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Abstract 

Glioblastoma is the most aggressive subtype of malignant glioma and, despite intensive research 

efforts, has an extremely poor prognosis with a median survival of just 15 months. It has long been 

speculated that adult neural stem cells (NSCs) that reside in the subventricular zone (SVZ) of the 

brain could be the cell of origin in glioblastoma. Indeed, it has been demonstrated that murine SVZ 

NSCs, which have lost the Ink4a/Arf tumour suppressor locus and express a constitutively active 

form of the epidermal growth factor receptor, EGFRvIII, are able to form aggressive tumours in vivo 

that recapitulate many of the features of glioblastoma. In this project, I sought to investigate the 

interactions between these transformed NSCs and their wild-type counterparts to determine 

whether a selective advantage could be aiding their expansion in the niche. I found that, when these 

cells were co-cultured, transformed NSCs induced wild-type NSCs to dramatically reduce their 

proliferation rate and adopt a quiescent-like state. This could be observed through a reduction in cell 

number and a decreased proportion of BrdU-positive wild-type cells in co-culture compared to 

homogenous culture. Transcriptional profiling also revealed downregulated expression of genes 

associated with cell cycle progression in co-cultured wild-type NSCs. Importantly, this phenotype 

was contact dependent, as no reduction in proliferation was observed when the two cell types were 

physically separated. To test the molecular mechanism underlying this cell cycle repression, I 

inhibited Notch signalling, a cell-to-cell signalling pathway known to have a role in sustaining NSC 

proliferation. Interestingly, I found that both treatment with γ-secretase inhibitors and genetic 

deletion of key Notch signalling genes rescued the proliferation of wild-type NSCs in co-culture. 

Together these results indicate that NSCs that acquire oncogenic mutations expand in the niche in 

part by suppressing the growth of surrounding NSCs in a Notch-dependent manner. 

 

 

 

 

 

 

 

 



2 
 

Statement of originality 

I, Katerina Lawlor, confirm that the work presented in this thesis is my own. Where information has 

been derived from other sources, this is indicated at the appropriate place in the text and included 

in the reference list. Any work performed in collaboration with others is also clearly specified in the 

text. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

Copyright declaration  

The copyright of this thesis rests with the author. Unless otherwise indicated, its contents are 

licensed under a Creative Commons Attribution-Non-Commercial 4.0 International Licence (CC BY-

NC). 

Under this licence, you may copy and redistribute the material in any medium or format. You may 

also create and distribute modified versions of the work. This is on the condition that: you credit the 

author and do not use it, or any derivative works, for a commercial purpose. 

When reusing or sharing this work, ensure you make the licence terms clear to others by naming the 

licence and linking to the licence text. Where a work has been adapted, you should indicate that the 

work has been changed and describe those changes. 

Please seek permission from the copyright holder for uses of this work that are not included in this 

licence or permitted under UK Copyright Law. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

Acknowledgements 

First and foremost, I am very grateful to my supervisor, Tristan Rodríguez. His guidance and support 

throughout the project have been invaluable and I have grown and developed significantly as a 

scientist under his supervision.  

I would also like to acknowledge the National Heart and Lung Institute Foundation for providing my 

PhD studentship as well as supporting my attendance at international conferences. Furthermore, the 

Rosetrees Trust has also provided financial support to this project.  

I would also like to thank all the members of the Molecular Embryology group, past and present, for 

their support. In particular, I am grateful for the encouragement of Aida Di Gregorio, Juanmi 

Sánchez, Ana Lima, Sarah Bowling and Salva Perez Montero. They have all shown great patience in 

showing me techniques, helping me to troubleshoot issues and participating in helpful discussions 

during lab meetings. I would also like to thank Stephen Rothery for all his guidance with microscopy 

techniques and image analysis and James Elliot and Thomas Adejumo in the MRC Flow Facility for 

their assistance with cell sorting. Thanks also goes to the Schneider lab for the use of their flow 

cytometer and other equipment and particularly to Patricia Chaves Guerrero for her support with 

flow cytometry. I would also like to especially thank Sara Samari for her support and encouragement 

through the more challenging times of the PhD.  

I would also like to acknowledge my examiners for the internal PhD assessments, Simona Parrinello 

and David Carling. Their feedback and comments were always insightful and useful and greatly 

informed the direction of the project. Lucy Brooks in Simona Parrinello’s group also provided us with 

cells for use in this project. 

I would also like to thank our main collaborator on this project, Steve Pollard at the University of 

Edinburgh, for his provision of cell lines as well as intellectual input and guidance. In particular from 

his group, Ester Gangoso generated the mutant lines described in Chapter Six and Vivien Grant 

coordinated the shipping of the cells for us.  

Finally, this thesis would not have been possible without the support of all my family and friends. My 

parents have always been on hand to offer guidance and encouragement and they will be very 

relieved that they can finally stop asking me when I’m going to submit now! And of course, special 

thanks go to my partner Koval Smith. His patience and endless encouragement have got me through 

this experience with my sanity intact. He has also proofread and provided useful comments on this 

thesis. I couldn’t have done it without you. 



5 
 

Table of Contents 
Abstract ........................................................................................................................................................... 1 

Statement of originality .................................................................................................................................. 2 

Copyright declaration ..................................................................................................................................... 3 

Acknowledgements ........................................................................................................................................ 4 

List of Figures ................................................................................................................................................10 

List of Abbreviations .....................................................................................................................................12 

1. Introduction ..............................................................................................................................................14 

1.1 Neural stem cells .................................................................................................................................14 

1.1.1 Adult neural stem cells and their niches ..........................................................................................14 

1.1.2 Adult neural stem cell function ........................................................................................................17 

Adult neural stem cell function in the rodent brain .............................................................................17 

Adult neural stem cell function in the human brain .............................................................................18 

1.1.3 Neural stem cell quiescence ............................................................................................................20 

Cell adhesion .........................................................................................................................................21 

BMP signalling .......................................................................................................................................22 

mTOR signalling ....................................................................................................................................22 

Notch signalling .....................................................................................................................................23 

Other pathways ....................................................................................................................................27 

1.1.4 A role for neural stem cells in cancer ..............................................................................................28 

1.2 Glioblastoma .......................................................................................................................................29 

1.2.1 Prognosis and treatment strategies for glioblastoma .....................................................................29 

1.2.2 Molecular pathway alterations in GBM ...........................................................................................31 

RTK/Ras/PI3K pathway .........................................................................................................................32 

P53 pathway .........................................................................................................................................33 

RB pathway ...........................................................................................................................................35 

Isocitrate dehydrogenase mutation .....................................................................................................36 

1.2.3 Glioblastoma stem cells ...................................................................................................................37 

1.3 Cell competition ..................................................................................................................................40 

1.3.1 Classical and Super-competition ......................................................................................................40 

Super-competition ................................................................................................................................41 

1.3.2 Molecular and cellular mechanisms of competition .......................................................................42 

Triggers of cell competition ..................................................................................................................42 



6 
 

Effectors of cell competition .................................................................................................................47 

1.3.3 Cell competition in cancer ...............................................................................................................49 

Tumour suppression .............................................................................................................................49 

Tumour progression ..............................................................................................................................50 

1.4 Aims of this thesis ...............................................................................................................................55 

2. Materials and Methods .............................................................................................................................56 

2.1 Cell culture ..........................................................................................................................................56 

2.2 Competition assays .............................................................................................................................56 

2.3 Western blotting .................................................................................................................................56 

2.4 Flow cytometry ...................................................................................................................................57 

GFP analysis of live cells ........................................................................................................................57 

Immunolabelling of intracellular proteins ............................................................................................57 

Sorting by FACS .....................................................................................................................................58 

2.5 BrdU analysis .......................................................................................................................................58 

2.6 Immunocytochemistry ........................................................................................................................58 

2.7 RT-qPCR ...............................................................................................................................................58 

2.8 Plasmid transfection of NSCs ..............................................................................................................59 

2.9 Generation of p35-overexpressing NSCs ............................................................................................59 

2.10 Generation of BCL2-overexpressing NSCs ........................................................................................60 

2.11 Evaluation of mitochondrial membrane potential ...........................................................................60 

2.12 Transwell assays ................................................................................................................................60 

2.13 Conditioned media assays ................................................................................................................61 

2.14 Fence assays ......................................................................................................................................61 

2.15 Re-plating experiments .....................................................................................................................61 

2.16 Generation of Tsc2-/- NSCs ................................................................................................................61 

2.17 Generation of Rbpj-/-, Notch2-/- NSCs and Pten-/- P53-/- NSCs ............................................................62 

2.18 RNA-sequencing analysis ..................................................................................................................63 

2.19 Data analysis .....................................................................................................................................63 

3. Characterisation of a co-culture assay between wild-type and transformed NSCs .................................64 

3.1 Introduction .................................................................................................................................64 

3.2 Results .................................................................................................................................................66 

WT and transformed NSCs express the stem cells markers Nestin and SOX2 ......................................66 

WT NSCs show reduced growth in the presence of transformed NSCs................................................67 



7 
 

Cell density affects WT proliferation in co-culture ...............................................................................71 

WT NSCs show increased apoptosis in co-culture ................................................................................73 

WT NSCs demonstrate decreased proliferation in co-culture ..............................................................77 

Increased media changes or addition of growth factors fails to rescue WT NSC proliferation ............83 

WT NSCs do not reduce their proliferation in the absence of cell contact with transformed NSCs ....85 

WT NSC growth arrest is restored in the absence of transformed NSCs ..............................................88 

3.3 Discussion ...........................................................................................................................................90 

Investigating the fate of WT NSCs in co-culture ...................................................................................90 

Investigating the requirement for cell contact .....................................................................................93 

Implications and outstanding questions ...............................................................................................94 

4. Investigation of molecular mechanisms and pathways ............................................................................97 

4.1 Introduction ........................................................................................................................................97 

4.2 Results .................................................................................................................................................99 

Transcriptional profiling of NSC populations to identify differentially regulated pathways ................99 

Genes related to cell cycle regulation and DNA repair are downregulated in WT NSCs in co-culture

 ............................................................................................................................................................101 

Genes related to cell cycle regulation and DNA repair are more highly expressed in transformed 

NSCs in co-culture ...............................................................................................................................103 

Expression of negative cell cycle regulators in co-cultured WT NSCs.................................................105 

WT NSCs do not differentiate in co-culture with transformed NSCs ..................................................107 

WT NSCs in co-culture upregulate quiescence-related transcription factors and downregulate 

activation-related transcription factors ..............................................................................................109 

GPCR signalling is upregulated in WT NSCs in co-culture ...................................................................109 

mTOR activity is reduced in WT NSCs in co-culture ............................................................................112 

mTOR inhibition reduces the growth of WT, but not transformed, NSCs ..........................................114 

Tsc2 deletion in NSCs leads to mTOR hyperactivation .......................................................................116 

Tsc2 deletion fails to rescue WT NSC proliferation in co-culture .......................................................118 

BMP suppresses the proliferation of WT but not transformed NSCs .................................................120 

BMP inhibition reduces transformed NSC growth in co-culture ........................................................122 

Inhibition of cytoskeletal reorganisation does not rescue competition .............................................124 

4.2 Discussion .........................................................................................................................................126 

Evaluation of the quiescent phenotype of WT NSCs ..........................................................................126 

Evaluation of GPCR signalling involvement ........................................................................................129 

Evaluation of mTOR pathway involvement ........................................................................................129 



8 
 

Evaluation of BMP signalling involvement ..........................................................................................131 

Evaluation of cytoskeletal reorganisation involvement .....................................................................133 

Implications and outstanding questions .............................................................................................133 

5. Investigation of Notch pathway involvement in NSC competition .........................................................135 

5.1 Introduction ......................................................................................................................................135 

5.2 Results ...............................................................................................................................................137 

Notch pathway activation is reduced in transformed NSCs ...............................................................137 

Addition of γ-secretase inhibitors partially rescues WT NSC proliferation in co-culture ...................139 

Targeting of RBPJ and Notch receptors by CRISPR/Cas9 to generate knock-out clones ....................142 

Rbpj-/- but not Notch2-/- clones demonstrate lower expression of Notch targets, Hes1 and Hes5 ....145 

Rbpj-/- clones demonstrate increased proliferation in co-culture with transformed NSCs ................146 

Deletion of RBPJ from transformed NSCs does not affect their ability to suppress WT NSC 

proliferation ........................................................................................................................................148 

Notch2-/- clones demonstrate increased proliferation in co-culture with transformed NSCs ............150 

5.3 Discussion .........................................................................................................................................152 

Evaluation of Notch pathway involvement.........................................................................................152 

Implications and outstanding questions .............................................................................................154 

6. Investigation of NSC behaviour with distinct oncogenic mutations .......................................................159 

6.1. Introduction .....................................................................................................................................159 

6.2 Results ...............................................................................................................................................160 

WT NSCs demonstrate some evidence of reduced proliferation in the presence of Pten-/- NSCs .....160 

P53-/- NSCs do not suppress the proliferation of WT NSCs .................................................................162 

Nutlin treatment does not alter the competition dynamics...............................................................164 

PTEN and P53 double mutant NSCs suppress WT NSC proliferation ..................................................166 

Ink4a/Arf-/- NSCs fail to suppress the proliferation of WT NSCs .........................................................170 

6.3 Discussion .........................................................................................................................................171 

Super-competitor behaviour of Pten-/- and P53-/- NSCs ......................................................................171 

Super-competitor behaviour of Ink4a/Arf-/- NSCs ..............................................................................172 

Implications and outstanding questions .............................................................................................172 

7. Discussion ...............................................................................................................................................175 

7.1 Relevance to in vivo NSC interactions ...............................................................................................175 

7.2 Relevance to human biology .............................................................................................................177 

7.3 Relevance to GBM tumour progression............................................................................................178 



9 
 

7.4 Final summary ...................................................................................................................................181 

8. References ..............................................................................................................................................182 

9. Supplemental Figures and Tables ...........................................................................................................206 

Figure re-use permissions .......................................................................................................................210 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

List of Figures 

Figure 1.1 Behaviour of neural stem cells within adult niches ............................................................. 15 

Figure 1.2 Adult mammalian NSC niches .............................................................................................. 16 

Figure 1.3 Molecular changes upon NSC activation ............................................................................. 21 

Figure 1.4 Canonical Notch signalling ................................................................................................... 24 

Figure 1.5 Pathway alterations in glioblastoma .................................................................................... 31 

Figure 1.6 Classical competition and super-competition ..................................................................... 41 

Figure 1.7 Roles of competition during tumour development ............................................................. 52 

Figure 3.1 Expression of the neural stem cell markers Nestin and SOX2 ............................................. 66 

Figure 3.2 WT NSC growth is decreased in co-culture with transformed NSCs.................................... 68 

Figure 3.3 WT NSC proliferation is proportional to the percentage of transformed NSCs present ..... 69 

Figure 3.4 A different NSC line also shows reduced growth in the presence of the transformed NSCs

 .............................................................................................................................................................. 70 

Figure 3.5 Increased seeding densities accelerates the decline in WT NSCs in co-culture .................. 72 

Figure 3.6 WT NSCs show an increase in cleaved-caspase3-positive cells in co-culture ...................... 73 

Figure 3.7 p35-overexpressing NSCs were still susceptible to apoptosis ............................................. 74 

Figure 3.8 BCL2 overexpression does not rescue cell death in NSCs .................................................... 76 

Figure 3.9 BrdU incorporation is reduced in WT NSCs in co-culture .................................................... 78 

Figure 3.10 Phosphorylated histone-3 levels are decreased in WT NSCs in co-culture ....................... 79 

Figure 3.11 Expression of KI67 and PCNA is decreased in WT NSCs in co-culture ............................... 81 

Figure 3.12 Expression of proliferation genes is decreased in WT NSCs in co-culture ......................... 82 

Figure 3.13 Increased media changes or growth factor addition did not rescue WT NSC proliferation

 .............................................................................................................................................................. 84 

Figure 3.14 WT NSC proliferation is not reduced if cell mixing is prevented ....................................... 86 

Figure 3.15 WT growth is restored in the absence of transformed NSCs............................................. 89 

Figure 4.1 Strategy for RNA-seq analysis of NSCs ............................................................................... 100 

Figure 4.2 Genes related to cell cycle progression and DNA repair are downregulated in WT NSCs in 

co-culture ............................................................................................................................................ 102 

Figure 4.3 Genes related to cell cycle progression and DNA repair are upregulated in transformed 

NSCs in co-culture ............................................................................................................................... 104 

Figure 4.4 Genes related to the G1/S and G2/M transition are broadly downregulated in co-cultured 

WT NSCs .............................................................................................................................................. 106 

Figure 4.5 Expression of negative cell cycle regulators in WT NSCs ................................................... 107 

Figure 4.6 WT NSCs do not differentiate in co-culture with transformed NSCs ................................. 108 

Figure 4.7 Expression of transcriptional regulators related to NSC quiescence and activation in WT 

NSCs .................................................................................................................................................... 109 

Figure 4.8 GPCR signalling was upregulated in WT NSCs in co-culture, but inhibiting S1P receptor 

signalling did not affect WT proliferation ........................................................................................... 111 

Figure 4.9 mTOR activity is reduced in WT NSCs in co-culture ........................................................... 113 

Figure 4.10 Rapamycin selectively reduces the growth of WT NSCs .................................................. 115 

Figure 4.11 Generation of Tsc2-/- NSCs by CRISPR/Cas9 targeting...................................................... 117 

Figure 4.12 Tsc2 deletion does not rescue WT proliferation in co-culture ........................................ 119 

Figure 4.13 BMP4 addition reduces WT proliferation ........................................................................ 121 

Figure 4.14 BMP inhibition reduces transformed NSC growth in co-culture ..................................... 123 

Figure 4.15 Inhibitors of mechanical cell competition fail to rescue WT proliferation in co-culture . 125 

file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369431
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369432
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369433
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369434
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369435
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369436
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369437
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369438
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369439
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369440
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369441
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369441
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369443
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369445
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369446
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369447
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369448
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369449
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369451
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369457
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369459
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369459


11 
 

Figure 5.1 Notch pathway signalling is downregulated in transformed NSCs relative to WT NSCs in co-

culture ................................................................................................................................................. 138 

Figure 5.2 WT NSC proliferation in co-culture is increased in the presence of the γ-secretase 

inhibitor, LY411575 ............................................................................................................................. 140 

Figure 5.3 WT NSC proliferation is increased in co-culture in the presence of the γ-secretase 

inhibitor, Crenigacestat ....................................................................................................................... 141 

Figure 5.4 WT NSCs demonstrate increased BrdU incorporation in the presence of γ-secretase 

inhibitors ............................................................................................................................................. 142 

Figure 5.5 CRISPR/Cas9 targeting of Notch2 and Rbpj ....................................................................... 144 

Figure 5.6 Notch target gene expression is reduced in Rbpj-/- but not Notch2-/- NSCs ...................... 145 

Figure 5.7 Deletion of RBPJ from WT NSCs rescues their proliferation in co-culture ........................ 147 

Figure 5.8 Deletion of RBPJ from transformed NSCs has no effect on WT NSC growth in co-culture 149 

Figure 5.9 Deletion of NOTCH2 also rescues WT proliferation in co-culture ..................................... 151 

Figure 6.1 Pten-/- NSCs demonstrate increased Akt/mTOR pathway activity ..................................... 160 

Figure 6.2 Pten-/- NSCs demonstrate some evidence of super-competitive behaviour ..................... 161 

Figure 6.3 P53-/- NSCs do not suppress WT NSC proliferation significantly in co-culture ................... 163 

Figure 6.4 P53-/- NSCs do not reduce WT NSC proliferation in the presence of Nutlin ...................... 165 

Figure 6.5 Generation of Pten-/- P53-/- NSCs by CRISPR/Cas9 targeting .............................................. 167 

Figure 6.6 Pten-/- P53-/- NSCs suppress WT NSC proliferation (PTEN8 clones) .................................... 168 

Figure 6.7 Pten-/- P53-/- NSCs suppress WT NSC proliferation (PTEN26 clones).................................. 169 

Figure 6.8 Ink4a/Arf-/- NSCs do not suppress WT NSC proliferation in co-culture .............................. 170 

Table S2.1 Antibodies and dilutions …………………………………………………………………………………………….. 196 
Table S2.2 Primer sequences for RT-qPCR …………………………………………………………………………………... 197 
Table S2.3 gRNA sequences for deletion of target genes …………………………………………………………….. 197 
Figure S3.1 Map of pPyCAGIP plasmid …………………………………………………………………………………………. 198 
Figure S3.2 Generation of BCL2-overexpressing clones ……………………………………………………………….. 198 
Figure S5.1 CRISPR/Cas9 targeting of Notch1 and Notch3 receptors did not generate knock-out 
clones ………………………………………………………………………………………………………………………………………….. 199 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369471
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369471
file://icnas4.cc.ic.ac.uk/kml114/PhD%20submissions/Katie%20Thesis.docx%23_Toc5369480


12 
 

List of Abbreviations 

Arf Alternate reading frame 
ASCL1 Aschaete-scute homolog 1 
bHLH Basic helix-loop-helix 
BMP Bone morphogenetic protein 
Cas9 CRISPR-associated protein 9 
CDK Cyclin-dependent kinase 
CKI Cyclin-dependent kinase inhibitor 
CNS Central nervous system 
CRISPR Clustered regularly interspaced short palindromic repeats 
CSC Cancer stem cell 
DCX Doublecortin 
DG Dentate gyrus 
Dll Delta-like ligand 
Dlx Distal-less homeobox 1 
DSB Double-strand break 
EDAC Epithelial defence against cancer 
EGF Epidermal growth factor 
EGFR Epidermal growth factor receptor 
ESC Embryonic stem cell 
EV Empty vector 
FGF Fibroblast growth factor 
GADD45 Growth arrest and DNA damage 45 
GBM Glioblastoma 
GFAP Glial fibrillary acidic protein 
GFP Green fluorescent protein 
GLAST Glutamate aspartate transporter 
GOF Gain of function 
GSC Glioblastoma stem cell 
HES Hairy/enhancer of split 
Hh Hedgehog 
Id Inhibitor of DNA-binding 
IDH Isocitrate dehydrogenase 
IGF Insulin-like growth factor 
Ink4a Inhibitor of CDK4 
IPSCs Induced pluripotent stem cells 
JAG Jagged 
JNK c-Jun N-terminal kinase 
Lgl Lethal giant larvae 
LOF Loss of function 
MAML Mastermind-like 
MCM Minichromosome maintenance protein 
MDCK Madin-Darby canine kidney 
MDM Mouse double minute 
MGMT O6‐methylguanin‐DNA‐methltransferase 
mTOR Mammalian target of rapamycin 
NF1 Neurofibromin 1 
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 
NHEJ Non-homologous-end-joining 
NICD Notch intracellular domain 



13 
 

(a/q)NSC (Activated/quiescent) neural stem cell 
OB Olfactory bulb 
OLIG2 Oligodendrocyte transcription factor 2 
PDGF Platelet-derived growth factor 
PI Propidium iodide 
PI3K Phosphoinositide 3-kinase 
PSA-NCAM Polysialylated neural cell adhesion molecule 
PTEN Phosphatase and tensin homolog 
qPCR Quantitative polymerase chain reaction 
Rb Retinoblastoma protein 
RBPJ Recombination signal binding protein for immunoglobulin kappa J region 
RTK Receptor tyrosine kinase 
SEM Standard error of the mean 
SGZ Sub-granular zone 
Shh Sonic hedgehog 
SOX2 SRY (sex-determining region Y) box 2 
SVZ Sub-ventricular zone 
TACE Tumour necrosis factor-α converting enzyme 
TGF Transforming growth factor 
TMZ Temozolomide 
TSC Tuberous sclerosis complex 
VEGF Vascular endothelial growth factor 
WNT Wingless/integrated 
YAP Yes-associated protein 
YFP Yellow fluorescent protein 
Yki Yorkie 

 
  
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 
 

1. Introduction 

1.1 Neural stem cells 

1.1.1 Adult neural stem cells and their niches 

Neural stem cells (NSCs) are multipotent, self-renewing progenitor cells present in the central 

nervous system (CNS). During early development, neuroepithelial cells are the first NSC type present 

in the embryonic brain. These begin to express glial markers and become radial glial cells at the 

onset of cortical neurogenesis and undergo both symmetric and asymmetric divisions to generate 

intermediate progenitors and differentiated cell types (Kriegstein & Alvarez-Buylla 2009). All three 

major cell types of the CNS; neurons, astrocytes and oligodendrocytes, arise from NSCs either 

directly or through amplification stages from precursors with a more limited potential, known as 

intermediate progenitor cells (Okano & Temple 2009; Kriegstein & Alvarez-Buylla 2009). While 

embryonic radial glial cells are present throughout the CNS, in the adult mammalian brain, NSC 

populations are greatly reduced in number and restricted to specific neurogenic regions. In rodents 

these are the subgranular zone (SGZ) of the dentate gyrus (DG) and the subventricular zone (SVZ), 

which lines the lateral ventricles and is the larger of the two regions (Figure 1.1) (Doetsch et al. 1999; 

Sanai, Tramontin, et al. 2004; Quiñones-Hinojosa et al. 2006).  

The presence of dividing cells in the SVZ and DG of adult rodents was first identified in the 1960s 

using tritiated thymidine to mark proliferating cells (Smart & Leblond 1961; Altman 1963). The 

migration and neuronal differentiation of these cells from the SVZ to the olfactory bulb (OB) was 

then described a few years later (Altman 1969). Further evidence for adult neurogenesis in both the 

OB and DG was provided in the 1970s in electron microscopy studies by Kaplan and Hinds (Kaplan & 

Hinds 1977). Later, the development of BrdU-labelling as a technique to identify dividing cells, 

together with immunohistological techniques to label neurons, allowed the presence of adult-born 

neurons in the DG and SVZ to be convincingly demonstrated (Kuhn et al. 1996; Lois & Alvarez-Buylla 

1993). Since these initial studies, the identity and origin of the cells present in these neurogenic 

niches has been significantly investigated. It is now widely accepted that these adult NSCs arise from 

embryonic radial glial cells and they resemble these cells both in terms of morphology and marker 

expression (Falk & Götz 2017; Fuentealba et al. 2015). In particular, adult NSCs are characterised as 

positive for the glial markers, glial fibrillary acidic protein (GFAP) and glutamate aspartate 

transporter (GLAST), as well as the stem cell markers, Nestin and SOX2, but negative for 

differentiated cell markers such as NeuN, CD24 and S100β (Bergström & Forsberg-Nilsson 2012). 
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The cellular architecture of these niches has also been well-characterised (Figure 1.2). In the rodent 

hippocampus, NSCs in the SGZ are also known as type-I or radial glial-like cells and give rise to 

intermediate progenitor cells (IPCs or type IIa and IIb cells), which then differentiate into neuroblasts 

(type III cells) (Urbán & Guillemot 2014). In the SVZ, NSCs are found in a region 3-4 cells wide known 

as the subependyma, which is separated from the ventricle by a layer of ependymal cells (Figure 

1.2). Neurogenesis is initiated from quiescent type B NSCs, which have a radial morphology and 

Figure 1.1 Behaviour of neural stem cells within adult niches 

A A schematic diagram illustrating the potential behaviour of an adult stem cell and, more 
specifically, of an adult NSC over its life cycle. Adult NSCs can transition between quiescent and active 
states. Once activated, NSCs can divide asymmetrically to produce one NSC and one progenitor, or 
symmetrically to produce either two NSCs (self-renewing) or two progenitors (not self-renewing). 
Progenitors may be either unipotent or multipotent and NSCs may also directly differentiate into 
mature glial cell types.  
 

B A sagittal view of the adult rodent brain, showing the location of the two major niches where adult 
NSCs reside: the subventricular zone (SVZ) and the subgranular zone (SGZ). The SVZ is located along 
the lateral ventricle in the forebrain, while the SGZ is located in the hippocampus along the dentate 
granule cell layer.  
 

CC, corpus callosum; DG, dentate gyrus; Hipp, hippocampus; LV, lateral ventricle; NSC, neural stem 
cell; OB, olfactory bulb; RMS, rostral migratory stream; SC, stem cell; St, striatum 
 

Reproduced from (Bond et al. 2015) with permission from Elsevier. 
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project bidirectionally; with a thin apical process reaching through the ependymal layer to contact 

the lateral ventricle and a long basal process contacting blood vessels underlying the SVZ 

(Fuentealba et al. 2012). Upon activation, these type B cells enter the cell cycle and give rise to type 

C intermediate cells, also known as transit-amplifying precursors. These then undergo three to four 

more rounds of symmetric division to generate neuroblasts, or type A cells, which migrate out of the 

niche and differentiate into mature interneurons (Doetsch et al. 1999; Quiñones-Hinojosa et al. 

2006; Sanai et al. 2004; Ponti et al. 2013).   

 

 

 

Figure 1.2 Adult mammalian NSC niches 

A A schematic diagram of the SVZ niche depicting its cellular and molecular components. Here, radial glia-
like NSCs (type B cells) generate transit-amplifying cells (type C cells), which generate neuroblasts (type A 
cells).  
 

B A schematic diagram of the SGZ niche depicting its cellular and molecular components. Radial glia-like 
NSCs (Type I cells) generate intermediate progenitor cells (IPCs), which generate neuroblasts. 
 

ECM, extracellular matrix; EZ, ependymal zone; GCL, granule cell layer; ML, molecular layer; SGZ, 
subgranular zone; SVZ, subventricular zone 
 

Reproduced from (Bond et al. 2015) with permission from Elsevier. 



17 
 

1.1.2 Adult neural stem cell function 

Adult neural stem cell function in the rodent brain 

In the rodent brain, the majority of neurons that arise from SVZ NSCs migrate along the rostral 

migratory stream into the OB and differentiate into local interneurons, whereas those derived from 

the SGZ become granule cells of the dentate gyrus (Imayoshi et al. 2008). In both cases, these newly 

formed neurons are able to incorporate into pre-existing functional networks (van Praag et al. 2002; 

Carleton et al. 2003). Neurogenesis in the hippocampus has been shown to be important for a 

number of functions, including memory formation, pattern separation and spatial learning (Drapeau 

et al. 2003; Cavallucci et al. 2016; Deng et al. 2010; Dupret et al. 2008). In the OB, the newly 

generated neurons replace older neurons and specific ablation of NSCs leads to a rapid decrease in 

neuron number (Imayoshi et al. 2008). NSC-derived neurons have also been shown to be critical for 

OB function, in particular for olfactory learning and fine odour discrimination (Breton-Provencher et 

al. 2009; Alonso et al. 2006; Li et al. 2018; Grelat et al. 2018). The NSC population in the SVZ is 

heterogeneous, with distinct spatially-separated NSC sub-populations giving rise to specific sub-

types of OB neurons (Chaker et al. 2016). These interneuron sub-types integrate into distinct regions 

of the OB and interact with different OB components, suggesting that NSC-derived neurons have 

multiple distinct roles in OB function. 

While type B NSCs can also give rise to glial lineages, including oligodendrocytes and astrocytes, this 

appears to occur primarily in response to demyelination injury in the adult rodent brain, with only a 

small number of these cell types produced from NSCs under homeostatic conditions (Menn et al. 

2006; Picard-Riera et al. 2002; Nait-Oumesmar et al. 1999; Sohn et al. 2015; Xing et al. 2014). 

Ischemic injury resulting from a stroke also alters the differentiation and migration of both NSCs and 

progenitor cells in the SVZ. For example, both NSCs and neuroblasts have been shown to migrate to 

the site of ischemic injury, where they can generate reactive astrocytes and neurons respectively 

(Zhang et al. 2004; Arvidsson et al. 2002; Faiz et al. 2015). Increased production of astrocytes and 

oligodendrocyte precursors by NSCs also occurs in response to ischemic injury, and these cell types 

can also migrate to the site of injury (Benner et al. 2013; Zhang et al. 2011). NSCs are therefore 

responsive to different types of CNS damage, although the importance of their contribution to injury 

repair is still an ongoing area of investigation.  
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Adult neural stem cell function in the human brain 

While the presence of a proliferating NSC population was suggested in rodent and bird brains as 

early as the 1960s, it wasn’t until 1998 that human hippocampal neurogenesis was identified for the 

first time. The use of BrdU infusions for diagnostic purposes in cancer patients allowed new neurons 

to be identified in the DG of human brains studied post-mortem (Eriksson et al. 1998). A few years 

later, cells with neurogenic potential were also isolated and cultured from human brain tissue after 

death from both an 11-week old and 27-year old individual (Palmer et al. 2001). Since these initial 

findings, multiple immunohistochemistry studies on port-mortem brains have been conducted that 

have identified cells expressing proliferation and stem cell markers (Curtis et al. 2003; Liu et al. 2008; 

Dennis et al. 2016; Mathews et al. 2017; Knoth et al. 2010). Carbon14 dating techniques have also 

been used on neurons from individuals exposed to radiation from nuclear bomb testing, revealing 

that a third of hippocampal neurons are exchanged throughout life (Spalding et al. 2013). This study 

found that 1.75% of neurons in the hippocampus were turned over annually, a figure which 

modestly decreased with age, but that was comparable between middle-aged humans and mice. 

This would therefore indicate that adult hippocampal neurogenesis is also occurring in humans and 

at a rate that is likely to be functionally significant. 

However, the functional role and persistence into adulthood of human hippocampal neurogenesis 

remains a topic of controversy. In rodents, multiple functions of adult-born neurons in the 

hippocampal DG have been identified, but whether this is also the case in humans has not been 

resolved. Recently, three prominent studies have also reached differing conclusions on the 

persistence of hippocampal neurogenesis in humans after childhood (Boldrini et al. 2018; Sorrells et 

al. 2018; Moreno-Jiménez et al. 2019). These studies investigated the expression of stem cell and 

proliferation markers in post-mortem hippocampal tissue. In particular, the presence of doublecortin 

(DCX) and polysialylated neural cell adhesion molecule (PSA-NCAM), which are expressed on 

neuroblasts and immature granule neurons, was assessed together with markers for earlier 

precursors such as SOX2, GFAP and Nestin. In the study by Boldrini et al., DCX+ and DCX+/PSA-NCAM+ 

cells co-expressing other neurogenesis markers were found in all individuals and no age-related 

decline in DCX expression was detected. However, an age-related decline in markers such as SOX2 

was observed, indicating that the number of quiescent neural progenitors was decreased in older 

individuals (Boldrini et al. 2018). The lack of decline in DCX+ cells contradicts previous studies which 

showed a marked drop-off, particularly in old age (Dennis et al. 2016; Knoth et al. 2010). Another 

recent study by Sorrells et al. did find a drop-off in DCX+ cells with age, however this was to such an 

extent that virtually no DCX+/PSA-NCAM+ cells could be detected after early-childhood (Sorrells et al. 

2018). These authors therefore concluded that adult hippocampal neurogenesis does not persist in 
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humans as it does in rodents and other species. However, the most recent study has cast doubt on 

this assertion by finding a clear association between both post-mortem delay (the time between 

death and fixation) and fixation technique and the ability to detect DCX (Moreno-Jiménez et al. 

2019). These authors found that careful preparation of the brain tissue was crucial and, once 

properly optimised, DCX expression could be widely detected in healthy individuals up to more than 

80 years of age. Both this study and the one by Boldrini et al. also excluded individuals with 

neurological or psychiatric disease, whereas Sorrels et al. did not. Thus overall, the weight of the 

evidence skews in favour of at least some neurogenic capacity in the human hippocampus 

throughout life, although perhaps declining with age.  

The presence of NSCs in the human SVZ has also been identified (Sanai et al. 2004; Johansson et al. 

1999; Curtis et al. 2007; Wang et al. 2011). However, whether these cells give rise to neurons in the 

OB as they do in rodents is unclear. One study, which made use of the same carbon14 dating 

technique that provided evidence of hippocampal neurogenesis, concluded that there is limited, if 

any, postnatal neurogenesis in the OB (Bergmann et al. 2012a). Nevertheless, other reports have 

suggested that migration to the OB does occur in humans, albeit without the same robust rostral 

migratory stream observed in other animals (Curtis et al. 2007; Wang et al. 2011). However, both 

these studies noted a dramatic decline in this migration after infancy and detected very few 

progenitor cells in adulthood. In support of the notion that neurogenesis occurs primarily in infancy 

in humans, another study identified migrating immature neurons in infant brains up to 18 months of 

age, which were destined to both the OB and the prefrontal cortex (Sanai et al. 2011a). Similarly, 

widespread neuroblast migration into multiple forebrain regions up to five months of age has been 

reported (Paredes et al. 2016). Taken together, these findings suggest that human SVZ NSCs can 

supply neurons to distinct brain regions, rather than being restricted to the OB as they are in 

rodents, and that this neurogenesis is of primary importance during early post-natal development. 

Nonetheless, adult neurogenesis that continues throughout life has been identified by carbon14 

dating in the striatum, and the authors of this study speculated that these adult-born striatal 

neurons were derived from SVZ NSCs (Ernst et al. 2014). SVZ cell proliferation was also observed in 

response to stroke, suggesting they can be recruited following injury (Marti-Fabregas et al. 2010). 

Thus, while human SVZ NSCs appear to primarily be dormant in the adult, neurogenesis may still be 

activated in response to injury and they may have more diverse functions than rodent NSCs.  
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1.1.3 Neural stem cell quiescence 

Stem cell quiescence is characterised as a reversible state of growth arrest that allows for a rapid re-

entry into the cell cycle. In this way it differs from the senescent or terminally differentiated state, in 

which cells irreversibly exit the cell cycle. The state of quiescence is actively maintained by several 

molecular pathways acting in response to extrinsic niche signals and intrinsic quality control signals 

and exists to preserve genetic integrity and conserve energy by avoiding frequent DNA replication. In 

addition to an absence of DNA replication, quiescent cells can be generally characterised by reduced 

metabolic activity, suppressed RNA and protein synthesis and, frequently, increased autophagy (So 

& Cheung 2018; Chandel et al. 2016). Quiescent stem cells also actively express genes to prevent 

terminal differentiation and therefore ensure the reversibility of cell cycle arrest (Coller et al. 2006). 

Thus, quiescence should not be considered a dormant or resting state, but rather a highly regulated 

state that keeps cells poised for rapid cell cycle re-entry (So & Cheung 2018).  

Within the population of type B cells in the SVZ there are both quiescent NSCs (qNSCs) and activated 

NSCs (aNSCs) that coexist in the niche (Quiñones-Hinojosa et al. 2006). The qNSC subpopulation 

make up the majority of NSCs in the adult SVZ and are capable of completely regenerating this niche 

following antimitotic drug treatment (Pastrana et al. 2009; Giachino & Taylor 2009; Doetsch et al. 

1999). Tight regulation of the switch between these two states is clearly vital to ensure that the pool 

of NSCs does not accumulate DNA damage or become exhausted over time and therefore 

understanding how this is achieved is an active area of research. One key event in NSC activation 

appears to be the upregulation of EGFR, which is highly expressed in aNSCs and progenitor cells but 

absent in qNSCs. Thus, cell surface expression of EGFR is often used as a marker to differentiate 

these two populations (Pastrana et al. 2009; Codega et al. 2014). Several transcriptional profiling 

studies both at the single-cell and population level have sought to compare activated EGFR+ and 

quiescent EGFR- NSCs (summarised in Figure 1.3 from (Chaker et al. 2016)). Perhaps unsurprisingly, 

these have all found that numerous genes involved in positive cell cycle regulation, such as 

proliferating cell nuclear antigen (PCNA), minichromosome maintenance (MCM) proteins and 

components of DNA replication and repair, are more highly expressed in aNSCs (Llorens-Bobadilla et 

al. 2015; Codega et al. 2014; Shin et al. 2015; Morizur et al. 2018; Dulken et al. 2017). Protein and 

RNA synthesis-related genes are also upregulated in aNSCs and this is believed to temporally 

precede the upregulation of cell cycle genes in the switch from quiescence to activation (Shin et al. 

2015; Llorens-Bobadilla et al. 2015; Morizur et al. 2018; Dulken et al. 2017). Metabolic signatures of 

these two states have also been identified, with qNSCs demonstrating high expression of genes 

related to lipid metabolism and glycolysis, while aNSCs upregulate oxidative phosphorylation-related 

genes (Codega et al. 2014; Llorens-Bobadilla et al. 2015; Morizur et al. 2018). These profiling studies 



21 
 

have also identified transcription factors and signalling pathways that show differential expression 

between qNSCs and aNSCs. In particular, genes related to cell adhesion, the Notch pathway, BMP 

signalling and GPCR signalling were downregulated in aNSCs, indicating that these are important for 

the maintenance of the quiescent state (Llorens-Bobadilla et al. 2015; Codega et al. 2014; Shin et al. 

2015; Morizur et al. 2018; Martynoga et al. 2013). The function of some of these pathways in qNSCs 

is discussed in more detail below, with a particular focus on the role of the Notch signalling pathway.   

 

Cell adhesion 

Increased expression of multiple cell adhesion molecules has been described in qNSCs relative to 

their activated counterparts (Morizur et al. 2018; Codega et al. 2014; Shin et al. 2015). These include 

neural cell adhesion molecule 1 and 2 (NCAM1/2), vascular cell adhesion molecule 1 (VCAM1) and 

various cadherins, including N-cadherin. Functional studies have also confirmed the importance of 

cell adhesion for the maintenance of NSC quiescence. For example, disruption of VCAM1 in the 

murine SVZ leads to activation of NSCs and eventual depletion of the NSC pool (Kokovay et al. 2012). 

Similarly, N-cadherin-mediated anchorage to ependymocytes also mediates quiescence and N-

Figure 1.3 Molecular changes 
upon NSC activation 

Summary of findings from 
transcriptomic analyses of adult 
murine NSCs in the quiescent or 
activated state.  
 

LV, lateral ventricle; E, ependymal 
layer; BV, blood vessel; GPCR, G-
protein coupled receptor; NSC, 
neural stem cell; EGFR, epidermal 
growth factor receptor. 
 

Reproduced from (Chaker et al. 
2016) under the terms of the 
Creative Commons Attribution-
Non-Commercial Licence. 
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cadherin must be cleaved by MT5-MMP in order for NSC activation to occur (Porlan et al. 2014). NSC 

contact with endothelial cells in the niche has also been demonstrated to enforce quiescence and 

stem cell identity via signalling through the cell surface ligands, EphrinB2 and Jagged1 (Ottone et al. 

2014a). Taken together, these studies suggest that anchorage of NSCs in the niche provides signals 

which promote quiescence and help maintain the NSC pool. 

BMP signalling 

Bone morphogenetic proteins (BMPs) are members of the transforming growth factor β (TGFβ) 

superfamily of ligands and signal canonically through type I and II receptors. In adult NSCs of both 

the SVZ and hippocampus, BMP activation has been suggested to promote the quiescent state. This 

is supported by the observation that genes related to the BMP pathway are downregulated upon 

NSC activation in both niches (Shin et al. 2015; Llorens-Bobadilla et al. 2015). Moreover, BMPs have 

been demonstrated to induce quiescence of NSCs in vitro. In particular, the addition of BMP4 

together with FGF2 to self-renewing cultures of NSCs caused them to exit the cell cycle while 

maintaining their multipotent status (Martynoga et al. 2013; Mira et al. 2010; Morizur et al. 2018). 

Crucially, this state of cell cycle arrest was reversible, as removal of BMP4 and addition of EGF could 

rescue their proliferation (Martynoga et al. 2013). The addition of the BMP antagonist Noggin to 

hippocampal NSCs also greatly increased their expansion in vitro (Bonaguidi et al. 2008) and in vivo 

deletion of the BMPR1A receptor from hippocampal NSCs led to a transient increase in their 

proliferation (Mira et al. 2010). However, this was detrimental to neurogenesis long-term as it 

eventually led to a depletion of the NSC population and reduced neurogenesis. Nonetheless, it has 

been speculated that inhibition of the BMP pathway in the hippocampus of the ageing brain, which 

exhibits elevated BMP signalling, could be beneficial by boosting neurogenesis (Yousef et al. 2015). 

