite initially showing great promise Avastin® resulted in no improvement of overall

patient survival time as glioblastoma rapidly developed tumour escape mechanisms (Wick

et al., 2011). An important adaptive mechanism of tumour resistance to anti-VEGF therapy

is the co-option of blood vessels, a mechanism by which tumour cells obtain a blood supply

by simply homing to and migrating along the preexisting vasculature (Donnem et al., 2013).

Interestingly ephrinB2 is a key mediator of angiogenesis both in a physiological and tumour

context (Sawamiphak et al., 2010). It might be a highly promising therapeutic approach

to target the invasive capabilities of glioblastoma stem cells at the same time as inhibiting

angiogenesis. This way, increased invasion and vascular cooption could be prevented and

the cancer stem cell resistance circumvented. It has already been shown, that B11 robustly

inhibits tumour angiogenesis in pancreas, colon and lung cancer models (Abéngozar et al.,

2012), whereas we show a direct effect on glioblastoma cells. Treating with specific anti-

ephrinB2 antibodies therefore tackles not only proliferation and invasion of GSCs directly,

but could also inhibit angiogenesis and therefore effectively inhibit three pathways at once.

Whilst this is intriguing, it might be more promising to combine anti-ephrinB2 treatment

with antiangiogenic therapies, like anti-VEGF treatment to test whether tumour recurrence

rates can be reduced. Additionally while our approach shows great promise to treat the stem

cell compartment of glioblastomas this only compromises a relatively small proportion of the

tumour mass (Singh et al., 2003) and specific ablation of the stem cell population causes a

considerable residual tumour to remain behind (Chen et al., 2012). Thus to target the bulk of

the tumour it might be beneficial to combine the stem cell specific anti-ephrinB2 therapy with

classical chemotherapeutics like the commonly prescribed Carmustine or temozolomide. This

combinatorial strategy might be successful in removing both the stem cell compartment and

the more differentiated tumour mass completely, and might therefore significantly increase

the time of progression free survival (Chaichana et al., 2011).

This study mainly focussed on perivascular migration as a route of invasion for glioblastoma,
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the prevalent route of glioblastoma spread in many mouse models based on glioblastoma

stem cells (Farin et al., 2006). However extensive invasion along other existing structures

like myelinated fibres in white matter tracts(perifascicular) and perineuronal migration has

been frequently observed in glioblastoma (Giese and Westphal, 1996). To fully understand

glioblastoma invasion it is crucial to study these pathways of invasion as well using the in vitro

and in vivo assays we have established in our lab. It has previously been reported, that the

ability of glioblastoma cell lines to migrate on coated myelin differs dramatically between

different glioblastoma cell lines and it would be of great interest to better understand proteins

controlling perifascicular invasion (Giese et al., 1996).

Overall, our work identified ephrinB2 as highly attractive target for the treatment of GBM.

We show how eph/ephrin signalling acts as a tumour suppressor at early tumour stages and

is then hijacked by glioblastoma stem cells to overcome this inhibition. EphrinB2 is, to our

knowledge, the first target protein which in itself would be an effective ''combinatorial ther-

apy'': by targeting ephrinB2 we were able to inhibit both perivascular invasion and prolifer-

ation of glioblastoma stem cells (Figure 35), therefore paving new avenues for future, more

effective, glioblastoma therapies which will hopefully result in improving the survival chances

of patients.
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Figure 35: Model of ephrinB2mediated tumourigenicity. ephrinB2 expression influences GSC be-
haviour in two complementary ways: It enables perivascular invasion by saturating Eph signalling and
therefore desensitising GSCs to endothelial compartmentalisation in a cell-contact dependent manner.
Additionally it enables anchorage independent proliferation cell-autonomously by mediating progres-
sion through cytokinesis in a RhoA dependent manner
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Appendix

Table 4: Overview of tumours in which EFNB2 expression correlated with decreased survival

Cancer type Cohort corrected p-value correlation

Adenocarcinoma Nagoya (1995-1999, 2002-

2004)

0.0012784 1.16378

Breast cancer UCSF 0.001830238 2.36732

NSCLC Nagoya (1995-1996) 0.00192527 1.76569

Adenocarcinoma NCCRI 0.00198601 1.47671

Glioma UCLA (1996-2003) 0.00517395 1.2468

Glioma CBTTB, MGH, BWH, CH 0.00761859 1.27132

Colorectal cancer Berlin 0.00921191 2.91548

Colorectal cancer Melbourne 0.0106433 0.995391

Ovarian cancer AOCS, RBH, WH, NKI-AVL

(1992-2006)