In the SVZ, overexpression of BMP by ependymal cells reduced NSC proliferation and blocked 

regeneration of type A neuroblasts. Furthermore, these ependymal cells were shown to express 

Noggin, therefore blocking endogenous BMP signalling in NSCs and promoting neurogenesis (Lim et 

al. 2000). Overexpression of BMPR1A in SVZ progenitor cells was also shown to induce cell cycle exit 

by upregulating p19 (Coskun et al. 2001). Thus, BMP signalling has a well-characterised role in the 

maintenance of NSC quiescence and regulation of neurogenesis in both the hippocampus and SVZ. 

mTOR signalling 

Mammalian target of rapamycin (mTOR) is the catalytic subunit of a multiprotein complex termed 

mTORC1, a key regulator of cellular proliferation and metabolism that acts to promote anabolic 

processes while inhibiting catabolic ones. This complex senses multiple upstream stimuli, including 

growth factors, amino acids and energy levels, which regulate mTORC1 activation through a variety 
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of mechanisms (Inoki et al. 2012; Laplante & Sabatini 2012). Several studies have linked this 

important pathway to the regulation of stem cell quiescence. Indeed, given that a key feature of 

quiescent stem cells is reduced protein synthesis, it would seem logical that mTOR activity, which is 

a critical promoter of protein synthesis, would be actively suppressed in these cells. In fact, it has 

been shown in adult NSCs that upregulation of protein translation capacity is an early event in qNSC 

activation, preceding the upregulation of cell cycle-related genes (Shin et al. 2015). Consistent with 

this observation, mTOR inhibition was shown to induce a reversible quiescent-like phenotype in 

adult NSCs and to deplete the transit amplifying progenitor pool in vivo (Paliouras et al. 2012). This 

study also linked a decline in mTOR activity in the ageing brain with decreased NSC proliferation.  

mTOR inhibition is also beneficial for maintaining quiescence in other adult stem cell types, 

particularly haematopoietic stem cells (HSCs) (Signer et al. 2014; J. Zhang et al. 2006; Gan et al. 

2010; Nakada et al. 2010). Indeed, it has been hypothesised that levels of mTOR activation are 

critical across multiple cell types for controlling whether a cell becomes quiescent or senescent 

during cell cycle arrest. For example, serum-starvation is a well-known inducer of quiescence in 

multiple cell types and it is thought this acts through repression of mTOR (Cho & Hwang 2012). 

Similarly, if mTOR signalling is inhibited in P53-arrested cells this promotes a reversible quiescent 

phenotype over irreversible senescence (Korotchkina et al. 2010; Leontieva et al. 2011; Leontieva et 

al. 2010; Demidenko et al. 2009). Thus, maintaining low levels of mTOR pathway activation, and 

therefore reducing the rate of protein synthesis, may be a critical feature of quiescent stem cells to 

prevent senescence-induction. 

Notch signalling 

The Notch pathway is a highly conserved cell-cell signalling mechanism that is important for 

regulating cell differentiation and proliferation, particularly during development. The classical Notch 

ligands are members of the delta-like ligand (Dll1, 3 or 4) and Jagged ligand families (JAG1 or 2). 

These ligands are expressed on the cell membrane where they can bind Notch receptors (NOTCH1-4 

in mammals) on a neighbouring cell. Upon ligand binding, the Notch receptor is cleaved in the 

extracellular domain in close proximity to the membrane by tumour necrosis factor-α converting 

enzyme (TACE), a member of the ADAM family of metalloproteases (also known as ADAM10) (Brou 

et al. 2000). A second cleavage event is then carried out by the γ-secretase complex, which releases 

the intracellular domain (NICD) (De Strooper et al. 1999). NICD migrates to the nucleus where it 

forms a complex with the DNA-binding protein, recombination signal binding for immunoglobulin 

kappa J region protein (RBPJ) (also known as CSF1), and the transcriptional co-activator mastermind-

like (MAML), which together induce the expression of target genes. The best characterised Notch 
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target genes are basic helix-loop-helix (bHLH) transcriptional repressors such as the hairy/enhancer 

of split-related HES or HEY family proteins (Ohtsuka et al. 1999). In the absence of NICD, RBPJ acts as 

a transcriptional repressor through its interaction with corepressor complexes that dissociate upon 

NICD binding (Kao et al. 1998) (Figure 1.4). Thus, unlike most signalling pathways, there is no second 

messenger amplification step and yet Notch pathway activation can still produce robust and 

pleiotropic effects.  

 

 

The Notch signalling pathway plays a central role in maintaining NSC quiescence and regulating NSC 

differentiation. During development, the Notch targets HES1 and HES5 have been shown to repress 

the expression of proneural genes, such as aschaete-scute homolog 1 (Ascl1, also known as Mash1) 

and Neurogenin2 (Ngn2), blocking neuronal differentiation and promoting the maintenance of the 

progenitor/stem cell state (Shimojo et al. 2011; Ohtsuka et al. 1999; Hatakeyama et al. 2004; 

Ishibashi et al. 1995). In addition to driving the expression of neural differentiation genes, these 

proneural genes also increase the expression of Notch ligands (Ross et al. 2003; Castro et al. 2006; 

Henke et al. 2009). Thus, cells that have lost Notch activity and are undergoing differentiation will 

Figure 1.4 Canonical Notch signalling 

Notch signalling is activated by the 

binding of a Notch ligand on one cell 

(signalling cell) to a Notch receptor on 

another (receiving cell). This triggers a 

series of proteolytic cleavage events 

which separates the Notch intracellular 

domain (NICD) from the extracellular 

domain (NECD). NICD can then 

translocate to the nucleus where it 

displaces a co-repressor complex from 

RBPJ to form an activating complex with 

RBPJ, MAML and other co-activators to 

drive Notch target gene expression. 

Dll, delta-like ligand; Jag, Jagged; Co-R, 

co-repressors; Co-A, co-activators; HDAC, 

histone de-acetylase; RBPJ, 

recombination signal binding protein; 

MAML, mastermind-like. 
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activate Notch signalling in neighbouring cells. These neighbouring cells will upregulate Hes1 and 

Hes5 expression, therefore repressing their own neurogenic programme. This regulation is known as 

lateral inhibition and acts as a feedback loop to prevent neighbouring cells from differentiating into 

the same cell type (R. Zhang et al. 2018). The critical importance of this process for embryonic 

neurogenesis is demonstrated by the fact that deletion of Hes genes or Rbpj leads to accelerated 

neuronal differentiation and subsequent exhaustion of NSCs (Ishibashi et al. 1995; Ohtsuka et al. 

1999; Hatakeyama et al. 2004; Imayoshi et al. 2010). 

Notch-mediated feedback mechanisms between NSCs and progenitor cells also occur in the 

postnatal and adult brain and are critical for adult neurogenesis. In the SVZ, the Notch ligands JAG1 

and Dll1 are highly expressed in type A and C cells, while NOTCH1 and HES1 are mainly expressed in 

type B NSCS, suggesting that differentiating progenitor cells are inducing Notch activation in 

adjacent NSCs to suppress their differentiation (Aguirre et al. 2010; Kawaguchi et al. 2013). 

Consistent with this hypothesis, conditional deletion of Rbpj in adult mice, thus inactivating 

canonical Notch signalling, has been shown to induce SVZ type B NSCs to differentiate into type A 

and C cells, depleting the NSCs in the niche (Imayoshi et al. 2010). A similar effect of Rbpj deletion is 

also observed in adult hippocampal NSCs (Ehm et al. 2010). Thus, it seems likely that Notch signalling 

also plays a key role in coordinating adult neurogenesis to ensure a balance between producing 

differentiated cells and maintaining the stem cell pool.  

Several studies have indicated that Notch signalling maintains the stem cell pool in the adult brain by 

suppressing NSC proliferation as well as their differentiation (R. Zhang et al. 2018). In adult zebrafish, 

high levels of Notch signalling in radial glia cells in the telencephalic germinal zone reduces 

proliferation and maintains the cells in a quiescent state. Conversely, decreased Notch activity 

boosts proliferation and leads to an increased number of adult-born neurons (Chapouton et al. 

2010). Similarly, in rats, stereotactic injections of activated NOTCH1 retrovirus into the early 

postnatal SVZ promotes NSC quiescence as well as blocking their differentiation and migration to the 

OB (Chambers et al. 2001). Deletion of Rbpj in mouse hippocampal SGZ NSCs has also been shown to 

transiently boost their proliferation (Andersen et al. 2014). Similarly, deletion of Hes1, Hes3, Hes5 

and Hey1 from NSCs also leads to an increase in NSC activation and subsequent depletion of the 

quiescent NSC pool in both the SVZ and SGZ (Sueda et al. 2019). Several transcriptional profiling 

studies have also found increased expression of Notch target genes or receptors in qNSCs relative to 

aNSCs in both the SVZ (Llorens-Bobadilla et al. 2015; Morizur et al. 2018) and SGZ (Shin et al. 2015). 

Furthermore, treatment of qNSCs in vitro with the γ-secretase inhibitor, DAPT, increases their rate of 

protein synthesis and drives their activation (Llorens-Bobadilla et al. 2015). Accumulating evidence 
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therefore suggests that activating Notch signalling in adult NSCs promotes the quiescent state, while 

its inhibition boosts activation and differentiation.  

Activation of Notch signalling occurs in response to Notch receptors binding to ligands on 

neighbouring cells, raising the question of which cell types in the niche supply these ligands to 

maintain the qNSC population. NSCs of the SVZ contact endothelial cells on blood vessels in the 

niche and these were shown to promote NSC quiescence through their expression of the Notch 

ligand JAG1 (Ottone et al. 2014a). As previously mentioned, type A and C cells of the SVZ also 

express both Dll1 and JAG1 (Aguirre et al. 2010) and inactivation of Dll1 in type C cells leads to 

precocious NSC activation and depletion of qNSCs (Kawaguchi et al. 2013). Dll1 is also more highly 

expressed in activated NSCs and segregates asymmetrically during NSC mitosis, suggesting that 

Notch signalling acts as a feedback mechanism from both aNSCs and more differentiated progenitor 

cells to promote quiescence (Kawaguchi et al. 2013; Codega et al. 2014; Llorens-Bobadilla et al. 

2015). Interestingly, EGFR overexpression in type C progenitor cells was found to reduce Notch 

pathway activation and proliferation in type B NSCs, a phenotype which could be rescued by NICD 

transduction in vivo (Aguirre et al. 2010). This study therefore provided further evidence for non-

cell-autonomous interactions between type C and B cells. However, in contrast to many other 

studies, Notch signalling was found here to promote NSC proliferation rather than the maintenance 

of quiescence. 

Indeed, other reports have also linked Notch signalling with the promotion of NSC proliferation, 

seemingly contradicting its proposed role in maintaining dormancy. In particular, reduced 

proliferation of Notch1-/- NSCs and neuroblasts has been observed in the adult hippocampal SGZ 

(Ables et al. 2010; Breunig et al. 2007). One explanation for this discrepancy is that signalling 

through different Notch receptors has distinct effects on NSC behaviour. This is supported by the 

findings of a recent study, which showed that loss of NOTCH2, but not NOTCH1, activates qNSCs and 

increases neurogenesis, leading to exhaustion of the SVZ niche (Engler et al. 2018). Notch1 deletion 

was also previously shown to result in the selective loss of aNSCs in the SVZ niche, without affecting 

the quiescent population (Basak et al. 2012). These results therefore suggest that it is NOTCH2 which 

conveys quiescence to NSCs, while NOTCH1 is required for the maintenance and renewal of aNSCs 

and progenitor cells. However, other reports have pointed to NOTCH3 as the key receptor for 

promoting NSC quiescence. Kawai and colleagues reported that NOTCH3 is more highly expressed on 

qNSCs, while NOTCH1 is preferentially expressed on aNSCs. Disruption of NOTCH3 signalling 

increased the division of NSCs and reduced the number of qNSCs activated following Ara-C 

treatment (Kawai et al. 2017). In zebrafish, NOTCH3 was also shown to be critical for maintaining 

adult NSC quiescence, as its loss led to increased activation and division of these cells (Alunni et al. 



27 
 

2013). Notch dosage may also be important as electroporation of low quantities of NICD-expressing 

plasmid increased the rate of BrdU incorporation in embryonic NSCs, whereas high quantities of the 

plasmid had the opposite effect, decreasing their proliferation (Guentchev & McKay 2006).  

Taken together, these studies demonstrate that the regulation of NSC proliferation and 

differentiation by Notch signalling is complex and likely differs between distinct organisms and 

neurogenic regions. In addition, the phenotype may be dependent on the particular receptors and 

ligands involved, as well as the strength of the signalling. However, the results from both 

transcriptional profiling and loss of function studies demonstrate that it is indispensable for the 

proper maintenance of NSC quiescence in the adult brain. 

Other pathways 

The FoxO sub-family of Forkhead transcription factors have also been shown to regulate NSC 

quiescence. FoxO transcription factor activity is inhibited by the phosphoinositide 3-kinase (PI3K) -

Akt signalling pathway in response to insulin, insulin growth factor (IGF) or growth factor signalling 

and has a number of important functions including in longevity and tumour suppression. FoxO3 in 

particular has been linked to the regulation of NSCs, as deletion of this gene leads to precocious 

proliferation and subsequent depletion of the NSC pool in adult mice (Paik et al. 2009; Renault et al. 

2009). However, it is worth noting that combined deletion of FoxO1, 2 and 3 leads to a more 

pronounced depletion, suggesting that other FoxO transcription factors also play a role (Paik et al. 

2009). A possible mechanism behind this phenotype was suggested by a subsequent study, which 

demonstrated that FoxO3 blocks neurogenesis of NSCs through inhibition of ASCL1-dependent 

transcription of neurogenic genes (Webb et al. 2013).  

Another pathway that has an important role in regulating NSC quiescence is the non-canonical WNT 

pathway (ncWNT), which activates the Rho GTPase Cdc42. This induces the expression of genes 

which are involved in anchorage to the niche and stem cell identity to maintain quiescence (Chavali 

et al. 2018). Finally, Hedgehog (Hh) signalling is also important for maintaining NSC quiescence, as 

deletion of the Patched receptor in SVZ NSCs leads to increased activation and proliferation in these 

cells followed by exhaustion of the stem cell pool (Daynac et al. 2016). Multiple mutations therefore 

result in a similar phenotype of enhanced activation and subsequent NSC pool exhaustion, 

highlighting the fine balance that exists between the two states of quiescence and activation and the 

number of different pathways that are involved in its regulation.  
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1.1.4 A role for neural stem cells in cancer 

Over the last couple of decades, evidence has accumulated to suggest that adult NSCs may be the 

cell of origin in certain brain tumours. One possibility is that these cells accumulate driver mutations 

over time, which compromise the normal controls on their proliferation and migration. These 

transformed NSCs could then escape the niche and acquire further mutations resulting in tumour 

formation. This has been hypothesised to be the case in glioblastoma (GBM), the most aggressive 

subtype of malignant glioma (discussed below) (Louis et al. 2007; Rispoli et al. 2014). In particular, 

the discovery of a subpopulation of cells within GBM tumours with stem cell-like characteristics, 

known as glioblastoma stem cells (GSCs), has lent weight to this notion. This GSC population in GBM 

tumours share many common features with adult NSCs, including expression of stem and progenitor 

markers, such as CD133, SOX2 and Nestin, self-renewal capacity, and the ability to generate 

multilineage progeny (Singh et al. 2003; Denysenko et al. 2010; Q. Bin Zhang et al. 2006; Cheng et al. 

2013; Stieber et al. 2014). Most importantly, GSCs are also able to generate tumours in mice which 

recapitulate all the classical features of GBM, even when injected in very small numbers (Galli et al. 

2004; Singh et al. 2004). For this reason, they are sometimes also referred to as brain tumour 

initiating cells. The importance of these cells and the evidence for their NSC origin is discussed in 

more detail below. 
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1.2 Glioblastoma 

1.2.1 Prognosis and treatment strategies for glioblastoma 

Gliomas are the most common primary brain tumour, accounting for 80% of malignant CNS tumours 

in the USA, and include astrocytomas, oligodendrogliomas and ependymomas (Ostrom et al. 2013; 

Louis et al. 2016). More than half of gliomas are in turn glioblastomas (GBM), or grade IV 

astrocytomas, which are highly aggressive and invasive (Ostrom et al. 2013) (Table 1.1 (Louis et al. 

2016; Gupta & Dwivedi 2017)). GBM tumours can arise de novo (primary GBM) or, in around 5-10% 

of cases, develop from a lower grade glioma over a period of years (secondary GBM) (Brennan et al. 

2013). Most primary GBMs occur in elderly patients, while secondary GBMs more commonly affect 

younger patients less than 45 years of age (Thakkar et al. 2014). The aggressiveness of GBM means 

that even with the best available treatment, which is currently surgical resection together with 

radiotherapy and temozolomide (TMZ) therapy, recurrence is inevitable and GBM is therefore 

considered incurable (Thakkar et al. 2014). The median survival of GBM is just 15 months and fewer 

than 5% of patients survive five years after diagnosis, a prognosis which has not significantly 

improved for decades (Vigneswaran et al. 2015; Stupp et al. 2005).  

The low survival rate of GBM can be attributed, at least in part, to the fact that these tumours are 

highly proliferative, rapidly invade the surrounding healthy tissue and display a large degree of 

heterogeneity, complicating their resection and treatment. Another major issue is either intrinsic or 

acquired resistance to chemotherapy, which makes recurrent GBM incredibly difficult to treat. TMZ, 

the first-line chemotherapy drug for GBM, is an alkylating agent which methylates guanine and 

adenine, resulting in double-strand breaks and ultimately cellular apoptosis (Fan et al. 2013). 

However, resistance to TMZ is frequently acquired following treatment, primarily it is believed 

through upregulation of O6‐methylguanin‐DNA‐methltransferase (MGMT), a repair protein which 

removes alkyl groups from the O6 position of guanine (Beier et al. 2011; Crespo et al. 2015; Fan et al. 

2013). Other chemotherapy drugs are also used in the treatment of recurrent GBM, including 

irinotecan, etoposide and cisplatin. However, these have shown only modest efficacy and are 

associated with many adverse side-effects (Alifieris & Trafalis 2015). 

Another option for the treatment of GBM is targeted molecular therapies. Much progress has been 

made in recent years to characterise the molecular mechanisms which drive tumour progression in 

GBM (described in more detail below), however this has not yet translated into greatly improved 

treatment options. Inhibitors that target receptor tyrosine kinases (RTKs) including epidermal 

growth factor (EGF), platelet-derived growth factor (PDGF), vascular endothelial growth factor 

(VEGF) and insulin growth factor (IGF) receptors or the PI3K/Akt/mTOR axis have been investigated 
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with little success (Sathornsumetee et al. 2007; Agnihotri et al. 2013; Alifieris & Trafalis 2015). One 

issue with this approach is the high degree of intratumoural heterogeneity displayed by GBM, which 

makes targeting a single pathway unlikely to be a successful strategy. Other treatment approaches 

which are currently being pursued are gene therapy and immunotherapy options. These include 

gene therapy strategies to deliver suicide genes, tumour suppressors or immunomodulatory genes 

to GBM tumours by non-replicating virus vectors (Kwiatkowska et al. 2013). Immunotherapy options 

which are being explored include dendritic-cell based vaccines or peptide targeting of the EGFR 

mutant, EGFRvIII. Both of these approaches have yielded some positive results, increasing median 

time to recurrence and median survival (De Vleeschouwer et al. 2008; Prins et al. 2011; Ardon et al. 

2012; Reardon & Mitchell 2017; Sampson et al. 2009; Choi et al. 2009). Thus, immunotherapy and 

immunomodulation strategies appear to be promising avenues to explore in the treatment of GBM, 

which will hopefully bring some improvement of the stubbornly low survival rates observed in this 

disease. 

 

Grade Grade I Grade II Grade III Grade IV 

Criteria 

Slow-growing, non-
malignant, often 
curable by 
resection 

Slow-growing, 
cytological atypia, 
malignant or non-
malignant, 
infiltrating, can recur 
as higher grade 

Anaplasia, increased 
mitotic activity, 
malignant, 
infiltrative, often 
recurs at higher 
grade 

Anaplasia, high 
mitotic activity, 
infiltrative, often 
necrotic, 
neovascularisation 

Diffuse 
gliomas 

 

Diffuse astrocytoma 
 IDH wild-type 
 IDH mutant 

Oligodendroglioma 
 IDH mutant and 

1p19q co-
deleted 

Anaplastic 
astrocytoma 
 IDH wild-type 
 IDH mutant 

Anaplastic 
oligodendroglioma 
 IDH mutant and 

1p19q co-
deleted 

Diffuse midline 
glioma 
 H3K27M mutant 

Glioblastoma 
 IDH wild-type 
 IDH mutant 

Other 
astrocytic 
tumours 

Pilocytic 
astrocytoma 
Subependymal 
giant cell 
astrocytoma 

Pleomorphic 
xanthoastrocytoma 
Pilomyxoid 
astrocytoma 

Anaplastic 
pleomorphic 
xanthoastrocytoma 

 

 

Table 1.1 World Health Organisation grading of glioma subtypes 

Table showing different WHO classifications of diffuse gliomas (including astrocytomas and 

oligodendrogliomas) and other astrocytic tumours. Glioblastoma is a grade IV tumour, the most 

aggressive sub-type, and is sub-classified into IDH-wild-type or IDH mutant. Other glioma sub-types 

including ependymal tumours have not been included here for simplicity. Adapted from Louis et al., 

2016 (WHO classification) and Gupta et al., 2017 
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1.2.2 Molecular pathway alterations in GBM 

In recent years we have gained a thorough understanding of the somatic genetic alterations which 

occur during GBM progression. These have demonstrated that different sub-types of GBM are 

enriched for distinct pathway alterations. The main pathways altered in GBM can be divided into 

three broad categories: RTK/RAS/PI3K, P53 and RB signalling (Figure 1.5) (Brennan et al. 2013). 

These pathways show a high degree of mutual exclusivity; for example, one tumour would not 

display both PI3K and phosphatase and tensin homolog (PTEN) mutations (Brennan et al. 2013), and 

most GBM tumours display alterations in at least two pathways. Primary and secondary GBM also 

differ in the frequency of these genetic alterations. EGFR amplification, PTEN mutation and Ink4a/Arf 

(also known as Cdkn2a) loss are most common in primary GBM, whereas secondary GBM is 

characterised by P53, isocitrate dehydrogenase (IDH) and RB mutations (Watanabe et al. 1996; 

Jhanwar-Uniyal et al. 2015; Parsons et al. 2008).   

 

Figure 1.5 Pathway alterations in glioblastoma 

Summary of alterations in the RTK, P53 and RB pathways in GBM as determined by analysis of 251 
GBM samples for The Cancer Genome Atlas GBM Project. Exome sequencing and DNA copy number 
data was available for all GBM samples, while RNA-seq was only available for a subset (153/291, 
61%) leading to an underestimation of rearrangements. 
 

Reproduced from Brennan et al. 2013 (TCGA) with permission from Elsevier. 
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GBM can also be categorised into several subtypes depending on the combination of mutations 

present and the expression of surface markers: classical, mesenchymal, proneural and neural. The 

classical subtype accounts for around 20% of GBM tumours and is characterised by EGFR 

amplification, loss of the Ink4a/Arf locus, loss of heterozygosity of the PTEN locus and an absence of 

P53 mutations (Verhaak et al. 2010). High levels of Notch and Sonic hedgehog (Shh) signalling are 

also frequently observed in these tumours. The mesenchymal subtype is characterised by loss of 

neurofibromin-1 (NF1) and expression of mesenchymal histologic markers such as VEGF and CD44. 

Proneural GBM demonstrates a higher rate of PDGFRA amplification, IDH mutation and P53 

mutation or loss of heterozygosity than the other subtypes and has a high expression of 

oligodendrocyte genes. Finally, the neural subtype is characterised by expression of neural genes 

such as NEFL, GABRA1, SYT1 and SLC12A5 and is often associated with EGFR copy number gain 

(Verhaak et al. 2010; Brennan et al. 2013). However, the relevance of these subtypes to clinical 

practice is unclear as subclass assignment has been shown to change following treatment and 

resection (Phillips et al. 2006; Wang et al. 2017; Wang et al. 2015; Bhat et al. 2013), and 

contaminating tumour-associated cells in the microenvironment can skew the tumour classification 

(Wang et al. 2017). Single cell sequencing studies have also revealed that these subtype classifiers 

are variably expressed across individual cells within a tumour, meaning that the classification may 

represent no more than the average across a vastly heterogeneous population (Patel et al. 2014). 

RTK/Ras/PI3K pathway 

In a major study of over 500 GBM samples by The Cancer Genome Association (TCGA) network, at 

least one RTK was shown to be altered in 67.3% of GBM (Brennan et al. 2013). Of these, mutations 

or amplifications of EGFR were by far the most common alteration (57.4%), followed by PDGFRA 

(13.1%). EGFR is one of four tyrosine kinase receptors within the ErbB receptor family. It binds the 

ligands EGF and transforming growth factor α (TGFα) among others and activates multiple 

downstream signalling pathways, including the PI3K/Akt/mTOR pathway, the Ras/Raf/MEK/ERK1/2 

pathway and the signal transducer and activator of transcription (STAT) pathways (Lemmon et al. 

2014; Alifieris & Trafalis 2015). While regional DNA amplification is the most common EGFR 

alteration, expression of gain of function mutants, in particular the truncated EGFRvIII, are also 

present in 11% of tumours (Brennan et al. 2013). The EGFRvIII mutation occurs by deletion of exons 

2-7 in the EGFR gene, resulting in an in-frame deletion of part of the extracellular domain, and is 

believed to be a late event in GBM evolution which follows EGFR amplification (Gan et al. 2013). 

EGFRvIII shows constitutive activation in the absence of ligand binding, increasing PI3K and Ras 

pathway activation (Huang et al. 1997). Wild-type EGFR and EGFRvIII are usually co-expressed and 

EGFRvIII expression often shows a high degree of intratumoural heterogeneity (Nishikawa et al. 
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2004; Parker et al. 2018). In fact, it has been shown that cells expressing EGFRvIII are able to 

increase the proliferation of neighbouring wild-type EGFR-expressing cells through paracrine 

signalling, suggesting that a subset of cells with EGFRvIII are able to promote tumour growth non-

cell-autonomously (Inda et al. 2010). In addition to cell proliferation, EGFR mutation or amplification 

has been shown to promote tumour invasiveness, resistance to apoptosis and resistance to 

treatment in GBM (Hatanpaa et al. 2010).  

The PI3K/AKT/mTOR axis is also frequently amplified in GBM. 41% of GBM tumours have mutations 

or deletions in the negative regulator, PTEN (Brennan et al. 2013). Additionally, PI3K mutations are 

found in 25.1% of GBM (Brennan et al. 2013). PI3K can be activated by RTKs, such as EGFR and 

PDGFRA, active RAS, or integrin signalling. Activation of this pathway broadly acts to promote 

anabolic processes, such as protein synthesis, and inhibit catabolic processes, such as autophagy. 

Activation of this pathway has been shown to negatively correlate with patient survival indicating it 

is a key driver of GBM aggressiveness (Chakravarti et al. 2004). mTOR inhibition has therefore been 

explored as a potential therapeutic option in GBM. However, despite some initial promising results 

showing at least a partial response (Chang et al. 2005; Galanis et al. 2005), mTOR inhibition has 

largely proved ineffective for the treatment of GBM (Li et al. 2016).  

While RAS mutations are found only rarely in GBM (around 1%), increased RAS/MAPK pathway 

activity is observed in nearly all cases (Crespo et al. 2015; Brennan et al. 2013). Mutations or 

deletion of the RAS antagonist, neurofibromin 1 (NF1) is observed in 15-18% of primary GBMs and is 

associated with the mesenchymal subtype (Parsons et al. 2008). Studies in mouse models have 

shown that NF1-deficient astrocytes display increased proliferation and migration as a result of RAS-

mediated mTORC1 hyperactivation (Sandsmark et al. 2007). In vivo, deletion of NF1 in combination 

with P53 loss in either astrocytes or NSCs result in astrocytoma formation, which rapidly progress to 

high-grade GBM if PTEN is also deleted (Alcantara Llaguno et al. 2009; Kwon et al. 2008; Zhu et al. 

2005). Taken together, amplification of growth factor signalling pathways is therefore a key feature 

of GBM and most likely contributes to its highly proliferative and invasive nature. 

P53 pathway 

P53 is a key stress sensing protein in cells, acting to induce cell cycle arrest or apoptosis, and is one 

of the most frequently altered genes in cancer. Under homeostatic conditions, P53 levels are kept 

low by the MDM proteins which promote its ubiquitination and degradation, however this 

interaction is blocked in response to stress signals causing increased P53 levels in the cell (Y. Zhang 

et al. 2018). The P53 pathway has been shown to be dysregulated in 85.3% of GBM tumours, either 

through mutation or deletion of TP53 itself, through amplification of its inhibitors, MDM1/2/4, or 
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deletion of CDKN2A (Ink4a/Arf) (Brennan et al. 2013). As with other pathways, there is a high degree 

of mutual exclusivity within this pathway, so that mutations in TP53, MDM amplification or Ink4a/Arf 

loss rarely co-occur. P53 pathway alteration is also more frequently observed in secondary GBM, 

which has developed from a lower-grade tumour, than primary GBM (Watanabe et al. 1996; 

Brennan et al. 2013) 

Mutations of TP53 in GBM are primarily point mutations which lead to the overexpression of 

oncogenic P53 variants rather than P53 deletion. (Brennan et al. 2013). 95% of P53 mutations occur 

in the DNA-binding domain and the majority of these are missense mutations which can be 

characterised either as loss of function (LOF), gain of function (GOF) or dominant negative mutations 

(England et al. 2013; Vousden & Prives 2009). LOF mutations result in a loss of the cell cycle 

inhibitory functions of WT-P53, while GOF mutations are characterised by the acquisition of novel 

aberrant transcriptional activity. GOF mutant P53 interacts with distinct transcription factors to wt-

P53, resulting in increased proliferation, migration and invasion and thus actively promotes tumour 

initiation and progression (Muller et al. 2011; Vousden & Prives 2009). Finally, dominant-negative 

P53 mutants tetramerise with wt-P53 and therefore downregulate the anti-tumourigenic function of 

wt-P53. Mutant P53 is also frequently overexpressed relative to wt-P53. This overexpression is most 

often attributed to a loss of the MDM negative feedback loop which regulates levels of WT-P53. 

MDM2 is a downstream target of P53 that creates this negative feedback under normal conditions. 

However, GOF mut-P53 in cancer can lose the ability to transactivate MDM2, resulting in its 

accumulation (Watanabe et al. 1996; Ohgaki 2005; Crespo et al. 2015).  

The role of P53 dysregulation in GBM initiation and progression has not been completely resolved 

and it is likely to be complex, depending on the specific P53 mutation present. Introduction of a P53 

mutation in GFAP-expressing cells in a mouse model resulted in high-grade glioma formation 

through its ability to promote the accumulation of cooperative oncogenic events, such as PTEN loss 

or PDGFR over-activation (Wang et al. 2009). P53 deletion in a GFAP-HRasV12 mouse model also 

resulted in glioma formation (Shchors et al. 2013) as did combined loss of P53 and PTEN or NF1 in 

GFAP+ cells (Zheng et al. 2008; Zhu et al. 2005). These reports therefore agree that an additional 

oncogenic event is required for full neoplastic transformation, suggesting the role of P53 disruption 

in GBM progression may be to decrease genomic stability and thus increase the likelihood of other 

mutations occurring. This is supported by the observation that P53 mutation occurs more frequently 

in secondary GBM suggesting that it drives the progression to a more aggressive tumour in these 

cases.  
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RB pathway 

The RB gene encodes the RB phosphoprotein, a critical regulator of the G1/S transition. In non-

proliferating cells, RB is in a hypophosphorylated state and binds to the transcription factor E2F, 

preventing the transcription of E2F target genes which are required for DNA replication and cell 

cycle progression. When a cell is triggered to divide by mitogen stimulation, sequential 

phosphorylation of RB by Cyclin D1-CDK4/6 and Cyclin E-CDK2 complexes occurs, releasing the 

repression of E2F by RB and allowing the transition into S phase. A major target of E2F is Cyclin E 

itself and thus this initiates a positive feedback loop which ensures the commitment of the cell to S 

phase and represents a point of no return regardless of the presence or absence of mitogens. The 

p16Ink4a and p15Ink4b proteins play a crucial role in inhibiting this transition by binding to CDK4 and 

CDK6 and blocking their binding to Cyclin D (Gil & Peters 2006). Inactivation of RB can therefore 

occur by mutation of the RB gene directly, by loss of RB expression, for example through promoter 

methylation, or by phosphorylation by CDK/Cyclin complexes. Increased RB phosphorylation can also 

be caused by loss of CDK inhibitors, such as p16Ink4a. In GBM, close to 80% of tumours were found to 

have altered RB function. However, just 7.6% had a direct RB mutation, with the remaining due to 

CDK4/6 amplification (15.5%) or Ink4a/Arf deletion (57.8%) (Brennan et al. 2013).  

Loss of the tumour suppressor locus, Ink4a/Arf, is therefore the predominant mutation affecting 

both P53 and RB pathway function in GBM. The two gene products, p16Ink4a (also known as p16 or 

CDKN2A) and ARF (also known as p14Arf in humans or p19Arf in mice), differ in their first exon - 1α for 

Ink4a and 1β for Arf. This exon is spliced to a common second and third exon, however, since the 

initiator codon in each first exon is in a different reading frame, the two proteins share no sequence 

homology (Kim & Sharpless 2006). Additionally, there is another gene, Ink4b, located immediately 

upstream of Ink4a/Arf. The primary function of p16Ink4a appears to be in its inhibition of CDK4/6-

mediated Rb phosphorylation at the G1/S transition, whereas the best characterised role of ARF is its 

ability to stabilise P53 by inhibiting MDM2 function. Both proteins therefore function as tumour 

suppressors in a distinct manner, so that loss of one or the other alone confers an increase tumour 

susceptibility, but the effect is exacerbated if both are lost (Kim & Sharpless 2006; Gil & Peters 

2006). For example, mice that are defective for either Ink4a or Arf have increased susceptibility to 

both spontaneous and carcinogen-induced tumours relative to their wild-type littermates, while 

mice that lack both Ink4a and Arf are even more tumour-prone still (Sharpless et al. 2004; Latres et 

al. 2000). Conversely, mice with an extra allele of the Ink4a/Arf/Ink4b locus on a bacterial artificial 

chromosome demonstrate a three-fold reduction in the incidence of spontaneous cancers (Matheu 

et al. 2004). In NSCs and mature astrocytes, loss of Ink4a/Arf in combination with EGFRvIII 

expression results in transformed cells which rapidly give rise to tumours upon injection into mouse 



36 
 

brains (Bruggeman et al. 2007). Similarly, Ink4a/Arf-/-Pten-/- NSCs also demonstrate increased 

proliferation and give rise to gliomas in vivo (Kim et al. 2012). Loss of Ink4a/Arf therefore cooperates 

with other oncogenic mutations to promote glioma formation.   

Isocitrate dehydrogenase mutation 

Isocitrate dehydrogenase (IDH) mutations are more commonly present in younger patients and 

secondary GBM tumours and are associated with better survival (Parsons et al. 2008; Yan et al. 

2009). IDH1 mutations frequently co-occur with P53 mutations, consistent with the association of 

both genes with secondary GBM, and are also more prevalent when RTK alterations are absent 

(Brennan et al. 2013). In fact, IDH mutation is considered the most important discriminator of 

primary and secondary GBM and its identification has led to the current understanding of these two 

GBM types as being fundamentally distinct not just in their clinical history but in their molecular 

pathway alterations. Thus, GBM tumours are now classified into IDH-wild-type or IDH-mutant as an 

alternative to the designation of primary and secondary.  
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1.2.3 Glioblastoma stem cells 

For many years gliomas were believed to arise from mature astrocytes or oligodendrocytes which 

underwent neoplastic transformation resulting in their unconstrained proliferation. This was largely 

believed to be the case as these were considered the only cell type in the adult brain capable of cell 

division. However, as previously discussed in section 1.1, evidence in recent years has demonstrated 

that NSCs with proliferative and neurogenic potential do indeed reside in the adult mammalian 

brain. Multiple studies have since demonstrated that stem cell-like cells are also present in GBM 

tumours (termed glioblastoma stem cells (GSCs) or brain-tumour initiating cells) and it is now 

believed that these are the cell type primarily responsible for both tumour initiation and progression 

(Auffinger et al. 2015). This subpopulation of cells form neurospheres in vitro with multipotent 

differentiation potential, possess a high capacity for self-renewal and express a number of stem cell 

markers, much like normal adult NSCs (Singh et al. 2004; Q. Bin Zhang et al. 2006; Bradshaw et al. 

2016; Pollard et al. 2009). GSCs are also able to generate tumours in mice which recapitulate all the 

classical features of GBM, even when injected in very small numbers (Galli et al. 2004; Singh et al. 

2004). As previously mentioned, this observation has led to the suggestion that NSCs in adult 

neurogenic niches may be the cell of origin in GBM.  

The presence of these GSCs with multipotent differentiation potential may also at least partly 

explain why intratumour genetic and phenotypic heterogeneity is particularly high in GBM compared 

to other tumour types (Bonavia et al. 2011). GSCs have been shown to undergo asymmetric division, 

which preserves the stem cell-like properties of this sub-population while also generating the 

heterogeneous population of cells which form the bulk tumour (Lathia et al. 2011; Jiang et al. 2012). 

GSCs are also believed to contribute to the high frequency of recurrence of GBM following 

treatment, as some studies have suggested they display a higher degree of chemotherapy resistance 

(Liu et al. 2006; Clement et al. 2007; Eramo et al. 2006) and invasiveness (Cheng et al. 2011) 

compared to the non-GSC population of the tumour mass. GSCs have also been shown to cycle 

between highly proliferative and slow-cycling states, much like NSCs, which may also contribute to 

their resistance to treatment. This subpopulation of slow-cycling cells express higher levels of stem 

cell markers and Notch signalling components and were shown to resist treatment with RTK 

inhibitors (Liau et al. 2017).  

Much support for a role of NSCs in GBM tumour initiation comes from work on mouse models of the 

disease. This includes multiple studies which have found that introducing transforming mutations 

into NSCs in vitro produces cells that resemble GSCs and are able to give rise to high-grade gliomas 

when injected into an adult mouse brain (Holland et al. 2000; Bruggeman et al. 2007; Kim et al. 
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2012; Bachoo et al. 2002). For example, NSCs that have either Pten deleted, or have lost both Pten 

and Ink4a/Arf demonstrate increased self-renewal and generate gliomas in vivo (Kim et al. 2012; 

Duan et al. 2015). Similarly, NSCs that overexpress EGFRvIII in combination with Ink4a/Arf loss 

rapidly give rise to high-grade gliomas upon injection into mice (Bruggeman et al. 2007). This may be 

particularly relevant as copy number variations in EGFR and loss of Ink4a/Arf were identified as early 

events in the evolution of GBM (Sottoriva et al. 2013) and are also commonly observed genetic 

alterations in isolated GSC populations (Piccirillo et al. 2015). Additionally, genetic models have 

shown that inactivation of tumour suppressors specifically in Nestin-expressing NSCs is sufficient to 

induce GBM formation (Alcantara Llaguno et al. 2009). SVZ NSCs were also shown to be the likely cell 

of origin in genetic studies that introduced transforming mutations into GFAP-expressing cells and 

demonstrated subsequent glioma development (Wang et al. 2009; Zheng et al. 2008). Finally, human 

GBM cells injected into the striatum of nude mice also demonstrated a tropism for the SVZ and were 

then able to migrate to the OB, suggesting they are responsive to signals from this niche (Kroonen et 

al. 2011). 

Despite this evidence, the cell of origin in GBM remains controversial and may in fact differ between 

tumours. Studies have shown that mature astrocytes are also able to give rise to GBM-like tumours 

in mouse models and that differentiated cancer cells are able to de-differentiate and express stem 

cell markers (Bruggeman et al. 2007; Dai et al. 2001; Auffinger et al. 2014). It has also been 

suggested that more committed oligodendrocyte precursors give rise to GBM tumours (Zong et al. 

2015; Sugiarto et al. 2011). However, a recent study has now provided more direct evidence of SVZ 

NSC involvement in GBM initiation in humans. Lee et al. sequenced matched patient tumour 

samples and NSCs from tumour-free SVZ and found that in more than half of the cases driver 

mutations present at high levels in the tumour could be detected at low levels in the SVZ tissue, 

suggesting that SVZ cells are indeed the precursor cells of GBM (Lee et al. 2018). This study also 

made use of mouse models, which demonstrated that NSCs containing driver mutations do indeed 

migrate out of the SVZ and initiate tumours in distant brain regions. Thus, understanding the 

regulation of NSC proliferation has implications not just for understanding homeostatic regulation of 

brain function and ageing, but also for understanding the development of aggressive and fatal 

tumours such as GBM. Furthermore, NSCs which have had specific oncogenic mutations introduced 

can be used as a model of GBM progression, allowing the molecular mechanisms which lead to the 

highly aggressive and invasive phenotype of GBM tumours to be elucidated. 

In addition to the hypothesis that GBM initiation may involve NSCs of the SVZ, there is also evidence 

that this niche supports tumour progression. Multiple studies have shown that contact with the SVZ 

is a negative prognostic factor in GBM (Mistry, Hale, et al. 2017; Sinnaeve et al. 2018; Mistry, Dewan, 
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et al. 2017), and that GBM tumours may preferentially home to this niche (Tamura et al. 1993; 

Willard & Kleinschmidt-DeMasters 2015). This suggests that the SVZ is permissive to tumour growth, 

possibly because GBM tumours are able to co-opt the proliferative and survival signals which 

support the stem and progenitor cell populations in this region. While the molecular mechanisms 

behind this remain elusive, one study found that tumours contacting the SVZ had increased 

expression of Notch pathway genes and that Dll3 and Hes4 gene expression in particular were 

predictive of a worse prognosis (Jungk et al. 2016). Intriguingly, GBM contact with the hippocampal 

SGZ region has not been found to reduce survival (Mistry et al. 2017), indicating that unique features 

of the SVZ niche are responsible for the worse prognosis. Additionally, the SVZ has been shown to 

harbour malignant cells that possess tumour-initiating capacity and demonstrate resistance to 

chemotherapy in a subset of patients with GBM (Piccirillo et al. 2015). GBM tumours have also been 

shown to recur more frequently at sites contacting neurogenic regions, with one study finding that 

while 48% of initial tumours contacted the SVZ or SGZ, this increased to 84% for recurrent GBM 

(Chen et al. 2015). These findings therefore also implicate the SVZ in tumour recurrence and therapy 

resistance, suggesting that this region can play a role throughout the lifespan of GBM tumours. 
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1.3 Cell competition  

1.3.1 Classical and Super-competition 

Although the cells of a multicellular organism are genetically identical, stochastic variation in gene 

expression as well as differing exposure to nutrients, growth factors and damage-inducing agents 

results in a significant degree of heterogeneity. Additionally, somatic mutations can also arise which 

compromise the fitness of the cell or lead to oncogenic transformation. Mechanisms to ensure the 

removal of damaged or suboptimal cells are therefore essential for maintaining tissue health. The 

best characterised of these mechanisms are cell autonomous, such as the induction of apoptosis in 

response to DNA damage or unfolded protein accumulation. However, it has been proposed that, in 

addition to sensing their own intrinsic fitness, cells are also able to determine their fitness relative to 

surrounding cells in the tissue. Those cells that are comparatively weaker are then eliminated, even 

though their defects are not sufficiently severe to trigger the intrinsic apoptotic pathway. This cell 

non-autonomous process has been termed cell competition and accumulating evidence indicates 

that it plays diverse roles in development, homeostasis and cancer progression (Moreno & Rhiner 

2014) (Figure 1.6). 

The phenomenon of cell competition was first identified 40 years ago in Drosophila, through the 

study of mutations in Minute genes encoding ribosomal subunits (Morata & Ripoll 1975). The 

authors demonstrated that although heterozygous Minute+/- flies showed delayed development due 

to the slower proliferation rate of their cells, they survived to adulthood. However, in contrast, 

Minute -/+ clones were eliminated in a wild-type background and failed to contribute to the adult 

wing (Morata & Ripoll 1975; Simpson 1979; Simpson & Morata 1981). Differential growth rates were 

thought to be key to the elimination of heterozygous clones, which was later demonstrated to occur 

through apoptosis (Moreno et al. 2002). These findings led to the first definition of competition as 

the elimination of slow-growing cells by apoptosis (the ‘losers’), which occurs only when confronted 

by a faster-growing population of the same cell type (the ‘winners’). Since then, the phenomenon of 

cell competition has also been shown to be conserved in mammalian models with implications for 

mammalian development, homeostasis, cancer and ageing (Madan et al. 2018; Di Gregorio et al. 

2016; Maruyama & Fujita 2017). However, with the increased interest in competition, the initial 

definition of slow-growing cells eliminated by apoptosis has also expanded considerably, as distinct 

triggers and mechanisms of competition have been identified. These have suggested that a variety of 

defects can lead to the induction of competition, which may or may not result in differential growth 

rates. Moreover, loser cell elimination can occur independently of apoptosis, for example through 

growth arrest (Bondar & Medzhitov 2010) or extrusion from the tissue (Kajita et al. 2010). Thus, the 
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term cell competition is now widely applied in multiple contexts where cell non-autonomous effects 

are observed and most likely encompasses a number of distinct processes.  

Super-competition 

The phenomenon of super-competition occurs when cells with increased fitness are able to 

eliminate their wild-type healthy neighbours (Figure 1.6). The existence of super-competition 

therefore highlights an important feature of competition – that it is the relative rather than absolute 

fitness of a cell in its environment that determines the outcome of competitive interactions. The 

best characterised inducer of super-competition is elevated MYC expression, but other mutations 

can also confer a super-competitor status, such as increased mTOR or WNT pathway activity 

(discussed in more detail below) (Vincent et al. 2011; Moreno & Basler 2004; de la Cova et al. 2014; 

Bowling et al. 2018). 

 

 

Figure 1.6 Classical competition and super-competition 

Cell competition occurs between cells which are viable and proliferate in a homogenous environment. 
In classical competition, cells which are defective or sub-optimal are eliminated when surrounded by 
wild-type cells. In super-competition, cells which have acquired beneficial mutations induce apoptosis 
in wild-type cells, highlighting the relative nature of cell competition. 
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1.3.2 Molecular and cellular mechanisms of competition 

Triggers of cell competition  

Despite the fact that competition was first described more than 40 years ago, much remains to be 

discovered about the molecular mechanisms underlying this process. In particular, the factors which 

determine cell fitness and the process by which cells are able to recognise their relative fitness 

remain elusive. It was originally speculated that growth differences could be key, as winner cells 

often exhibit faster growth rates than loser cells in competitive interactions. However, studies have 

shown that increasing growth rates by increasing the expression of cyclin D or cyclin-dependent 

kinase 4 (CDK4) does not induce cell competition despite cell autonomous increases in proliferation 

(de la Cova et al. 2004). Similarly, cells that are unable to transduce insulin signalling grow more 

slowly but are not eliminated when surrounded by faster-growing wild-type cells (Böhni et al. 1999). 

Furthermore, competition has also been demonstrated to occur in post-mitotic tissues (Tamori & 

Deng 2013; Merino et al. 2013). Thus, altering the proliferation rate alone cannot define winner or 

loser status. The question then remains of what readout of cell ‘fitness’ is sensed in a competitive 

interaction and how this leads to the elimination of loser cells. Some of the key triggers of 

competition are described below, including loss of polarity, MYC expression levels, protein synthesis 

capacity, signalling differences and reduced growth factor or nutrient uptake (summarised in Table 

1.2). 

MYC 

Differences in the levels of MYC expression is the most widely known inducer of competition in a 

number of distinct contexts. This was first demonstrated in the Drosophila imaginal wing disc, where 

cells with higher dMyc expression were shown to induce apoptosis of surrounding cells (Moreno & 

Basler 2004; de la Cova et al. 2004). In mammalian models, MYC levels were also key to competition 

occurring during mouse embryogenesis. If MYC is overexpressed in a mosaic fashion in the mouse 

embryo, those cells with lower MYC levels are eliminated by apoptosis (Clavería et al. 2013). Myc levels 

were also shown to be critical for determining winner cell status in mouse embryonic stem cells in 

vitro (Sancho et al. 2013). Additionally, MYC over-expression in a mosaic fashion in cardiomyocytes of 

the developing or adult heart has also been demonstrated to induce the death of wild-type cells, either 

by apoptosis in the embryo or by autophagic cell death in the adult (Villa del Campo et al. 2014).  

Protein synthesis capacity 

One alternative possibility is that the rate of protein synthesis of a cell is a critical readout of fitness 

status during cell competition. Indeed, as previously mentioned, the first characterised inducer of cell 

competition was impaired protein synthesis capacity relative to surrounding cells. In Drosophila, 
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haploinsufficiency for multiple ribosomal protein genes results in a common ‘Minute’ phenotype, 

characterised by a reduction in the size of surface bristles and a developmental delay associated with 

reduced protein synthesis and proliferation rate (Marygold et al. 2007). However, despite these 

defects, heterozygous flies survive to adulthood and eventually reach a normal body size. In contrast, 

Minute+/- cell clones are eliminated by apoptosis in the imaginal wing disc in a wild-type background 

and fail to contribute to the adult wing (Morata & Ripoll 1975; Simpson 1979; Simpson & Morata 

1981). Ribosomal mutations have also been shown to induce competition in a mammalian model. 

Mice carrying a heterozygous mutation in the ribosomal protein L24 gene are viable, but heterozygous 

clones are out-competed in a wild-type background (Oliver et al. 2004). The mTORC1 complex has also 

been recently implicated in cell competition. This complex has multiple functions, but one of its best 

characterised roles is to promote protein synthesis in response to positive growth stimuli. In a study 

by Bowling et al., it was demonstrated that loser cells downregulated mTOR pathway activity as they 

expressed lower levels of active ribosomal protein S6, a key regulator of protein synthesis downstream 

of mTOR. Furthermore, it was found that increasing the activity of this pathway through mutation of 

the upstream inhibitor, TSC2, converted cells into super-competitors (Bowling et al. 2018). These 

findings therefore suggest that mTOR is regulating cell competition through protein synthesis.  

Additionally, MYC-induced competition has also been linked to protein synthesis capacity. It was 

shown that cells overexpressing dMyc are no longer able to eliminate surrounding cells with lower 

Myc levels if a key ribosomal gene, which is critical for maximal protein synthesis, was also mutated 

(Moreno & Basler 2004). Indeed, these cells were themselves eliminated suggesting that protein 

synthesis is required for cell competition and is likely downstream of dMyc-induced cell competition. 

MYC has also been shown to regulate protein synthesis in a mammalian model of competition in the 

early embryo (Clavería et al. 2013). Thus, both ribosomal mutations and lower MYC levels would 

potentially reduce the protein synthesis capacity of a cell and affect competition in this way.  

Loss of polarity 

In an epithelial monolayer, cells have an apical and basal polarity which is critical for its correct 

functioning and integrity. In Drosophila Lethal giant larvae (Lgl), together with its binding partner, 

Mahjong, has been identified as important regulator of proliferation and apico-basal polarity (Tamori 

et al. 2010). Loss of Lgl or Mahjong function in epithelial cells of the Drosophila wing disc has been 

shown to lead to their elimination by apoptosis when surrounded by wild-type cells, as has loss of 

Mahjong in cultured Madin-Darby canine kidney (MDCK) cells (Tamori et al. 2010; Menéndez et al. 

2010). The Scribble gene is another important regulator of polarity that functions as a tumour 

suppressor in both Drosophila and mammals (Brumby & Richardson 2003). Similarly to Mahjong or 

Lgl, its loss or knockdown in Drosophila eye or wing discs or in cultured MDCK cells converts mutant 
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cells into losers that undergo apoptosis when surrounded by wild-type cells (Brumby & Richardson 

2003; Norman et al. 2012; Chen et al. 2012; Schroeder et al. 2013). However, dMyc overexpression 

in Lgl or Scribble mutant epithelial cells is sufficient to rescue the elimination of these cells, thus 

indicating that the level of Myc expression may be the dominant readout of cell fitness in 

competition (Chen et al. 2012; Froldi et al. 2010). 

Hippo signalling 

The Hippo pathway is a highly conserved kinase cascade which has a well-characterised role in cell 

autonomous control of proliferation. Hippo pathway activation results in the repression of the 

transcriptional coactivators YAP and TAZ in mammals or their homolog Yorkie (Yki) in Drosophila. In 

both mammals and Drosophila these then bind transcription factors and drive the expression of pro-

proliferative and pro-survival genes, such as Cyclin E and Myc (Meng et al. 2016; Huang et al. 2005). 

Perhaps unsurprisingly given its role in proliferation and apoptosis, numerous studies have 

implicated the Hippo pathway in cell competition. In particular, several papers have suggested that 

high levels of Yki activity are able to rescue the elimination of loser cells in a number of different 

contexts, including loss of polarity and Minute-induced cell competition (C.-L. Chen et al. 2012; 

Yamamoto et al. 2017; Tyler et al. 2007; Menéndez et al. 2010). Overexpression of Yki alone, or 

mutation of other members of the Hippo pathway, has also been demonstrated to be sufficient to 

convert cells into super-competitors even in the absence of other mutations in both Drosophila (Ziosi 

et al. 2010) and mammalian models of competition (Mamada et al. 2015). Conversely, low Yki/YAP 

activity is sufficient to confer loser status on cells (Mamada et al. 2015; Hashimoto & Sasaki 2018). 

Interestingly, and of relevance to this report, a recent study demonstrated that human glioma cells 

that express lower levels of YAP are eliminated when surrounded by glioma cells with higher YAP 

expression (Liu et al. 2019). The higher YAP-expressing cells in this system were also found to 

increase their proliferation and expression of tumourigenic genes specifically in this heterogeneous 

environment, indicating that these competitive interactions were enhancing tumourigenesis. Thus, 

levels of Hippo pathway activity appear to be critical for determining the outcome of competitive 

interactions in a number of different cell types and contexts. 

WNT and JAK/STAT signalling 

Differences in WNT/Wingless (Wg) signalling can also induce competition. In the Drosophila wing 

disc, cells with low Wg signalling are eliminated by competition and likewise cells which over-

activate Wg signalling behave as super-competitors and eliminate surrounding cells (Suijkerbuijk et 

al. 2016; Vincent et al. 2011). Similarly, cells with deficient JAK/STAT signalling are also eliminated 
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from the Drosophila wing and eye and over-activation of this pathway can also confer super-

competitor status (Rodrigues et al. 2012).  

Competition for extracellular growth factors or nutrients 

The simplest model of cell competition is competition for extracellular growth factors and nutrients. 

As these factors become limiting, only those cells with the greatest ability to take up or respond to 

these factors can survive. In support of this hypothesis, BMP signalling differences have been 

associated with competition. In heterozygous Minute mutants, lower levels of Dpp signalling (the 

Drosophila homologue to BMP) were shown to induce apoptosis during competition and it was 

hypothesised this could be due to a defect in competing for the pro-survival Dpp ligand (Moreno et 

al. 2002). Likewise, wild-type cells also demonstrated decreased Dpp signalling when confronted by 

Myc-overexpressing cells suggesting this was a common mechanism to both competitive scenarios 

(Moreno & Basler 2004). Mammalian embryonic stem cells that lack the BMPR1A receptor, and thus 

demonstrate reduced BMP signalling, are also eliminated by wild-type cells by competition (Sancho 

et al. 2013). However, excess BMP ligands failed to rescue this competition and other groups have 

not detected decreased Dpp signalling in Myc and Minute-induced competition in Drosophila (de la 

Cova et al. 2004; Sancho et al. 2013). 

Similarly, a reduced efficiency in the uptake of key nutrients could also be part of the mechanism of 

loser cell elimination in competition. For example, it has been found that, in human GBM samples, 

the GSC population exhibits an increased efficiency of glucose uptake relative to non-GSCs and this 

gives them a selective advantage under low glucose conditions (Flavahan et al. 2013). Targeting the 

glucose uptake channel responsible for this advantage reduces the tumourigenic potential and 

growth of these GSCs and high expression of this channel correlates with poor survival in patient 

studies. Depletion of glucose in the tumour microenvironment has also been shown to reduce the 

activity of T cells (Chang et al. 2015). Therefore, at least in come contexts, the non-cell-autonomous 

interactions observed in competition could be due to differential uptake of nutrients between 

different cell types. 
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Trigger/Effector of 
Cell Competition 

Summary Key References 

MYC 
Overexpression leads to supercompetitor 
status. 

Moreno & Basler 2004, De la 
Cova et al. 2004, Claveria et al. 
2013, Sancho et al. 2013 

Protein synthesis 
capacity 

Reduced capacity due to ribosomal 
mutations, low Myc or low mTOR leads to 
loser cell status 

Morata & Ripoll 1975, Oliver et 
al. 2004, Bowling et al. 2018, 
Moreno & Basler 2004 

Loss of polarity 

Loss of polarity due to Scribble, Lgl or 
Mahjong mutation leads to loser cell status  

Tamori et al. 2010, Menendez 
et al. 2010, Brumby & 
Richardson 2003, Norman et 
al. 2012, Chen et al. 2012, 
Schroeder et al. 2013 

Hippo signalling 

Increased YAP activity leads to 
supercompetitor status and can rescue 
loser cell elimination. Decreased YAP 
activity leads to loser cell status. 

Chen et al. 2012, Yamamoto et 
al. 2017, Tyler et al. 2007, 
Menendez et al. 2010, 
Mamada et al. 2015, 
Hashimoto & Sasaki 2018, Liu 
et al. 2019 

WNT signalling 
Low signalling levels leads to loser cell 
status and high signalling levels leads to 
supercompetitor status. 

Suijkerbuijk et al. 2016, 
Vincent et al. 2011 
 

JAK/STAT signalling 
Low signalling levels leads to loser cell 
status and high signalling levels leads to 
supercompetitor status. 

Rodrigues et al. 2012, Kolahgar 
et al. 2015 

Competition for 
extracellular growth 
factors and nutrients 

Decreased ability to bind/take-up growth 
factors and nutrients leads to loser cell 
status. 

Moreno et al. 2002, Moreno & 
Basler 2004, Flavahan et al. 
2013 

P53 

Mild p53 elevation leads to loser cell 
status.  
Required for the elimination of some loser 
cells. 

De la Cova et al. 2014, 
Wagstaff et al. 2016, Zhang et 
al. 2017, Bowling et al. 2018, 
Watanabe et al. 2018, Bondar 
& Medzhitov 2010 

JNK 

Required for loser cell apoptosis in multiple 
models.  
Promotes winner cell compensatory 
proliferation in Minute and Rab5-induced 
competition. 

Moreno et al. 2002, Moreno & 
Basler 2004, Brumby & 
Richardson 2003, Igaki et al. 
2006, Tamori et al. 2010, 
Pagliarini & Xu 2003, 
Ballesteros-Arias et al. 2014, 
Kolahgar et al. 2015 

NF-κB 

Drives expression of pro-apoptotic proteins 
in loser cells in Minute/Myc-induced 
competition. 
Blocks loser cell elimination in Scribble-
induced competition. 

Meyer et al. 2014, Germani et 
al. 2018, Katsukawa et al. 2018 

Table 1.2 Summary of triggers and effectors of cell competition 

A brief summary of some of the key pathways and mechanisms that have been identified in cell 

competition. This list includes mechanisms that determine winner/loser cell status and pathways that 

act downstream to drive loser cell elimination or winner cell survival and proliferation. 
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Effectors of cell competition 

While much remains to be determined about the downstream mechanisms that link the triggers of 

cell competition to the elimination of loser cells, multiple regulators of cell competition have been 

identified. The best characterised of these effectors are P53, JNK and NF-kB and these will be 

discussed briefly here (summarised in Table 1.2). 

P53 

The critical role of P53 in cell autonomous stress responses makes this a clear candidate for a role in 

competition.  Indeed, it has been implicated in a number of different cell competition models, 

although its roles appear to be complex and dependent on the particular competition context. In 

dMyc-induced super-competition, loss of P53 in a competitive environment impairs metabolism, 

reduces viability, and, crucially, blocks the killing ability of dMyc-overexpressing cells (De La Cova et 

al. 2014). Therefore, in this scenario, P53 appears to be critical for mediating the signal which directs 

loser cell elimination. P53 also plays a role in mechanically-induced cell competition. Here, mild 

elevation of P53 in scribble-knockdown cells sensitises them to compaction-induced apoptosis. Thus, 

when surrounded by wild-type cells they become compressed, elevate P53 further and undergo 

apoptosis (Wagstaff et al. 2016).  

The effect of mild P53 elevation has also been explored during mammalian embryogenesis. In one 

study, mild P53 elevation across the whole embryo, through induction of haploinsufficiency in the 

negative regulators, Mdm2 and Mdm4, was found not to affect embryogenesis (Zhang et al. 2017). 

However, when Mdm2+/-Mdm4+/- clones were induced in a mosaic fashion in a wild-type 

background, they were outcompeted in a manner dependent on the levels of P53. P53 was also 

found to be elevated in Bmpr1a-/- mouse embryonic stem cells, which are eliminated as loser cells 

when surrounded by wild-type counterparts (Bowling et al. 2018). Mouse epithelial cells expressing 

mutant forms of P53 also die by necroptosis and are basally extruded from the monolayer when 

confronted with wild-type cells (Watanabe et al. 2018). Finally, mouse haematopoietic stem cells 

compete in the bone marrow when exposed to stresses that lead to elevation of P53 levels (Bondar 

& Medzhitov 2010). Thus, mild P53 elevation could be considered a marker of loser cell status which 

is only acted upon when surrounded by cells with wild-type P53 levels.  

JNK 

JNK signalling was an early downstream mechanism identified in both Myc and Minute-induced 

competition (Moreno et al. 2002; Moreno & Basler 2004). JNK inhibition blocked loser cell apoptosis 

in both contexts suggesting that it was a crucial effector of competitive elimination. Since these 

studies, JNK signalling has also been shown to be required for the elimination of polarity-deficient 
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mutants in both Drosophila and cultured MDCK cells (Brumby & Richardson 2003; Igaki et al. 2006; 

Tamori et al. 2010; Pagliarini & Xu 2003). JNK inhibition has also been shown to rescue loser cell 

elimination in competition induced by elevated WNT signalling in the Drosophila midgut (Suijkerbuijk 

et al. 2016). However, not all groups have found that JNK inhibition affects loser cell elimination in 

Minute and Myc-induced competition (de la Cova et al. 2004; Tyler et al. 2007; Vincent et al. 2013). 

JNK pathway activation has also been shown to play a role in winner cells in competition. JNK 

signalling was found to activate the phagocytic pathway of wild-type epithelial cells and promote 

their engulfment of Scribble mutant cells (Ohsawa et al. 2011). JNK signalling has also been found to 

promote winner cell compensatory proliferation in Minute-induced competition and in the 

elimination of endocytosis-deficient cells (Ballesteros-Arias et al. 2014; Kolahgar et al. 2015). 

NF-kB 

The NF-κB transcription factors play a crucial role in the activation of genes involved in cell survival 

and immunity, such as growth factors and pro-inflammatory cytokines. Intriguingly, a role for Toll 

receptor signalling and subsequent NF-κB activation in both Minute and Myc-induced modes of cell 

competition has been suggested (Meyer et al. 2014). In particular, in Myc-induced competition, 

increased cleavage of the Drosophila NF- κB homolog, Rel, in loser cells was shown to drive their 

elimination by upregulating expression of the pro-apoptotic protein, Hid. In Minute-induced 

competition, a similar mechanism resulted in the other Drosophila NF- κB homologues, Dorsal and Dif, 

driving the expression of the pro-apoptotic protein, Reaper to drive loser cell elimination. More 

recently, another report confirmed the requirement for NF-κB activation in Minute and Myc-induced 

loser cell elimination in Drosophila and found that inhibition of NF-κB alone was sufficient to confer a 

growth advantage. However, if the flies were grown under pathogen-free conditions, inhibition of NF-

κB activation no longer rescued loser cell elimination in either context, presumably because NF-κB 

levels were low in all cells under these conditions (Germani et al. 2018). This observation suggests that 

relative levels of Toll pathway signalling and thus NF-κB activation are critical for determining the 

outcome of competitive interactions. 
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1.3.3 Cell competition in cancer 

Tumour suppression 

It is now well-recognised that non-cell-autonomous mechanisms, such as immune surveillance, play 

an important role in the removal of pre-malignant cells. The ability of cell competition to remove 

defective cells which are below the threshold for induction of intrinsic cell death suggests it could be 

an important additional weapon in the host defence against tumour development. Indeed, this has 

been demonstrated to be the case in certain epithelial models of cell competition. In a process 

termed epithelial defence against cancer, or EDAC, epithelial cells are able to identify and remove 

adjacent defective cells independently of the immune system (reviewed in (Maruyama & Fujita 

2017)). EDAC was first identified in Madin-Darby canine kidney (MDCK) cells expressing an oncogenic 

form of Ras (RasV12). It was found that these transformed cells are apically extruded from the 

epithelial monolayer when surrounded by wild-type cells, but not when surrounded by other RasV12-

expressing cells (Hogan et al. 2009). The authors also demonstrated that RasV12-transformed 

epithelial cells are extruded in vivo in the wing imaginal discs of Drosophila (Hogan et al. 2009). 

Importantly, this process of apical extrusion is not specific to RasV12 expression as further studies 

have demonstrated that epithelial cells expressing the oncogene v-Src, overexpressing ERBB2, or 

over-expressing YAP are also apically extruded when surrounded by wild-type cells (Kajita et al. 

2010; Leung & Brugge 2012; Chiba et al. 2016; Vidal et al. 2006). Furthermore, epithelial cells which 

have lost polarity due to deletion of the Scribble or Lgl genes are eliminated by apoptosis when 

surrounded by wild-type cells (Wagstaff et al. 2016; Yamamoto et al. 2017; C.-L. Chen et al. 2012; 

Menéndez et al. 2010). These genes also have important roles as tumour suppressors and loss of 

polarity is frequently observed during cellular transformation (C.-L. Chen et al. 2012; Tamori et al. 

2010; Calleja et al. 2016). The removal of these mutated genes would therefore guard against 

tumour development. Taken together, these findings therefore suggest that epithelial cells have 

general mechanisms for removing a wide variety of potentially harmful mutated cells.  

Additionally, a tumour suppressing role of cell competition has also been demonstrated in the 

thymus, where newer bone-marrow-derived T-cell progenitors outcompete their older thymus-

resident counterparts to ensure normal cell turnover. If this process is disrupted, the older 

precursors persist and become malignantly transformed, resulting in the development of acute 

lymphoblastic leukaemia (Martins et al. 2014). This suggests that competitive interactions between 

cells acts to limit tumour expansion in a number of different contexts, and therefore that cancer cells 

must find ways to bypass or overcome this suppression in order to form malignant tumours.  
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Several studies have provided some insight into how this suppression may be overcome and have 

suggested that the effectiveness of cell competition to constrain tumour growth may be limited to 

the early stages of tumourigenesis. For example, if RasV12  or Notch is overexpressed in Scribble or Lgl 

mutant cells, their elimination is prevented and these clones demonstrate unrestricted growth 

(Menéndez et al. 2010; Brumby & Richardson 2003). Similarly, mutation of P53 is able to block 

competition-induced cell death of Scribble knockdown MDCK cells (Wagstaff et al. 2013), and dMyc 

overexpression in Lgl or Scribble mutant cells in Drosophila rescues their elimination (C.-L. Chen et al. 

2012; Froldi et al. 2010). Intriguingly, a recent study showed that the frequency of extrusion of 

RasV12-transformed epithelial cells in the pancreas and small intestine was reduced in mice fed a high 

fat diet (Sasaki et al. 2018). This reduced extrusion led to a greater number of RasV12-transformed 

cells persisting in the epithelium and the development of tumourous masses in the pancreas of the 

mice on the high fat diet. This raises the possibility that environmental factors could reduce the 

effectiveness of cell competition and therefore increase the frequency of tumour formation. 

Additionally, the number of mutant cells relative to wild-type cells also seems to be important in 

determining the effectiveness of cell competition. In an intriguing study, Ballesteros-Arias and 

colleagues demonstrated that clones of Rab5 mutant cells, which have defective endocytosis, are 

eliminated by apoptosis when surrounded by wild-type cells (Ballesteros-Arias et al. 2014). However, 

when large groups of more than 400 Rab5 mutant cells are made simultaneously, an over-growing 

tumour is formed. Taken together, these studies indicate that, while cell competition may protect 

against cancer development in certain contexts, environmental factors, the presence of a second 

oncogenic hit, or a large mass of mutant cells, renders it ineffective to prevent tumour progression.  

Tumour progression 

Super-competition 

Not only could cell competition fail to be an effective form of defence against cancer in some 

contexts, it may also act to promote tumour progression in certain scenarios. This hypothesis has 

been put forward in part due to the observation that cells with certain tumour-promoting mutations 

can become super-competitors and eliminate wild-type cells (Levayer & Moreno 2013). As described 

previously, cells which over-express MYC, or the Drosophila paralog dMyc, are able to outcompete 

and eliminate surrounding wild-type cells (de la Cova et al. 2014; de la Cova et al. 2004; Sancho et al. 

2013). These super-competitors also demonstrate compensatory proliferation, a key feature of 

winner cell behaviour during competition, suggesting that host cell apoptosis could also drive 

tumour cell proliferation. Given that MYC is frequently upregulated in tumour cells, this observation 

suggests that tumour cells with high MYC levels may be able to create space for themselves through 

competitive interactions with adjacent cells.  
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Super-competition has also been demonstrated in a mouse model of intestinal stem cell turnover 

(Vermeulen et al. 2013). This report found that stem cells which are Apc mutants or express 

oncogenic KRAS have a selective advantage over wild-type cells. Intriguingly, P53 mutant stem cells 

had no selective advantage under normal conditions, but did preferentially replace wild-type cells 

under conditions which mimicked colitis in the mice (Vermeulen et al. 2013). Evidence of 

competition in the intestine has also been demonstrated more directly in Drosophila (Eichenlaub et 

al. 2016). In this study, APC-/- clones were induced in the Drosophila midgut leading to benign 

hyperplasia. An enrichment of apoptotic cells could be observed surrounding the APC-/- clones and 

wild-type clones were significantly smaller than in control guts, suggesting they were being out-

competed. Most interestingly, if apoptosis was prevented in the wild-type cells, not only was their 

clone size restored to that of control guts, but the growth of the APC-/- clones was constrained 

(Suijkerbuijk et al. 2016). A similar observation was made by Eichenlaub et al, who examined cells 

over-expressing EGFR and mir8 in the Drosophila imaginal wing disc (Eichenlaub et al. 2016). These 

mutant cells were able to eliminate surrounding cells by apoptosis and give rise to metastatic 

tumours. As in the previous study, inhibition of apoptosis, and thus blockade of cell competition, 

constrained tumour growth and metastasis. These initial reports therefore hint at the possibility that 

manipulating cell competition could be a therapeutic strategy to inhibit tumour expansion. This is an 

observation which is supported by mathematical modelling of cancer treatment strategies, which 

demonstrates that boosting the survival and proliferation of wild-type or benign clones within the 

tumour would be an effective treatment strategy as it reduces the likelihood of resistance to 

treatment evolving (Maley et al. 2004).  

While the reports previously mentioned relied primarily on Drosophila or mouse models of cell 

competition, some recent studies have provided preliminary evidence that super-competition could 

also occur in human cancer cells. One such study utilised the human breast cancer line, MCF7, and 

showed that these cells are out-competed by control cells following transfection with MYC shRNA 

(Patel et al. 2017). Another study examined the tumour-stroma interface in a number of human 

tumour samples and found a strong correlation between levels of MYC expression in the tumour and 

activated caspase-3 expression in the adjacent stroma (Di Giacomo et al. 2017). This study also made 

use of co-culture assays between paired human cancer cell lines with differing levels of MYC 

expression and showed increased apoptosis in those with lower MYC levels. Human tumour cell lines 

with active mutant KRAS have also been shown to engulf and kill surrounding cells in a process 

known as entosis (Sun et al. 2014). Additionally, SPARC, a protective protein expressed in loser cells 

to delay apoptosis in some Drosophila competition models, is up-regulated in stromal cells at the 

tumour boundary in some human cancers (Petrova et al. 2011).  
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Figure 1.7 Roles of competition during tumour development 

A Competition acts as a tumour suppressive mechanism during early tumorigenesis. Cells which 
acquire detrimental mutations are removed from the tissue by apoptosis or extrusion. 
B Super-competition allows cells which acquire beneficial mutations to eliminate surrounding wild-
type cells, thus aiding their expansion in the tissue. 
C Intra-tumoural competition acts between distinct clonal populations or cell types within a tumour, 
therefore promoting the survival of sub-populations with increased fitness in later stages of 
tumourigenesis. 
D Accumulation of lactate or depletion of glucose in the micro-environment of highly glycolytic 
tumours dampens T cell responsiveness and therefore reduces the anti-tumour immune response.  
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Stem cell competition 

In adult stem cell niches, competition also occurs between neighbouring cells due to physical space 

restrictions or limiting availability of maintenance signals (Stine & Matunis 2013). During 

homeostasis this competition is usually neutral, so that stem cells are lost and replaced at the same 

rate in a stochastic manner. However, non-neutral competition, in which a sub-population of stem 

cells gains an advantage and takes over the niche, can also occur and has been particularly 

implicated in the development of blood cancers (Noll et al. 2012; Stine & Matunis 2013). HSCs that 

have elevated P53 levels as a result of sub-lethal irradiation are induced to undergo growth arrest by 

neighbouring HSCs in the niche with lower P53 (Bondar & Medzhitov 2010). While this may be 

beneficial in the short term, by promoting the preferential survival of HSCs with less DNA damage, it 

is also possible that this mechanism could select for tumourigenic cells with mutated P53, 

particularly in older individuals or those exposed to irradiation (Bondar & Medzhitov 2010; Marusyk 

et al. 2010). Furthermore, in multiple myeloma and acute myeloid leukaemia, malignant cells home 

to HSC niches where they are able to outcompete normal HSCs by driving their differentiation and 

exit from the niche (Noll et al. 2012; Colmone et al. 2008; Bruns et al. 2012). This behaviour has also 

been observed in prostate cancer cells, which metastasise to the bone marrow and takeover the HSC 

niches (Shiozawa et al. 2011). Cancer cells are therefore able to hijack and colonise stem cell niches 

by outcompeting the resident normal stem cell population. 

Competition through nutrient depletion or metabolite accumulation 

As described above, one possible mechanism for triggering cell competition is through competition 

for extracellular nutrients and growth factors. Tumour cells frequently demonstrate altered 

metabolism relative to surrounding stromal cells. In particular, higher glycolytic activity is a common 

feature of many tumours and this can lead to both a depletion of glucose in the microenvironment 

and to increased lactate release from tumour cells. Several studies have demonstrated that the 

proliferation and responsiveness of surrounding T and NK cells is reduced in response to excess 

lactate or depletion of glucose in the tumour microenvironment (Chang et al. 2015; Ho et al. 2015; 

Fischer et al. 2007; Renner et al. 2017; Brand et al. 2016). Additionally, lactate also affects myeloid 

cell activation, suppressing monocyte activation and dendritic cell differentiation (Dietl et al. 2010; 

Gottfried et al. 2006). This phenomenon affects tumour growth as boosting tumour cell glycolysis by 

overexpressing Myc, glycolytic enzymes or GLUT-1 increased tumour progression, while suppression 

of glycolysis by checkpoint blockade therapy restored T cell responses and resulted in tumour 

regression (Chang et al. 2015). Inhibiting glycolysis or targeting glucose uptake channels in tumours 

could therefore be a potential therapeutic strategy as it could enhance the antitumoural immune 

response. 
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Clonal competition within tumours 

Finally, another possibility is that competition could play a significant role within tumours to alter 

the evolution of clonal populations as the tumour progresses. It was previously thought that cancer 

evolution involved the linear acquisition of driver mutations in clones over time which progressively 

increased their fitness and therefore gave them a cell-autonomous selective advantage over their 

predecessors. However, recent deep sequencing and single-cell analyses have revealed a high level 

of genetic diversity within tumours, which challenges this model of linear evolution and raises the 

possibility  that more complex interactions between clones are also taking place (Marusyk et al. 

2014; Gupta & Somer 2017). For example, non-cell-autonomous effects between clonal populations 

could alter the evolution of a tumour by acting to exaggerate differences in proliferation rates 

between clones. In fact, it has been demonstrated using mathematical models that if a cell acquires 

just a small selective advantage over its neighbours, it will rapidly lead to its progeny taking over and 

replacing the initial precursors (Waclaw et al. 2015). Clonal interference, where one clone 

suppresses the expansion of another, has also been predicted by a number of mathematical models 

of tumour progression and has been observed directly in a mouse xenograft model of tumour 

heterogeneity (Marusyk et al. 2014; Testa et al. 2018). A recent study of glioma cells also found that 

subpopulations expressing different levels of the Hippo pathway effector, YAP, demonstrated 

competitive interactions which enhanced the proliferation and expansion of the tumour (Liu et al. 

2019). However, the relative importance of cell-autonomous and non-cell autonomous effects of 

clonal mutations for tumour growth and heterogeneity is currently not well understood.  

These findings suggest that competition plays complex roles during tumour development, and that, 

although it may be part of the host defence against cancer, it can also be exploited by tumours to aid 

their expansion and invasion. It is undeniably the case that the processes described here represent a 

broad range of non-cell-autonomous interactions that have been captured under the umbrella of 

cell competition and likely occur through distinct mechanisms. However, the field of competition 

underscores the importance of not considering cancer cells in isolation and investigating the 

potential ability of surrounding cells to both constrain and promote tumour growth. 
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1.4 Aims of this thesis 

The importance of cell-cell cross talk for influencing cancer dynamics, including initiation, expansion 

and response to treatment is being increasingly appreciated and investigated. Signalling from 

neighbouring cells is already well known to influence the behaviour of adult NSCs in the SVZ niche, in 

particular by maintaining their stem cell identity and quiescent state. This project therefore sought 

to investigate whether this phenomenon could be exploited by cancerous cells to aid their expansion 

and migration out of the niche. The interaction of adult NSCs carrying oncogenic mutations with 

normal NSCs was therefore investigated to identify whether cell competition could be promoting the 

expansion of these tumourigenic cells at the expense of surrounding normal cells. To achieve this 

aim, co-culture assays were established, similar to those already well-characterised by our group for 

the study of cell competition during development. In particular, transformed Ink4a/Arf-/- EGFRvIII 

NSCs were used as these are mutations which are commonly observed in GBM and these cells have 

been shown to generate tumours in vivo (Bruggeman et al. 2007). The subsequent aim of this project 

was to investigate the nature of these competitive interactions and the molecular mechanisms 

which were involved. Multiple approaches were taken to achieve this including the use of small 

molecule inhibitors, transcriptional profiling, and genetic deletion of key genes. Although Ink4a/Arf-/-

EGFRvIII transformed NSCs were primarily used for this study, NSCs which were null for P53 and Pten 

were also investigated, to establish whether similar effects could be observed with distinct 

transforming mutations. 
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2. Materials and Methods 

2.1 Cell culture  

Established adult murine SVZ NSC lines were obtained from the laboratory of Steven Pollard 

(University of Edinburgh) with the exception of the Ink4a/Arf-/- NSCs, which were obtained from the 

laboratory of Simona Parrinello (Imperial College London). These cells were derived from the SVZ by 

the protocol described in (Pollard et al. 2006). Transformed Ink4a/Arf-/- EGFRvIII were generated by 

the Maarten van Lohuizen laboratory (Netherlands Cancer Institute) and are described in 

(Bruggeman et al. 2007). All NSCs were cultured at 37°C in an atmosphere with 5% CO2. NSCs were 

maintained in serum-free adherent growth conditions on poly-L-lysine-coated plates (Sigma). 

Growth medium was Dulbecco’s Modified Eagle Medium: Nutrient Mixture F12 (DMEM/F12) (Gibco) 

supplemented with N2 (1:200, Gibco), B27 (1:100, Gibco), 1x non-essential amino acids (Gibco), 0.1% 

BSA (Gibco), 100µM β-mercaptoethanol, 1.5mg/ml glucose (Sigma), 15mM HEPES, 2mM L-glutamine 

(Gibco), 100U/ml penicillin-streptomycin (Gibco), 20ng/ml EGF and 10ng/ml bFGF (both Peprotech) 

as described in (Pollard et al. 2006). 1µg/ml Laminin (Sigma) was also added to the growth media to 

promote adherent growth. Cells were detached with Accutase (Gibco) and passaged 1:10-1:12 every 

3-4 days. Cells were cryopreserved in DMEM/F12 media with 10% DMSO. 

2.2 Competition assays 

For six-day competition assays, 40,000 cells per well were seeded in a 24-well plate either separately 

or as a 50:50 mix of WT and transformed NSCs. Standard growth media was used throughout and 

was changed on days three, four and five. The proportion of each cell type was assessed by 

determining the percentage of GFP-positive cells by flow cytometry. Separate cultures were also 

mixed and analysed by flow cytometry. Viable cell counts at each time point were performed using a 

Vi-Cell XR counter (Beckman Coulter) and calculated for each cell type in separate and co-culture by 

applying the percentages from the flow cytometry analysis. For some experiments a shorter three-

day assay was used in which cells were seeded at 500,000 cells per well and daily media changes 

were performed. Where inhibitors were added, these were introduced from day three of the six-day 

assay or day one of the three-day assay and re-added on subsequent days with each media change.  

2.3 Western blotting 

Cells were lysed directly in Laemmli buffer (50mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol in ddH2O) 

and heated at 95°C for 10 minutes. Protein quantification was carried out using a BCA Protein Assay 

kit (Pierce) according to the manufacturer’s instructions. Western blotting was performed using a 

standard protocol. 15-20μg denatured protein from each sample was run in XT sample buffer 
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(BioRad) with 0.25% β-mercaptoethanol on 10% or 12% SDS-PAGE Bis-Tris gels (pre-cast BioRad). 

Proteins were then blotted onto PVDF membranes (Thermo Fisher Scientific) using vertical wet 

transfer at 100V for one hour at 4°C. Blocking was performed in 5% milk in TBS with 0.1% Tween 20 

(TBST) for 90 minutes. Primary antibody incubation was performed overnight at 4°C in 5% milk or 5% 

BSA in TBST according to the manufacturer’s recommendation. See Supplementary Table S2.1 for a 

list of primary antibodies and dilutions used. Horseradish peroxidase-conjugated secondary 

antibodies (Abcam) diluted 1:5000 in 5% milk in TBST were used for detection by the addition of an 

enhanced chemiluminescence (ECL) substrate (Promega). Membranes were exposed to Amersham 

Hyperfilm (GE Healthcare) and developed  

2.4 Flow cytometry 

Flow cytometry was performed on an LSR-II Analyser (BD Biosciences) with FACS Diva software (BD 

Biosciences). 

GFP analysis of live cells 

For determination of cell ratios, cells were harvested with Accutase and resuspended in PBS 

containing 3% FCS. All samples were transferred into strainer-cap flow cytometer tubes for analysis 

and 100ng/ml propidium iodide (PI) was added. Gates were applied to exclude cellular debris, cell 

doublets and non-viable PI-positive cells. The percentage of GFP-positive and GFP-negative cells was 

determined with gates set using separate cell preparations.  

Immunolabelling of intracellular proteins 

For antibody staining, cells were detached with Accutase and fixed with 2% formaldehyde diluted in 

serum-free media. Following washing in PBS, cells were permeabilised in ice-cold 90% methanol 

added drop-wise and then incubated for a minimum of 20 minutes at 4°C. Methanol was removed 

by two PBS washes and blocking was then performed for 10 minutes in PBS containing 1% BSA. Cells 

were incubated with the primary antibody for one hour in PBS with 1% BSA. See Supplementary 

Table S2.1 for a list of primary antibodies and dilutions used. Cells were washed two times in PBS 

and then incubated with Alexafluor 546 secondary antibodies (Molecular Probes) diluted 1:2000 in 

PBS containing 1% BSA. Secondary incubation was for 30 minutes. All samples were then washed 

and transferred into strainer-cap flow cytometer tubes for analysis. Cell debris and doublets were 

excluded and controls with the primary antibody omitted were used to gate positive and negative 

cells. Flow cytometry data was analysed using FlowJo software.  
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Sorting by FACS 

180,000 cells per well were seeded in a 6 well plate either separately or as a 50:50 mix of WT and 

transformed NSCs and cultured under the standard assay conditions until day five. NSCs were then 

harvested with Accutase and resuspended in PBS with 1mM EDTA, 25mM HEPES and 1% FCS. All 

samples were transferred into strainer-cap flow cytometer tubes for sorting. GFP-negative WT NSCs 

were sorted using a FACS Aria cell sorter (BD Biosciences) from both separate and mix samples and 

was performed by the MRC Flow Facility. Gates were applied to exclude cell debris and doublets. 

Cells were recovered into growth media at room temperature. 

2.5 BrdU analysis 

NSCs were incubated for two hours with 10µM BrdU and then fixed in 2% formaldehyde. These were 

then permeabilised in ice-cold 90% methanol as described above for flow cytometry staining. Prior 

to blocking, cells were incubated for 45 minutes at 37°C in DNase I solution consisting of 20µl DNase 

I (Promega RQ1) in 250µl DNase buffer solution. BrdU was then detected with anti-BrdU antibody 

(CST) and AlexaFluor 546 secondary antibody by flow cytometry using the protocol described above. 

Data was analysed using FlowJo software to determine the percentage of BrdU-positive cells. 

2.6 Immunocytochemistry 

NSCs were seeded onto glass coverslips coated with PLL and laminin. Fixation was with 4% PFA at 

room temperature for 10 minutes. Permeabilisation was carried out by the addition of 0.4% Triton X-

100 for 10 minutes. Cells were then blocked in PBS with 5% BSA and 0.1% Triton for one hour at 

room temperature and incubated with primary antibody overnight at 4°C in blocking solution. See 

Supplementary Table S2.1 for antibody details and dilutions. Coverslips were washed five times in 

PBS and AlexaFluor secondary antibodies diluted in blocking solution were added for one hour at 

room temperature (Invitrogen #A11008 and #A21424, 1:600). Coverslips were again washed five 

times in PBS before being mounted onto slides using Vectashield mounting medium containing DAPI 

(Vector laboratories). Slides were imaged using confocal microscopy (Zeiss LSM-780 inverted) and 

images were processed with ImageJ. KI67 expression was quantified by measuring signal intensity 

per pixel in cell nuclei, using GFP as a mask to distinguish the cell types and DAPI as a mask to 

identify nuclear signal. 

2.7 RT-qPCR 

NSCs were lysed in RLT buffer and RNA was extracted using a RNeasy extraction kit (Qiagen) 

according to the manufacturer’s instructions. On column DNase treatment (Qiagen) was performed 

to remove genomic DNA. RNA samples were stored at -80°C before use and concentration and purity 
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was determined by a Nanodrop 2000C spectrophotometer (Thermo Fisher Scientific). SuperScript 

Reverse Transcriptase IV (Invitrogen) was used for cDNA synthesis. 0.5-1µg RNA and random 

nonamers (Sigma) were incubated at 65°C for 5 minutes and then kept at 4°C. The remaining 

reaction mix consisting of 2mM dNTPs (Roche), 10mM DTT (Invitrogen), 20U RNase inhibitor 

(Applied Biosystems), 1X RT buffer and 200U of SuperScript Reverse Transcriptase IV (Invitrogen) 

was then added and the reaction incubated at 25°C for 5 minutes, 50°C for 90 minutes and then 

70°C for 15 minutes. A reaction mix without the reverse transcriptase was also prepared for each 

RNA sample as a negative control. cDNA was stored at 4°C before use.  

RT-qPCR was performed using SYBR-Green Mastermix with ROX reference dye (Sigma). A list of all 

primer sequences used can be found in Supplementary Table S2.2. All were used at a final 

concentration of 0.5uM in a 15ul reaction volume with 5-20ng cDNA. All reactions were performed 

in triplicate alongside a negative control without reverse transcriptase. RT-qPCR was performed on 

an ABI 7900HT Fast Real Time PCR machine (Applied Biosystems) and analysed on SDS Biosystem 

software. Relative gene expression was calculated using the ΔΔCt method normalised to β-actin 

expression (Livak & Schmittgen 2001).  

2.8 Plasmid transfection of NSCs 

NSCs were transfected with plasmids by nucleofection (AMAXA 2B, Lonza) according to the 

manufacturer’s instructions. NSCs were harvested with Accutase and 2-3x106 cells were 

resuspended in 100µl mouse neural stem cell nucleofector buffer (Lonza) with 2µg plasmid DNA. 

Programme A-033 was used for transfection and cells were recovered post-transfection with pre-

warmed NSC growth media into a 10cm2
 dish. Selection was started 24-48 hours post-transfection 

and continued until the emergence of resistant colonies.  

2.9 Generation of p35-overexpressing NSCs 

The plasmid pET21b-P35 was a gift from Guy Salvesen (Addgene plasmid #11808 (Riedl et al. 2001). 