0.0123721 0.856288

Breast cancer UCSF 0.0156387 2.06875

NSCLC Seoul (1995-2005) 0.0266104 0.812794

Colorectal cancer Berlin 0.0182768 1.75469

Bladder cancer CNUH 0.0246226 1.11386

Colorectal cancer Berlin 0.0259612 2.39903

NSCLC Seoul (1995-2005) 0.0266104 0.812794

Adenocarcinoma NCCRI 0.0391651 1.22188
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Table 6 Continued: Overview of tumours in which EFNB2 expression correlated with decreased
survival

Cancer type Cohort corrected p-value correlation

Adenocarcinoma Nagoya (1995-1999, 2002-

2004)

0.0473717 0.961708

Ovarian cancer AOCS, RBH, WH, NKI-AVL

(1992-2006)

0.0484524 0.659146
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Table 5: Overview of tumours in which EFNB1 expression correlated with decreased survival

Cancer type Cohort corrected p-value correlation

Breast cancer Duke (1990-2001) 0.000891795 -2.00311

Breast cancer Duke 0.0102873 -1.00889

Breast cancer Uppsala, Oxford, Stockholm,

IGR, GUYT, CRH (1980-

1998)

0.0107961 -1.03226

Breast cancer Rotterdam (1980-1995) 0.0171224 -0.858444

Breast cancer Uppsala, Oxford, Stockholm,

IGR, GUYT, CRH (1980-

1998)

0.0178735 -0.864373

Breast cancer MGH (1987-2000) 0.0224134 1.23689

Brain cancer MDA 0.0250715 1.20635

Bladder cancer CNUH 0.0254188 -1.21998

Adenocarcinoma NCCRI 0.0271007 0.86434
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Table 6: Overview of tumours in which EFNB2 expression correlated with decreased survival

Cancer type Cohort corrected p-value correlation

Adenocarcinoma Nagoya (1995-1999, 2002-

2004)

0.0012784 1.16378

Breast cancer UCSF 0.001830238 2.36732

NSCLC Nagoya (1995-1996) 0.00192527 1.76569

Adenocarcinoma NCCRI 0.00198601 1.47671

Glioma UCLA (1996-2003) 0.00517395 1.2468

Glioma CBTTB, MGH, BWH, CH 0.00761859 1.27132

Colorectal cancer Berlin 0.00921191 2.91548

Colorectal cancer Melbourne 0.0106433 0.995391

Ovarian cancer AOCS, RBH, WH, NKI-AVL

(1992-2006)

0.0123721 0.856288

Breast cancer UCSF 0.0156387 2.06875

NSCLC Seoul (1995-2005) 0.0266104 0.812794

Colorectal cancer Berlin 0.0182768 1.75469

Bladder cancer CNUH 0.0246226 1.11386

Colorectal cancer Berlin 0.0259612 2.39903

NSCLC Seoul (1995-2005) 0.0266104 0.812794

Adenocarcinoma NCCRI 0.0391651 1.22188

Adenocarcinoma Nagoya (1995-1999, 2002-

2004)

0.0473717 0.961708

Ovarian cancer AOCS, RBH, WH, NKI-AVL

(1992-2006)

0.0484524 0.659146
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Table 7: Overview of tumours in which EFNB3 expression correlated with decreased survival

Cancer type Cohort corrected p-value correlation

Adenocarcinoma Nagoya (1995-1999, 2002-2004) 1.44E-06 -1.54462

Brain cancer MDA 0.00273962 1.00748

Adenocarcinoma CAN/DF 0.00274028 1.39703

Breast cancer Duke 0.00307694 -1.08188

Breast cancer EMC 0.00487172 -0.859015

Brain cancer NCI (1974-2001) 0.0115523 -16.6031

Ovarian cancer Duke 0.0125169 0.836825

Breast cancer Stockholm (1994-1996) 0.02453 1.35686

Breast cancer Uppsala (1987-1989) 0.0251273 1.03413

Breast cancer Duke (1990-2001) 0.0258922 1.62677

Brain cancer MDA 0.0259832 -1.05024

Breast cancer Montpellier, Bordeaux, Turin (1989-2001) 0.0459283 -0.837453
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