The p35 coding sequence was amplified by PCR using primers to introduce a XhoI restriction site at 

the 5’ end and a NotI restriction site at the 3’ end. A Kozak consensus sequence was also introduced 

at the 5’ end of the gene (Forward primer – ATCCTCGAGGCCACCATGTGTGTAATTTTTCCGGTA, 

reverse primer – ATTCGCGGCCGCTTATTTAATTGTGTTTAATATTAC). PCR was performed using 

Platinum High Fidelity Supermix (ThermoFisher Scientific) according to the manufacturer’s 

instructions and the product purified using the QIAquick PCR Purification kit (Qiagen). Digestion of 

both the purified PCR product and plasmid backbone was performed with Xho1 and Not1 (NEB) for a 

minimum of 2.5 hours. Ligation reactions were performed overnight at 16°C with an insert:backbone 
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molar ratio of 3:1. Library efficiency DH5α competent cells (ThermoFisher Scientific) were used for 

transformation using a standard heat shock protocol and cells were plated onto agar plates with 

100µg/ml ampicillin. Colonies were picked and cultured overnight in LB containing 100µg/ml 

ampicillin and plasmid DNA was isolated using a Plasmid Miniprep Kit (Qiagen). Sequencing was 

performed externally by GeneWiz UK to confirm the insertion of the p35 sequence (sequencing 

primer -GCAACGTGCTGGTTATTGTG). WT NSCs were then transfected with 2µg the resulting 

pPyCAGIP-P35 plasmid by nucleofection as described above. Puromycin selection at 0.25µg/ml was 

performed from 48 hours post-transfection for two weeks. P35 expression was confirmed by qPCR 

and western blotting. 

2.10 Generation of BCL2-overexpressing NSCs 

Plasmids for the generation of doxycycline-inducible BCL2-overexpressing NSCs were a gift from 

Hideki Masaki in the laboratory of Hiromitsu Nakauchi (Rockefeller University) (Masaki et al. 2016). 

WT NSCs were transfected with the pPB-TRE(3G)-hBCL2-IRES-PuroR plasmid containing a PiggyBac 

transposon together with a plasmid expressing a reverse tetracycline-controlled trans-activator 

(rtTA) (pPB-CAG-rtTA(3G)-IRES-Neo) and a plasmid expressing the PiggyBac transposase (pCMV-

PBase). Plasmids were transfected at a 1:1:1 ratio with a total of 2µg DNA. Transfection was 

performed by nucleofection as described above. Selection was performed from 48 hours post-

transfection until the emergence of resistant colonies with 300µg/ml G418. Colonies were picked 

manually with a P20 pipette and transferred to a 48-well plate for expansion and analysis. Protein 

lysates were taken from the resulting clonal populations with or without treatment with 0.2µg/ml 

doxycycline for 24 hours to confirm BCL2-overexpression. In co-culture assays doxycycline was 

added from day three. 

2.11 Evaluation of mitochondrial membrane potential 

NSCs were treated with 0.2µg/ml doxycycline for two hours prior to addition of 1µM etoposide or 

thapsigargin. Cells were harvested 18 hours later and counted. 200,000 NSCs were resuspended in 

growth media containing 10nM tetramethylrhodamine methyl ester (TMRM) (Sigma) for 15 minutes 

at 37°C. NSCs were then resuspended in PBS containing 3% FCS and analysed by flow cytometry. 

2.12 Transwell assays 

Transwell cell culture inserts with 0.4µm pores (Millicell) were placed in a 6-well plate and coated 

with PLL. 140,000 NSCs were seeded in NSC growth media either onto the insert or below in the 

well. The growth of WT NSCs seeded below either WT or transformed NSCs or a 50:50 mix was 
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evaluated over six days. The media was replaced on day three, four and five and cell counts were 

performed on a Vi-Cell XR counter (Beckman Coulter). 

2.13 Conditioned media assays 

Conditioned media was collected on day 3, 4 and 5 after seeding from transformed or WT NSCs 

plated in duplicate in a 6 well plate at 160,000 cells per well. This media was then centrifuged for 10 

minutes at 4000g and the supernatant transferred to a Vivaspin 5000 protein concentrator column. 

The columns were then centrifuged for 50 minutes at 4000g. The concentrate produced was then 

mixed with fresh media to a final volume to give a two-fold concentrated solution. This was then 

added to WT NSCs cultured in a 24-well plate at the same seeding density as the standard 

competition assay. Cell counts were performed on a Vi-Cell XR counter (Beckman Coulter).  

2.14 Fence assays 

For fence assays, 24-well plates were coated with PLL and fences (Aix-Scientifics) were placed in 

each well. 100,000 NSCs were seeded in the inner ring and 400,000 in the outer ring. For 

immunostaining assays, fences were placed on coverslips pre-coated with both PLL and laminin. The 

fences were removed 24 hours later and the media was replaced. The following day, 10µM BrdU was 

added to the wells for two hours. The fences were then replaced into the well and the cells in the 

inner ring were detached with accutase and harvested. The cells were then fixed in 2% 

formaldehyde and analysed for BrdU expression by flow cytometry as described above.  

2.15 Re-plating experiments 

Sorting was performed by FACS at day five of the standard six-day growth assay as described above. 

GFP-negative cells were recovered into growth media. These were then counted and re-plated into a 

24-well plate at 100,000 cells per well. Counts were taken 24, 48 and 72 hours after re-plating. BrdU 

incubation for two hours was performed prior to the 72 hours timepoint and cells were fixed and 

stained as described above.  

2.16 Generation of Tsc2-/- NSCs 

2-3 x 106 ANS7 NSCs were transfected with 0.125µg Puro-pPyCAGIP plasmid and 0.6µg each of hCas9 

(gift from George Church, Addgene plasmid #41815), and two gRNAs targeting the GAP domain of 

TSC2 in gRNA expression plasmids (gift from George Church, Addgene plasmid #41824, gRNAs 

inserted by Sarah Bowling). Transfection was by nucleofectionas described above. Cells were 

recovered post-transfection with pre-warmed NSC growth media into a 10cm2 dish. Selection with 

0.25ug/ml puromycin was performed from 48 hours post-transfection until the emergence of 
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resistant colonies. These were then picked manually with a p20 pipette and transferred to a 48 well 

plate for expansion and analysis.  

2.17 Generation of Rbpj-/-, Notch2-/- NSCs and Pten-/- P53-/- NSCs 

gRNAs for targeting of Rbpj, Notch2 and p53 were cloned into the pX330-U6-Chimeric_BB-CBh-

hSpCas9 (PX330) expression plasmid (gift from Feng Zhang, Addgene plasmid #42230) (Cong et al. 

2013). gRNAs for RBPJ and Notch2 were designed using the online tool by AtumBio 

(www.atum.bio/eCommerce/cas9/input) and high-scoring sequences, indicating a low probability of 

off-target effects, were chosen. gRNAs were then cloned into the PX330 vector using a modified 

version of the protocol provided by the Zhang laboratory (F Ann Ran et al. 2013). Top and bottom 

oligos were designed to add compatible overhangs for the BbsI restriction site in the PX330 vector. 

The oligos were phosphorylated by T4 PNK (NEB) and annealed using the following thermocycler 

conditions: 37°C for 30 minutes, 95°C 5 minutes then ramp down to 25°C at 5°C per minute. The 

PX330 plasmid was digested with BbsI (NEB) in Buffer 2.1 (NEB) for two hours at 37°C and column 

purified. A quick ligation reaction was then performed with 50ng BbsI-digested Px330 plasmid and 

50-100ng annealed oligos at room temperature for 10 minutes using Quick Ligase (NEB) followed by 

transformation into Library Efficiency DH5α competent cells (ThermoFisher Scientific) using a 

standard heat shock transformation protocol. Transformed cells were plated onto agar plates with 

100µg/ml ampicillin. Colonies were then picked and cultured overnight in LB containing 100µg/ml 

ampicillin and plasmid DNA was isolated using a Plasmid Miniprep Kit (Qiagen). Sequencing was 

performed externally by GeneWiz UK to confirm the insertion of the gRNA sequence (sequencing 

primer - GATACAAGGCTGTTAGAGAGATAATT). For P53 deletion the gRNA was designed by Marieke 

Aarts (Imperial College London) and cloned into the Px330 plasmid by Sarah Bowling (Imperial 

College London) using the same protocol. gRNA sequences can be found in Supplementary Table 

S2.3.  

2-3 x 106 WT or transformed NSCs were transfected with 2ug PX330 vector containing gRNAs 

targeted to RBPJ, Notch2, or an empty vector control. 0.125ug of Puro-pPyCAGIP or linear 

hygryomycin marker (Clontech 631625). Transfection was by nucleofection as described above. Cells 

were recovered post-transfection with pre-warmed NSC growth media into a 10cm2 dish. Selection 

with 0.25ug/ml puromycin or 250ug/ml hygromycin was performed from 48 hours post-transfection 

until the emergence of resistant colonies. These were then picked manually with a p20 pipette and 

transferred to a 48 well plate for expansion and analysis. 

http://www.atum.bio/eCommerce/cas9/input
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2.18 RNA-sequencing analysis 

Sorting was performed by FACS at day five of the six-day assay as described above for three 

biological repeats. PI was added to exclude non-viable cells. Cells were recovered into growth media 

and then resuspended in RLT lysis buffer (Qiagen). RNA extraction was performed using the Qiagen 

RNeasy kit according to the manufacturer’s instructions. Quality control, library preparation and 

sequencing were performed by the BRC Genomics Centre. RNA samples were quantified using a 

Qubit fluorometer (Thermo Fisher Scientific) and the quality assessed by TapeStation electrophoresis 

(Agilent). mRNA was isolated using oligo dT beads. mRNA was then fragmented, converted to cDNA 

and ligated to Illumina adapters. Following sample indexing, the quality of cDNA libraries was also 

assessed by TapeStation. Sequencing was performed using the HiSeq 4000 system (Illumina). 

Differential gene expression analysis of the resulting sequencing data was performed by Gopuraja 

Dharmalingam (Imperial College London) in collaboration. Sequencing reads were aligned to the 

mouse genome (mm9) using TopHat2 (Kim et al. 2013) and differential expression was analysed 

using the DESeq2 package (Love et al. 2014). The resulting gene sets were analysed using Ingenuity 

Pathway Analysis (IPA) software (Qiagen) (Krämer et al. 2014). This utilises the Ingenuity Knowledge 

Base for functional annotations and interactions of genes. A ‘Core Analysis’ was performed for each 

comparison on genes differentially expressed with a padj cut-off <0.1, corresponding to a false 

discovery rate (FDR) of 10%. This identified enriched Canonical Pathways and Upstream Regulators 

in each comparison.  

2.19 Data analysis 

Unless otherwise stated, data are presented as mean ± SEM. Sample sizes are indicated in the 

relevant figure legends. GraphPad Prism software was used for statistical analysis. For most analyses 

involving multiple samples for comparison a two-way ANOVA was performed. Where the null 

hypothesis was rejected, Sidak’s multiple comparisons test was used to compare individual means 

for each condition with an alpha value of 0.05. Adjusted p values are displayed as * p<0.05, ** 

p<0.01 and *** p<0.001. 
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3. Characterisation of a co-culture assay between wild-type and 

transformed NSCs 

3.1  Introduction 

Adult NSCs can be isolated from the SVZ of murine brains and cultured under conditions that 

promote symmetric self-renewal and prevent differentiation (Pollard et al. 2009). These cells can be 

cultured both as 3D neurospheres and as adherent lines, although it has been suggested that 

adherent culture is preferable as cells receive more uniform access to growth factors and nutrients 

in the media (Conti et al. 2005; Pollard et al. 2006). The development of these in vitro culture 

systems has proved invaluable for understanding the molecular mechanisms governing the 

maintenance and differentiation of adult NSCs.  

NSCs are also proving to be useful models to understand the mechanisms associated with disease 

progression, in particular brain tumour formation. NSCs can be isolated from mice with oncogenic 

mutations and the behaviour of NSCs compared with their wild-type (WT) NSCs counterparts. NSCs 

can also be derived from embryonic stem cells that have had genetic mutations introduced. More 

recently, direct CRISPR/Cas9 targeting of NSCs has also been described (Bressan et al. 2017). These 

approaches have led to a greatly increased understanding of how specific genetic alterations affect 

the behaviour of these cells and thus drive tumour formation.  

In this study, NSCs isolated from Ink4a/Arf-/- mice and transduced with EGFRvIII pMSCV retrovirus 

were utilised. These NSCs were generated by the Maarten van Lohuizen laboratory (Netherlands 

Cancer Institute) (Bruggeman et al. 2007) and provided to us along with WT control NSCs by Steven 

Pollard (University of Edinburgh). This combination of mutations is frequently observed in human 

GBM (Crespo et al. 2015) and induces transformation in NSCs, as indicated by their ability to 

generate tumours in vivo that recapitulate many of the features of human GBM tumours and are 

rapidly fatal (Bruggeman et al. 2007; Marques-Torrejon et al. 2018). This ability to form tumours, as 

well as their continued expression of the NSC markers Nestin and SOX2 in vitro, means that these 

Ink4a/Arf-/- EGFRvIII NSCs behave similarly to GSCs isolated from GBM tumours (Marques-Torrejon 

et al. 2018).  

While the EGFRvIII mutation found in the transformed NSCs in this study is believed to primarily 

occur later in glioblastoma progression (Hatanpaa et al. 2010), both EGFR amplification and 

Ink4a/Arf loss have been identified as early events (Sottoriva et al. 2013). This study by Sottoriva and 

colleagues analysed multiple spatially distinct samples from within GBM tumours and performed 

phylogenetic reconstruction for each patient to determine the likely sequence of mutations. Copy 
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number alterations in EGFR, which were found in all the patients in this study, and Ink4a/Arf loss 

were identified as early events as they were more likely to be found in all fragments taken from the 

same tumour mass (Sottoriva et al. 2013). EGFR mutation was also identified as a low level driver 

mutation in SVZ cells isolated from patients with GBM (Lee et al. 2018). The results from this study 

indicated that SVZ NSC acquire driver mutations, such as EGFR amplification, before migrating from 

the niche and giving rise to GBM tumours. Thus, not only do NSCs with EGFR alterations resemble 

GSCs, they could also be the cell of origin in some cases of GBM. 

Cell competition is the primary area of research in our laboratory with a particular focus on the role 

of competition during mammalian embryogenesis. This has revealed that it acts as a quality control 

mechanism in this context to prevent defective cells from contributing to the developing organism 

(Sancho et al. 2013; Bowling et al. 2018). These studies have made use of embryonic stem cells as 

model systems to understand how this process occurs and dissect the molecular mechanisms which 

govern the outcome of competitive interactions. Specifically, co-culture assays, in which one or both 

of the cell populations are fluorescently labelled, are frequently used. These allow the effect of non-

cell-autonomous interactions to be explored, particularly the way in which growth dynamics of each 

population is affected in the co-culture condition. The work in this chapter therefore took a similar 

approach to examine competitive interactions between NSCs. First, I aimed to establish a co-culture 

assay with WT and Ink4a/Arf-/- EGFRvIII transformed NSCs and characterise the growth of each cell 

type in this condition to determine whether one cell population had a competitive advantage over 

the other. Next, I aimed to characterise the fate of the NSCs in co-culture by assessing markers of 

apoptosis and proliferation. Finally, I sought to characterise the role of the cell culture environment 

in this competition, particularly the requirement or not for cell contact between the cell types.  
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3.2 Results 

WT and transformed NSCs express the stem cells markers Nestin and SOX2 

WT and transformed NSCs were cultured adherently on poly-L-lysine and laminin coated plates with 

20ng/ml EGF and 10ng/ml FGF2. Under these growth conditions NSCs are maintained in an 

undifferentiated self-renewing state (Pollard et al. 2006). The WT ‘ANS7’ cell line and transformed 

Ink4a/Arf-/- and EGFRvIII-expressing cell line were adult murine SVZ NSCs obtained from Steven 

Pollard (University of Edinburgh). To confirm the stem cell nature of these cells the expression of the 

NSC markers, SOX2 and Nestin was assessed (Pollard et al. 2006; Ying et al. 2003). As shown in Figure 

3.1A, both WT (top panel) and transformed (bottom panel) NSCs expressed Nestin in all cells. 

Furthermore, immunoblotting for Nestin and SOX2 in total protein lysates from these cells 

confirmed the presence of both markers to a similar level in both cell types (Figure 3.1B). These data 

therefore indicate that these NSCs are maintained in an undifferentiated state under these growth 

conditions.  

 

 

Figure 3.1 Expression of the neural stem cell markers Nestin and SOX2 

A DAPI (DNA) and Nestin immunostaining in both WT and transformed NSCs demonstrating 
expression of Nestin in both cell populations. Representative image from a single experiment. 
Scale bar indicates 50µM. 
B Western blot for Nestin and SOX2 demonstrating similar expression levels for these proteins 
between the two cell types. Mouse embryonic stem cells (ESCs) were included as a positive control 
for SOX2 (n=1) 
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WT NSCs show reduced growth in the presence of transformed NSCs 

In order to assess whether competitive interactions could be observed between WT and 

transformed NSCs, a co-culture assay was established. WT and transformed NSCs were cultured 

adherently as described above either separately or as a 50:50 culture (referred to as the mixed 

culture or co-culture). The total cell number of each condition was kept constant, so that half the 

number of each cell type was seeded in co-culture relative to separate culture. The transformed 

NSCs were labelled with GFP which therefore allowed the proportion of cells in co-culture to be 

determined by flow cytometry. Combined with cell counts, these proportions therefore allowed the 

growth of each cell type to be evaluated in the co-culture condition.  

Growth curves of the NSCs cultured separately or in co-culture are shown in Figure 3.2A. When the 

cells were cultured separately, both cell types proliferated well, although the transformed NSCs had 

a small proliferation advantage over the WT NSCs (Figure 3.2A). However, in co-culture this 

difference was greatly enhanced and the growth of normal NSCs was dramatically reduced 

compared to homogenous culture (Figure 3.2A). This could be quantified by calculating the fold 

change in cell number (final cell number/initial seeding density) for each culture condition (Figure 

3.2B). The fold change in cell number of WT NSCs was significantly decreased from 52 in separate 

culture to just 15 in mixed culture (p=0.0002). Conversely, the transformed NSCs demonstrated an 

increase in their growth in mixed culture relative to separate culture from 86 to 111 (p=0.007). Thus, 

in a mixed culture transformed NSCs proliferated more, while WT NSCs proliferated markedly less, 

resulting in the transformed NSCs gradually taking over the culture. This therefore suggests that the 

WT cells were being affected detrimentally by the presence of the transformed NSCs in co-culture 

and were being out-competed as a result. The cell culture conditions and time-points used here 

produced highly reproducible results and are referred to throughout as the standard growth assay. 
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To investigate this phenomenon of reduced WT NSC proliferation further, co-cultures were 

established with varying proportions of each cell type. The growth of WT NSCs was monitored in co-

cultures with transformed NSCs seeded at percentages of 10, 25, 50, 75 and 90%. The total number 

of cells present in co-culture was kept constant. This analysis revealed that the growth of WT NSCs 

was reduced as the percentage of transformed NSCs present was increased (Figure 3.3A). The fold 

change in cell number over the initial seeding density was also calculated, as this takes into account 

the different initial cell number of WT NSCs in each condition (Figure 3.3B). This confirmed that 

there was a negative correlation between the proportion of transformed NSCs and the proliferation 

of WT NSCs. These findings therefore support the initial finding that WT NSCs are affected 

detrimentally by the presence of transformed NSCs and demonstrate that this effect is more 

pronounced when the percentage of transformed NSCs is increased.  

Figure 3.2 WT NSC growth is decreased in co-culture with transformed NSCs 

A Growth curves show the growth of WT and transformed NSCs cultured adherently either separately 
or in a 50:50 mixed culture. In the mixed culture, WT NSCs dramatically reduce their proliferation 
while transformed cells enhanced their proliferation relative to separate culture (n=11).  
B Quantification of fold change cell number relative to seeding density for separate and co-culture 

conditions (n=11, two-way ANOVA with Sidak's multiple comparisons test). 



69 
 

 

In addition to the WT ‘ANS7’ cell line used for these experiments we were also able to obtain a 

different WT NSC preparation, ‘ANS4’. These were both isolated from the same laboratory (Steven 

Pollard, University of Edinburgh) using the same protocol for isolation and maintenance. The 

interaction of transformed NSCs with this alternative WT NSC line was also evaluated. Separate and 

co-cultures were established with the same assay conditions as those used previously for the ‘ANS7’ 

line shown in Figure 3.2. Growth curves of these cells clearly demonstrated that these WT NSCs were 

also out-competed in co-culture with transformed NSCs (Figure 3.4A). The fold change in cell 

number of these WT NSCs reduced from 48 in separate culture to 20 in mixed culture (Figure 3.4B, 

p=0.007). These findings therefore indicate that the phenomenon of reduced growth in co-culture is 

not specific to just the ‘ANS7’ WT NSC line and can also be observed with a different NSC 

preparation. The ‘ANS7’ cells remained as the primary WT NSCs for future experiments, however, a 

minority of experiments were performed with both lines. Where this was the case these data are 

shown combined and it is clearly stated in the figure legend. Otherwise, it should be assumed that 

WT NSCs refers to the original ANS7 cells. 

Figure 3.3 WT NSC proliferation is proportional to the percentage of transformed NSCs present 

A WT growth over six days when co-cultured with different percentages of transformed cells (n=3).  
B Quantification of fold change cell number relative to seeding density for WT NSCs (n=3). WT NSCs 
show smaller increases in cell number in co-cultures with a greater proportion of transformed NSCs. 
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Figure 3.4 A different NSC line also shows reduced growth in the presence of the transformed NSCs 

A Growth curves of another WT NSC line (‘ANS4’) cultured separately or in co-culture with the 
transformed NSCs (n=5).  
B Quantification of fold change cell number relative to seeding density (n=5, two-way ANOVA with 
Sidak’s multiple comparisons analysis). These ANS7 WT NSCs also demonstrated reduced growth in 
co-culture. 
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Cell density affects WT NSC proliferation in co-culture 

In the initial six-day co-culture assay, the plateau in WT NSC growth in co-culture was particularly 

evident after day four. There were two possible explanations for this observation; either the cells 

required several days of interaction to produce this phenomenon, or the cells required a high 

density in the culture, which was only present at later days in the assay. To test these hypotheses, 

the seeding density was increased for these assays to 0.5x106 cells/well, which was approximately 

equivalent to the cell numbers at day three of the original assay. The growth of the cells was then 

evaluated over the next three days using the same approach as for the original six-day assay. Under 

these conditions, the reduction in WT NSC growth was apparent at an earlier timepoint, with a clear 

decrease in the proportion of WT NSCs in co-culture by day three (Figure 3.5A). Fold change 

quantification showed that WT NSCs in co-culture increased their cell number less than two-fold 

over the three days of the assay, compared to just under four-fold in separate culture (Figure 3.5B). 

Thus, increasing the initial seeding density resulted in a more rapid decline in WT growth. These 

results also provided an alternative shorter three-day assay which could also be used to assess the 

competitive behaviour of these cells. 
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Figure 3.5 Increased seeding densities accelerates the decline in WT NSCs in co-culture 

A Growth curves showing growth of WT and transformed NSCs in separate or mixed culture (n=8). 
WT NSC growth is reduced after just two days. 
B Quantification of fold change cell number relative to seeding density (n=8, two-way ANOVA 
followed by Sidak’s multiple comparisons test). This data is combined from experiments performed 
with both ‘ANS7’ and ‘ANS4’ WT NSCs (n=5 ANS4, n=3 ANS7). 
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WT NSCs show increased apoptosis in co-culture  

The plateau in WT NSC cell number in co-culture could be explained either by a decrease in their rate 

of proliferation or an increase in their rate of cell death. To explore the fate of WT NSCs in co-culture 

I first sought to determine whether increased apoptosis could be observed in these cells. Flow 

cytometry analysis of cells stained for cleaved-caspase3 (cl-C3) was performed at day five of the 

growth assay in both the separate and co-culture conditions. A representative flow cytometry plot, 

which includes negative and positive controls, is shown in Figure 3.6A. Quantification of the 

percentage of cl-C3 cells in each condition, revealed an increase in cl-C3-positive WT NSCs from 4.8% 

in separate culture to 11.9% in co-culture (Figure 3.6B, p=0.03). This indicated that the WT NSCs 

were undergoing an increased rate of apoptosis in co-culture with transformed NSCs. 

 

Figure 3.6 WT NSCs show an increase in cleaved-caspase3-positive cells in co-culture 

A Representative flow cytometry plot showing cleaved-caspase-3 (cl-C3) staining in NSCs at day five. 
Negative (secondary antibody incubation only) and positive (etoposide-treated cells) controls are 
included in addition to the separate and mixed culture conditions. 
B Quantification of cl-C3 positive cells. The percentage of cl-C3-positive cells is increased in WT cells in 

co-culture (n=3, two-way ANOVA with Sidak's multiple comparisons test). 
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The increased activation of caspase-3 in WT NSCs suggested that the plateau in their growth in co-

culture could be due to increased apoptosis in this condition. Therefore, I next sought to inhibit 

apoptosis in the WT NSCs and determine whether this could rescue their growth. The first approach I 

took was to overexpress the baculovirus protein, p35, in the WT NSCs. This anti-apoptotic protein is 

known to inhibit a broad spectrum of caspases in order to block the suicidal response of baculovirus-

infected cells and is widely used in studies of cell competition to inhibit apoptosis (Kale et al. 2015; 

Zhou et al. 1998; Clavería et al. 2013). While baculovirus infects primarily insects, including 

Drosophila, p35 is also able to inhibit mammalian caspases -1, -3, -6, -7, -8 and -10 due to their highly 

conserved nature (Zhou et al. 1998). The p35 coding sequence was therefore cloned into a Cag 

promoter-driven expression plasmid containing a puromycin-resistance marker (pPyCAGIP see 

Supplementary Figure S3.1 for plasmid map) by PCR cloning from the plasmid pET21b-p35 (Addgene 

#11808 (Riedl et al. 2001)). The resulting plasmid was then sequenced to verify correct orientation 

and absence of mutagenesis (performed by GeneWiz UK). Transfection of this plasmid into WT NSCs 

was then performed by nucleofection and expression of p35 was verified by qPCR and western 

immunoblotting in the pooled transfected NSCs following puromycin selection. High expression of 

both the mRNA transcript and p35 protein could be observed in these transfected cells (Figure 3.7A 

and B). However, despite this high expression, the p35-overexpressing NSCs showed no evidence of 

impaired apoptosis in response to the DNA damage-inducing agent, etoposide. This was clear both 

from visual inspection of the cultures and by western immunoblotting for cleaved-caspase-3 and 

cleaved-parp, a caspase-3 substrate (Figure 3.7C). This approach therefore did not permit the role of 

apoptosis on the behaviour of the cells in co-culture to be examined.  

 

 

Figure 3.7 p35-overexpressing NSCs were still susceptible to apoptosis 

A Western blot for p35 protein showing expression in transfected cells. 
B Western blot showing cleaved-parp and cleaved-caspase-3 expression in p35-transfected cells 
following etoposide treatment (10µM for 18 hours). There was no reduction in apoptosis observed in 
p35-overexpressing cells (n=1). 
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The reason for the failure of p35 to inhibit apoptosis in these cells was unclear. However, one issue 

was that it was difficult to assess the level of overexpression that was achieved in these cells, as the 

protein was of viral origin. A different approach was therefore taken to produce cells which would 

inducibly express the anti-apoptotic protein, BCL-2. Plasmids were obtained from Hideki Masaki 

(University of Tokyo) (Masaki et al. 2016). The BCL2 expression plasmid contained a PiggyBac 

transposon, which when combined with a plasmid expressing the PiggyBac transposase allows the 

construct to be integrated at TTAA sites in the genomic DNA (Woodard & Wilson 2015). 

Furthermore, BCL2 was under the control of a Tet-responsive element (TRE), which would allow for 

inducible expression. Co-transfection of this BCL2 plasmid (pPB-TRE(3G)-hBCL2-IRES-PuroR) with a 

plasmid expressing a reverse tetracycline-controlled trans-activator (rtTA) (pPB-CAG-rtTA(3G)-IRES-

Neo) and a plasmid expressing the PiggyBac transposase (pCMV-PBase) would therefore produce a 

Tet-on system for over-expressing BCL2. These plasmids were therefore transfected into the WT 

NSCs by nucleofection and selection was performed with G418 to produce resistant clones.  

The resulting clones from this transfection and selection were then characterised for BCL2 

expression in the presence or absence of doxycycline (Supplementary Figure S3.2) and two clones 

that demonstrated robust BCL2 expression were chosen for further analysis (Figure 3.8A). In order to 

evaluate whether BCL2 overexpression would rescue the growth of WT NSCs in co-culture, these 

NSCs were then cultured under the standard assay conditions with transformed NSCs in the 

presence or absence of doxycycline (added from day three). A decrease in the proliferation of both 

clones was observed in co-culture and this was not affected by doxycycline addition (Figure 3.8B). 

This observation therefore indicates that BCL2 overexpression was not able to rescue the growth of 

WT NSCs in co-culture.  

The response of the BCL2-overexpressing NSCs to agents that induce apoptosis was also assessed. 

NSCs were treated either with the DNA damage-inducing agent, etoposide, or the calcium stress-

inducing agent, thapsigargin, and their response was assessed by determining the number of viable 

cells relative to controls. This analysis found that the number of viable cells was greatly reduced in 

both clones in response to either agent, with or without doxycycline addition, indicating that they 

are dying to a similar extent even with BCL2 overexpression (Figure 3.8C). BCL2 inhibits 

mitochondrial membrane permeabilisation and subsequent cytochrome c release, which can occur 

as part of the apoptotic response (Hata et al. 2015). For this reason, the percentage of cells with 

depolarised mitochondria was also assessed by tetramethylrhodamine methyl ester (TMRM) 

incubation, a red-orange fluorescent dye which is sequestered to mitochondria with intact 

membrane potentials. No difference could be observed in the proportion of cells with depolarised 

mitochondria (low TMRM) in response to BCL2 induction by doxycycline in either clone under 
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control conditions (Figure 3.8D). The proportion of cells with depolarised mitochondria increased in 

response to both etoposide and thapsigargin, which was indicative of increased apoptosis in these 

conditions. This increase was modestly reduced in the presence of doxycycline, but this difference 

was not statistically significant. Thus, mitochondrial depolarisation was not significantly affected by 

BCL2 overexpression. Taken together with the decrease in viable cell numbers, it was therefore clear 

that apoptosis was not prevented in these cells. Consequently, as with the p35 overexpression 

experiments, the role of apoptosis in this system could not be fully explored with this approach. The 

extent to which apoptosis contributes to the reduced growth of WT NSCs in co-culture therefore 

remained unclear. 

 

Figure 3.8 BCL2 overexpression does not rescue cell death in NSCs 

A Addition of 0.2µg/ml doxycycline induces BCL2 expression in clones transfected with the BCL2 plasmid. 
B Addition of 0.2µg/ml doxycycline to mixed cultures with transformed NSCs fails to rescue the 
proliferation of the WT-BCL2 NSCs (n=3, two-way ANOVA with Sidak’s multiple comparisons test). 
C Viable cell counts showing a dramatic reduction in cell number in response to 1µM etoposide or 
thapsigargin that is not rescued in the presence of doxycycline (n=3, two-way ANOVA showed no 
significant difference between clones with or without doxycycline). 
D TMRM staining to measure mitochondria depolarisation following 1µM etoposide or thapsigargin 
treatment. Both clones demonstrated an increase in the percentage of cells with depolarised 
mitochondria (low TMRM) following treatment with either agent even in the presence of 0.2µg/ml 
doxycycline (n=3, two-way ANOVA with Sidak’s multiple comparisons test).  
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WT NSCs demonstrate decreased proliferation in co-culture 

The plateau in the growth curves of the WT NSCs could also be explained by the induction of growth 

arrest and thus the proliferation of these cells was also assessed. BrdU is a nucleoside analogue that 

becomes incorporated into DNA during replication and can therefore be used to label cells which are 

actively proliferating. A two-hour incubation with BrdU was performed with NSCs cultured either 

separately or in co-culture on different days of the standard six-day growth assay, followed by 

fixation, staining and analysis by flow cytometry. This allowed the percentage of BrdU-positive cells 

to be determined for each cell type at day three, four, five and six. Figure 3.9A shows a 

representative flow cytometry plot of this BrdU-labelling at day five indicating the different 

populations of cells and the gating strategy. Quantification of this analysis at the four time-points 

demonstrated that the proportion of BrdU-positive WT NSCs in co-culture was significantly lower 

than the transformed NSCs (Figure 3.9B). For example, the percentage of transformed NSCs which 

were proliferating during the BrdU incubation was 37%, 38%, 19% and 9% at day three, four, five 

and six respectively, compared to 25%, 17%, 6% and 3% for the WT NSCs, a difference which was 

statistically significant at all time-points except for day six. However, separately the two cell types 

showed similar levels of BrdU incorporation, with the only difference observed at day four where the 

transformed NSCs showed a small increase over the WT NSCs (35.8% vs 27%).  

Additionally, a 24-hour incubation with BrdU was also performed in order to capture the proportion 

of each cell type that undergoes DNA replication over a longer time period (Figure 3.9C). In vivo 

activated type B NSCs have an average cell cycle length of 17-18 hours (Ponti et al. 2013). The 

number of population doublings between day three and four of the standard assay was 1.3 for the 

transformed NSCs and 1.2 for the WT NSCs in separate culture. This indicated that on average each 

cell had replicated at least once during this time period, although the dynamics of individual cells 

may be variable within the population. It was therefore expected that a 24-hour incubation with 

BrdU would label the majority of proliferating cells. When cells were analysed on day four, following 

a 24-hour incubation, 79% of WT cells cultured separately were positive for BrdU, compared to 53% 

of those in co-culture. Likewise, at day five, 68% of WT NSCs cultured separately were BrdU-positive, 

compared to just 32% in co-culture. These data therefore clearly demonstrated reduced 

proliferation in the co-cultured WT NSCs relative to both the transformed NSCs in this culture and to 

their counterparts in separate culture. Furthermore, the longer BrdU incubation indicated that two-

thirds of WT NSCs in co-culture failed to replicate their DNA even once in a 24-hour period between 

day four and five.  
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Figure 3.9 BrdU incorporation is reduced in WT NSCs in co-culture  

A Representative flow cytometry plot of BrdU staining at day five showing reduction in BrdU-
positive population of WT NSCs in the mixed culture (circled). 
B Time-course of BrdU staining throughout the assay in both separate and mixed cultures. In co-
culture, WT NSCs show greatly reduced BrdU incorporation relative to the transformed NSCs, 
indicating that their proliferation is decreased (n=5, two-way ANOVA followed by Sidak’s multiple 
comparisons test). 
C Quantification of BrdU staining following a 24-hour BrdU incubation. At day four and five, the 
proportion of BrdU-positive WT cells was reduced in mixed culture, however this did not reach 
statistical significance at day four (n=3, two-way ANOVA followed by Sidak’s multiple 
comparisons test). 
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To provide further evidence to support the data obtained with the BrdU assay, the expression of a 

number of key markers of cell proliferation was also evaluated. Histone-3 is specifically 

phosphorylated during mitosis and thus levels of phosphorylated-histone-3 (p-H3) can be used to 

assess cell progression through M phase. In order to examine p-H3 expression, both the separate 

and mixed culture were sorted at day five of the standard assay and then lysed for assessment of 

protein expression by western blot. For this analysis, two of the three experiments and westerns 

were performed by Yasmine El-Azhar, a master’s student under my supervision, while the final 

repeat and western quantification was performed by myself. Additionally, the sorts were performed 

by the MRC Flow Facility. This analysis revealed a significant reduction in p-H3 levels in WT cells 

sorted from the co-culture compared to those grown separately (Figure 3.10). These results 

therefore suggest that the number of WT NSCs in both the S and M phase of the cell cycle was 

reduced in the co-culture condition.  

 

 

 

 

 

Figure 3.10 Phosphorylated histone-3 levels are decreased in WT NSCs in co-culture 

A Representative western blot for phospho-histone-3 (p-H3) in WT NSCs sorted at day five. 
B Quantification of p-H3 density relative to β-actin. p-H3 expression is markedly reduced in co-cultured 
WT NSCs (n=3, Student’s paired T test). 
For this analysis, two of the three experiments and westerns were performed by Yasmine El-Azhar, a 
master’s student under my supervision, while the final repeat and western quantification was 
performed by myself. 
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The BrdU and p-H3 data indicated that there was a decrease in WT NSCs in both S and M phase in 

co-culture. However, it remained unclear whether cells were arresting during the cell cycle or exiting 

it completely. KI67 is frequently used to identify proliferating cells as it is detected in the nucleus of 

cells in G1, S, G2 and M phase, but then rapidly decreases immediately after mitosis so that it is 

absent from cells in the G0 phase (Sun & Kaufman 2018). The expression of this protein therefore 

provides a broader picture of the proportion of cells in any stage of the cell cycle. However, it should 

be noted that cells in early G1 phase do not yet express KI67 and therefore an absence of KI67 does 

not definitively indicate that a cell has exited the cell cycle completely. Immunostaining for KI67 at 

day four of the standard co-culture assay revealed that on average just 61% of WT cells were 

positive for KI67 nuclear staining in co-culture, compared to 86% of transformed NSCs in co-culture 

and to 76% of WT NSCs in separate culture (Figure 3.11A and B). This finding suggests that there is a 

fraction of cells in G0 or early G1 present in all culture conditions at this time-point of the assay. This 

fraction is significantly increased however in the co-cultured WT NSCs, indicating that the presence 

of the transformed NSCs is reducing the proportion of cells progressing through the cell cycle.  

The expression of proliferating cell nuclear antigen (PCNA) was also evaluated. This is another 

frequently used marker of cell proliferation as it is also highly expressed throughout the cell cycle, 

with expression peaking in late G1 and S phase. PCNA staining was evaluated by flow cytometry and 

was found to be reduced in WT NSCs compared to transformed NSCs within the co-culture, 

supporting a phenotype of reduced proliferation in these cells (Figure 3.11C and D). However, the 

difference in PCNA staining between WT NSCs cultured either separately or in mixed culture was 

only modest. This could reflect the fact that PCNA is also expressed at low levels in cells which are 

not actively proliferating, as it plays additional roles in DNA repair and gene transcription (Moldovan 

et al. 2007). However, these data are still consistent with a phenotype of reduced proliferation in the 

WT NSCs relative to the transformed NSCs in mixed culture.  
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Figure 3.11 Expression of KI67 and PCNA is decreased in WT NSCs in co-culture 

A Representative KI67 immunocytochemistry panel in WT and transformed NSCs in separate and co-
culture at day four of the assay. Scale bar represents 50µM. 
B Quantification of KI67 staining at day four demonstrating a decrease in KI67+ WT NSCs in co-culture 
(n=3, two-way ANOVA followed by Sidak’s multiple comparisons test). 
C PCNA staining analysed by flow cytometry in WT cells at different time-points in the assay. 
D Quantification of PCNA staining at day five demonstrating decreased expression in co-cultured WT 
NSCs (MFI = median fluorescence intensity, n=3, two-way ANOVA followed by Sidak’s multiple 
comparisons test). 
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Finally, the transcript levels of Ki67 and Pcna were evaluated, together with another widely-used 

proliferation marker, minichromosome protein 2 (Mcm2). MCM2 is also expressed throughout the 

cell cycle and can be detected earlier in G1 than KI67. RT-qPCR was performed on cDNA prepared 

from NSCs which had been sorted and lysed at day five. This revealed that all three of these genes 

were downregulated in WT NSCs in co-culture relative to separate culture, although there was some 

variability between experiments (Figure 3.12). Additionally, all three genes were more highly 

expressed in co-cultured transformed NSCs relative to WT NSCs. This therefore supports the findings 

from the protein expression data. Overall, these data strongly support a phenotype of reduced 

proliferation in WT NSCs, with at least a fraction of these cells likely exiting the cell cycle. This is 

consistent with the growth curves of these cells and suggests that growth arrest, rather than 

apoptosis may be the primary fate of WT NSCs in the co-culture condition. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 Expression of proliferation 
genes is decreased in WT NSCs in co-
culture 

RT-qPCR data showing mRNA expression 

of Ki67, Pcna and Mcm2 in RNA 

extracted from NSCs sorted by FACS at 

day five. Relative expression normalised 

to β-actin is shown as log2 fold change 

(n=3). 
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Increased media changes or addition of growth factors fails to rescue WT NSC 

proliferation 

The simplest explanation for the reduced growth of WT NSCs would be the depletion of a critical 

growth factor or nutrient in co-culture by the transformed NSCs. The WT NSCs may be particularly 

susceptible to loss of this factor and thus selectively reduce their proliferation, while the 

transformed NSCs are unaffected. This possibility was therefore explored in a series of experiments. 

First, a simple experiment was carried out where the frequency of media changes for the 

competition assay was increased to twice per day, as opposed to the once a day usually performed. 

In this modified assay the growth of WT NSCs was still reduced in co-culture and showed no 

difference to the growth of the co-cultured WT NSCs under the once-daily protocol (Figure 3.13A). 

Interestingly, the growth of WT NSCs cultured separately was slightly reduced under the twice-daily 

protocol compared to control, although this did reach statistical significance. Thus, it did not seem to 

be the case that increased media changes could boost NSC proliferation in this assay in either 

condition. However, given that the cells were still cultured for many hours without media changes, 

an effect from nutrient or growth factor depletion cannot be excluded based on this experiment. 

Another hypothesis which was explored was that EGF was becoming limiting in co-culture. EGF 

promotes NSC self-renewal and inhibits their differentiation and therefore all culture conditions 

were performed in the presence of 20ng/ml EGF (Conti et al. 2005; Pollard et al. 2006). However, 

given that the transformed NSCs express the constitutively-active EGFRvIII, which does not depend 

on ligand binding, they would presumably be less sensitive to EGF depletion in the media. The 

competition assay was therefore performed in the presence of 80ng/ml EGF, a four-fold increase 

over standard conditions. This increase in EGF had no effect on the growth of the WT NSCs and failed 

to rescue their reduced proliferation in co-culture (Figure 3.13B). While this does not exclude the 

possibility that EGF signalling is part of the mechanism of reduced WT proliferation, this experiment 

did provide some evidence to contradict this hypothesis. Finally, the effect of adding the pro-survival 

growth factors, brain-derived neurotrophic factor (BDNF) and glial-derived neurotrophic factor 

(GDNF) to the co-culture was also explored. These neurotrophic factors have multiple functions but 

broadly act in the CNS to promote cell survival and growth. Thus, I wanted to explore whether 

supplying these factors exogenously could enhance the growth of WT NSCs in co-culture. However, 

addition of either of these factors to the culture had no effect on the growth of the cells (Figure 

3.13C). The addition of growth factors which promote survival and proliferation were not therefore 

able to overcome the suppressive signals from the transformed NSCs in co-culture. 
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Figure 3.13 Increased media changes or growth factor addition did not rescue WT NSC 
proliferation 

A Fold change cell number of WT NSCs under standard or double feeding conditions. Increased 
feeding did not rescue WT growth in co-culture (n=3, two-way ANOVA followed by Sidak’s multiple 
comparison test). 
B Fold change cell number of WT NSCs under standard or increased EGF conditions from day three. A 
four-fold increase in EGF concentration in the culture did not rescue WT growth (n=3, two-way 
ANOVA followed by Sidak’s multiple comparison test). 
C Fold change cell number of WT NSCs under standard conditions or in the presence of GDNF or BDNF 
from day three. No difference was observed in the presence of these factors (n=2). 
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WT NSCs do not reduce their proliferation in the absence of cell contact with transformed 

NSCs 

To further explore the possibility that nutrient or growth factor depletion was behind the reduced 

NSC proliferation, I next sought to determine whether cell contact was required for NSC competition 

to occur. Additionally, determining whether contact was required would also help to distinguish 

between a secreted signalling mediator acting at long-range between the cells and a signalling 

mechanism which requires direct cell-cell signalling.  

I first performed conditioned media experiments to investigate whether NSC proliferation would be 

reduced by conditioned media from transformed NSCs. However, given that these are fast 

proliferating cells which normally require daily media changes, the simple transfer of media from 

one culture to the other led to a marked decrease in proliferation even in the case of homotypic 

transfer (i.e. transfer from one WT culture to another). This was also the case if the conditioned 

media was mixed 50:50 with fresh media (data not shown). I therefore took a different approach 

which made use of VivaspinTM protein concentration columns. Media was harvested from either a 

transformed, WT, or mixed culture and the proteins were concentrated in these columns. This 

concentrate was then reconstituted in fresh media complete with fresh EGF and FGF2 to a volume 

which was half that of the original conditioned media, thus concentrating the proteins two-fold. This 

media was then added to WT NSCs. This was repeated each day between day three and five and the 

growth of the cells under these conditions was evaluated (Figure 3.14A). This approach therefore did 

not explore the effect of nutrient deprivation, focusing instead on exploring whether a secreted 

protein from the transformed NSCs could affect WT growth. Addition of this reconstituted 

conditioned media taken from either transformed or mixed cell cultures had no effect on WT growth 

compared to their growth under control conditions with conditioned media from WT cultures 

(Figure 3.14B). This result suggests that a secreted protein was not mediating a signal from one cell 

type to the other to suppress proliferation. However, the disadvantage of the assay is that any 

molecule smaller than 5kDa is lost and thus it could not detect an effect caused by a non-protein 

signalling molecule such as a metabolite. 
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Figure 3.14 WT NSC proliferation is not reduced if cell mixing is prevented 

A Diagram showing experimental approach for the conditioned media assay. 
B Growth curves of WT NSCs cultured with reconstituted conditioned media from WT, transformed, 
or mixed cultures (n=3). No difference was observed between conditions. 
C Diagram showing experimental set-up of the transwell co-culture assay. 
D Growth curves of WT NSCs cultured below transwell inserts with WT, transformed or mixed 
cultures (n=3). No difference was observed between conditions 
E Diagram showing a cross-section of the fence inserts which allow different cell types to be seeded 
in inner and outer rings in the well. 
F Percentage of BrdU-positive WT NSCs from the inner ring of the three different cultures shown. 
When cells were mixed in each well WT NSCs showed a decrease in the proportion of proliferating 
cells (Mix/Mix). However, WT NSCs surrounded by a ring of transformed NSCs (Trans/WT) did not 
show a reduction in proliferation relative to WT NSCs surrounded by WT NSCs (WT/WT) (n=3, One-
way ANOVA, followed by Tukey’s multiple comparisons test). 

  

 

 

 

 

 

 



87 
 

Another well-established assay for investigating the role of cell contact in co-cultures is the transwell 

assay. Here, two cell types can be cultured in the same well, separated by a permeable membrane 

which allows the exchange of factors in the media while physically separating the cells (Figure 

3.14C). I therefore established transwell assays of WT NSCs, cultured below either transformed NSCs 

or a mixed culture on the transwell insert, and compared their growth to those cultured below WT 

cells only. This assay found no difference in the growth of WT NSCs in any condition (Figure 3.12D). 

This finding indicated that exchange of factors in the media was not sufficient to induce the growth 

arrest observed in direct co-culture experiments (Figure 3.14D).  

Finally, the importance of direct cell contact was also explored through the use of cell culture inserts 

known as fences. These fences are metal inserts which fit into 24-well plates and divide the well into 

an inner and outer ring, separated by a silicone barrier (Figure 3.14E). Different cell types can be 

seeded into each ring and allowed to adhere before the fence is removed. The result is two 

populations of cells separated by a small cell-free ring seeded into the same culture well. This 

therefore allowed the two cell types to be physically separated while sharing the same well and 

media. The WT and transformed NSCs were therefore cultured under these conditions and BrdU 

incubation was performed 48 hours after seeding to assess the proportion of proliferating cells. The 

seeding density used here was the same as that used in the three-day assay shown in Figure 3.5, but 

as the outer ring was larger, the proportion of cells was 25% in the inner ring and 75% in the outer 

ring. A mixed condition was also included as a positive control. WT NSCs cultured in the inner ring 

surrounded by transformed NSCs showed no decrease in BrdU incorporation relative to WT NSCs 

surrounded by WT NSCs (Figure 3.14F). Importantly, a reduction in BrdU-positive cells was observed 

in the mixed control indicating that the culture conditions of this assay still resulted in reduced 

proliferation at this time-point when cells were in contact. This finding supports the results of the 

transwell and conditioned media experiments in asserting that cell contact, or at least close 

proximity, is required for the WT NSCs to reduce their proliferation. This would therefore seem to 

exclude a mechanism of reduced nutrients or growth factors in the media. It would also argue 

against a mechanism involving the release of a secreted signalling molecule from the transformed 

NSCs acting at long-range on the WT NSCs. 

 

 

 

 

 



88 
 

WT NSC growth arrest is restored in the absence of transformed NSCs 

I next wanted to determine whether the growth arrest of NSCs in co-culture was irreversible, 

indicating that the NSCs had undergone senescence, or reversible, which might indicate adoption of 

a quiescent-like state. In order to distinguish between these two possibilities, sorting of NSCs by 

FACS was performed at day five of the standard assay. This sorting was performed by the MRC Flow 

Facility. As a control, the GFP-negative WT population was also isolated from separate cultures 

which had been mixed with transformed cells immediately prior to sorting. The resulting WT 

populations were then re-plated, and the growth of these cells was assessed over several days. This 

experiment revealed that, following sorting, WT NSCs that had been in co-culture with transformed 

NSCs still retained the ability to proliferate and their growth was indistinguishable from WT NSCs 

that had been cultured separately throughout (Figure 3.15A and B). BrdU incubation and analysis 

was also performed 72 hours following sorting and this demonstrated that the proportion of 

proliferating cells was the same between the two populations (Figure 3.15C). These data therefore 

indicate that the growth arrest induced by transformed NSCs is reversible, as WT NSCs resume 

proliferation when these cells are removed. Consequently, these findings suggest that WT NSCs may 

be converting to a quiescent-like state, rather than undergoing permanent senescence. 
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Figure 3.15 WT growth is restored in the absence of transformed NSCs 

WT NSCs were cultured for 5 days either in co-culture or alone. Both cultures were then sorted for 
GFP negative cells (performed by MC Flow Facility) and re-plated at 100,000 cells/well.  
A Growth curves showing cell numbers for three days following re-plating (n=3).  
B Quantification of fold change in cell number from day one to day three (n=3).  
C Proportion of BrdU-positive cells at day three after re-plating (n=3). No difference could be found in 
the growth of WT NSCs which had previously been co-cultured compared to cells grown separately. 
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3.3 Discussion 

The above experiments have outlined the establishment and characterisation of a co-culture model 

which allows non-cell-autonomous interactions between two different populations of NSCs to be 

explored. In these experiments the behaviour of transformed Ink4a/Arf-/- EGFRvIII NSCs and WT 

NSCs in co-culture assays was assessed. It was immediately apparent that transformed NSCs 

dominated in the co-culture condition at the expense of the WT cells. From a 50:50 initial seeding 

density the transformed cells would frequently make up more than 80-90% of the culture by the 

final day of the assay; a difference which far exceeded the small growth advantage they had over the 

WT NSCs in separate culture. However, the growth curves of WT NSCs in co-culture generally 

plateaued rather than showing a decrease in NSC cell number in all conditions. This therefore raised 

the question of whether increased cell death or decreased proliferation was behind this reduced 

growth. A number of experiments in this chapter therefore sought to explore these two possibilities. 

Investigating the fate of WT NSCs in co-culture 

Evaluation of NSC cell death 

I first aimed to explore the role of cell death in the co-culture assays by assessing the level of 

apoptosis in these cultures. The expression of the activated form of caspase-3 (cl-C3) expression was 

found to be increased in WT NSCs in co-culture suggesting that apoptosis was elevated in these cells. 

The functional role of this increased apoptosis was next explored by generating WT NSCs which 

overexpressed the baculoviral protein, p35. This protein is a broad-acting caspase inhibitor that is 

frequently used in competition models to block apoptosis induction (Mehrabadi et al. 2015). 

However, although both p35 protein and mRNA were detectable in transfected and selected cells, 

indicating that the cloning and transfections had been successful, these cells did not show evidence 

of reduced apoptosis.  

While this could have been evaluated more thoroughly, visual inspection of cultures both under 

baseline conditions and in the presence of toxic agents revealed dying cells to a similar extent to 

control cultures. One possibility for this observation is that there could have been heterogeneity in 

the expression level of p35 in these cells. A pool of selected cells was used for these experiments, 

rather than a clonal population, and the p35 antibody could not be used for immunocytochemistry 

or flow cytometry to effectively assess the proportion of cells expressing this protein. As it is a viral 

protein, the expression could also not be compared to a baseline level present in control cells to 

gauge the level of overexpression. However, the Cag promoter in the p35 plasmid is a strong driver 

of transcription and would therefore be expected to drive strong overexpression of p35. Cell 

selection was also performed for two weeks at a concentration of puromycin which rapidly induces 
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cell death in sensitive cells. An alternative possibility is that the converse is true and that the ectopic 

overexpression of p35 was so high that it caused toxicity to the cells. However, evidence for 

increased cell death in these cells was not observed. Finally, another possibility is that the cells had a 

mechanism to prevent the effect of this viral protein.  

A distinct construct was therefore used that would inducibly express a mammalian inhibitor of 

apoptosis, namely BCL2. This would therefore allow for a better comparison with baseline levels and 

greater control over the expression level of the protein. BCL2 is a well-characterised anti-apoptotic 

protein which promotes cell survival by inhibiting pro-apoptotic members of the BCL2 family and 

thus preventing cytochrome C release into the cytoplasm (Hata et al. 2015). A Tet-On system was 

used for overexpressing BCL2 in WT NSCs, which successfully produced clones that robustly induced 

BCL2 in the presence of doxycycline, while demonstrating low baseline levels. However, these BCL2-

overexpressing cells did not demonstrate strong evidence for suppressed apoptosis, as they still 

showed a marked reduction in cell number when treated with toxic agents. This reduction in cell 

number was also associated with mitochondrial depolarisation, further indicating that the BCL2 

overexpression was failing to inhibit apoptosis in these cells. Thus, none of the strategies employed 

to inhibit apoptosis were successful in these cells. While these experiments in some cases lack 

repeats, it is clear that these cells are sensitive to cell death induction even in the presence of anti-

apoptotic proteins. This might suggest that BCL2 expression levels are not critical in NSCs for the 

balance between apoptosis and survival, perhaps because the expression of pro-apoptotic proteins 

overcomes the anti-apoptotic functions of BCL2. The functional role of apoptosis in the fate of WT 

NSCs in co-culture could therefore not be completely assessed in these assays.  

Evaluation of proliferation 

The proliferation of the NSCs in each culture condition was also assessed in these experiments. The 

first approach that was taken was to incubate the cells with the thymidine analogue, BrdU, which is 

incorporated into cells that are actively replicating their DNA. This assay revealed a marked 

reduction in the percentage of proliferating WT cells in the co-culture condition. This reduction was 

evident both in comparison to transformed NSCs in co-culture and to WT NSCs cultured separately. 

In addition to this analysis, the expression of several markers of cell proliferation was evaluated in 

the NSCs. These markers included KI67 and PCNA, which are expressed throughout the cell cycle, 

and p-H3, which is expressed in mitotic cells. These markers were all reduced in co-cultured WT 

NSCs, although the decrease was quite modest in the case of PCNA. Overall, there was therefore a 

consistent phenotype of reduced proliferation. Of course, cells undergoing apoptosis would also 

likely demonstrate reduced cell cycle progression. Therefore, apoptosis cannot be excluded as part 

of the mechanism as both apoptosis and growth arrest could certainly be occurring in these cells. 
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However, overall these results are believed to argue more strongly in favour of a model of growth 

arrest in the WT NSCs. 

While the phenotype of reduced proliferation was very clear, the experiments in this chapter could 

not fully determine whether the NSCs were completely exiting the cell cycle or whether their 

progression through the cell cycle was slowed or blocked. In Drosophila, NSCs have been shown to 

arrest in both G0 and G2 during quiescence (Otsuki & Brand 2018). In addition, cell cycle arrest at 

the G1/S and G2/M checkpoints could also have been occurring, as this would have led to decreased 

BrdU labelling and p-H3 expression. Staining of the DNA with a DNA-labelling dye such as propidium 

iodide would have provided greater insight into the cell cycle dynamics of these cells, however 

technical issues related to both preserving the GFP signal and retaining the DNA profile meant that 

conclusive data was not obtained with this approach. Nonetheless, the decrease in KI67 and Mcm2 

expression in co-cultured NSCs would indicate that the proportion of these cells in late G1 and G2 

phase was reduced, arguing against checkpoint arrest. It is also worth noting that the KI67 staining 

was performed at day four of the standard assay, as the density of cells at later timepoints 

complicates the staining and quantification of these cells by ICC. It is therefore possible that by day 

five or six the proportion of KI67+ cells would have declined even further in the co-cultured WT NSCs. 

The percentage of cells that were labelled with BrdU after a 24-hour incubation was also decreased 

in co-cultured NSCs, which might suggest that some of these cells had exited the cell cycle. However, 

some cells even in separate culture were also BrdU negative at this timepoint. Complete exit of the 

cell cycle can therefore not be distinguished from a general slowing of cell cycle progression with 

these data. It is also not clear whether there is a subset of cells that are stably arrested in co-culture, 

while the rest divide normally, or whether all WT NSCs slow their proliferation or enter a transient 

quiescence. 

Another interesting finding of this work was that the growth arrest induced in co-cultured WT NSCs 

was reversible, as sorted cells demonstrated identical proliferation to control NSCs that had been 

cultured separately. While it is possible that the sorting process enriched for cells in the co-culture 

which had escaped the suppression of proliferation, at least some reduction in proliferation relative 

to the separate population would still be expected if a proportion had undergone permanent growth 

arrest. Additionally, an alternative explanation could be that WT NSCs that had evaded cell death in 

co-culture and therefore resisted out-competition were isolated in this process. However, while the 

sorting process would have excluded some non-viable cells that displayed altered morphology, cells 

in the earlier stages of cell death would not have been removed from the population. Thus, some 

reduction in the growth of these cells would again be expected relative to the separate population. 

These results therefore suggest that the reduction in WT NSC proliferation in the mixed culture was 
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reversible and dependent on the continued presence of the transformed NSCs. This is of interest as 

it suggests that the NSCs are possibly switching to a temporary quiescent-like state, rather than 

undergoing senescence.  

Overall, these findings demonstrate that WT NSCs show increased apoptosis and decreased 

proliferation in co-cultures with transformed NSCs. While the relative importance of apoptosis and 

growth arrest in WT NSCs remains to be determined, it is clear that this population is detrimentally 

affected by the presence of transformed NSCs. These NSCs were cultured in the presence of the 

growth factors EGF and FGF2, which promote the survival and proliferation of these cells and 

suppress differentiation (Conti et al. 2005; Pollard et al. 2006). The signals from transformed NSCs in 

co-culture must therefore be overriding the signalling from the growth factors in the culture to 

suppress WT NSC growth. 

Investigating the requirement for cell contact 

Perhaps the simplest explanation for the growth differences in co-culture was that the transformed 

cells were altering the composition of the shared media, for example by depleting a particular 

nutrient or growth factor. This depletion may disproportionately affect the WT NSCs, perhaps 

because the two cell types have different metabolic requirements. Alternatively, transformed NSCs 

may be less sensitive to nutrient depletion as they are receiving pro-proliferative signals through the 

constitutively active mutant EGFRvIII that they express. Furthermore, transformed NSCs lack the 

important negative cell cycle regulator, p16Ink4a, which could also help them to evade growth arrest 

due to the loss of mitogenic signalling in the environment.  

Initial experiments sought to explore the possibility that growth factor depletion was triggering the 

growth arrest in WT NSCs by evaluating their growth in the presence of increased EGF 

concentrations in the media or in response to an increased frequency of media changes. Neither of 

these culture conditions were able to rescue WT proliferation. Additionally, experiments with 

transwell cultures were also performed. These use permeable supports with microporous 

membranes which allow one cell population to be seeded above another population in the well. This 

assay demonstrated that WT NSCs cultured below transformed NSCs did not display a growth deficit, 

indicating that nutrient or growth factor depletion was not the mechanism behind the reduced 

proliferation. However, the distance of diffusion is relatively long in transwell cultures, which could 

prevent the transfer of some unstable factors. Additionally, culturing highly confluent cells on the 

upper compartment may also prevent the diffusion of factors through the membrane. This may have 

been an issue in these assays as the cells reach a high density over the last couple of days.  
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The fences co-culture system was also used to determine whether cell contact was required in these 

assays. Here, culture inserts are fitted into the well so that an inner and outer ring of cells can be 

seeded into the same well. This was therefore an improvement on the transwell assay as no 

membrane separates the population once the fence insert is removed. Performing a BrdU labelling 

assay on these cells revealed that the proliferation of WT NSCs in the inner ring was identical 

whether they were surrounded by transformed or WT NSCs. This was particularly striking as the area 

of the outer ring was larger than the inner ring and therefore cells were seeded at 25:75% ratio. 

Earlier experiments had revealed that increasing the proportion of transformed NSCs in co-culture 

above 50% greatly enhanced the reduction in growth of WT NSCs. Thus, in a direct mixed culture of 

75% transformed NSCs, the WT NSCs would be expected to demonstrate a large decrease in 

proliferation relative to separate culture. As this was not the case, this indicates that direct cell-cell 

contact, or at least close proximity, is required to suppress WT NSC proliferation. Taken together, 

these findings therefore exclude the possibility of nutrient or growth factor depletion in the co-

culture affecting WT growth.  

Implications and outstanding questions 

While the classical definition of cell competition is the elimination of loser cells by apoptosis in the 

presence of fitter cells, growth arrest (Bondar & Medzhitov 2010), entosis (Sun et al. 2014) and cell 

extrusion (Kajita & Fujita 2015) have also been shown to be the fate of loser cells. It is therefore 

possible that growth arrest of WT NSCs was the dominant driver of competition in this context. 

Analysis of KI67 expression revealed that a proportion of WT NSCs had completely exited the cell 

cycle. Taken together with the observation that the growth arrest was reversible, this raised the 

intriguing possibility that these cells may be a reverting to a quiescent stem cell state in co-culture.  

Activated and quiescent NSCs have been previously shown to interconvert in vitro (Codega et al. 

2014; Mira et al. 2010; Martynoga et al. 2013). Clonal analysis in vivo has also demonstrated that 

activated adult hippocampal NSCs return to quiescence following asymmetric division (Bonaguidi et 

al. 2016). In support of this observation, EdU pulse labelling of proliferating hippocampal NSCs 

followed by KI67 staining of these cells 24 hours later revealed a number of EdU+ KI67- NSCs. This 

therefore indicated that these cells had been cycling at the time of EdU addition, but had since 

exited the cell cycle and reverted to quiescence (Urbán et al. 2016). Similarly, in the SVZ, genetic 

lineage tracing of NSCs revealed that, both under homeostasis and following injury, aNSCs are able 

to reversibly return to quiescence (Basak et al. 2018). Interestingly, these authors found that this 

return to quiescence was not a stochastic process, determined by cell autonomous factors, but 

instead was determined by cell extrinsic factors from neighbouring NSCs which act to keep the 
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number of NSCs constant. This was inferred from the observation that the average clone size and 

NSC composition became constant from 14 days post-labelling, indicating that the probability of a 

self-renewing NSC division must decrease as the number of NSCs already present in the local niche 

increases. Additionally, this study used KI67 lineage tracing to show that KI67+ NSCs converted to 

ki67- NSCs by one week post-induction and that these KI67- progeny persisted for at least a year in 

some cases (Basak et al. 2018). Thus, reversion of aNSCs to the quiescent state has been described 

both in vitro and in vivo and may be influenced by occupancy of the niche. The transformed NSCs 

may therefore be exploiting this process to drive the WT NSCs back into the quiescent state. 

However, another report failed to detect this return to quiescence of aNSCs in vivo and instead 

argued that aNSCs give rise to a large number of progenitor cells before becoming terminally 

differentiated or exhausted (Calzolari et al. 2015). Thus, the extent to which this phenomenon 

occurs under homeostatic conditions remains controversial.  

What is certainly clear from these experiments is that, through whichever mechanism, the presence 

of the transformed NSCs is detrimental to the WT NSCs and their share of the co-culture rapidly 

declines. This observation has possible implications for glioblastoma progression. Multiple 

transforming mutations in NSCs have been shown to promote self-renewal and increase 

proliferation rates in these cells both in vitro and in vivo (Rispoli et al. 2014). However, this study has 

revealed that transforming mutations could also have non-cell-autonomous effects on surrounding 

cells. Consequently, not only do these transformed NSCs promote their own proliferation, but they 

also suppress that of their neighbouring cells, therefore ensuring their preferential survival and 

renewal. This would lead gradually to their takeover of the progenitor population of niche and 

therefore increase the likelihood that transformed NSCs will migrate out of the niche and give rise to 

more differentiated cells. A similar phenomenon has also been observed in the HSC niche. Here, 

NSCs with elevated P53 expression relative to their neighbours are outcompeted (Bondar & 

Medzhitov 2010). This was true both for HSCs which had undergone low dose irradiation or HSCs 

which lacked the P53 inhibitor, MDM2. Interestingly, this competition is mediated by induction of 

growth arrest in the out-competed cells. The authors speculated that, while this may be intended as 

a mechanism to ensure HSCs with damaged DNA do not contribute to haematopoiesis, it may give 

potentially oncogenic cells with disrupted P53 signalling a competitive advantage, therefore 

promoting malignancy. 

The primary outstanding question from this work was the nature of the molecular mechanisms 

underlying the competitive interactions between these cells. While cell mixing was shown to be 

required here, the signalling upstream of the growth arrest was unclear. Further experiments 

described in the next chapter therefore sought to go beyond description of the phenomenon and 
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understand how this competition was mediated. These also aimed to further explore the hypothesis 

that the WT NSCs were entering a quiescent-like state in the co-culture condition. 
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4. Investigation of molecular mechanisms and pathways  

4.1 Introduction 

The experiments outlined in this chapter aimed to build on the findings from the previous chapter by 

identifying potential signalling pathways mediating the interaction between transformed and WT 

NSCs. Many of these experiments were performed in parallel to those described in Chapter Three 

and therefore mechanisms that do not require direct cell-cell contact were also considered. The 

negative results from the transwell and fences assays also did not completely exclude the possibility 

that secreted factors acting at short-range could be driving the reduction in WT NSC proliferation. In 

particular, pathways with known roles in the regulation of cellular proliferation, such as mTOR and 

BMP signalling, were investigated. Transcriptional profiling was also performed to identify potential 

pathways of interest and to further explore the fate of WT NSCs in co-culture. 

mTOR is the catalytic subunit of the mTORC1 complex which is activated in response to positive 

growth stimuli, such as high levels of growth factors, amino acids, glucose and ATP. mTORC1 

activation is negatively regulated by the upstream TSC1/TSC2 complex, which is in turn inhibited by 

AKT in response to growth factor signalling. This pathway was of interest as mTOR is known to play a 

role in the regulation of stem cell quiescence and activation. For example, deletion of Tsc1 or Pten in 

HSCs had been shown to hyperactivate mTOR and drive these stem cells out of quiescence into a 

rapid cycling state (Chen et al. 2008; Yilmaz et al. 2006; Gan & DePinho 2009). mTORC1 activation 

has also been shown to induce activation and proliferation of NSCs in the mouse hippocampus 

following traumatic brain injury (Wang et al. 2016). Conversely, administration of rapamycin 

abolished this injury-induced proliferation. In the SVZ, mTOR activation is higher in the proliferating 

transit amplifying progenitor population than the GFAP+ NSC population and inhibition of this 

pathway depletes the pool of proliferating cells (Paliouras et al. 2012). mTOR has also been shown to 

have an important role in competitive interactions between ESCs by our group (Bowling et al. 2018). 

In this model, defective ESCs downregulate mTOR signalling specifically in a competitive 

environment with fitter WT cells. It was therefore considered an important pathway to investigate in 

the context of NSC competition.  

A role for BMP signalling was also investigated as this pathway has been shown to suppress NSC 

proliferation in a number of contexts. BMPs are members of the TGFβ superfamily of ligands and 

signal canonically through type I and II receptors to regulate cellular proliferation and 

differentiation. Genes related to BMP signalling have been shown to be downregulated upon 

activation of hippocampal NSCs (Shin et al. 2015), and addition of BMP4 to cultured hippocampal or 
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embryonic stem cell-derived NSCs in vitro induces a reversible quiescent-like state (Mira et al. 2010; 

Martynoga et al. 2013). Conversely, the addition of the BMP antagonist Noggin has been shown to 

enhance NSC expansion both in vitro and in vivo (Mira et al. 2010; Lim et al. 2000; Yousef et al. 

2015). Furthermore, deletion of Bmpr1a from NSCs in the murine hippocampus boosted their 

proliferation (Mira et al. 2010) It was therefore of great interest to examine the potential role of 

BMP signalling in the suppression of NSC proliferation in the presence of transformed NSCs.  

The approaches used to explore the molecular mechanisms of NSC competition in this chapter 

included transcriptional profiling by RNA sequencing (RNA-seq) of the different populations, the 

addition of small molecule inhibitors or modulators to disrupt important pathways, and the 

introduction of loss of function mutations into specific genes. These loss of function mutations were 

introduced through the use of CRISPR/Cas9 technology, which has previously been described in adult 

NSCs (Bressan et al. 2017). This system consists of an RNA-guided endonuclease (Cas9) which 

efficiently introduces double-strand breaks in specific DNA regions. These double-strand breaks are 

repaired in cells by the error-prone non-homologous end-joining (NHEJ) repair mechanism, which 

frequently results in the introduction of insertion or deletion (indel) mutations, causing loss of 

functional protein production (Mali et al. 2013; Cong et al. 2013). CRISPR/Cas9 is therefore a 

powerful tool for dissecting the function of specific genes by introducing loss-of-function mutations. 

The aims of this chapter were therefore to perform transcriptomic profiling to gain an insight into 

both the fate of WT NSCs in co-culture and the pathways that could be acting upstream to promote 

this phenotype and to investigate pathways of interest through small molecule inhibitor experiments 

and CRISPR/Cas9-mediated gene deletion.  
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4.2 Results 

Transcriptional profiling of NSC populations to identify differentially regulated pathways 

To gain a deeper insight into the mechanism behind the reduced WT NSC proliferation, 

transcriptional profiling was performed to identify differentially expressed genes. For this study, the 

WT and transformed NSCs were cultured under the conditions of the standard six-day growth assay 

until day five. At this point the cells were harvested and sorted by FACS to separate the populations 

(strategy outlined in Figure 4.1A). The cells which had been cultured separately were also mixed and 

sorted to control for any gene expression changes or RNA degradation that occurred as a result of 

the sorting process. Three biological repeats of this experiment were performed to yield four distinct 

sample groups; WT separate, transformed separate, WT mix and transformed mix. Sequencing of 

mRNA from each of these groups was then performed to determine the gene expression profile of 

each condition. For this study, FACS was performed by the MRC Flow Facility (James Elliot and 

Thomas Adejumo). The RNA-seq was then performed by the BRC Genomics Centre on the HiSeq 

4000 Illumina system and the differential gene expression analysis was performed by Gopuraja 

Dharmalingam using DESeq2 (Imperial College London). This allowed the gene expression of WT 

NSCs in each culture condition to be compared to determine which gene sets were differentially 

expressed in the co-cultured population. Additionally, comparisons could also be made between the 

transformed and WT NSCs in the co-culture to examine how the behaviour of these cell types 

differed.  

The Principal Components Analysis (PCA) plot of the three repeats for each sample group is shown in 

Figure 4.1B (ANS7=WT, IENS=Transformed). This shows that there was some variability between the 

biological repeats in the co-cultured samples, particularly between the WT NSCs. This is particularly 

evident along the PC2 axis, which accounted for 22.15% of the variance. It is also clear that the 

transformed and WT NSCs cluster separately to each other, regardless of culture condition. 

Furthermore, the PCA plot reveals that the culture condition has a greater impact on the 

transcriptional profile of the WT NSCs than the transformed NSCs. This is also evident from the 

differential gene expression analysis. This analysis yielded 1441 differentially expressed genes in the 

‘WT Sep vs WT Mix’ comparison, 1087 in the ‘Trans Sep vs Trans Mix’ comparison, 3563 in the ‘WT 

Sep vs Trans Sep’ comparison, and 5772 in the ‘WT Mix vs Trans Mix’ comparison (false discovery 

rate=10%). This approach therefore allowed the gene expression changes that were occurring 

specifically in the co-culture condition to be interrogated to identify potential pathways mediating 

the interactions between the cells. 
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Figure 4.1 RNA-seq analysis of NSCs 

A Experimental strategy for transcriptional analysis. NSCs were cultured under the standard assay 
conditions until day five, at which point they were harvested and sorted by FACS. These sorted cells 
were lysed and RNA was extracted. Three separate experiments were performed. mRNA sequencing 
was then performed on RNA samples by the BRC Genomics Centre. Differential Gene Expression 
Analysis was performed by Gopuraja Dharmalingam to compare gene expression between the four 
sample groups ‘Wild-type Separate’, ‘Transformed Separate’, ‘Wild-type Mix’ and ‘Transformed Mix’.  
B Principal components analysis of the samples showing the three biological repeats of each 
condition. WT NSCs are designated as ‘ANS7’ and transformed NSCs as ‘IENS’. WT NSCs and 
transformed NSCs clustered separately from each other and the co-cultured WT NSCs showed the 
greatest variance between biological repeats. 
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Genes related to cell cycle regulation and DNA repair are downregulated in WT NSCs in co-

culture 

The functional relevance of the differentially expressed genes that were identified for each 

comparison was assessed using Ingenuity Pathway Analysis software (Qiagen). This software uses 

the Ingenuity Knowledge Base for functional annotations and interactions of genes to identify 

enriched pathways and upstream regulators. Comparison of WT NSCs in separate culture to their 

counterparts in mixed culture yielded a number of insights into how these cells were affected by the 

presence of transformed NSCs. It was immediately apparent that the majority of the top canonical 

pathways that were enriched in this comparison were related to cell cycle control and DNA repair 

(Figure 4.2A). These included pathways such as ‘cyclins and cell cycle regulation’, ‘mitotic roles of 

polo-like kinase’ and ‘role of BRCA1 in DNA damage response’. In particular, the top enriched 

pathway was ‘cell cycle control of chromosomal replication’ (p-value = 2.23E-15, 24/56 genes 

differentially expressed with adjusted p-value < 0.1), which includes important cell cycle-associated 

genes, including multiple CDKs, MCM proteins and PCNA. The genes in this pathway were broadly 

downregulated in WT NSCs in co-culture compared to separately cultured WT NSCs (Figure 4.2B and 

C). In Figure 4.2B a diagram of the pathway is shown with the gene changes of this comparison 

overlaid and Figure 4.2C shows those genes with an adjusted p-value <0.1 in heat-map form for 

simplicity. Overall, the reduction in the expression of cell cycle and DNA repair-associated genes in 

co-cultured WT NSCs strongly supports the data obtained previously demonstrating reduced BrdU-

incorporation and proliferation marker expression in these cells and provides further evidence for 

the adoption of a quiescent-like phenotype by WT NSCs. 
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Figure 4.2 Genes related to cell cycle progression and DNA repair are downregulated in WT NSCs in 
co-culture 

A The top canonical pathways enriched in the comparison of WT NSCs in separate or mixed culture. 
Pathways related to cell cycle and DNA repair are highly enriched.  
B Diagram of the top canonical pathway ‘Cell Cycle Control of Chromosomal Replication’ overlaid 
with fold change values from the ‘WT Mix vs WT Sep’ comparison. Green denotes downregulation, 
while red denotes upregulation of the gene. Generated using IPA software (Qiagen). 
C Heat map showing the fold change values for all genes in the ‘Cell Cycle Control of Chromosomal 
Replication’ pathway for this comparison with an adjusted p-value <0.1.  
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Genes related to cell cycle regulation and DNA repair are more highly expressed in 

transformed NSCs in co-culture 

To identify other potentially important signalling pathways, the pathways that were enriched in the 

comparison between the two populations within the mixed culture were also investigated. This 

approach compared the transcriptional profiles of WT NSCs and transformed NSCs which had been 

cultured together, taking WT Mix as the reference group. This comparison primarily yielded enriched 

pathways related to cell cycle regulation and DNA repair, which were very similar to those enriched 

in the comparison between the WT NSCs cultured either separately or in co-culture (Figure 4.3A). In 

fact, the top canonical pathway in this comparison was also ‘cell cycle control of chromosomal 

replication’ (p-value = 1.49E-9, 33/56 genes differentially expressed with adjusted p-value < 0.1). As 

expected, given the growth dynamics of these cell in co-culture, the genes in this pathway were all 

upregulated in transformed NSCs relative to WT NSCs (Figure 4.3B and C). Figure 4.3B shows this 

pathway with the gene expression changes overlaid and Figure 4.3C also shows the genes in this 

pathway that were differentially expressed with an adjusted p-value <0.1 in heat map form. 

Therefore, this comparison also supported a phenotype of reduced proliferation in WT NSCs relative 

to transformed NSCs in co-culture conditions.  
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Figure 4.3 Genes related to cell cycle progression and DNA repair are upregulated in transformed 
NSCs in co-culture 

A The top canonical pathways enriched in the comparison of WT NSCs and transformed NSCs in co- 
culture. Pathways related to cell cycle and DNA repair are highly enriched.  
B Diagram of the top canonical pathway ‘Cell Cycle Control of Chromosomal Replication’ overlaid 
with fold change values from the ‘Transformed Mix vs WT Mix’ comparison. Green denotes 
downregulation, while red denotes upregulation of the gene. Generated using IPA software (Qiagen). 
C Heat map showing the fold change values for all genes in the ‘Cell Cycle Control of Chromosomal 
Replication’ pathway for this comparison with an adjusted p-value <0.1.  
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Expression of negative cell cycle regulators in co-cultured WT NSCs 

The transcriptional information provided by the RNA-seq also provided the opportunity to 

interrogate the mechanism of growth arrest induction. Genes related to both the G1/S and G2/M 

cell cycle checkpoints were enriched in the comparison between separately cultured and co-cultured 

WT NSCs (‘G1/S Checkpoint Regulation’ p-value = 7.31E-6, ‘G2/M DNA Damage Checkpoint 

Regulation’ p-value = 2.09E-9). Genes associated with the regulation of these checkpoints were 

mostly downregulated in the co-cultured WT NSCs (Figure 4.4A and B). This observation was 

consistent with reduced cell cycle progression in these cells relative to their separately cultured 

counterparts. At the G1/S checkpoint, Myc was a notable exception to this rule, as this was 

upregulated in co-cultured WT NSCs, despite acting to promote cell cycle progression. TGFβ and 

FOXO1 also demonstrated increased expression. These can both act to suppress cell cycle 

progression and could therefore be part of the mechanism of reduced WT NSC proliferation.  

The expression of cyclin-dependent kinase inhibitors (CKIs) in these gene sets was of particular 

interest, as these are well-characterised negative regulators of cell cycle progression. The CKIs p21 

and p57, encoded by the Cdkn1a and Cdkn1c genes respectively, have also been implicated in the 

promotion of NSC quiescence (Kippin et al. 2005; Furutachi et al. 2013; Meletis et al. 2005). The 

expression of CKI genes in this comparison is also shown in Figure 4.5 in a heat map form for 

simplicity. Interestingly, the Cdkn1b (p27/kip1), Cdkn1c (p57), Cdkn2a/Ink4a (p16INK4A), Cdkn2b 

(p15/Ink4b), Cdkn2c (p18) and Cdkn2d (p19) genes were all downregulated in co-cultured WT NSCs. 

It was particularly notable that Cdkn2a/Ink4a, which is lost in the transformed NSCs, was 

downregulated in co-cultured WT NSCs (Figure 4.4A and 4.5). In fact, the base mean count for this 

gene was just 149 in this comparison, indicating that it was not highly expressed by WT NSCs in 

either culture condition. This gene encodes the p16INK4A protein, which inhibits CDK4/6-mediated Rb 

phosphorylation at the G1/S checkpoint (Sharpless 2005). One hypothesis was therefore that the 

growth arrest of WT NSCs in co-culture was mediated by this protein. However, the observation that 

the expression of this gene was decreased in WT NSCs in co-culture would argue against this 

hypothesis. The only CKI that was upregulated in co-culture was Cdkn1a, which encodes the p21 

protein, although this was not statistically significant (log2 fold change = 0.77, Figure 4.4 and 4.5). 

This protein has been implicated in the regulation of NSC self-renewal (Kippin et al. 2005; Meletis et 

al. 2005) and therefore this observation indicates that p21 could play a role in reducing the 

proliferation of NSCs in this assay. However, what was most notable in this comparison was that, to 

a large extent, both negative and positive regulators of cell cycle progression at both checkpoints 

were downregulated in WT NSCs in co-culture. This might suggest that these cells are exiting the cell 

cycle completely rather than arresting at a particular checkpoint. 
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Figure 4.4 Genes related to the G1/S and G2/M transition are broadly downregulated in co-
cultured WT NSCs 

A Diagram showing G1/S checkpoint pathway overlaid with fold change values from ‘WT Mix vs WT 
Sep’ comparison. 
B Diagram showing G2/M checkpoint pathway overlaid with fold change values from ‘WT Mix vs WT 
Sep’ comparison. 
Diagrams generated using Ingenuity Pathway Analysis (IPA) software (Qiagen). Green denotes 
downregulated gene, red denotes upregulated gene.  
 



107 
 

WT Mix vs 
WT Sep

Cdkn1a

Cdkn1b

Cdkn1c

Cdkn2a

Cdkn2b

Cdkn2c

Cdkn2d
-1.0

-0.5

0

0.5

1.0

 

 

WT NSCs do not differentiate in co-culture with transformed NSCs 

Another possibility explored in the transcriptomic data was that the WT NSCs were being induced to 

differentiate in the presence of transformed NSCs. Differentiation into a post-mitotic cell type, such 

as an immature neuron, could have been part of the mechanism by which WT NSC proliferation was 

reduced in the co-culture condition. The expression of NSC markers, together with markers for 

intermediate progenitors and differentiated cell types was therefore explored in the RNA-seq data 

set (Figure 4.6) (Zhang & Jiao 2015). Although GLAST and GLT1 are shown as astrocytic markers and 

GFAP as an NSC marker, it should be noted that these markers are expressed by both astrocytes and 

adult NSCs, while S100β is expressed only in mature astrocytes and ependymal cells (Doetsch 2003; 

Codega et al. 2014). No broad downregulation of classical NSC markers was observed in WT NSCs in 

co-culture compared to their separate counterparts (Figure 4.6). Likewise, markers of intermediate 

or differentiated cell types were not upregulated. The possible exception to this was the gene 

encoding GFAP, which was more highly expressed in WT NSCs in co-culture (log2 fold change = 5.42). 

Glast (Slc1a3) and Glt-1 (Slc1a2) were also upregulated in co-cultured WT NSCs (log2 fold change = 

0.69 and 0.99 respectively), although no difference in the mature astrocyte marker, S100b, was 

observed (log2 fold change = 0.07). The expression of Egfr was also evaluated, as EGFR cell surface 

expression is frequently used to distinguish activated (EGFR+) from quiescent (EGFR-) NSCs for 

isolation and profiling (Codega et al. 2014; Llorens-Bobadilla et al. 2015; Morizur et al. 2018). The 

expression of the WT Egfr transcript was decreased in co-cultured WT NSCs, albeit only modestly 

(log2 fold change = -0.2). This might indicate that the WT NSCs are not fully transitioning to a 

quiescent cell state in this condition. Taken together, these data indicate that WT NSCs are not being 

induced to differentiate in co-culture. 

Figure 4.5 Expression of negative cell cycle 
regulators in WT NSCs 

Heat map showing changes in gene expression of 

cyclin-dependent kinase inhibitors (CKIs) between 

WT NSCs cultured separately or in co-culture. 

Most CKIs were down-regulated in the co-

cultured WT NSCs. However, Cdkn1a (p21) was 

upregulated.  
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Figure 4.6 WT NSCs do not differentiate in co-culture with transformed NSCs 

Heat map showing changes in gene expression in the ‘WT Mix vs WT Sep’ comparison. Classical 

marker genes for different cell populations are shown including those used commonly to identify 

adult NSCs. GFAP log2 fold change is off the scale at 5.4. These data indicate that WT NSCs in co-

culture do not lose NSC marker expression. 
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WT NSCs in co-culture upregulate quiescence-related transcription factors and 

downregulate activation-related transcription factors 

Transcriptional profiling studies of quiescent and activated NSC populations have revealed a number 

of transcriptional regulators that are differentially expressed between these two populations. These 

include the inhibitor of DNA-binding (Id) factors and members of the Sox family of transcription 

factors (Llorens-Bobadilla et al. 2015; Morizur et al. 2018). The proneural bHLH factor, ASCL1 (also 

known as MASH1), also plays an indispensable role in NSC exit from dormancy in both the SVZ and 

SGZ and is thought to control much of the transcriptional programme associated with this process 

(Llorens-Bobadilla et al. 2015; Morizur et al. 2018; Codega et al. 2014; Urbán, et al. 2016; Andersen 

et al. 2014). I therefore examined the expression of some of these key transcriptional regulators in 

the WT NSCs in co-culture relative to WT NSCs cultured separately. I found that the quiescence-

associated transcriptional regulators, Sox9, Id2, Id3 and Klf9, which were all upregulated in quiescent 

SVZ NSCs (Llorens-Bobadilla et al. 2015; Morizur et al. 2018), were all upregulated in the co-cultured 

NSCs (Figure 4.7). These studies also identified Ascl1, Egr1, Fos, SoxC factors (Sox4 and Sox11) and 

Dlx1 as transcription factors enriched in activated NSCs (Llorens-Bobadilla et al. 2015; Morizur et al. 

2018). These transcription factors, with the exception of Dlx1, were all downregulated in co-cultured 

WT NSCs (Figure 4.7), although only Ascl1 reached statistical significance (log2 fold change = -1.49, 

adjusted p-value = 0.008). Sox4 was also not detected in the transcriptional analysis. These findings 

therefore support the hypothesis that the co-cultured NSCs are adopting a quiescent-like phenotype.  
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GPCR signalling is upregulated in WT NSCs in co-culture 

Figure 4.7 Expression of transcriptional 
regulators related to NSC quiescence 
and activation in WT NSCs 

Heat map showing the change in gene 

expression of certain transcription 

factors (TFs) between the WT NSCs 

cultured separately or in co-culture. 

These transcription factors have been 

particularly highlighted by 

transcriptional profiling studies which 

sought to compare quiescent and 

activated NSCs. Quiescence-associated 

genes were broadly upregulated in the 

co-cultured NSCs, while activation-

associated genes were broadly 

downregulated, with the exception of 

Dlx1. 
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While the top canonical pathways for the WT NSC comparison were dominated by those related to 

cell proliferation and DNA repair, several other pathways were also enriched which provided some 

insight into the mechanism upstream of the suppression of proliferation. One of these enriched 

pathways was G-protein-coupled receptor (GPCR) signalling (p value = 7.69E-5). The 34 genes in this 

pathway which were significantly altered in the comparison of WT NSCs in separate or co-culture are 

shown in Figure 4.8A (34/282 total genes, adjusted p-value <0.1). These were broadly upregulated in 

co-cultured WT NSCs relative to their separately cultured counterparts. This would again be 

consistent with the findings from other studies which have shown that GPCR signalling is increased 

in quiescent NSCs (Codega et al. 2014; Shin et al. 2015). In particular, the GPCR ligands, sphingosine-

1-phosphate (S1P) and prostaglandin D2 (PGD2) have been found to actively maintain the quiescent 

state (Codega et al. 2014). This was of interest as the S1P receptors S1PR1 and S1PR3 were both 

upregulated in co-cultured WT NSCs (log2 fold change = 1.1 and 6.2 respectively) (Figure 4.8A). I 

therefore sought to determine whether a S1PR1/3 antagonist, VPC23019, or a S1PR agonist, 

fingolimod (FTY), would affect the growth of WT NSCs. However, addition of these agents to WT and 

transformed NSCs cultured in the standard six-day growth assay did not have a marked effect on WT 

proliferation in either separate or co-culture (Figure 4.8B and C). These data therefore provide 

further evidence that the transcriptional profile of the co-cultured NSCs resembles that of quiescent 

NSCs. However, modulation of S1P receptor signalling could not rescue WT NSC proliferation in the 

presence of transformed NSCs. 
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Figure 4.8 GPCR signalling was upregulated in WT NSCs in co-culture, but inhibiting S1P receptor 
signalling did not affect WT proliferation 

A Heat map showing gene expression in GPCR signalling genes that were enriched in the comparison 
of WT NSCs in either culture condition. These gene were broadly upregulated in co-cultured NSCs, 
including the S1P receptors 1-3. 
B WT growth in the presence of the S1PR antagonist, VPC23019, was not affected in separate or co-
culture (n=2). 
C WT growth in the presence of the S1PR agonist, FTY (fingolimod), was not affected in separate or 
co-culture (n=2). 
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mTOR activity is reduced in WT NSCs in co-culture 

In parallel to the transcriptional analysis, I also sought to investigate pathways which have known 

roles in the regulation of NSC proliferation or quiescence. One such pathway was the mTOR 

signalling pathway. This complex has a critical role in the regulation of cellular metabolism and 

proliferation. Furthermore, there is evidence for an involvement of mTOR activation in the 

regulation of SVZ NSC activation (Paliouras et al. 2012), which made it an interesting pathway to 

investigate in the NSC competition. A key downstream effector of mTOR is S6 kinase (S6K). This 

kinase phosphorylates the ribosomal protein S6 (rpS6), which in turn acts to promote protein 

synthesis, one of the key functions of mTOR activation. Thus, levels of phospho-rpS6 (p-rpS6) 

provide an indication of mTOR pathway activity. I therefore evaluated p-rpS6 expression in the NSC 

co-culture assay by flow cytometry. This analysis revealed that p-rpS6 levels were reduced in the co-

cultured WT NSCs relative to both the transformed NSCs in the co-culture and the WT NSCs cultured 

separately (Figure 4.9A and B). This was despite the fact that p-rpS6 expression was actually higher 

in WT NSCs when the cells were cultured separately. This was also confirmed by western blotting of 

sorted lysates, which also showed decreased p-rpS6 in co-cultured WT NSCs (Figure 4.9C). There was 

also evidence that transformed NSCs had elevated p-rpS6 in co-culture, but this showed some 

variability between experiments and was not statistically significant. Thus, the WT NSCs 

demonstrated decreased mTOR activity, specifically in co-culture, as measured by S6 kinase activity. 

This may be indicative of lower levels of protein synthesis in these cells in this condition, a finding 

which would be consistent with a phenotype of reduced proliferation and adoption of a quiescent-

like state by these cells. 
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Figure 4.9 mTOR activity is reduced in WT NSCs in co-culture 

A Flow cytometry plot showing p-rpS6 staining in WT (ANS4) and transformed NSCs in separate and 
mixed culture at day four of the assay. 
B Quantification of p-rpS6 staining showing reduced expression in co-cultured WT NSCs (n=6, two-
way ANOVA followed by Sidak’s multiple comparisons test, data is combined from ANS4 and ANS7 
WT NSCs). 
C Western blot for p-rpS6 in sorted lysates demonstrating decreased p-rpS6 in WT NSCs (ANS4) in co-
culture and increased p-rpS6 in transformed NSCs. The sort was performed on the shorter three-day 
assay at day two (n=1).  

 

 

 

 

 

 

 

 

 



114 
 

mTOR inhibition reduces the growth of WT, but not transformed, NSCs 

To investigate the functional relevance of this decreased mTOR activity, both cell types were treated 

with rapamycin to inhibit mTOR. The aim of this experiment was two-fold; first to investigate 

whether mTOR inhibition would reduce the growth of the NSCs cultured separately, and secondly, to 

investigate whether this inhibition would affect their ability to compete in co-culture. WT and 

transformed NSCs were therefore treated with 100nM rapamycin from day three of the standard six-

day growth assay. Intriguingly, in separate culture WT NSCs demonstrated reduced growth in the 

presence of rapamycin, while the growth of transformed NSCs was unaffected (Figure 4.10A). 

However, the growth of both cell types in mixed culture was similar to control. This therefore 

indicated that mTOR inhibition did not prevent the transformed NSCs from out-competing the WT 

NSCs and taking over the co-culture. The reduction in WT NSC growth in separate culture was not 

due to increased apoptosis as there was no increase in cleaved-parp or cleaved-caspase-3 expression 

in rapamycin-treated cells (Figure 4.10B). In fact, rapamycin reduced apoptotic marker levels in 

these cells. This therefore suggested that inhibition of mTOR caused a reduction in proliferation 

specifically in the WT NSC population, while transformed NSCs continued to proliferate well and out-

compete WT NSCs in co-culture. It was therefore possible from this observation that reduced mTOR 

activity could be part of the mechanism by which WT NSC proliferation was suppressed in co-culture.  
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Figure 4.10 Rapamycin selectively reduces the growth of WT NSCs 

A Treatment of NSCs with 100nM rapamycin selectively reduces the growth of WT NSCs in separate 
culture. It does not affect transformed NSC proliferation or the competition between these cells in co-
culture (n=4, two-way ANOVA followed by Sidak’s multiple comparisons test). 
B Rapamycin treatment did not induce apoptosis in NSCs indicating that the reduction in WT NSC 
number was due to reduced proliferation. p-rpS6 was also reduced in both WT and transformed NSCs 
by rapamycin treatment, although this was more pronounced at 100nM in WT NSCs (n=1). 
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Tsc2 deletion in NSCs leads to mTOR hyperactivation 

To explore the functional relevance of mTOR activity further, CRISPR/Cas9-mediated deletion of Tsc2 

was performed. TSC2 forms a complex with TSC1 which acts as a negative regulator of mTOR. 

Multiple upstream inputs, including growth factor receptor, insulin and AMPK signalling, converge 

on the TSC complex to regulate mTOR pathway activity (Dunlop & Tee 2009). Deletion of TSC2 would 

therefore lead to hyperactivation of this pathway. gRNAs targeting the GAP domain of TSC2 had 

been previously designed by Sarah Bowling in the Rodriguez lab and cloned into a gRNA expression 

plasmid (gift from George Church, Addgene #41824). Targeting of this domain of TSC2 has been 

previously shown to result in loss of protein expression in neural progenitors (Fu & Ess 2013). Two 

gRNA plasmids were therefore transfected into the WT NSCs by nucleofection together with a Cas9-

expression plasmid (gift from George Church, Addgene #41815) and a puromycin resistance plasmid 

(Puro-pPyCAGIP). Resistant clones were then isolated and expanded following selection with 

puromycin (Figure 4.11A). Deletion of TSC2 in these resistant clones was evaluated by western 

blotting (Figure 4.11B). Two Tsc2-/- clones with no detectable TSC2 expression were selected for use 

in experiments alongside a control ‘Cas9’ clone which had not been transfected with the gRNAs 

(indicated by blue arrows in Figure 4.11B). p-rpS6 expression was also evaluated in this western blot 

and was shown to be elevated, indicating that mTOR activation was increased in these cells. p-rpS6 

expression was also evaluated by flow cytometry to confirm mTOR pathway hyperactivation in Tsc2-

/- clones. This analysis confirmed that p-rpS6 expression was greatly increased in the Tsc2-/- cells 

relative to the control cells (Figure 4.11A and B). Consequently, TSC2 deletion was successfully 

achieved in NSCs and this resulted in increased mTOR pathway activation in these cells. 
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Figure 4.11 Generation of Tsc2-/- NSCs by CRISPR/Cas9 targeting 

A Strategy for generation of Tsc2-/- NSCs by CRISPR/Cas9 targeting. Nucleofection of plasmids was 
performed using programme A-033 on the Lonza 2B Nucleofector.  

B Western blot showing TSC2 expression in clones following puromycin selection. Control Cas9 clones 
were also selected which were not transfected with the gRNA plasmids. Multiple Tsc2 knock-outs 
were generated and those that were chosen for further analysis are indicated by the blue arrows 
(TSC26 and 7). These clones also demonstrated increased p-rpS6 expression. Flag expression was also 
evaluated to confirm transfection with the Cas9 plasmid which contained a flag tag.  

C Representative flow cytometry plot showing p-rpS6 staining in control (Cas9) and Tsc2-/- clones. 

D Median fluorescence intensity quantification of flow cytometry staining. Tsc2-/- clones demonstrate 
greatly elevated p-rpS6 expression (n=3, one-way ANOVA with Tukey’s multiple comparisons test). 
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Tsc2 deletion fails to rescue WT NSC proliferation in co-culture 

The behaviour of Tsc2-/- NSCs was next assessed in co-culture with transformed NSCs to determine 

whether mTOR activation could rescue the proliferation of WT NSCs. The Tsc2-/- and Cas9 control 

NSCs were therefore cultured under the standard six-day growth assay conditions. Interestingly, in 

separate culture, Tsc2-/- NSCs proliferated more slowly than the Cas9 control (Figure 4.12A and B). 

This was unexpected as mTOR promotes anabolic processes in the cell and so might be expected to 

boost cell growth and proliferation. mTOR inhibition by rapamycin had also been shown to reduce 

the growth of WT NSCs and therefore it seemed plausible that the converse would occur here with 

elevated mTOR pathway activity. However, the most interesting observation was that both control 

and Tsc2-/- NSCs demonstrated decreased growth in co-culture with transformed NSCs compared to 

their growth in separate culture (Figure 4.12A and B). mTOR pathway activation therefore did not 

rescue the out-competition of these cells. p-rpS6 staining confirmed that mTOR activation remained 

high in the Tsc2-/- cells in co-culture (Figure 4.12C). Thus, NSCs can reduce their proliferation even 

when mTOR pathway activity is elevated. These data therefore indicate that mTOR inhibition is not 

required for the phenotype of suppressed WT NSC proliferation induced by transformed NSCs. 

Consequently, reduced mTOR activation may be a consequence rather than a cause of reduced WT 

NSC proliferation in co-culture.  
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Figure 4.12 Tsc2 deletion does not rescue WT proliferation in co-culture 

A Growth curves of transformed NSCs and Tsc2-/- NSCs or Cas9 control in separate or co-culture (n=4). 
Tsc2-/- clones grow more slowly than control and still show reduced growth in co-culture. 
B Fold change cell number quantification of growth curves in A (n=4, two-way ANOVA followed by 
Sidak’s multiple comparisons test). 
C Expression of p-rpS6 in Cas9 and Tsc2-/- clones (n=3). mTOR activation remains high in co-culture 
despite reduced growth. 
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BMP suppresses the proliferation of WT but not transformed NSCs 

As manipulation of mTOR pathway activity had not rescued WT proliferation, other pathways with a 

known role in regulating NSC proliferation were also investigated. BMP signalling is one such 

pathway that has been shown to suppress NSC proliferation in a number of contexts. For example, 

the addition of BMP4 to cultured hippocampal or embryonic stem cell-derived NSCs in vitro has been 

shown to induce a reversible quiescent-like state (Mira et al. 2010; Martynoga et al. 2013). 

Conversely, the addition of the BMP antagonist Noggin has been shown to enhance NSC expansion 

both in vitro and in vivo (Mira et al. 2010; Lim et al. 2000; Yousef et al. 2015). A potential role for 

BMP signalling in the suppression of WT NSC proliferation was therefore investigated. 50ng/ml 

BMP4 was added to the standard growth assay from day three and the growth of both WT and 

transformed NSCs was evaluated. Previous studies have also removed EGF from the growth media to 

inhibit NSC proliferation (Martynoga et al. 2013). However, I wanted to investigate the effect of 

BMP4 addition in isolation without EGF withdrawal, as the transformed NSCs were likely to be less 

sensitive to loss of EGF than WT NSCs. Addition of BMP2 has also previously been shown to 

overcome the pro-proliferative effects of EGF in SVZ NSC cultures, suggesting that BMP is the 

dominant signal in the presence of both factors (Joppé et al. 2015). In agreement with this, I found 

that there was a marked drop-off in WT NSC proliferation in the presence of BMP4, even though EGF 

was still present in these cultures (Figure 4.13A and B). However, the transformed NSCs were 

seemingly unaffected by BMP addition, with no differences in cell numbers. Western blot analysis of 

SMAD1/5/8 phosphorylation revealed that both cell types demonstrated a robust response to BMP4 

addition (Figure 4.13C). Therefore, the distinct behaviour of the transformed NSCs must have been a 

result of signalling differences either downstream or independent of SMAD phosphorylation.  

BrdU analysis was also performed on these cells to assess their proliferation following a 24-hour 

treatment with 50ng/ml BMP4. In contrast to the growth curve data, this analysis showed decreased 

BrdU incorporation in both populations of cells in the presence of BMP4, although this decrease was 

more pronounced in WT NSCs (Figure 4.13D). In control conditions, 29% of WT NSCs and 30% of 

transformed NSCs were BrdU-positive compared to 11% and 19% respectively in the presence of 

BMP4. As the cell numbers represent a balance between cell proliferation and death, the 

observation that BMP4 decreases the proliferation rate of transformed cells without significantly 

affecting cell numbers may indicate that BMP promotes transformed NSC survival. Alternatively, 

transformed NSCs may recover their proliferation after the first 24 hours of BMP treatment. Overall, 

transformed NSCs were less sensitive to BMP4-induced suppression of proliferation than WT NSCs. 

These findings also support previous published observations that BMP4 addition suppresses NSC 

proliferation (Martynoga et al. 2013; Mira et al. 2010).  
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Figure 4.13 BMP4 addition reduces WT proliferation 

A Growth curves of WT and transformed NSCs cultured with or without 50ng/ml BMP4 addition from 
day three (n=4). 
B Fold change cell number quantification of growth curves in A. BMP4 treatment reduces the growth 
of WT, but not transformed, NSCs (n=4, two-way ANOVA with Sidak’s multiple comparisons test). 
C Western blot showing increased p-SMAD1/5/8 expression in NSCs treated with 50ng/ml BMP4 for 
24 hours relative to control NSCs (con.).  
D Proportion of BrdU-positive cells in WT and transformed NSCs treated with 50ng/ml BMP4 for 24 
hours (n=3, two-way ANOVA with Sidak’s multiple comparisons test). 
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BMP inhibition reduces transformed NSC growth in co-culture 

The observation that WT NSCs were more sensitive to BMP addition raised the possibility that BMP 

signalling could be part of the mechanism by which their proliferation is suppressed in co-culture. 

The effect of performing the growth assays in the presence of the BMPR inhibitor, DMH1, was 

therefore investigated. This inhibitor is an analogue of dorsomorphin, but demonstrates a higher 

specificity for BMPR1 (Hao et al. 2010). Interestingly, addition of DMH1 failed to rescue WT NSC 

proliferation in co-culture (Figure 4.14A and B). DMH1 treatment did, however, reduce transformed 

NSC proliferation, particularly in co-culture. Transformed NSCs consistently showed increased 

proliferation in co-culture compared to their growth separately in control experiments, but this was 

not the case in the presence of DMH1. The reason for this was unclear, but this observation would 

be consistent with BMP signalling promoting survival in transformed NSCs and further demonstrates 

that the two NSC populations respond differently to BMP pathway manipulation. However, 

evaluation of p-SMAD1/5/8 levels revealed that, while DMH1 was able to inhibit the response to 

BMP4, it did not affect the low levels of p-SMAD1/5/8 observed at baseline (Figure 4.14C). This 

inhibitor could therefore not be said to conclusively inhibit BMP signalling in these cells and thus a 

role for BMP signalling in the suppression of WT NSC proliferation cannot be completely excluded. 
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Figure 4.14 BMP inhibition reduces transformed NSC growth in co-culture 

A Growth curves of WT and transformed NSCs in the presence or absence of the BMPR inhibitor, 
DMH1 (n=3). DMH1 addition (5µM) failed to rescue WT NSC proliferation in co-culture. However, it 
did block the increased proliferation usually observed by transformed NSCs in co-culture.  
B Fold change cell number quantification of growth curves in A (n=3, two-way ANOVA followed by 
Sidak’s multiple comparisons test). 
C Western blot showing p-SMAD1/5/8 expression in WT NSCs treated with DMH, BMP4 or both. DMH 
inhibited BMP-induced increase in SMAD phosphorylation but did not affect baseline levels. 
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Inhibition of cytoskeletal reorganisation does not rescue competition 

One type of cell competition that has been described in the literature is mechanical cell competition. 

This has been described in both Drosophila and mammalian epithelial cell monolayers where a faster 

growing winner clone forces the compaction of a slower growing loser clone. This compaction then 

results in apoptosis or extrusion of the loser cells (Levayer et al. 2016; Wagstaff et al. 2016). The 

dynamics of the NSC co-culture assay are clearly very different from these as they are not epithelial 

cells and therefore do not grow as a monolayer. However, experiments in chapter three revealed 

that competition was increased at higher cell densities and that it was likely mediated by a contact-

dependent mechanism. Thus, it seemed possible that physical competition for space could also be 

occurring between the NSCs in co-culture. In mechanical competition, cytoskeletal changes are 

mediated by the phosphorylation of myosin II by Rho-associated kinase (ROCK). These then induce 

cell stress signalling which results in the elimination of loser cells (Wagstaff et al. 2016). I therefore 

evaluated whether similar cytoskeletal changes were also playing a role in the out-competition of 

WT NSCs. The standard six-day competition assay was therefore performed in the presence of the 

ROCK inhibitor, Y27632, and the myosin inhibitor, blebbistatin, which would inhibit myosin-mediated 

cytoskeletal changes. Y27632 was shown to decrease the levels of phosphorylated-myosin II in both 

WT and transformed NSCs, indicating that it was effectively inhibiting ROCK activity (Figure 4.15A). 

This inhibitor did not, however, affect the behaviour of WT or transformed NSCs in the co-culture 

assays (Figure 4.15B). Treatment with blebbistatin also did not rescue WT NSC growth in co-culture 

(Figure 4.15B). However, this agent also suppressed the growth of both cell types in separate 

culture, complicating the interpretation of these experiments. Nonetheless, overall these data argue 

that physical compaction of WT NSCs is unlikely to be the trigger of their growth arrest in the 

presence of transformed NSCs.  
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Figure 4.15 Inhibitors of mechanical cell competition fail to rescue WT proliferation in co-culture 

A Western blot showing reduction of phospho-myosin II (p-mII) following treatment with the ROCK 
inhibitor, Y27632. 
B Fold change cell number of WT and transformed NSCs cultured in the presence of the ROCK 
inhibitor, Y-27632, or the myosin inhibitor, blebbistatin. These inhibitors do not rescue WT 
proliferation in co-culture (n=2).  
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4.2 Discussion 

This chapter aimed to provide a greater insight into both the fate of WT NSCs in co-culture and the 

upstream pathways that are acting to trigger this phenotype. Overall, further evidence was provided 

that WT NSCs in co-culture have reduced cell cycle progression and adopt a quiescent-like state. 

They were also shown to maintain their NSC identity, arguing against the induction of differentiation 

in these cells in co-culture. Additionally, mTOR activation was shown to be decreased in WT NSCs 

specifically in co-culture, suggesting that these cells have decreased rates of protein synthesis in this 

condition. However, hyperactivation of the mTOR pathway, through deletion of the upstream 

inhibitor, TSC2, did not rescue WT NSC proliferation in the presence of transformed NSCs. Finally, 

potential roles of BMP signalling, GPCR signalling and ROCK-mediated cytoskeletal changes in NSC 

competition were also investigated. Evidence for involvement of these pathways in the suppression 

of WT NSC proliferation in co-culture was not found. However, the observation that transformed 

NSCs did not show reduced growth in the presence of rapamycin or BMP suggested that these cells 

demonstrate aberrant responses to negative growth signals.  

Evaluation of the quiescent phenotype of WT NSCs 

To gain a broader picture of the changes which were occurring in co-culture, transcriptional profiling 

was performed on the WT and transformed NSCs in separate or co-culture. To distinguish the two 

populations in co-culture, sorting was first performed by FACS. This process could have led to some 

degradation of RNA and the activation of stress pathways. However, to control for this, the separate 

cultures were also mixed and then sorted to ensure all cells had undergone the same process. All 

RNA samples also passed quality control testing prior to library preparation and sequencing. Genes 

related to cell cycle progression and DNA repair were clearly downregulated in the co-cultured WT 

NSCs relative to both their counterparts cultured separately and to the transformed NSC population 

in co-culture. This therefore strongly supported the findings of the BrdU assay and the evaluation of 

proliferation markers at the protein level that were outlined in the previous chapter. The clear 

enrichment of cell cycle-related pathways was reassuring to both validate the previous findings and 

further strengthen the hypothesis that these cells were entering a transient quiescent-like state. It 

also validated the method of sorting the cells and sequencing the RNA as the gene expression 

profiles closely matched the growth dynamics of these cells. However, the primary aim of this 

approach was to identify upstream pathways that were acting in the co-culture. It may therefore 

have been beneficial to sort and profile the cells at an earlier timepoint than day five, when the 

growth dynamics are not as starkly different between the two populations. This may have identified 

gene expression changes that precede the growth arrest in the WT NSCs. Nonetheless, this approach 
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did identify potentially important pathways, most notably Notch signalling, which is discussed in the 

next chapter. Transcriptional profiling following sorting therefore proved to be an effective approach 

to investigate gene expression changes in these cells 

While some negative cell cycle regulators were upregulated in WT NSCs in co-culture, such as 

Cdkn1a (p21), broadly speaking both negative and positive cell cycle regulators were decreased. This 

is perhaps indicative of reduced progression through the cell cycle in general rather than arrest at a 

particular checkpoint. It is also worth noting that, although Cdkn1a was upregulated in cocultured 

WT NSCs relative to their separately cultured counterparts, Cdkn1a expression was slightly higher in 

the co-cultured transformed NSCs than in the WT NSCs (log2 fold change = 0.36, ns). Transformed 

NSCs are therefore able to proliferate well even with slightly increased transcript levels of this 

inhibitor. Consequently, these findings do not clearly indicate which cell cycle regulators are acting 

upstream to suppress NSC proliferation. Further work to extend this could look to delete Cdkn1a in 

the WT NSCs to determine whether their reduced proliferation depends on this cell cycle inhibitor. 

The expression of characterised markers of NSC and progenitor cell identity was also investigated in 

the transcriptional profile. Importantly, loss of NSC marker expression was not identified in the co-

cultured WT NSC population compared to their separately cultured counterparts. The expression of 

genes associated with intermediate and differentiated cell types was also not upregulated. This 

therefore indicates that WT NSCs are not being induced to differentiate in co-culture. Interestingly, 

the only genes in this analysis which were statistically significantly altered between the two culture 

conditions were Gfap, Glast and Glt1. These glial markers are expressed by both NSCs and astrocytes 

and were all upregulated on co-cultured NSCs. The expression of the mature astrocytic marker, 

S100b was unchanged, which would argue against astrocytic differentiation of these cells. 

Interestingly, higher expression of glial markers on quiescent NSCs has been reported (Mich et al. 

2014; Llorens-Bobadilla et al. 2015). Thus, this increase could be part of the more quiescent-like 

phenotype of the co-cultured cells. It is additionally worth noting that the expression of Sox2 and 

Nestin was not significantly different between WT and transformed NSCs in either separate or co-

culture, in agreement with the evaluation of protein expression shown in Figure 3.1 (log2 fold change 

= 0.21 and 0.34 respectively in separate culture and -0.19 and 0.55 in co-culture where WT NSCs are 

the reference group). This therefore suggests that both cell types retain their NSC identity in both 

culture conditions.  

To further explore the hypothesis that the phenotype of WT NSCs in co-culture resembles that of 

quiescent NSCs, the expression levels of a subset of transcriptional regulators with known roles in 

the control of NSC quiescence were also investigated. How the balance between quiescence and 
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activation is controlled in NSCs is still an outstanding question, however a number of key regulators 

of this process have been identified. These include Sox9, Id2, Id3 and Klf9, which are upregulated in 

quiescent adult NSCs (Morizur et al. 2018; Llorens-Bobadilla et al. 2015; Boareto et al. 2017). 

Interestingly, all of these factors were also upregulated in co-cultured WT NSCs, providing further 

support to the notion that these are entering a quiescent state. Additionally, the expression of the 

transcriptional regulators Ascl1, Egr1, Fos1, Sox11 and Dlx1, which are enriched in activated NSCs, 

was also investigated (Llorens-Bobadilla et al. 2015; Morizur et al. 2018). These factors were found 

to be downregulated in co-cultured WT NSCs, with the exception of Dlx1. Dlx1 has been shown to be 

expressed later in NSC differentiation, being particularly upregulated at the neuroblast or transit 

amplifying cell stage (Basak et al. 2018). Its expression may not therefore be indicative of the initial 

transition from quiescence to activation by NSCs. Interestingly, the expression of the Egfr transcript 

was also investigated and was found to be only modestly downregulated at the transcriptional level 

in NSCs in co-culture. This receptor is frequently used as a marker to distinguish activated and 

quiescent NSCs from the adult SVZ, as it is absent on quiescent NSCs (Llorens-Bobadilla et al. 2015; 

Codega et al. 2014; Dulken et al. 2017). However, it is possible that EGFR is more markedly 

downregulated at the protein level on the cell surface of WT NSCs in co-culture and thus evaluation 

of EGFR expression by ICC or flow cytometry would be of interest in the co-culture assays. 

Of particular interest here was the proneural factor ASCL1, a bHLH transcriptional activator that 

induces neuronal differentiation (Imayoshi & Kageyama 2014). This was the only pro-activation gene 

that was statistically significantly downregulated in co-cultured WT NSCs relative to their separately 

co-cultured counterparts. In addition to driving differentiation, ASCL1 is also known to increase NSC 

proliferation to promote the exit from quiescence (Urbán et al. 2016; Kageyama et al. 2015; Castro 

et al. 2011; Andersen et al. 2014; Sueda et al. 2019). In embryonic NSCs, ASCL1 was shown to 

activate a large number of positive cell cycle regulators, including E2F1, CDK1 and CDK2, and acute 

deletion of this gene disrupted NSC division (Castro et al. 2011). ASCL1 has also been shown to 

directly regulate cell cycle genes in adult hippocampal NSCs. In these cells, ASCL1 expression must be 

upregulated in order for NSCs to exit quiescence and ASCL1 deletion effectively blocks NSC 

proliferation in vivo (Andersen et al. 2014). Activated hippocampal NSCs were also shown to convert 

to a quiescent state in response to downregulation of ASCL1 by the E3-ubiquitin ligase HUWE1 

(Urbán et al. 2016). Consistent with these observations, a recent study found that ASCL1 was 

strongly suppressed in quiescent NSCs in both the SVZ and SGZ and subsequently switched to 

oscillatory expression in activated NSCs (Sueda et al. 2019). Thus, levels of this protein appear to be 

crucial for determining the balance between quiescence and activation.  
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The decrease in Ascl1 expression in WT NSCs in co-culture is therefore consistent with these cells 

exiting the cell cycle and becoming quiescent. However, it is also important to note that Ascl1 

expression does not differ between WT and transformed NSCs in the mixed culture. This suggests 

that the transcript levels in WT NSCs are high enough to sustain proliferation. However, the 

transformed may have other pathways that are acting to sustain their proliferation. Further 

experiments to measure Ascl1 expression at multiple timepoints throughout the growth assay would 

be informative to observe whether expression of this gene decreases with time in co-culture. 

Moreover, evaluation of the protein levels of this transcription factor would also be key, as much of 

its regulation occurs post-translationally (Urbán et al. 2016). The effect of overexpressing this gene 

could also be explored to determine whether this could rescue WT NSC proliferation. 

Evaluation of GPCR signalling involvement 

Interestingly, a number of genes related to GPCR signalling were enriched in comparisons between 

WT NSCs cultured separately or in co-culture in the transcriptomic data. GPCR signalling has 

previously been implicated in the control of NSC quiescence (Codega et al. 2014). In particular, this 

study found that S1P promoted NSC quiescence. As the S1P receptors, S1PR1 and S1PR3, were both 

upregulated in co-cultured NSCs the effect of adding an S1PR agonist and antagonist to the co-

culture assays was investigated. Neither agent was found to rescue WT NSC proliferation in co-

culture. However, full validation of these modulators was not performed to confirm they were 

activating or inhibiting S1P signalling. These results were therefore not conclusive in ruling out a role 

for S1P signalling in the co-culture assays. It is also possible that other GPCRs could be promoting 

quiescence in the co-cultured WT NSCs. The study by Codega et al. also identified prostaglandin 

signalling as a modulator of NSC quiescence, which was not investigated in this study. Alternatively, 

upregulated GPCR signalling could simply be an additional readout of the quiescent-like phenotype 

adopted by these NSCs. 

Evaluation of mTOR pathway involvement 

A potential role of the mTOR pathway was also evaluated in this system, as this signalling axis is 

known to regulate stem cell quiescence and has also been implicated in cell competition between 

ESCs (Bowling et al. 2018; Paliouras et al. 2012). Interestingly, mTOR activation was shown to be 

higher in WT NSCs than transformed NSCs in separate culture. This might suggest that the 

transformed NSCs were less dependent on mTOR activation to drive their proliferation. It may also 

partially reflect the fact that these cells are often at a slightly higher density than the WT NSCs at 

later timepoints in the assay. Most interestingly however, was the observation that mTOR activity 

was reduced in co-cultured WT NSCs, suggesting that something specifically about the co-culture 
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environment was decreasing mTOR activation in these cells. Transformed NSCs in co-culture also had 

higher mTOR activation, indicating that these two cell types were responding very differently to the 

mitogenic signalling in their shared environment. Furthermore, inhibition of mTOR with rapamycin 

reduced the growth of WT, but not transformed, NSCs, as demonstrated by decreased cell numbers 

relative to control following three days of treatment. While BrdU analysis was not performed on 

these cells, markers of apoptosis were decreased in the presence of rapamycin, indicating that 

rapamycin was suppressing the proliferation of these cells. These results therefore suggested that 

WT NSCs were more sensitive to low mTOR signalling and thus that the decreased activation of this 

pathway in co-culture could be driving their reduced proliferation in this condition.  

However, deletion of Tsc2 in these cells did not boost WT NSC proliferation in either separate or co-

culture and these cells were still out-competed by transformed NSCs. This was despite the fact that 

these Tsc2-/- NSCs demonstrated mTOR hyperactivation as would be expected following deletion of 

this upstream inhibitor. These results therefore indicated that decreased mTOR pathway activity was 

not required for the suppressed proliferation of WT NSCs in co-culture. Inhibition of mTOR signalling 

may therefore be a result of the low proliferative state of these cells, but not a requirement for this 

phenotype to be induced. mTOR is a well-characterised promoter of protein synthesis and therefore 

low levels of mTOR activation would be consistent with the observation that quiescent cells have 

lower rates of protein synthesis (Terzi et al. 2016), and that quiescent adult NSCs express lower 

levels of genes related to translation (Shin et al. 2015; Codega et al. 2014; Llorens-Bobadilla et al. 

2015; Morizur et al. 2018). Furthermore, mTOR activity has been shown to be critical for 

determining whether a cell undergoes irreversible senescence or reversible quiescence (Terzi et al. 

2016). Thus, low mTOR activity could provide further evidence that the WT NSCs are not senescing in 

co-culture and are instead entering a reversible growth arrest.  

A final consideration of this work is the disadvantages and limitations of the CRISPR/Cas9 technique 

used here to delete Tsc2. While CRISPR/Cas9-mediated gene targeting is a powerful approach that 

holds great promise for dissecting the function of genes involved in NSC biology (Bressan et al. 

2017), several studies have raised concerns regarding possible off-target effects and induction of 

DNA damage in cells generated by this technique. While off-target effects can be reduced by careful 

design of the gRNA sequence, in large mammalian genomes it is possible that similar sequences may 

still be present with just a couple of mismatches that are tolerated by Cas9 (Chiang et al. 2016; Ran 

et al. 2013). An improvement on the traditional approach of using Cas9 to introduce double-strand 

breaks is to use the modified Cas9 nickase enzyme, which generates single strand breaks. Two gRNA 

pairs can then be used to simultaneously nick both strands of the target locus and thus generate a 

double-strand break, an approach that greatly reduces the likelihood of off-target double-strand 
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breaks (Ran et al. 2013). While care was taken to design gRNA sequences with no predicted off-

target effects and two independent knock-out clones were used for experiments, this study could 

therefore have been improved by utilising Cas9 nickase to reduce off-target effects in the Tsc2-/- 

cells. 

Finally, it was also notable in this report that the control NSCs, which were transfected with Cas9 but 

not the gRNAs, demonstrated increased proliferation in both separate and co-culture relative to the 

parental line. While evidence for suppressed proliferation in co-culture was still present with these 

cells, it was less pronounced. This indicates that the process by which the antibiotic-resistant clonal 

populations were isolated could have led to the preferential survival and selection of more highly 

proliferative and robust cells, which affected their behaviour in co-culture. Furthermore, it has been 

suggested that the generation of mutant cells by CRISPR/Cas9 can select for cells lacking a WT P53 

response to DNA damage, thus resulting in the transformation of WT cells (Haapaniemi et al. 2018). 

These factors should be considered when evaluating the behaviour of clonal populations and 

highlight the importance of generating control clonal populations that have undergone the same 

treatment as the mutated clones. However, this observation does highlight the fact that differential 

growth rates in separate culture are not required for this phenomenon to occur, suggesting that the 

selective advantage of the transformed NSCs is not directly related to this. 

Evaluation of BMP signalling involvement 

A number of studies have demonstrated that BMP signalling suppresses the proliferation of adult 

NSCs (Bonaguidi et al. 2008; Morell et al. 2015; Mira et al. 2010; Martynoga et al. 2013; Joppé et al. 

2015). While earlier experiments had suggested that a secreted factor was not mediating the growth 

arrest of the WT NSCs, these did not completely exclude the involvement of short-range paracrine or 

autocrine signalling. Thus, BMP signalling remained an interesting pathway to investigate in this 

system. Interestingly, BMP addition inhibited WT NSC proliferation more than transformed NSC 

proliferation, a result which strongly resembled the effect of rapamycin addition. This was most 

striking from the growth curves which showed identical growth of transformed NSCs in the presence 

or absence of BMP. However, BrdU analysis did reveal a decrease in BrdU incorporation in the 

presence of BMP, although to a lesser extent than the WT NSCs. This observation might therefore 

suggest that the transformed NSCs have a reduced response to BMP-treatment compared to WT 

NSCs but are not completely insensitive. Alternatively, BMP addition could be promoting 

transformed NSC survival, thus keeping cell numbers the same as control despite decreased 

proliferation.  
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Treatment of NSC co-cultures with the BMP inhibitor, DMH1, did not rescue the growth of WT NSCs. 

This therefore suggests that BMP signalling was not suppressing their proliferation in this condition. 

This finding would be consistent with the fact that BMP regulation of NSC quiescence is thought to 

occur primarily through autocrine mechanisms, as single-cell transcriptomic analysis revealed that 

both ligands and receptors are expressed in the same cell (Llorens-Bobadilla et al. 2015). Intriguingly 

though, the growth of transformed NSCs in co-culture was reduced in the presence of this inhibitor 

despite being unaffected in separate culture. This suggests that DMH1 was specifically inhibiting the 

compensatory proliferation of transformed NSCs that normally occurs in the co-culture condition. 

The reason for this is unclear, but this observation highlights the fact that the co-culture 

environment alters the phenotype of both cell types, changing their responsiveness to signalling 

pathway manipulation. As mentioned above, another possible explanation is that BMP treatment 

promotes transformed NSC survival. Therefore, inhibition of this pathway would result in increased 

cell death, reducing their cell numbers. Although why this would only be the case in the co-culture 

condition is unclear. The decrease in transformed NSC number in the presence of DMH1 also further 

highlights the aberrant response of these cells to signalling inputs, as inhibiting BMP signalling has 

also been shown by several studies to increase NSC proliferation (Mira et al. 2010; Lim et al. 2000; 

Yousef et al. 2015).  

However, it should be noted that a reduction in baseline BMP signalling was not demonstrated with 

this inhibitor. It is also notable that Id1, 2 and 3 genes were upregulated in co-cultured WT NSCs. 

These genes are targets of BMP signalling that are known to promote NSC maintenance and 

therefore their increased expression could indicate that BMP signalling was activated in these cells 

(Lyden et al. 1999; Castro et al. 2006; Boareto et al. 2017; Nam & Benezra 2009; R. Zhang et al. 

2018). ID proteins are HLH transcription factors that lack the basic DNA-binding domain. They can 

form heterodimers with bHLH factors therefore blocking their binding to DNA or the formation of 

active heterodimers (Ling et al. 2014). ID proteins are thought to increase Hes gene expression by 

inhibiting their auto-repression (Bai et al. 2007; Boareto et al. 2017). HES proteins then act to 

promote NSC quiescence and block their differentiation (Engler et al. 2018). Id1 and Id3 have also 

been shown to induce p16INK4A-mediated inhibition of CyclinD1, thus inducing cell cycle arrest in 

NSCs, although p16 was not upregulated in co-cultured WT NSCs (Lyden et al. 1999). Therefore, 

further experiments are required, either with different BMP inhibitors or with genetic deletion of 

BMP pathway components, to conclusively exclude BMP signalling as a mechanism behind the 

suppressed WT NSC proliferation. 
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Evaluation of cytoskeletal reorganisation involvement 

A possible role of mechanical compaction of WT NSCs was also evaluated in the co-culture assays. 

Mechanical competition is one mechanism that has been shown to mediate the elimination of loser 

cells in the literature (Levayer et al. 2016; Wagstaff et al. 2016). This process is dependent on 

cytoskeletal rearrangements and can be prevented by the addition of ROCK inhibitors. However, 

inhibition of ROCK did not rescue WT NSC proliferation in the co-culture assays. Addition of the 

myosin inhibitor, blebbistatin, also did not rescue WT NSC proliferation in co-culture, although it did 

reduce the growth of both cell types in separate culture. This therefore suggests that ROCK-

mediated cytoskeletal contraction is not part of the mechanism of the NSC competition described 

here. This result is also of interest as SVZ NSCs have been shown to be capable of phagocytosing 

apoptotic cells (Ginisty et al. 2015). This phagocytic activity was also dependent on cytoskeletal 

changes and could be blocked by the addition of blebbistatin. Phagocytosis or entosis (the 

engulfment of live cells) of loser cells has been described in a number of competition models (Sun et 

al. 2014; Eichenlaub et al. 2016; Li & Baker 2007; Patel et al. 2017; Ohsawa et al. 2011). Therefore, 

these results also argue against a role for these processes in NSC competition. 

Implications and outstanding questions 

The transcriptional profiling of NSCs performed in this chapter proved to be highly informative and 

greatly improved the characterisation of the fate of WT NSCs in co-culture. The broad 

downregulation of cell-cycle-related genes, together with changes in expression of genes known to 

be associated with quiescent NSCs, provided further evidence for the adoption of a quiescent-like 

phenotype by co-cultured WT NSCs. This finding is of great interest as it suggests that NSCs with 

transforming mutations could be providing a negative feedback signal to normal NSCs, which causes 

them to exit activation and re-enter quiescence. By this mechanism, NSCs with oncogenic mutations 

would ensure their preferential self-renewal and differentiation. This bias may have implications for 

the development of glioma and GBM tumours as it would increase both the numbers of transformed 

NSCs in the SVZ and their likelihood of exiting the niche.  

This chapter did not provide conclusive evidence for a role of mTOR, BMP or GPCR signalling in the 

adoption of this quiescent-like phenotype. However, the observation that mTOR activation was 

suppressed in co-cultured WT NSCs provided further evidence of a dormant state in these cells, with 

low levels of protein synthesis. Additionally, the observation that transformed NSCs were less 

sensitive to both BMP and rapamycin-induced suppression of proliferation was intriguing as it 

suggested that these cells may not respond to growth-inhibitory signals effectively. This is possibly 

due to the fact that pro-proliferative signals received from the mutant EGFR receptor override these 
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signals. Alternatively, their lack of the p16Ink4a protein may also prevent their response, as this a key 

negative regulator of the G1/S transition. Whichever the mechanism, these results indicate that 

NSCs from the SVZ with these transforming mutations continue to proliferate even in the presence 

of negative growth signals. If this is also true in vivo, this would suggest that these cells not only 

become aberrantly activated, but also fail to return to quiescence in response to the relevant signals 

from the niche. This would further increase the bias towards self-renewal and differentiation in 

these cells over normal WT NSCs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



135 
 

5. Investigation of Notch pathway involvement in NSC competition 
 

5.1 Introduction 

The Notch pathway is a highly conserved signalling mechanism which plays a central role in the 

regulation of neurogenesis during both development and in the adult (Ables et al. 2011; Urbán & 

Guillemot 2014). The classical Notch ligands are members of the delta-like ligand (Dll1, 3 or 4) and 

Jagged ligand families (JAG1 or 2). These ligands are expressed on the cell membrane where they 

can bind Notch receptors (NOTCH1-4 in mammals) on a neighbouring cell. Upon ligand binding, the 

Notch receptor is cleaved and the NICD migrates to the nucleus. Here it forms a complex with RBPJ 

and MAML to induce the transcription of target genes, including HES and HEY family proteins (Kopan 

& Ilagan 2009).  

Activation of Notch signalling in NSCs has been shown to inhibit both proliferation and 

differentiation, therefore maintaining the quiescent NSC pool (Chambers et al. 2001; Gao et al. 2009; 

Engler et al. 2018; Chapouton et al. 2010; Zelentsova et al. 2017). In the SVZ, the Notch ligands JAG1 

and Dll1 are highly expressed in the proliferative type A and C progenitor cells and inactivation of 

Dll1 in type C cells leads to enhanced NSC activation and a depletion of quiescent NSCs (Givogri et al. 

2006; Aguirre et al. 2010; Kawaguchi et al. 2013). This suggests that feedback mechanisms from 

progenitor cells, mediated by Notch ligand-receptor interactions, promote quiescence in 

neighbouring cells and thus prevent an excessive number of NSCs from becoming activated and 

undergoing differentiation. However, these is some disagreement in the literature, as some studies 

have reported decreased proliferation of NSCs with reduced Notch signalling (Aguirre et al. 2010; 

Ables et al. 2010; Breunig et al. 2007). This has led to the suggestion that signalling through distinct 

Notch receptors may differentially regulate NSC behaviour, with NOTCH1 promoting NSC and 

progenitor cell proliferation, while NOTCH2 and NOTCH3 maintain the quiescent state (Basak et al. 

2012; Engler et al. 2018; Alunni et al. 2013; Kawai et al. 2017). Thus, while it is undoubtedly 

important, the role of Notch in the regulation of adult NSC populations remains to be fully resolved. 

The experiments described in chapter three demonstrated that cell contact was required for the 

suppression of WT NSC proliferation, therefore indicating that a direct cell-cell signalling mechanism 

was mediating the interactions between the cells. The interest in investigating Notch signalling in 

this project was therefore two-fold, as not only does it have a known role in promoting NSC 

quiescence, but it is also mediated by direct cell contact. Thus, this chapter aimed to explore the role 

of Notch signalling by utilising the same approaches as in the previous chapter, namely 

transcriptional analysis, small molecule inhibitor addition and deletion of key genes by CRISPR/Cas9 
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targeting. These again proved highly informative and helped to reveal the importance of Notch 

signalling for the suppression of WT NSC proliferation by transformed NSCs. 
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5.2 Results 

Notch pathway activation is reduced in transformed NSCs 

A potential role for Notch signalling in the co-culture interactions was first explored by investigating 

changes in gene expression in Notch pathway components in the transcriptomic data. Interestingly, 

genes related to the Notch signalling pathway were enriched in the comparison between co-cultured 

WT and transformed NSCs (p-value = 5.94E-6, 21/38 genes differentially expressed with adjusted p-

value <0.1). Examination of the gene expression in this pathway revealed that Notch pathway 

components were generally decreased in the transformed NSCs relative to WT NSCs (Figure 5.1). 

These gene expression changes are shown overlaid on a Notch pathway diagram in Figure 5.1A and 

those with an adjusted p-value of <0.1 are also shown in a heat map form in Figure 5.1B. The 

expression of Notch ligands, however, was generally increased in transformed NSCs, with the 

exception of Dll3. Thus, this would be consistent with ligand expression on transformed NSCs 

stimulating Notch pathway activation in adjacent WT NSCs. Notch targets in particular are 

transcriptionally regulated and therefore provide an indication of Notch pathway activation. The 

expression of the Notch target genes, Hes1, Hes5, Hes7, Hey1, Hey2 and Nrarp, was therefore also 

evaluated by qPCR in sorted NSCs and this confirmed their downregulation in transformed NSCs 

(Figure 5.1C). The expression of these genes was normalised to β-actin as a housekeeping control. 

The β-actin gene was not significantly differentially expressed in the RNA-seq data and the fold 

change values from the qPCR closely matched those obtained in the differential gene expression 

analysis. Thus, transformed NSCs have decreased transcription of Notch target genes in co-culture 

relative to WT NSCs. This would therefore suggest that Notch pathway activation is higher in WT 

NSCs.  
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Figure 5.1 Notch pathway signalling is downregulated in transformed NSCs relative to WT NSCs in 
co-culture 

A Notch pathway schematic overlaid with the gene expression changes in the comparison within the 
mixed culture (Transformed Mix vs WT Mix). Green denotes downregulated expression while red 
denotes upregulated expression relative to the reference group of WT Mix. 
B Heat map showing changes in gene expression in transformed mix relative to WT mix conditions. 
Notch target genes and receptors are down-regulated, while Notch ligands show a more mixed 
expression with several up-regulated in the transformed NSCs. 
C RT-qPCR validation of Notch target gene expression in transformed NSCs relative to WT NSCs 
sorted from the co-culture (n=3, two-way ANOVA followed by Sidak’s multiple comparisons test).  
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Addition of γ-secretase inhibitors partially rescues WT NSC proliferation in co-culture 

To test the functional relevance of this difference in Notch pathway activation, γ-secretase inhibitors 

were used to block Notch signalling. These inhibitors block the proteolytic cleavage of Notch 

receptors by γ-secretase, thus preventing the release of the Notch intracellular domain (NICD). The 

γ-secretase inhibitor LY411575 (LY) was therefore added to WT and transformed NSCs. This inhibitor 

was shown to reduce the expression of the Notch target genes, Hes1, Hes5 and Nrarp in WT NSCs 

after 24 hours of treatment at 2µM (Figure 5.2A).  Interestingly, addition of LY at this concentration 

from day three of the standard six-day assay to both the separate and co-culture conditions partially 

rescued the growth of WT NSCs in co-culture (Figure 5.2B and C). While the WT NSC proliferation 

was not completely restored to the levels observed in separate culture, there was a statistically 

significant increase in the final WT cell numbers in co-culture in the presence of this inhibitor 

compared to control conditions (Figure 5.2C). At the final day of the assay after exposure to LY for 72 

hours, transformed NSCs did demonstrate a drop-off in cell numbers indicating that prolonged 

exposure may be toxic to these cells. However, this inhibitor did not affect the growth of the WT 

NSCs cultured separately and this toxicity in the transformed NSCs was only apparent after day five 

(Figure 5.2C).  

These experiments were also performed with a different γ-secretase inhibitor, crenigacestat. This 

inhibitor also effectively reduced Notch target gene expression at a concentration of 1µM (Figure 

5.3A). Importantly, crenigacestat addition from day three also increased WT NSC proliferation in co-

culture (Figure 5.3B and C). It also produced a similar response in transformed NSCs, which again 

demonstrated a small reduction in cell numbers on the final day of the assay. These results therefore 

support the findings with the LY inhibitor and reduce the likelihood that these are due to off-target 

effects of this inhibitor. However, despite this increase in WT NSC proliferation in co-culture, neither 

inhibitor fully restored the proliferation to the level of the separate culture.  
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Figure 5.2 WT NSC proliferation in co-culture is increased in the presence of the γ-secretase 
inhibitor, LY411575 

A RT-qPCR analysis of the Notch target genes, Hes1, Hes5 and Nrarp in WT NSCs treated with 2µM 
LY411575. Log2 fold change relative to control NSCs (n=3). 
B Growth curves of WT and transformed NSCs cultured in the standard assay with or without LY 
addition (2µM) from day three. WT proliferation was slightly increased in co-culture in the presence 
of this inhibitor. 
C Fold change cell number quantification of NSC growth at day five and day six with and without the 
inhibitor. While WT NSC proliferation was not completely rescued, there was a statistically significant 
increase in cell numbers in the co-culture with LY addition (n=8, two-way ANOVA with Sidak’s 
multiple comparisons test). 
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Figure 5.3 WT NSC proliferation is increased in co-culture in the presence of the γ-secretase 
inhibitor, Crenigacestat 

A RT-qPCR analysis of the Notch target genes, Hes1, Hes5 and Nrarp in WT NSCs treated with 1µM 
Crenigacestat. Log2 fold change relative to control NSCs (n=3). 
B Growth curves of WT and transformed NSCs cultured in the standard assay with or without 
Crenigacestat addition (1µM) from day three. WT proliferation was slightly increased in co-culture in 
the presence of this inhibitor. 
C Fold change cell number quantification of NSC growth at day five and day six with and without the 
inhibitor. While WT NSC proliferation was not completely rescued, there was a statistically significant 
increase in cell numbers in the co-culture with Crenigacestat addition at day six (n=8, two-way 
ANOVA with Sidak’s multiple comparisons test). 
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To evaluate further how these γ-secretase inhibitors were affecting NSC proliferation, BrdU 

incorporation was investigated. BrdU was added to separate and mixed cultures 24 hours following 

inhibitor addition and its incorporation was assessed by flow cytometry. This analysis confirmed that 

these inhibitors were enhancing NSC proliferation in co-culture, as the percentage of BrdU-positive 

cells was significantly increased over control conditions (Figure 5.4). Thus, these data indicate that 

Notch signalling may be at least part of the mechanism by which WT NSC proliferation is suppressed 

in co-culture.  

 

 

 

Targeting of RBPJ and Notch receptors by CRISPR/Cas9 to generate knock-out clones 

The partial rescue of NSC proliferation in the presence of γ-secretase inhibitors suggested that active 

Notch signal transduction was part of the mechanism by which NSC proliferation was suppressed in 

co-culture. To investigate this further, RBPJ and Notch receptor knock-outs were generated. In the 

absence of Notch signalling, RBPJ represses target gene expression. However, upon binding of NICD, 

RBPJ instead acts as a transcriptional activator to drive expression of Notch target genes (Engler et 

al. 2018). It is therefore required for Notch-mediated gene activation. gRNAs targeted to the Notch 

receptors 1, 2 and 3 and to Rbpj were therefore designed (see Supplementary Table S2.3 for gRNA 

sequences). Notch4 gRNAs were not designed as the RNA-seq data revealed minimal expression of 

this receptor. Two gRNAs for each gene were then cloned into the PX330 plasmid (gift from Feng 

Zhang, Addgene plasmid #42230 (Cong et al. 2013)) following the protocol provided by the Zhang 

laboratory (more details in Materials and Methods section 2.17). The PX330 plasmid contains a 

codon-optimised Cas9 and a scaffold for gRNA expression. Following cloning, purified plasmids were 

transfected into WT NSCs by nucleofection together with a puromycin resistance expression plasmid 

Figure 5.4 WT NSCs demonstrate 
increased BrdU incorporation in the 
presence of γ-secretase inhibitors 

Proportion of BrdU positive cells 

following a 24 hour incubation with the 

γ-secretase inhibitors, LY411575 or 

Crenigacestat. WT NSCs in co-culture 

demonstrated a significant increase in 

the percentage of BrdU positive cells in 

the presence of both inhibitors relative 

to control cells (n=4, two-way ANOVA 

with Sidak’s multiple comparisons test). 
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for selection (Figure 5.5A). Rbpj gRNAs were also transfected into the transformed NSCs together 

with a hygromycin selection marker, as the GFP-expression construct already provided puromycin 

resistance to these cells. 

NSC clones were picked following 10-14 days of antibiotic selection and protein lysates were taken 

for analysis by western blot. This analysis revealed that no knock-out clones had been generated for 

Notch1 or Notch3 (Supplementary Figure S5.1). However, multiple Notch2 and Rbpj knock-out clones 

were generated (Figure 5.5). In particular, both gRNAs targeted to Rbpj had produced a high 

proportion of knock-out clones with no detectable RBPJ protein in both WT and transformed NSCs 

(Figure 5.5B and C). One clone generated from each gRNA was chosen for further analysis and 

experiments (indicated by the blue arrows). Additionally, clones without detectable NOTCH2 

expression were also generated (Figure 5.5D). One Notch2-/- clone generated from each gRNA was 

also chosen for further analysis and experiments (indicated by the blue arrows). Additionally, control 

clones transfected with the PX330 empty vector (EV) were also selected. Thus, although Notch1 and 

Notch3 knock-outs were not generated, this approach did successfully introduce mutations into the 

Rbpj and Notch2 genes to completely abrogate protein expression. 
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Figure 5.5 CRISPR/Cas9 targeting of Notch2 and Rbpj 

A CRISPR/Cas9 targeting strategy for the generation of knock-out clones. gRNAs were cloned into the 
Px330 backbone and transfected together with a selection marker into the NSCs.  
B Western blot for RBPJ in WT NSC clones generated by this strategy. Several knock-out clones with 
no detectable RBPJ protein were generated. 
C Western blot for RBPJ in transformed NSC clones generated by this strategy. Several knock-out 
clones with no detectable RBPJ protein were generated. 
D Western blot for NOTCH2 in WT NSC clones generated by this strategy. Several clones have 
reduced NOTCH2 and a couple have no detectable protein. Blue arrows indicate clones selected for 
use in further experiments. 
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Rbpj-/- but not Notch2-/- clones demonstrate lower expression of Notch targets, Hes1 and 

Hes5 

The expression of the Notch target genes, Hes1 and Hes5, was evaluated in the clones that were null 

for Rbpj and Notch2 by RT-qPCR in order to determine whether deletion of these genes was able to 

reduce Notch-mediated transcription. This analysis demonstrated that these target genes were 

indeed downregulated in Rbpj-/- clones relative to EV control in both WT and transformed cells 

(Figure 5.6A and B). However, the Notch2-/- clones did not demonstrate a clear decrease in the 

expression of these genes. This would suggest that loss of RBPJ was resulting in decreased Notch-

mediated transcription, even though the repressive activity of this regulator had also been lost. In 

the absence of NOTCH2, however, these cells were still transcribing Hes1 and Hes5 to a similar 

extent to the control WT NSCs in separate culture.  

 

 
 

Figure 5.6 Notch target gene expression is reduced in Rbpj-/- but not Notch2-/- NSCs 

A RT-qPCR analysis of Hes1 and Hes5 gene expression in WT RBPJ-/- and Notch2-/-- clones relative to 
empty vector control (n=1). RBPJ-/- clones have decreased expression of these Notch target genes, but 
Notch2-/- clones do not. 
B RT-qPCR analysis of Hes1 and Hes5 gene expression in transformed RBPJ-/- clones (n=1). Both clones 
show decreased expression of these genes relative to empty vector control. 
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Rbpj-/- clones demonstrate increased proliferation in co-culture with transformed NSCs  

The growth of Rbpj-/- clones generated from the WT NSCs was next evaluated in the co-culture 

assays and compared to the growth of the EV control. Confirmation of RBPJ deletion was first 

performed by western blot from independent lysates of the two Rbpj-/- clones and one EV clone that 

were chosen from the initial screen (Figure 5.7A). Next, these clones were cultured under the 

standard assay conditions with or without the presence of transformed NSCs. This experiment was 

therefore designed to test whether blocking Notch-mediated activation of target genes by removal 

of RBPJ would affect the behaviour of NSCs in co-culture. Rbpj-/- NSCs showed a modest increase in 

proliferation in separate culture relative to EV control NSCs (Figure 5.7B and C). However, what was 

most striking was the increase in growth demonstrated by these cells in co-culture. While the EV 

NSCs reduced their proliferation in co-culture, the Rbpj-/- clones did not, and in fact even appeared 

to outcompete the transformed NSCs. Thus, loss of RBPJ had completely reversed the phenotype of 

suppressed WT NSC proliferation (Figure 5.7B and C). Additionally, BrdU incorporation was 

evaluated at day four of these assays. This confirmed the observations from the growth curves that 

WT NSC proliferation was no longer suppressed in co-culture in the absence of RBPJ (Figure 5.7D). 

Therefore, the inability to transduce Notch-dependent transcription rendered WT NSCs insensitive 

to the signalling from transformed NSCs in co-culture. This would be consistent with a model in 

which transformed NSCs activate Notch signalling in WT NSCs, thereby promoting quiescence in 

these cells. 
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Figure 5.7 Deletion of RBPJ from WT NSCs rescues their proliferation in co-culture 

A Western blot showing absence of RBPJ protein in both Rbpj-/- clones. 
B Growth curves of Rbpj-/- and EV control clones cultured separately or in co-cultures with 
transformed NSCs. The Rbpj-/- clones do not demonstrate reduced proliferation in co-culture, instead 
demonstrating increased growth compared to the transformed NSCs. 
C Fold change cell number quantification of growth curves in B. EV control clone demonstrates 
decreased growth in co-culture but this is not the case for the Rbpj-/- clones, one of which shows 
enhanced growth in co-culture (n=4, two-way ANOVA with Sidak’s multiple comparisons test). 
D BrdU incubation of EV and Rbpj-/- clones in separate and co-culture at day four showing decrease in 
EV control but not in Rbpj-/- clones (n=5, two-way ANOVA with Sidak’s multiple comparisons test). 
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Deletion of RBPJ from transformed NSCs does not affect their ability to suppress WT NSC 

proliferation 

The effect of Rbpj deletion in transformed NSCs was also evaluated to determine whether the 

absence of Notch-mediated transcription would alter the behaviour of these cells. Data generated 

by RNA-seq had indicated that Notch signalling was lower in the transformed NSCs relative to WT 

NSCs (Figure 5.1). It was therefore hypothesised that Notch signalling was of most importance for 

the change in behaviour observed in WT NSCs. However, as Notch signalling involves cross-talk and 

feedback between adjacent cells, it was of interest to evaluate whether transformed NSCs would 

also require intact Notch signalling in order for competition to occur. Thus, transformed NSCs with or 

without RBPJ deletion were also evaluated for their ability to still out-compete wild-type NSCs. 

Deletion of RBPJ was confirmed in these clones by western blot analysis of independent lysates 

(Figure 5.8A). EV and Rbpj-/- NSCs were then cultured separately or in co-culture with WT NSCs under 

the standard growth assay conditions. Unlike RBPJ deletion in WT NSCs, deletion of this co-factor in 

transformed NSCs did not affect the competition. WT NSCs demonstrated a reduction in 

proliferation which was equivalent or even greater than observed in co-culture with the control EV 

clone (Figure 5.8B and C). Interestingly, the Rbpj-/-2 transformed NSC clone grew more slowly than 

control transformed NSCs, particularly at later time-points, but this did not prevent these cells from 

efficiently outcompeting the WT NSCs. BrdU analysis of these cultures also confirmed that WT NSC 

proliferation was reduced in the presence of both EV and Rbpj-/- transformed NSCs to a similar 

extent (Figure 5.8C). Thus, Notch-mediated transcription of target genes is not required in 

transformed NSCs for the out-competition of WT NSCs in co-culture. 
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Figure 5.8 Deletion of RBPJ from transformed NSCs has no effect on WT NSC growth in co-culture 

A Western blot showing absence of RBPJ protein from Rbpj-/- transformed NSCs. 
B Growth curves of transformed EV and Rbpj-/- clones cultured separately or in co-culture with WT 
NSCs. Both Rbpj-/- clones suppress the proliferation of WT NSCs to a comparable degree to the EV 
control transformed cells. 
C Fold change cell number of WT NSCs in the assays shown in B. WT growth is suppressed in co-
culture in all conditions (n=3, two-way ANOVA with Sidak’s multiple comparisons test). 
D Proportion of BrdU-positive WT NSCs in separate or co-culture with EV or Rbpj-/- transformed cells 
at day five. Deletion of Rbpj has no effect on proliferation of WT NSCs (n=5, two-way ANOVA with 
Sidak’s multiple comparisons test). 
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Notch2-/- clones demonstrate increased proliferation in co-culture with transformed NSCs  

The behaviour of Notch2-/- NSCs in separate and co-culture with the transformed NSCs was also 

evaluated. As shown previously in Figure 5.6, these cells did not show decreased expression of the 

Notch target genes, Hes1 and Hes5. This was likely due to redundancy between the receptors as 

these cells still expressed high levels of NOTCH1 and NOTCH3. Nonetheless, the behaviour of Notch2-

/- NSCs was still of interest to evaluate as a recent study had found that NOTCH2 specifically 

mediates quiescence signalling in SVZ NSCs (Engler et al. 2018). Furthermore, the expression of Hes1 

and Hes5 were only evaluated in cells cultured separately and it is possible that in co-culture the 

Notch2-/- NSCs would have decreased expression of these genes relative to control NSCs. NOTCH2 

deletion was also confirmed in these cells by western blot analysis of independent lysates (Figure 

5.9A). These cells were then cultured under the standard assay conditions in either separate or co-

culture. Interestingly, it was found that Notch2-/- NSCs did not demonstrate reduced growth in co-

culture with transformed NSCs (Figure 5.9). Thus, disrupting signalling through this receptor was 

sufficient to rescue the suppression of proliferation normally observed, indicating that this could be 

the key receptor for mediating the signals from the transformed NSCs. However, the rescue of 

proliferation was not as marked as the Rbpj-/- clones, which in the case of one clone actually 

appeared to out-compete the transformed NSCs. Notch2-/- also did not display a growth advantage in 

separate culture unlike the RBPJ-/- clones. Notch signalling therefore has a critical role in the 

interactions between transformed and WT NSCs and the NOTCH2 receptor appears to be particularly 

important for this to occur.  
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Figure 5.9 Deletion of NOTCH2 also rescues WT proliferation in co-culture 

A Western blot showing absence of NOTCH2 protein from Notch2-/- clones. 
B Growth curves of EV and Notch2-/- clones cultured separately or in co-culture with transformed 
NSCs (n=4). 
C Fold change cell number quantification of WT NSC growth. Notch2-/- clones do not show reduced 
growth in co-culture unlike the EV control (n=4, two-way ANOVA followed by Sidak’s multiple 
comparisons test). 
D Proportion of BrdU-positive EV or Notch2-/- clones in separate and co-culture at day 4 (n=5, two-
way ANOVA followed by Sidak’s multiple comparisons test). 
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5.3 Discussion 

Evaluation of Notch pathway involvement 

Notch target gene expression was revealed to be decreased in transformed NSCs relative to WT 

NSCs in co-culture by RNA-seq and qPCR analysis. Notch target genes are highly expressed in 

quiescent NSCs and are rapidly downregulated upon activation in both hippocampal (Shin et al. 

2015) and SVZ (Llorens-Bobadilla et al. 2015; Morizur et al. 2018) NSC populations. The lower 

expression of these genes was therefore perhaps indicative of the more activated state of 

transformed NSCs relative to WT NSCs in co-culture. Furthermore, Notch signalling has been 

proposed to act as a feedback mechanism between activated and quiescent NSCs, as the Dll1 Notch 

ligand is highly expressed on activated NSCs and type C progenitor cells (Kawaguchi et al. 2013). This 

was also demonstrated to be the case in NSCs in adult zebrafish, where it was shown that activated 

progenitors trigger Notch signalling to promote quiescence in their neighbours (Chapouton et al. 

2010). Transformed NSCs also showed evidence of higher Notch ligand expression relative to WT 

NSCs in co-culture, while Notch receptor expression was higher in WT NSCs. These observations 

therefore suggested a mechanism whereby transformed NSCs could directly signal to WT NSCs via 

Notch ligand-receptor interactions to inhibit their proliferation.  

Disrupting Notch signalling through the use of γ-secretase inhibitors provided the first direct piece of 

evidence that this pathway was involved in the suppression of WT NSC proliferation in co-culture. 

The final cell numbers of WT NSCs in co-culture were increased relative to control when these 

inhibitors were added from day three of the standard six-day assay. Additionally, BrdU labelling also 

revealed increased proliferation of WT NSCs in the presence of these inhibitors. Interestingly, γ-

secretase inhibition has previously been shown to drive quiescent NSCs into activation (Llorens-

Bobadilla et al. 2015). This finding was therefore consistent with the literature regarding the 

relationship between NSC cell cycle dynamics and Notch signalling.  

To investigate this observation further, the behaviour of Rbpj-/- and Notch2-null NSCs was evaluated 

in the co-culture assays. These mutant cells were found to no longer be outcompeted in co-culture. 

This would therefore suggest that Notch signalling, mediated via the NOTCH2 receptor, was 

responsible for suppressing the proliferation of WT NSCs in the presence of transformed NSCs. 

However, the rescue of WT NSC proliferation in co-culture was more striking with the Rbpj-/- NSCs, 

which proliferated better than transformed NSCs in co-culture, than the Notch2-/- NSCs. Notch2 

deletion therefore did not fully recapitulate the phenotype of Rbpj-/- deletion. Nonetheless, these 

results would indicate that NOTCH2 is at least the primary Notch receptor mediating the signalling in 

the co-culture condition.  
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Interestingly, a single-cell transcriptomic study of SVZ NSCs has revealed enriched expression of 

Notch2 in the quiescent NSC population (Llorens-Bobadilla et al. 2015). NOTCH2 has also been 

shown to be particularly important for the maintenance of quiescence in SVZ NSCs in vivo (Engler et 

al. 2018). This study found that deletion of Notch2 led to premature activation and subsequent 

exhaustion of NSCs. This phenotype differs from deletion of just Notch1, which decreases the 

number of activated NSCs and progenitor cells without activating the quiescent pool of NSCs (Basak 

et al. 2012; Engler et al. 2018). Notch2 deletion, but not Notch1 deletion, was also found to increase 

the generation of NSC-derived neurons in the olfactory bulb 100 days after gene deletion (Engler et 

al. 2018). These findings therefore provide evidence of non-redundant roles for these two receptors 

in regulating NSC behaviour, which would support the observation here that loss of Notch2 is 

sufficient to rescue competition. It was unfortunate that Notch1-/- NSCs were not generated in this 

project as it would have been of great interest to compare the behaviour of these cells with the 

Notch2-/- NSCs. Different gRNA designs could be evaluated in these cells in order to successfully 

delete Notch1. If Notch1-/- NSCs still demonstrated decreased proliferation in the presence of 

transformed NSCs this would provide further evidence for the specificity of signalling though 

NOTCH2. 

Furthermore, investigation of differences in expression of the Notch receptors and ligands at the 

protein level would be informative in this study. This would increase the evidence for a Notch-

mediated interaction between these cell types and could help identify which ligand(s) on the 

transformed NSCs is interacting with NOTCH2 on the WT NSCs. Currently, only transcript levels of 

the Notch ligands were assessed in this study. This revealed that Jag1, Jag2, Dll1 and Dll2 were all 

more highly expressed on transformed NSCs than WT NSCs in co-culture. The largest fold change 

was observed in Jag2, which would perhaps make this a candidate for mediating the signalling 

between the cells. Antibodies which work effectively for Notch pathway components are often 

lacking which makes protein evaluation more challenging. However, antibodies which recognise 

JAG2, as well as the other ligands, are available and therefore experiments to build on this work 

would look to evaluate the expression of these ligands on WT and transformed NSCs, ideally by ICC 

to determine surface localisation. Moreover, antibodies that act to block these ligands are also 

available and it would be of interest to evaluate the effect of adding these in the co-culture assays.  

Additionally, further confirmation of differential Notch pathway activation between the cell types in 

co-culture would be beneficial to strengthen the hypothesis that this underlies the suppression of 

WT NSC proliferation. A time-course analysis of Notch target gene expression as the cells interact in 

co-culture, for example, would provide more evidence for increased Notch activation in WT NSCs. An 

informative approach could also be to transfect NSCs with Notch-responsive promoters that drive 
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luciferase or fluorescent protein expression. Detection of luciferase activity or fluorescent intensity 

in the resulting cells would provide a more direct measure of Notch activity than measuring target 

gene expression. 

Finally, the same caveats exist for this work as were outlined in the previous chapter for the use of 

CRISPR/Cas9 to generate knock-out cells. As with the Tsc2-/- generation, a reduction in the 

competition observed between the transformed NSCs and the EV control WT NSCs relative to the 

unaltered parental WT NSCs was observed. This indicates that the CRISPR/Cas9 process itself may 

affect the behaviour of the resulting cells in co-culture. However, the proliferation of EV NSCs was 

still reduced in co-culture and a clear difference could be observed between these and the mutant 

NSCs that were generated. Overall, these data therefore provide good evidence that the 

transduction of Notch signalling is key for the suppression of WT NSC proliferation in co-culture and 

suggest that relative levels of Notch activation may be crucial for determining the outcome of 

competitive interactions. 

Implications and outstanding questions 

This study did not identify the Notch target genes that could be mediating the growth arrest of WT 

NSCs downstream of Notch pathway activation. The bHLH transcriptional repressors, HES1 and HES5 

are the best characterised targets of Notch-mediated transcription and there is evidence that these 

can act to reduce cell cycle progression. For example, sustained HES1 overexpression in embryonic 

neural progenitors has been shown to downregulate Notch ligands, proneural genes and cell cycle 

regulators, thus maintaining the quiescent, undifferentiated state (Imayoshi & Kageyama 2014). 

HES1 also directly inhibits the E2F1 transcription factor in MCF7 breast cancer cells, inhibiting the 

G1/S transition (Hartman et al. 2004). Furthermore, in adult neurogenic niches, Hes1 has been 

shown to be more highly expressed in quiescent than active NSCs (Shin et al. 2015; Sueda et al. 

2019). In this report, Hes1 was more highly expressed in WT NSCs relative to both transformed NSCs 

in co-culture and separately cultured WT NSCs. Thus, it is possible that the increased expression of 

Hes1 in WT NSCs is acting to repress cell cycle genes to suppress their proliferation.  

Additionally, HES1 and HES5 both suppress Ascl1 expression to promote NSC quiescence and block 

differentiation (Kageyama et al. 2015; Ohtsuka et al. 1999; Hatakeyama et al. 2004; Imayoshi et al. 

2008; Ishibashi et al. 1995; Sueda et al. 2019). As discussed in the previous chapter, this proneural 

bHLH factor plays an indispensable role in NSC exit from dormancy in both the SVZ and hippocampus 

and is thought to control much of the transcriptional programme associated with this process 

(Llorens-Bobadilla et al. 2015; Morizur et al. 2018; Codega et al. 2014; Urbán et al. 2016; Andersen et 

al. 2014; Sueda et al. 2019). In particular, a switch from sustained suppression of Ascl1 to oscillatory 
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expression is thought to occur as adult quiescent NSCs become activated, as a result of reduced 

HES1 levels in these cells (Sueda et al. 2019). Notch signalling can also repress ASCL1 through direct 

interactions with NICD, which induces ubiquitination and proteasome degradation of the ASCL1 

protein (Sriuranpong et al. 2002). Ascl1 was downregulated in WT NSCs in co-culture (see previous 

chapter), consistent with higher Notch pathway activation in these cells. Thus, suppression of ASCL1, 

both directly by NICD and by HES1 and HES5-induced repression, could mediate the Notch-induced 

reduction in proliferation of WT NSCs in co-culture. It would be of great interest to explore this 

hypothesis further by evaluating the protein expression levels of ASCL1 and possibly investigating 

the effect of overexpressing this gene on WT NSC proliferation in co-culture. 

An important observation however, was that neither Hes1 nor Hes5 were suppressed in the Notch2-/- 

NSCs, whose proliferation was nonetheless rescued in co-culture. However, evaluation of these 

target genes was only performed in separately cultured cells. This suggests that in separate culture, 

Notch signalling can still be transduced through NOTCH1 and NOTCH3, which are highly expressed in 

these cells, and thus loss of NOTCH2 has little effect. It is therefore possible that NOTCH2-mediated 

regulation of target genes only occurs in the co-culture condition when the WT NSCs are in the 

presence of transformed NSCs. It should also be noted that only a single lysate was taken from these 

cells to assess Notch target gene expression. A more thorough evaluation of Notch target gene 

dynamics in these mutant cells should therefore be performed by taking multiple lysates at different 

timepoints to truly determine whether the expression of these genes has changed relative to 

control. It will therefore be important to evaluate the expression of Notch target genes in the RBPJ 

and NOTCH2 mutants in the co-culture condition. Evaluation of HES1 and HES5 protein levels would 

also be informative in both WT and mutant NSCs. 

However, it is also possible that Hes1 and Hes5 expression truly is not altered in the Notch2-/- cells, 

even in co-culture. This is plausible given that these cells continue to express the other Notch 

receptors and can therefore still transduce Notch signalling. Additionally, Hes5 expression is also 

upregulated by glial cell missing (Gcm) genes independently of Notch and Hes1 expression is induced 

by a number of different pathways, including BMP, FGF, SHH and WNT (Hitoshi et al. 2011; 

Kobayashi & Kageyama 2014). If it is indeed the case that the expression of these genes is 

unchanged, then this would point to distinct Notch target genes, other than Hes1 and Hes5, that are 

suppressing NSC proliferation and are regulated specifically by NOTCH2 signalling. Interestingly, the 

negative cell cycle regulator, Cdkn1a (p21), has been shown to be a direct target of the NICD-RBPJ 

complex (Rangarajan et al. 2001; Sriuranpong et al. 2001). This gene was upregulated in the 

transcriptomic data in co-cultured WT NSCs. It would therefore be of interest to evaluate the 
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expression of this gene in the Rbpj-/- or Notch2-/- NSCs to determine whether it is downregulated in 

these cells. 

The increased Notch signalling of WT NSCs in co-culture may also be linked to the increased 

apoptosis observed in these cells (Figure 3.6). During development, Notch signalling has been shown 

to promote apoptosis in neural progenitor cells (Yang et al. 2004; Hoeck et al. 2010). Notch 

activation has also been implicated in the death of post-mitotic neurons in response to ischemic 

stroke (Arumugam et al. 2006; Balaganapathy et al. 2018; Cheng et al. 2014; Arumugam et al. 2011). 

However, an anti-apoptotic role for Notch signalling in neural progenitors has also been identified 

(Mason et al. 2006) and Notch has been shown to promote survival in a number of studies of GBM 

cells (Fan et al. 2010; Hai et al. 2018; Tanaka et al. 2015). The Notch pathway can therefore both 

promote and inhibit cell death depending on the context and little is known about this aspect of 

Notch function in adult NSCs. Evaluation of cleaved-caspase-3 expression in the Rbpj-/- or γ-

secretase-treated NSCs in co-culture would help to determine whether Notch is also regulating cell 

death as well as proliferation in this model. 

It would also be desirable to investigate whether Rbpj-/- NSCs could themselves behave as super-

competitors. These mutant cells showed some evidence of suppressing transformed NSC 

proliferation in co-culture. This finding is particularly intriguing as it suggests that an inability to 

transduce Notch signalling alone results in a competitive advantage. Co-culture assays between Rbpj-

/- NSCs and their WT counterparts could therefore be established. If these mutant cells were shown 

to suppress WT NSC proliferation it could also be of interest to investigate the effect of clonal Rbpj 

deletion in the SVZ in vivo. While multiple studies have examined the effect of Rbpj deletion in this 

niche, these have generally aimed to delete this gene in all or at least a majority of NSCs. Introducing 

this mutation clonally could reveal distinct interactions, which lead to the preferential expansion of 

Rbpj-/- cells. However, distinguishing this expansion from the cell-autonomous effect of Rbpj loss 

could be challenging, as it is already known that Rbpj-/- NSCs undergo increased activation and 

differentiation compared to WT NSCs (Imayoshi et al. 2010; Engler et al. 2018). An alternative 

approach could be to investigate the ability of Ink4a/Arf-/- EGFRvIII transformed NSCs to form 

tumours in mice lacking Rbpj or treated with γ-secretase inhibitors. Injection of these cells into mice 

has been shown to rapidly give rise to high-grade gliomas (Bruggeman et al. 2007). It would 

therefore be intriguing to determine whether this tumour formation would be reduced or slowed in 

the absence of Rbpj or in the presence of γ-secretase inhibition. However, this approach may also 

prove challenging given the cell-autonomous effects of blocking Notch signalling. A final approach 

could therefore also be to investigate whether Rbpj-/- NSCs themselves could give rise to gliomas 

upon injection into mouse brains. However, this seems unlikely given that genetic deletion of this 
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gene from NSCs does not result in tumour formation (Engler, Rolando, et al. 2018; Imayoshi et al. 

2010; Giachino et al. 2015; Ehm et al. 2010). 

Looking further upstream, the events which link the transforming mutations in these NSCs to 

increased Notch ligand expression were also not explored in this study. The low levels of Ink4a/Arf 

expression in WT NSCs would suggest that loss of this locus may not drive the differences in the 

behaviour of the transformed NSCs. A link between EGFR mutation and Notch ligand expression may 

therefore exist in these cells. Determining whether NSCs with EGFRvIII mutation alone or EGFR 

amplification could activate Notch signalling in neighbouring cells would therefore also be an 

interesting experiment. A link between EGFR signalling and the Notch pathway has previously been 

observed in SVZ cells (Aguirre et al. 2010). In this study, EGFR+ proliferating progenitor cells in the 

SVZ were shown to express the Notch ligands Dll1 and JAG1, while HES1 activity was primarily 

observed in the NSC population. However, enhancing EGFR activity specifically in the progenitor 

population resulted in decreased Notch pathway activity in adjacent NSCs. This acted to reduce the 

number, proliferation and self-renewal of GFAP+ NSCs, a phenotype which could be rescued by NICD 

adenoviral delivery. This is therefore the converse of the observation in this report, where increased 

Notch activation leads to suppressed NSC proliferation. ASCL1 has also been shown to drive 

expression of Notch ligands (Castro et al. 2006; Henke et al. 2009). It is therefore possible that this 

protein is downstream of EGFR signalling in the transformed NSCs and is driving the increased 

expression of Notch ligands in these cells. However, it is important to note that the expression of 

Notch target genes is not significantly reduced in transformed NSCs relative to WT NSCs cultured 

separately. It therefore appears that these cells need to be mixed in order to produce this 

phenomenon. It is therefore unclear whether the key feature of the transformed NSCs is increased 

expression of Notch ligands or a decreased ability to transduce Notch signalling and express the 

target genes. This will be an important question to follow up in future experiments. 

It is also possible that the phenomenon observed here is not specific to the oncogenic mutations of 

the transformed NSCs and instead may be a general mechanism by which faster proliferating, more 

robust NSCs suppress the proliferation of their neighbours. This might act under homeostatic 

conditions to control the number of NSCs which become activated and thus prevent exhaustion of 

the quiescent NSC pool. Indeed, activated NSCs exist in close proximity to each other in the SVZ and 

feedback mechanisms between activated and quiescent NSCs to regulate stem cell number and 

coordinate differentiation have been reported in both mouse (Basak et al. 2018; Aguirre et al. 2010; 

Kawaguchi et al. 2013) and zebrafish (Chapouton et al. 2010). However, it should be noted that the 

clonal populations of WT NSCs generated to act as controls for the mutant clones proliferated 

slightly faster than the parental WT NSCs, such that they no longer displayed a proliferation deficit 
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compared to transformed NSCs in separate culture. However, they were still out-competed in co-

culture with transformed NSCs. This would suggest that a factor other than proliferation rate was 

determining the outcome of these competitive interactions. It would therefore be of interest to 

evaluate whether NSCs with different oncogenic mutations could also behave as super-competitors 

and suppress WT NSC proliferation. Mutations in growth factor signalling pathways are of particular 

interest, given the potential link to EGFR alterations. This is partially explored in the subsequent 

chapter, although further work is still required to understand the pathways acting upstream of the 

Notch-mediated interactions. 
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6. Investigation of NSC behaviour with distinct oncogenic mutations 

6.1. Introduction 

The majority of the work described in this thesis was performed with Ink4a/Arf-/- EGFRvIII 

transformed NSCs. It was therefore of interest to determine whether the suppression of WT NSC 

proliferation was a phenomenon specific to these mutations or whether it was a general mechanism 

by which transformed cells gain a competitive advantage. Consequently, NSCs with other oncogenic 

mutations were utilised to assess whether these cells could also inhibit WT NSC proliferation and 

thus behave as super-competitors. 

PTEN and P53 are both tumour suppressors that are frequently lost or mutated in GBM (Brennan et 

al. 2013). Loss of PTEN from human NSCs derived from embryonic stem cells has previously been 

shown to result in a phenotype of increased proliferation and metabolic reprogramming (Duan et al. 

2015). Additionally, these cells gave rise to tumours in mice and thus behaved in many ways like the 

GSCs found in GBM tumours. In mouse models, genetic deletion of P53 from SVZ NSCs has been 

shown to induce increased proliferation in these cells, although this mutation alone was insufficient 

for tumour formation (Gil-Perotin et al. 2006). However, combining P53 deletion with deletion of 

one allele of Pten in the CNS led to rapid formation of malignant gliomas. P53-/- Pten-/- NSCs also 

displayed enhanced self-renewal and impaired differentiation in vitro, which was accompanied by a 

marked increase in MYC expression (Zheng et al. 2008). Injection of P53-/- Pten-/- NSCs into mice has 

also been shown to give rise to malignant gliomas (Jacques et al. 2010). Interestingly, these authors 

found that mature astrocytes with the same mutations did not produce brain tumours, suggesting 

that NSCs are particularly susceptible to transformation from loss of these tumour suppressors. 

While loss of the Ink4a/Arf locus occurs frequently in GBM, as with Pten and P53, a second 

oncogenic hit is usually required for full transformation (Bruggeman et al. 2007). For example, in 

addition to EGFRvIII expression, Ink4a/Arf loss in combination with Pten loss also induces 

transformation of NSCs (Kim et al. 2012). 

Given these findings, it was of interest to investigate whether loss of a single tumour suppressor 

could confer super-competitor status to NSCs, or whether another mutation would also be required. 

The growth of WT NSCs was therefore evaluated in the presence of Ink4a/Arf-/-, Pten-/-, P53-/- and 

Pten-/-P53-/- NSCs to determine whether interactions with these mutated NSCs could also suppress 

their proliferation. This approach aimed to provide insight into the relevance of this phenomenon to 

early tumourigenesis and to distinguish between a general or mutation-specific mechanism. 
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6.2 Results 

WT NSCs demonstrate some evidence of reduced proliferation in the presence of Pten-/- 

NSCs 

NSCs that were null for Pten were first evaluated for their ability to suppress the proliferation of WT 

NSCs in co-culture assays. Two Pten-/- clones (PTEN8 and PTEN26) were generated by CRISPR/Cas9 

targeting of the catalytic domain of PTEN in adult SVZ NSCs. This was performed by Ester Gangoso in 

the laboratory of Steven Pollard (University of Edinburgh). The parental WT NSC line was also 

obtained for use in these assays and thus the WT NSCs used here differ from those used in the 

experiments with the Ink4a/Arf-/- EGFRvIII transformed NSCs. Both Pten-/- clones were confirmed to 

lack detectable PTEN expression by western blot (Figure 6.1A). In addition to verifying loss of PTEN in 

these clones, p-AKT and p-rpS6 levels were also evaluated to determine the activity of the 

PI3K/AKT/mTOR axis. Since PTEN negatively regulates this pathway, increased activation in Pten-/- 

cells would be expected. Indeed, both Pten-/- clones displayed elevated p-AKT and p-rpS6 levels 

relative to WT NSCs, indicating hyperactivation of the PI3K/AKT/mTOR axis in these mutant cells 

(Figure 6.1A, B and C). 

 

 

 
 

 

Figure 6.1 Pten-/- NSCs demonstrate increased AKT/mTOR pathway activity 

A Western blot showing increased p-AKT and p-rpS6 in PTEN-null NSCs.  
B Flow cytometry plot of p-rpS6 staining showing increased p-rpS6 levels in PTEN-null clones.  
C Median fluorescence intensity quantification of flow cytometry staining for p-rpS6 (n=3, two-way 
ANOVA with Sidak’s multiple comparisons test). mTOR activation was higher in Pten-/- NSCs. 
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The behaviour of these Pten-/- NSCs was next evaluated in co-culture assays. WT NSCs were first 

labelled with GFP by transfection of a plasmid to express Cag-promoter driven GFP and a puromycin 

resistance cassette (pPyCAGIP-GFP). Transfection was performed by nucleofection followed by 

selection with 0.25µg/ml puromycin. A pooled population of selected cells were confirmed to be 

>98% GFP positive and used for experiments. These WT-GFP NSCs were then seeded either 

separately or in co-culture with Pten-/- NSCs and their growth was evaluated over several days. WT 

NSCs in co-culture with the Pten-/- clone 26 demonstrated decreased growth relative to separate 

culture (Figure 6.2A and B). Calculating fold change in cell number for the WT NSCs revealed a 

statistically significant decrease from 51 in separate culture to just 19 in mixed culture (p <0.0001). 

However, WT NSCs in co-culture with the Pten-/- clone 8 only demonstrated a very modest decrease 

in fold change cell number from 59 in separate culture to 47, which did not reach statistical 

significance (Figure 6.2A and B). These data therefore provided tentative evidence that Pten-/- NSCs 

could also suppress the proliferation of WT NSCs, similarly to the Ink4a/Arf-/- EGFRvIII NSCs. 

However, there was a difference in the degree of suppression between mutant clones.  

 

 
 

Figure 6.2 Pten-/- NSCs demonstrate some evidence of super-competitive behaviour  

A Growth curves of WT and Pten-/- NSCs cultured in separate or mixed culture (n=3).  
B Quantification of final cell number relative to seeding density demonstrating reduced growth of WT 
NSCs in the presence of Pten-/- clone 26, but not clone 8 (n=3, two-way ANOVA with Sidak's multiple 
comparison test). 
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P53-/- NSCs do not suppress the proliferation of WT NSCs 

The behaviour of WT NSCs in co-culture with P53-/- NSCs was next evaluated. Two P53-/- clones (P53 

11 and 48) were obtained from Ester Gangoso in the laboratory of Steven Pollard. These were 

generated from the same parental NSC line as the Pten-/- NSCs by CRISPR/Cas9-mediated targeting of 

the DNA-binding domain of P53. P53 deletion was first confirmed by western blot (Figure 6.3A). As 

endogenous P53 levels are frequently low in these cells, the P53-MDM2 interaction inhibitor, Nutlin, 

was used to induce P53 accumulation. While in WT NSCs this agent induced an increase in P53 

protein levels, no P53 was detectable in either P53-/- clone. The behaviour of these cells in co-culture 

with the GFP-labelled WT NSCs was next evaluated. In these assays, there was some evidence for 

slightly reduced WT NSC proliferation in co-culture, but this did not reach statistical significance for 

either clone (Figure 6.3B and C). P53 deletion therefore was not sufficient to convert cells into super-

competitors that suppress WT NSC proliferation in co-culture. However, as with the Pten-/- clones, 

there were some differences between the two mutant clones and some evidence for a modest 

decrease in WT NSC proliferation in co-culture. 
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Figure 6.3 P53-/- NSCs do not suppress WT NSC proliferation significantly in co-culture 

A Growth curves showing growth of WT and P53-/- NSCs in separate and co-culture (n=3). 
B Quantification of fold change cell number relative to seeding density. While there is some evidence 
of a small reduction in WT growth in co-culture, this is more modest than experiments with other 
transformed NSCs and does not reach statistical significance (n=3, two-way ANOVA with Sidak’s 
multiple comparisons test). 
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Nutlin treatment does not alter the competition dynamics 

P53 has been implicated in competition between haematopoietic stem cells (HSCs) in the niche. 

Here, it has been shown that HSCs with elevated P53 due to irradiation-induced DNA damage, are 

out-competed by neighbouring HSCs with lower P53 levels. Interestingly, in this model of 

competition, the out-competed HSCs undergo growth arrest rather than apoptosis (Bondar & 

Medzhitov 2010). This therefore resembles the competition described in this study. I therefore 

hypothesised that elevating P53 levels in the WT NSCs could induce competition, as the relative 

difference in P53 levels would be more pronounced. For this, I again used the MDM2 inhibitor 

Nutlin, as this effectively increased P53 expression in the WT NSCs (Figure 6.4A). For this assay, I 

used higher seeding densities to reduce the number of days that the NSCs would be exposed to 

Nutlin, given that Nutlin treatment would likely lead to cell autonomous apoptosis and growth arrest 

as a result of the elevated P53 levels. These assay conditions had also been previously shown to 

suppress WT proliferation by day two in competitions with the Ink4a/Arf-/- EGFRvIII transformed 

NSCs (Figure 3.5). WT and P53-/- NSCs were therefore seeded at this higher density and Nutlin was 

added from day one. However, under these growth conditions, no difference between WT NSC 

growth in co-culture compared to separate culture could be detected (Figure 6.4A and B). As was 

expected, WT NSCs demonstrated reduced growth in the presence of Nutlin, however, this was true 

of both the separate and co-culture condition. Additionally, under these assay conditions with the 

higher seeding density, the control NSCs without Nutlin addition showed no difference in growth in 

co-culture. P53 deletion therefore does not convert NSCs into super-competitors, even when P53 is 

elevated in WT NSCs. 
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Figure 6.4 P53-/- NSCs do not reduce WT 
NSC proliferation in the presence of Nutlin 

A Growth curves of WT and P53-/- separate 

and mixed cultures. Both P53 clones, 11 and 

48, are shown in the presence or absence of 

1µM Nutlin, added from day one (n=3). 

B Quantification of fold change cell number 

for the WT NSCs. Nutlin reduces their 

growth slightly but no differences between 

separate or co-culture were detected (n=3). 
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PTEN and P53 double mutant NSCs suppress WT NSC proliferation 

Several studies have indicated the deletion of either Pten or P53 alone is not sufficient to induce 

transformation of NSCs, while deletion of both dramatically changes their behaviour (Jacques et al. 

2010; Alcantara Llaguno et al. 2009). It was therefore speculated that the modest decrease in WT 

NSC proliferation observed in the presence of Pten-/- NSCs might be enhanced if P53 was also 

deleted in these cells. A P53-targeting gRNA had been designed and cloned into the PX330 backbone 

(gift from Feng Zhang, Addgene plasmid #42230 (Cong et al. 2013)) by Sarah Bowling in our group. I 

therefore transfected this plasmid containing the P53 gRNA and hCas9 into the Pten-/- NSCs, together 

with a puromycin resistance-expressing plasmid for use as a selectable marker (Figure 6.5A). Both 

Pten-/- clones (PTEN8 and 26) were transfected and clones were isolated. The Pten-/- NSCs were also 

transfected with an empty PX330 vector and selected with puromycin as control clones. I was able to 

identify two P53-null clones from the Pten-/-8 clone, which had no detectable P53 expression (Figure 

6.5B). Two clones were also selected from the Pten-/-26 clone, however, a low residual level of P53 

protein was detectable in one of these clones (Figure 6.5B). This may suggest that either the clonal 

population had a small number of contaminating P53 WT cells, or that the indel mutation introduced 

still allowed a low level of P53 to be synthesised. However, as no other clones were identified with 

complete P53 loss, and the expression of P53 was dramatically reduced compared to control, these 

were still used for further investigation and experiments.  
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Figure 6.5 Generation of Pten-/- P53-/- NSCs by CRISPR/Cas9 targeting 

A CRISPR/Cas9 targeting strategy. The PX330 expression plasmid containing a P53-targeting gRNA 
was transfected into the NSCs together with a puromycin resistance-expressing plasmid. Puromycin-
resistant clones were then isolated. 
B Western blot showing Pten-/- and Pten-/- P53-/- clones. Two P53-/- clones were generated from each 
original Pten-/- clone (PTEN8 and PTEN26). A very small residual protein expression in one of the 
double-mutant clones can be observed. The PTEN8 and PTEN26 clones shown here have been 
transfected with a PX330 empty vector and undergone selection under the same conditions as the 
mutant clones. 
 

The behaviour of these double-mutant clones was next evaluated in competition assays. First, the 

two Pten-/- P53-/- clonal cell lines derived from the original PTEN8 clone were assessed in separate 

and co-culture with WT NSCs. This clone had originally failed to convincingly out-compete WT NSCs, 

although a small reduction in their proliferation in co-culture had been observed. In these 

experiments, again a small reduction in WT growth was observed in co-culture, which did reach 

statistical significance, but this was primarily observed in the last 24 hours of the assay (Figure 6.6A 

and B). However, the two double-mutant Pten-/- P53-/- NSCs demonstrated more robust evidence of 

super-competition. WT NSCs in co-culture with these double-mutants reduced their growth, and this 

was particularly marked with the second Pten-/- P53-/- clone (Figure 6.6A and B). 
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Figure 6.6 Pten-/- P53-/- NSCs suppress WT NSC proliferation (PTEN8 clones) 

A Growth curves of WT NSCs cultured separately or in co-culture with PTEN-/- NSCs (clone 8 EV) or 
PTEN-/- P53-/- double mutant NSCs. WT NSCs reduce their growth particularly in co-culture with the 
double mutant NSCs (n=4). 
B Fold change cell number quantification of WT NSC growth in each culture condition (n=4, two-way 
ANOVA with Sidak’s multiple comparisons test). 
 

These same co-culture experiments were then performed with the clones derived from the Pten-/- 26 

line. The Pten-/- and the double Pten-/- P53-/- NSCs all demonstrated evidence of non-cell-autonomous 

effects in co-culture, reducing WT NSC growth (Figure 6.7A and B). There was also an indication that 

this effect was more pronounced when P53 was also deleted. However, similar to previous 

experiments, there were some differences between clones. These results demonstrate that 

competition can occur between NSCs with different tumourigenic mutations. Nonetheless, they also 

highlight that variation can be found between different in vitro clonal populations, which is 

something that must be considered when evaluating data from CRISPR/Cas9-generated knock-out 

clones.  
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Figure 6.7 Pten-/- P53-/- NSCs suppress WT NSC proliferation (PTEN26 clones) 

A Growth curves of WT NSCs cultured separately or in co-culture with PTEN-/- NSCs (clone 26 EV) or 
PTEN-/- P53-/- double mutant NSCs. WT NSCs reduce their growth particularly in co-culture with the 
double mutant NSCs (n=4). 
B Fold change cell number quantification of WT NSC growth in each culture condition (n=4, two-way 
ANOVA with Sidak’s multiple comparisons test). 
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Ink4a/Arf-/- NSCs fail to suppress the proliferation of WT NSCs 

I next sought to evaluate whether loss of Ink4a/Arf alone was sufficient for NSCs to out-compete WT 

NSCs. Ink4a/Arf-/- NSCs were therefore obtained from Lucy Brooks in the laboratory group of Simona 

Parrinello (Imperial College London). WT NSCs were also obtained from this group; however, these 

proliferated extremely slowly in culture and were therefore not used for experiments. Consequently, 

the Ink4a/Arf-/- NSCs were cultured with the same WT ‘ANS7’ NSC line used for the majority of 

previous experiments with the Ink4a/Arf-/- EGFRvIII transformed NSCs. Culturing these cells 

separately or in co-culture under the standard six-day assay conditions revealed that Ink4a/Arf-/- 

NSCs fail to out-compete WT NSCs (Figure 6.8A and B). This can be inferred from the fact that the 

growth of WT NSCs in separate and co-culture was comparable in this assay. Thus, loss of this locus 

alone in the absence of EGFR mutation is not sufficient to confer super-competitor status to NSCs. 

This observation therefore suggests that the expression of EGFRvIII on the transformed NSCs is 

critical for the super-competition phenomenon to occur.  

 

 
 

Figure 6.8 Ink4a/Arf-/- NSCs do not suppress WT NSC proliferation in co-culture 

A Growth curves showing the growth of WT and Ink4a/Arf-/- NSCs in separate or co-culture (n=3). 
B Fold change cell number quantification of the growth curves in A. No difference in the growth of 
either cell type could be detected in co-culture versus separate culture (n=3). 
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6.3 Discussion 

Super-competitor behaviour of Pten-/- and P53-/- NSCs 

This chapter aimed to determine whether NSCs with different oncogenic mutations could also 

behave as super-competitors in co-culture assays with their WT counterparts. Some evidence was 

found in this study that Pten-/- NSCs suppress the proliferation of WT NSCs. However, this was most 

apparent with just one of the Pten-/- clones. Likewise, competition assays between WT and P53-/- 

NSCs yielded conflicting results, with differences between the two clones. Here, WT NSCs showed 

very modest indications of reduced proliferation in co-culture with P53-/- NSCs, which was more 

pronounced when co-cultured with one of the P53 mutant clones. However, the difference between 

WT NSC growth in separate and co-culture was small and did not reach statistical significance. 

Elevation of endogenous P53 levels in WT NSCs through addition of Nutlin also did not result in these 

cells being out-competed in co-culture. Overall, these results therefore provide some evidence that 

Pten-/- NSCs, but not P53-/- NSCs, can suppress the proliferation of surrounding cells. However, 

further characterisation of these co-culture assays is clearly required to expand on the growth curve 

data and determine whether WT NSC proliferation is truly affected under these conditions. This 

would include evaluation of BrdU incorporation and the expression of proliferation markers, such as 

p-H3 and KI67, in these cells in the separate and co-culture conditions.  

P53 was also deleted from Pten-/- NSCs to evaluate the effect of loss of both these tumour 

suppressor genes. Evaluation of cell numbers in co-culture assays provided some evidence that 

these double-mutant NSCs could also behave as super-competitors, as WT NSC growth was 

suppressed in the co-culture condition. This competition appeared more pronounced than in the co-

culture assays with Pten-/- NSCs, suggesting that deletion of multiple tumour suppressor genes 

increased the ability of NSCs to suppress the proliferation of their neighbours. However, these 

experiments would have also benefitted from proliferation marker evaluation to confirm reduced 

proliferation in co-cultured WT NSCs. These additional investigations would increase the evidence 

for non-cell-autonomous interactions between these cells. 

Likewise, it would also be of interest to assess the role of Notch pathway signalling in these co-

culture assays as these experiments were performed prior to the identification of this pathway as a 

critical mediator of NSC competition. For example, the effect of γ-secretase inhibitors on the growth 

of these cells could be evaluated to determine whether they could rescue WT NSC proliferation in 

co-culture. The expression of Notch receptors, ligands and target genes could also be evaluated. If 

Notch was found to have an important role in these experiments this would suggest a common link 

between the different transforming mutations. It is possible that increased growth factor signalling, 
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either through loss of PTEN or increased EGFR signalling leads to increased Notch ligand expression 

or a decreased ability to transduce Notch signalling. Thus, additional experiments are essential to 

determine whether the mechanism is shared between these different assays and to provide further 

insight into the mechanism upstream of differential Notch signalling. 

However, overall these findings do suggest that different combinations of transformed and WT NSCs 

can produce a similar effect of altered proliferation. Mutations in Pten and P53 are commonly 

observed in GBM tumours and loss of both of these tumour suppressors in SVZ NSCs has been 

shown to induce oncogenic transformation and glioma formation in mouse models (Zheng et al. 

2008; Jacques et al. 2010). Nonetheless, it is also worth noting that in human GBM, P53 is more 

frequently mutated than lost completely, with these mutations frequently conferring gain of 

function activity to P53 (Brennan et al. 2013; Y. Zhang et al. 2018). Therefore, deletion of P53 would 

perhaps not accurately recapitulate the alterations that occur during GBM progression. However, 

despite this, Pten and P53 are still highly relevant tumour suppressors to GBM development and 

thus the possibility that Pten-/- P53-/- NSCs may also suppress the activation of neighbouring NSCs is 

an intriguing observation. 

Super-competitor behaviour of Ink4a/Arf-/- NSCs 

The ability of Ink4a/Arf-/- NSCs to suppress the proliferation of WT NSCs was also evaluated. These 

cells did not affect WT NSC proliferation in co-culture. This finding suggests that loss of this tumour 

suppressor locus alone is not sufficient to convert NSCs into super-competitors and therefore that 

another oncogenic mutation is required in these cells. This also suggests that the super-competitor 

behaviour of the Ink4a/Arf-/- EGFRvIII NSCs used in the previous chapters is likely not attributable to 

the absence of p16INK4A or p19ARF in these cells. This would be consistent with the observation that 

these genes were not highly expressed in WT NSCs and were not upregulated in co-culture. It is 

therefore possible that mutation or amplification of EGFR is the critical feature of the transformed 

NSCs. Evaluating the behaviour of NSCS with just this mutation would thus be the logical next step. 

This would hopefully lead to a better understanding of the mechanism that leads to the activation of 

Notch signalling in adjacent cells in this system. If EGFR is identified as the crucial alteration in the 

transformed NSCs it would also be of interest to investigate the expression of this gene in the Pten-/-

P53-/- NSCs to determine whether it is overexpressed in these NSCs.  

Implications and outstanding questions 

The additional experiments outlined above to better characterise the competition between Pten-/- 

and Pten-/- P53-/- NSCs and their WT counterparts would be crucial to provide more evidence for non-

cell-autonomous interactions between these cells. These experiments would therefore also 
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strengthen the case that the suppression of WT NSC proliferation by transformed NSCs is a general 

phenomenon that can occur between NSCs with distinct oncogenic mutations. In particular, if Notch 

signalling was also shown to be required for these interactions this would imply that this is a 

common downstream link between these different transformed cells. Extension of this work would 

also potentially demonstrate that a single mutation is sufficient to produce this effect, which would 

provide an improved model of early tumourigenesis prior to full oncogenic transformation. 

Alternatively, better characterisation may reveal that only the Pten-/- P53-/- double-mutant NSCs 

could behave effectively as supercompetitors. Together with the observation that loss of Ink4a/Arf-/- 

was also not sufficient for this phenomenon to occur, this might suggest that both activated growth 

factor receptor signalling and a dysregulation of P53 responses are required to confer 

supercompetitor status. This indicates that NSCs with a single oncogenic mutation do not suppress 

the proliferation of their neighbours. However, further experiments are required to distinguish 

between these possibilities. 

The cells used in the Pten-/- and P53-/- experiments were isogenic and matched for time in culture. 

These cells therefore provide an improved model for studying the effect of particular mutations 

without the presence of other factors which may affect their interactions. However, the differences 

in the behaviour between the mutated clonal populations highlight a potential disadvantage of using 

clonal lines derived from CRISPR/Cas9 targeting. Different clones may differ subtly in their 

proliferation rates or differentiation status, which could affect their interactions in co-culture. 

Antibiotic selection to generate resistant clones could also lead to the preferential isolation of more 

highly proliferative and robust cells. Indeed, it was observed in the previous chapter that the control 

clonal populations were not out-competed as robustly as the parental population. The use of clonal 

populations as controls, which have been isolated by the same protocol as the knock-out clones, is 

therefore desirable. Additionally, evaluation of multiple knock-out and control clones would be 

preferable to accurately investigate the effect of a particular mutation. Finally, the issues raised in 

the previous chapter regarding off-target effects and DNA damage from the use of CRISPR/Cas9-

targeting should also be considered when analysing the behaviour of mutated NSCS. 

An improvement on these experiments may therefore be to isolate NSCs directly from mice that are 

null for Pten, P53 or Ink4a/Arf, rather than modifying the cells in vitro following derivation. Indeed, a 

future experiment that is planned to extend this project is to isolate NSCs from Ptenflox/flox, P53flox/flox 

and Ptenflox/flox P53flox/flox mice that also express a floxed YFP allele and a tamoxifen-inducible Cre 

(Cre-ERT2). These cells could then be treated with tamoxifen in vitro to generate recombined lines. 

The behaviour of these mutant NSCs in co-culture assays with NSCs, which have either not been 

treated with tamoxifen or which lack the Cre construct, could then be evaluated. This experiment 
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would have the advantage of not relying upon CRISPR/Cas9 targeting, avoiding the need to derive 

clonal populations and reducing the chance of off-target effects. Additionally, these cells would be 

cultured in vitro for a shorter time compared to the CRISPR/Cas9-generated lines, decreasing the 

likelihood that these cells would acquire adaptations to culture that alter their phenotype.  

Finally, these mouse models could also be utilised to examine the interactions of NSCs in the SVZ in 

vivo. Tamoxifen administration at low doses would lead to recombination in a subset of cells, which 

would be marked by YFP expression. Proliferation and apoptotic marker expression could then be 

evaluated in surrounding NSCs which contact YFP-positive NSCs and comparisons could be made 

between control and mutant animals. Additionally, activation of Notch pathways could also be 

evaluated, through staining for NICD or HES proteins, to explore whether increased Notch signalling 

could be observed in adjacent NSCs. This approach could potentially detect differences in WT NSCs 

that contact mutant NSCs in the brain and thus investigate the in vivo relevance of this 

phenomenon. However, careful analysis would be required as recombination of fluorescent alleles 

has been shown to occur independently of deletion of the gene of interest in NSCs (Andersen et al. 

2014). Deletion of both P53 and Pten would therefore have to be confirmed in YFP-positive cells. 

Furthermore, detecting reduced proliferation of NSCs in vivo could also be challenging as these cells 

are primarily quiescent. 
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7. Discussion 

This study has provided evidence that NSCs with oncogenic mutations supply negative feedback 

signals to surrounding normal NSCs, which cause them to exit their activated state and re-enter 

quiescence. By this mechanism, transformed NSCs would ensure their preferential self-renewal and 

differentiation, therefore increasing both their cell number and their likelihood of giving rise to 

progenitor cells and exiting the niche. This bias may have implications for the development of glioma 

and GBM, as there is evidence that adult NSCs from the SVZ are the cell of origin for these tumours 

(Lee et al. 2018; Alcantara Llaguno et al. 2009; Wang et al. 2009; Zheng et al. 2008). This work 

therefore suggests that oncogenic mutations may be propagated in the SVZ not just by cell-

autonomous gains in proliferation and survival, but also through interactions with surrounding cells. 

7.1 Relevance to in vivo NSC interactions 

One of the most important outstanding questions of this work is the relevance of these competitive 

interactions, identified here in cultured NSCs, to in vivo physiology. Several observations from the 

literature might suggest that the mechanism described in this report could also occur in vivo. 

Activated NSCs have been shown to return to quiescence in both the hippocampus and SVZ (Urbán 

et al. 2016; Bonaguidi et al. 2016; Basak et al. 2018). Furthermore, NSCs in the SVZ do exist in close 

proximity and have been shown to contact each other through their lateral processes (Obernier & 

Alvarez-Buylla 2019). Feedback mechanisms between activated and quiescent NSCs that regulate 

stem cell number and coordinate differentiation have also been previously reported (Basak et al. 

2018; Aguirre et al. 2010; Kawaguchi et al. 2013; Chapouton et al. 2010). Moreover, the Notch 

pathway has been implicated in these interactions by several studies. For example, the study by 

Kawaguchi and colleagues identified the Notch ligand Dll1 as being crucial for feedback signalling, 

finding that it was expressed exclusively in activated NSCs and transit-amplifying cells and 

segregated asymmetrically during NSC mitosis. Deletion of Dll1 resulted in excessive production of 

activated NSCs and transit-amplifying cells and a depletion of the quiescent NSC pool. The authors 

therefore suggested that Notch signalling induction through binding Dll1 can drive activated NSCs 

back to quiescence. A similar observation has also been made in zebrafish, where activated radial 

glial cells were shown to revert to a quiescent state by Notch pathway activation (Chapouton et al. 

2010). Increased expression of Notch signalling pathway components in quiescent NSCs compared to 

activated NSCs has also been widely reported in RNA-sequencing studies (Shin et al. 2015; Llorens-

Bobadilla et al. 2015; Morizur et al. 2018). Additionally, NOTCH2 and RBPJ expression has been 

previously confirmed in both quiescent and activated NSC populations in the SVZ, and NOTCH2 has 

been shown to mediate signals promoting NSC quiescence (Engler, Rolando, et al. 2018). Thus, the 
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concept of feedback signals from activated to quiescent NSCs, mediated by the Notch pathway, has 

a number of precedents in the literature. 

However, no direct evidence has been provided that the phenomenon described in this report also  

occurs in vivo. Clearly, the co-culture assays used in this project do not accurately recapitulate the 

SVZ niche, which contains multiple cell types. These include the more differentiated progenitor type 

A and C cells, ependymal cells, and endothelial cells of the vasculature. Signals mediated both 

through direct contact and secreted factors from these cells can influence NSC behaviour, including 

their switch from quiescence to activation (Obernier & Alvarez-Buylla 2019; Mercier & Douet 2014; 

Douet et al. 2012; Katsimpardi et al. 2014; Fernando et al. 2011; Liu et al. 2005; Ottone et al. 2014b; 

Kokovay et al. 2012; Shen et al. 2008; Porlan et al. 2014). Furthermore, exposure to factors in the 

cerebrospinal fluid in the ventricles, which NSCs contact via their apical process, also greatly impacts 

NSC behaviour (Silva-Vargas et al. 2016; Lehtinen et al. 2011; Zappaterra & Lehtinen 2012). Thus, any 

in vitro system would fail to model the multitude of direct and indirect signals that these cells 

receive from their environment. Additionally, the in vitro culture conditions maintain these cells in a 

self-renewing state, while in the niche the majority would be quiescent. Thus, the impact of the 

quiescence-inducing signals from transformed NSCs would likely be lessened in an environment in 

which the majority of cells are already non-proliferative. It is therefore crucial to investigate the role 

of these interactions in vivo to determine their importance in this environment. 

A number of suggestions have been made in previous chapters regarding experiments that could be 

performed in mouse models to provide evidence for competitive interactions in vivo. These include 

injecting the Ink4a/Arf-/- EGFRvIII transformed NSCs into mouse brains and assessing their ability to 

form tumours in the presence or absence of γ-secretase inhibitors. This would reveal whether Notch 

inhibition could have a meaningful impact on tumour expansion, although would not differentiate 

between cell-autonomous and non-cell autonomous effects. Injection of the transformed NSCs into 

SVZ regions lacking RBPJ would therefore be preferable, as loss of Notch signalling would only affect 

the resident NSC population. Co-injection of labelled Ink4a/Arf-/- EGFRvIII NSCs with WT or Rbpj-/- 

NSCs into mouse brains would also be informative. If the proportion of transformed to WT NSCs was 

shown to increase over time, while the relative proportion to Rbpj-/- NSCs was unchanged, this would 

provide an important proof-of-principle that the interactions reported here in vitro could also occur 

in vivo.  

However, athymic mice would have to be used for this approach to avoid issues with immune 

rejection. This could be avoided by taking a similar approach using brain organotypic slices. Tumour 

cells, including the Ink4a/Arf-/- EGFRvIII transformed NSCs used in this study, have been shown to 
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engraft into the SVZ of mouse brain slices cultured ex vivo and respond to niche signals (Marques-

Torrejon et al. 2018). Interestingly, this study also found that the transformed NSCs demonstrated 

increased proliferation following engraftment into the SVZ compared to the cortex, corpus callosum 

or striatum, suggesting that this region is permissive to their growth. The ability of transformed NSCs 

to engraft and expand upon injection into these ex vivo cultures in the presence of γ-secretase 

inhibitors or in the absence of RBPJ would therefore be of great interest to assess. Co-injection of 

transformed and WT or Rbpj-/- NSCs could also be performed to study how these cells interact in an 

environment which provides signals from other cell types. These ex vivo models would therefore 

improve on the co-culture assays as they expose the cells to the diverse microenvironment of the 

niche, while allowing for live imaging approaches and providing greater flexibility and reduced costs 

compared to in vivo approaches. 

Alternatively, genetic approaches could also be taken in mouse models to assess the in vivo 

relevance of this phenomenon. For example, Rbpj mutations could be introduced in a mosaic fashion 

in NSCs of the SVZ and the effect on the proliferation of adjacent WT cells examined. However, as 

loss of Rbpj has cell-autonomous effects that increase NSC activation and proliferation this may be 

challenging to assess (Engler et al. 2018; Imayoshi et al. 2010; Ehm et al. 2010; Andersen et al. 2014). 

Additionally, Ptenflox/flox and P53flox/flox Cre-ERT2-expressing mice are also being utilised in our 

laboratory. A similar approach could therefore be taken with these lines to introduce mutations in a 

subpopulation of cells and examine the proliferation and/or Notch activation of adjacent cells. As 

previously discussed, isolation of NSCs directly from these mice would also be of interest to provide 

mutant NSCs with a shorter duration of in vitro culture. 

7.2 Relevance to human biology 

There are critical differences between NSCs in the human and rodent SVZ and therefore the 

relevance of competitive NSC interactions to human biology is another important area to consider 

(Lim & Alvarez-Buylla 2016). A robust migratory stream of neuroblasts from the SVZ to the OB is 

absent in humans and while SVZ-derived neuroblasts have been shown to migrate to other brain 

regions, this appears to primarily occur during infancy (Curtis et al. 2007; Wang et al. 2011; 

Bergmann et al. 2012b; Sanai et al. 2011b; Paredes et al. 2016). Thus, while SVZ NSCs are present in 

humans they may have distinct roles to rodent NSCs and appear to be primarily dormant in adults. 

However, tumourigenic cells have been identified in the SVZ of patients with GBM suggesting that, 

despite these differences, SVZ NSCs play an important role in GBM initiation and recurrence in 

humans (Lee et al. 2018; Piccirillo et al. 2015). Human GBM tumours have also been shown to 

contain a subpopulation of GBM stem cells (GSCs), which share many characteristics of adult NSCs 
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and are believed to be critical for the resistance to therapy of GBM (Singh et al. 2004; Q. Bin Zhang 

et al. 2006; Bradshaw et al. 2016; Pollard et al. 2009; Galli et al. 2004). This study could also be 

informative for understanding the behaviour and interactions of this GSC population within tumours 

(discussed in more detail below). Therefore, it would be desirable to establish assays which utilise 

human cells to determine if these behave similarly to the mouse NSCs used in this study. One 

possible approach to achieve this would be to differentiate human induced pluripotent stem cells 

(IPSCs) into NSCs. Specific mutations could then be introduced by CRISPR/Cas9 targeting, providing 

isogenic lines for evaluation. Alternatively, IPSCs could be isolated from GBM patients and 

differentiated into NSCs. The behaviour of these cells together with GSC lines derived from their 

tumours could then be evaluated (O’Duibhir et al. 2017). This would therefore provide an 

opportunity to investigate whether human GSCs or differentiated NSCs with transforming mutations 

could suppress WT NSC proliferation and thus provide evidence that similar interactions also occur 

between human cells.  

7.3 Relevance to GBM tumour progression 

Another key outstanding question from this work is whether multiple mutations are required to 

convert NSCs into super-competitors. It has been hypothesised that NSCs in the SVZ acquire low 

level driver mutations, which alone are not sufficient to induce glioma formation (Lee et al. 2018). 

Over time the progeny of these cells then acquire additional oncogenic hits, which result in full 

transformation and tumour progression. Thus, understanding whether a single mutation is sufficient 

to convert NSCs into super-competitors would aid in establishing whether competitive interactions 

could occur at the earliest stages of GBM tumour initiation. Preliminary data from Pten-/- NSCs 

suggest that these could also suppress WT NSC proliferation, but the final outcome of the 

experiment was inconclusive as distinct clones behaved differently. Evaluating the behaviour of a 

larger range of different mutated NSCs in co-culture assays would therefore be informative. This 

approach should be feasible given the findings of this report and others that NSCs are highly 

amenable to gene deletion by CRISPR/Cas9 targeting (Bressan et al. 2017).  

The variability in competition induction with single mutant clones contrasted with the more robust 

competition induced by mutating both P53 and Pten, suggesting that the accumulation of mutations 

enhances competition. If true, then this phenomenon might also be relevant to understanding the 

regulation of GSC proliferation within tumours. This subpopulation is believed to contribute to the 

high frequency of recurrence of GBM following treatment, as some studies have suggested they 

display a higher degree of chemotherapy resistance (Liu et al. 2006; Clement et al. 2007; Eramo et al. 

2006; J. Chen et al. 2012) and invasiveness (Cheng et al. 2011) compared to the non-GSC population 
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of the tumour. One possible reason for their increased resistance to treatment is the fact that GSCs, 

much like NSCs, can adopt a quiescent, slow-cycling state (J. Chen et al. 2012; Liau et al. 2017). This 

subpopulation of slow-cycling cells express higher levels of stem cell markers and Notch signalling 

genes and were shown to be less sensitive to treatment with RTK inhibitors (Liau et al. 2017) and 

TMZ (J. Chen et al. 2012). It has therefore been suggested that inducing their activation prior to or in 

conjunction with the administration of therapies may improve their efficacy. It seems likely that 

GSCs would exploit similar signalling mechanisms to adult NSCs and thus understanding how NSC 

proliferation is regulated, and how it might be affected by oncogenic mutations, would be critical for 

improving therapeutic approaches for treating this disease.  

To better understand the relevance of competitive interactions to the GSC population, the behaviour 

of GSCs from mouse GBM tumours could be assessed. Genetic induction of oncogenic mutations in 

the NSC population has been shown to result in the formation of GBM tumours in mice (Alcantara 

Llaguno et al. 2009; Kwon et al. 2008; Zheng et al. 2008; Lee et al. 2018). GSCs from these resulting 

tumours could then be isolated and their behaviour evaluated in co-culture with WT NSCs derived 

from littermate controls. As previously mentioned, it may also be possible to investigate the 

interactions between GSCs from human GBM tumours and WT NSCs derived from pluripotent stem 

cells. If these GSCs were shown to repress the proliferation of WT NSCs this would provide further 

evidence that this mechanism is important for the development of GBM. It might also suggest that 

competitive interactions could play a role at later stages of tumourigenesis to propagate the GSC 

population. 

This study could also be of interest for understanding the interactions between GBM tumours and 

the SVZ niche. The SVZ has been shown to be a permissive region for GBM growth, as tumours in 

contact with this region are associated with decreased patient survival and increased recurrence 

(Mistry et al. 2017; Khalifa et al. 2017). This niche has also been suggested to harbour malignant cells 

away from the tumour mass, which are more resistant to chemotherapy and may therefore act as a 

reservoir for recurrence (Piccirillo et al. 2015). Human GBM cells injected into the striatum of nude 

mice also demonstrate a tropism for the SVZ and are then able to migrate to the OB (Kroonen et al. 

2011). These observations suggest that the GSC population within GBM tumours is responsive to 

NSC signals in the SVZ. It may therefore be possible that, at later stages of tumourigenesis, GSCs take 

over the SVZ by exploiting the proliferative signals in the niche and suppressing the endogenous 

population. Thus, an improved understanding of how mutated NSCs respond to niche factors could 

prove informative for understanding both GBM initiation and recurrence. The finding in this study 

that transformed NSCs showed reduced responsiveness to growth inhibitory signalling from BMP 
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addition and mTOR inhibition is particularly interesting, as it suggests that transformed cells may 

respond to pro-proliferative and migratory signals, but not to those that normally induce dormancy.  

Multiple lines of evidence also suggest that Notch signalling could play an important role in GBM 

tumour biology. Notch pathway components have been shown to be highly expressed in glioma and 

GBM cells (El Hindy et al. 2013; Zhang et al. 2007; Phillips et al. 2006; Shih & Holland 2006). Indeed, 

Notch1 expression is increased in glioma tissue compared to normal tissue and increases with 

tumour grade (Jiang et al. 2011; Hai et al. 2018). Notch inhibition has also been shown to reduce the 

proliferation and survival of glioma cells (Hai et al. 2018; Liu et al. 2014; Alqudah et al. 2013; Chen et 

al. 2010; Purow et al. 2005). In particular, Notch signalling is believed to play an important role in the 

maintenance of the stem cell identity (Charles et al. 2010; Shih & Holland 2006; Zhu et al. 2011; Liau 

et al. 2017; Zhang et al. 2007) and the promotion of self-renewal of GSCs (Shih & Holland 2006; Zhu 

et al. 2011). Inhibition of Notch signalling in GSCs has also been shown to increase their sensitivity to 

radiation, while overexpression of the active intracellular domains of NOTCH1 or NOTCH2 was 

protective (Wang et al. 2010). Interestingly, GBM tumours displaying EGFR activation have been 

shown to display increased Notch activation as determined by elevated cleaved Notch receptor and 

HES1 expression (Brennan et al. 2009).  

Thus, by maintaining the GSC population and boosting their survival, Notch is generally considered 

to drive GBM progression. This might be considered slightly contradictory with the findings of this 

report, as here Notch activation was shown to suppress proliferation and transformed NSCs had 

decreased activation of this pathway relative to WT NSCs. However, some studies have indicated 

that Notch could also have a tumour suppressive role. For example, Notch inactivating mutations 

have been detected in glioma patient samples, as well as increased expression of Notch-repressed 

genes, such as Ascl1 (Rheinbay et al. 2013; Suzuki et al. 2015). Furthermore, genetic inactivation of 

Rbpj, Notch1 or Notch2 in combination with PDGF administration and P53 loss was shown to boost 

the proliferation and expansion of gliomas in mice (Giachino et al. 2015). Conversely, overexpression 

of the active NOTCH2 intracellular domain (N2ICD), delayed PDGF-induced P53-/- glioma formation. 

This study also found that low Hes5 expression correlates with a higher glioma grade and a poorer 

prognosis in patients with grade II and III astrocytomas. Thus, in contrast to most studies on the role 

of Notch in glioma, this study provided evidence for a tumour suppressive function of Notch 

signalling. Furthermore, it has been shown that most GSCs in primary tumours are not cycling and 

demonstrate high Notch activity, suggesting that Notch may also promote the quiescent state of 

these cells (Liau et al. 2017). These observations would therefore be more consistent with the 

findings in this report and suggest that Notch inhibition may activate GSCs, increasing their 

sensitivity to therapeutic agents but also boosting the proliferation and expansion of the tumour. 
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Given the current interest in developing γ-secretase inhibitors and Notch antibodies for the 

treatment of GBM (Krop et al. 2012; Venkatesh et al. 2018; Wu et al. 2010), it is worth considering 

these seemingly contradictory observations in the literature. It is possible that the tumour 

suppressive or promoting role of Notch differs according to the presence of different mutations or in 

distinct sub-populations of cells within the tumours. It will therefore be of interest to observe the 

success of these approaches in future larger clinical trials. 

Finally, the observations of this study could also have implications for the use of NSCs as targeting 

cells to deliver therapies to GBM tumours. Several studies have found that NSCs home to GBM 

tumours and therefore it has been proposed that injection of genetically-modified NSCs could be a 

possible therapeutic approach (Mooney et al. 2018). Indeed, an initial clinical trial has been 

conducted investigating the effect of administering a human NSC line expressing cytosine 

deaminase, an enzyme that converts the prodrug 5-fluorcytosine to the cytotoxic agent 5-

fluorouracil (Portnow et al. 2017). This study confirmed migration of NSCs to the tumour and 

production of the active drug and there was some very preliminary evidence for increased survival of 

patients who received a higher dose of NSCs. This therapeutic strategy is considered promising by 

many as these NSCs could be modified in multiple ways for tumour-localised delivery of oncolytic 

viruses, apoptotic agents or antibodies, as well as prodrug enzymes as was done in this initial trial. 

However, if the proliferation of NSCs is suppressed by exposure to Notch ligands on the tumour this 

may limit the efficacy of this approach. Therefore, understanding how NSCs interact with GBM 

tumours would also be relevant for improving this therapeutic strategy.  

7.4 Final summary 

Overall, the competitive interactions identified in this project are relevant for understanding how 

homeostatic NSC regulation is disrupted by the introduction of oncogenic mutations into a sub-

population of these cells. Furthermore, it is also of interest for understanding how GSC behaviour is 

regulated within GBM tumours, which could have direct relevance to the treatment of this disease. 

This project also adds to the growing body of evidence that the behaviour of surrounding normal 

cells can influence tumour growth and progression. However, further investigation is required to 

interrogate the mechanism acting upstream of Notch signalling and to determine the relevance to 

other GBM-inducing mutations. Moreover, it will be critical to investigate the role of Notch-

mediated inhibitory signalling in vivo in order to understand the physiological importance of this 

phenomenon. 

 

 



182 
 

8. References 

Ables, J.L. et al., 2011. Not(ch) just development: Notch signalling in the adult brain. Nature Reviews 
Neuroscience, 12(5), pp.269–283. 

Ables, J.L. et al., 2010. Notch1 is required for maintenance of the reservoir of adult hippocampal 
stem cells. The Journal of neuroscience : the official journal of the Society for Neuroscience, 
30(31), pp.10484–92. 

Agnihotri, S. et al., 2013. Glioblastoma, a Brief Review of History, Molecular Genetics, Animal Models 
and Novel Therapeutic Strategies. Archivum Immunologiae et Therapiae Experimentalis, 61(1), 
pp.25–41. 

Aguirre, A., Rubio, M.E. & Gallo, V., 2010. Notch and EGFR pathway interaction regulates neural stem 
cell number and self-renewal. Nature, 467(7313), pp.323–7. 

Alcantara Llaguno, S. et al., 2009. Malignant astrocytomas originate from neural stem/progenitor 
cells in a somatic tumor suppressor mouse model. Cancer cell, 15(1), pp.45–56. 

Alifieris, C. & Trafalis, D.T., 2015. Glioblastoma multiforme: Pathogenesis and treatment. 
Pharmacology & Therapeutics, 152, pp.63–82. 

Alonso, M. et al., 2006. Olfactory Discrimination Learning Increases the Survival of Adult-Born 
Neurons in the Olfactory Bulb. Journal of Neuroscience, 26(41), pp.10508–10513. 

Alqudah, M.A.Y. et al., 2013. NOTCH3 Is a Prognostic Factor That Promotes Glioma Cell Proliferation, 
Migration and Invasion via Activation of CCND1 and EGFR T. V. Kalin, ed. PLoS ONE, 8(10), 
p.e77299. 

Altman, J., 1969. Autoradiographic and histological studies of postnatal neurogenesis. IV. Cell 
proliferation and migration in the anterior forebrain, with special reference to persisting 
neurogenesis in the olfactory bulb. The Journal of Comparative Neurology, 137(4), pp.433–457. 

Altman, J., 1963. Autoradiographic investigation of cell proliferation in the brains of rats and cats. 
The Anatomical Record, 145(4), pp.573–591. 

Alunni, A. et al., 2013. Notch3 signaling gates cell cycle entry and limits neural stem cell amplification 
in the adult pallium. Development, 140(16), pp.3335–3347. 

Andersen, J. et al., 2014. A Transcriptional Mechanism Integrating Inputs from Extracellular Signals 
to Activate Hippocampal Stem Cells. Neuron, 83(5), pp.1085–1097. 

Ardon, H. et al., 2012. Integration of autologous dendritic cell-based immunotherapy in the standard 
of care treatment for patients with newly diagnosed glioblastoma: results of the HGG-2006 
phase I/II trial. Cancer Immunology, Immunotherapy, 61(11), pp.2033–2044. 

Arumugam, T. V et al., 2011. Evidence that gamma-secretase-mediated Notch signaling induces 
neuronal cell death via the nuclear factor-kappaB-Bcl-2-interacting mediator of cell death 
pathway in ischemic stroke. Molecular pharmacology, 80(1), pp.23–31. 

Arumugam, T. V et al., 2006. Gamma secretase–mediated Notch signaling worsens brain damage 
and functional outcome in ischemic stroke. Nature Medicine, 12(6), pp.621–623. 

Arvidsson, A. et al., 2002. Neuronal replacement from endogenous precursors in the adult brain 
after stroke. Nature Medicine, 8(9), pp.963–970. 

Auffinger, B. et al., 2014. Conversion of differentiated cancer cells into cancer stem-like cells in a 



183 
 

glioblastoma model after primary chemotherapy. Cell death and differentiation, 21(7), 
pp.1119–1131. 

Auffinger, B. et al., 2015. The role of glioma stem cells in chemotherapy resistance and glioblastoma 
multiforme recurrence. Expert review of neurotherapeutics, 15(7), pp.741–52. 

Bachoo, R.M. et al., 2002. Epidermal growth factor receptor and Ink4a/Arf: convergent mechanisms 
governing terminal differentiation and transformation along the neural stem cell to astrocyte 
axis. Cancer Cell, 1(3), pp.269–77. 

Bai, G. et al., 2007. Id Sustains Hes1 Expression to Inhibit Precocious Neurogenesis by Releasing 
Negative Autoregulation of Hes1. Developmental Cell, 13(2), pp.283–297. 

Balaganapathy, P. et al., 2018. Interplay between Notch and p53 promotes neuronal cell death in 
ischemic stroke. Journal of Cerebral Blood Flow & Metabolism, 38(10), pp.1781–1795. 

Ballesteros-Arias, L., Saavedra, V. & Morata, G., 2014. Cell competition may function either as 
tumour-suppressing or as tumour-stimulating factor in Drosophila. Oncogene, 33(35), pp.4377–
84. 

Basak, O. et al., 2012. Neurogenic Subventricular Zone Stem/Progenitor Cells Are Notch1-Dependent 
in Their Active But Not Quiescent State. Journal of Neuroscience, 32(16), pp.5654–5666. 

Basak, O. et al., 2018. Troy+ brain stem cells cycle through quiescence and regulate their number by 
sensing niche occupancy. Proceedings of the National Academy of Sciences of the United States 
of America, 115(4), pp.E610–E619. 

Beier, D., Schulz, J.B. & Beier, C.P., 2011. Chemoresistance of glioblastoma cancer stem cells--much 
more complex than expected. Molecular cancer, 10, p.128. 

Benner, E.J. et al., 2013. Protective astrogenesis from the SVZ niche after injury is controlled by 
Notch modulator Thbs4. Nature, 497(7449), pp.369–373. 

Bergmann, O. et al., 2012a. The Age of Olfactory Bulb Neurons in Humans. Neuron, 74(4), pp.634–
639. 

Bergmann, O. et al., 2012b. The Age of Olfactory Bulb Neurons in Humans. Neuron, 74(4), pp.634–
639. 

Bergström, T. & Forsberg-Nilsson, K., 2012. Neural stem cells: brain building blocks and beyond. 
Upsala journal of medical sciences, 117(2), pp.132–42. 

Bhat, K.P.L. et al., 2013. Mesenchymal Differentiation Mediated by NF-κB Promotes Radiation 
Resistance in Glioblastoma. Cancer Cell, 24(3), pp.331–346. 

Boareto, M., Iber, D. & Taylor, V., 2017. Differential interactions between Notch and ID factors 
control neurogenesis by modulating Hes factor autoregulation. Development, 144(19), 
pp.3465–3474. 

Böhni, R. et al., 1999. Autonomous control of cell and organ size by CHICO, a Drosophila homolog of 
vertebrate IRS1-4. Cell, 97(7), pp.865–75. 

Boldrini, M. et al., 2018. Human Hippocampal Neurogenesis Persists throughout Aging. Cell stem cell, 
22(4), p.589–599.e5. 

Bonaguidi, M.A. et al., 2016. Diversity of neural precursors in the adult mammalian brain. Cold Spring 
Harbor Perspectives in Biology, 8(4). 

Bonaguidi, M.A. et al., 2008. Noggin Expands Neural Stem Cells in the Adult Hippocampus. Journal of 



184 
 

Neuroscience, 28(37), pp.9194–9204. 

Bonavia, R. et al., 2011. Heterogeneity Maintenance in Glioblastoma: A Social Network. Cancer 
Research, 71(12), pp.4055–4060. 

Bondar, T. & Medzhitov, R., 2010. p53-Mediated Hematopoietic Stem and Progenitor Cell 
Competition. Cell Stem Cell, 6(4), pp.309–322. 

Bowling, S. et al., 2018. P53 and mTOR signalling determine fitness selection through cell 
competition during early mouse embryonic development. Nature Communications, 9(1), 
p.1763. 

Bradshaw, A. et al., 2016. Cancer Stem Cell Hierarchy in Glioblastoma Multiforme. Frontiers in 
surgery, 3, p.21. 

Brand, A. et al., 2016. LDHA-Associated Lactic Acid Production Blunts Tumor Immunosurveillance by 
T and NK Cells. Cell Metabolism, 24(5), pp.657–671. 

Brennan, C. et al., 2009. Glioblastoma subclasses can be defined by activity among signal 
transduction pathways and associated genomic alterations. PloS one, 4(11), p.e7752. 

Brennan, C.W. et al., 2013. The somatic genomic landscape of glioblastoma. Cell, 155(2), pp.462–77. 

Bressan, R.B. et al., 2017. Efficient CRISPR/Cas9-assisted gene targeting enables rapid and precise 
genetic manipulation of mammalian neural stem cells. Development, 144(4), pp.635–648. 

Breton-Provencher, V. et al., 2009. Interneurons produced in adulthood are required for the normal 
functioning of the olfactory bulb network and for the execution of selected olfactory behaviors. 
The Journal of neuroscience : the official journal of the Society for Neuroscience, 29(48), 
pp.15245–57. 

Breunig, J.J. et al., 2007. Notch regulates cell fate and dendrite morphology of newborn neurons in 
the postnatal dentate gyrus. Proceedings of the National Academy of Sciences, 104(51), 
pp.20558–20563. 

Brou, C. et al., 2000. A novel proteolytic cleavage involved in Notch signaling: the role of the 
disintegrin-metalloprotease TACE. Molecular cell, 5(2), pp.207–16. 

Bruggeman, S.W.M. et al., 2007. Bmi1 controls tumor development in an Ink4a/Arf-independent 
manner in a mouse model for glioma. Cancer cell, 12(4), pp.328–41. 

Brumby, A.M. & Richardson, H.E., 2003. scribble mutants cooperate with oncogenic Ras or Notch to 
cause neoplastic overgrowth in Drosophila. The EMBO journal, 22(21), pp.5769–79. 

Bruns, I. et al., 2012. Multiple myeloma-related deregulation of bone marrow-derived CD34+ 
hematopoietic stem and progenitor cells. Blood, 120(13), pp.2620–2630. 

Calleja, M., Morata, G. & Casanova, J., 2016. Tumorigenic Properties of Drosophila Epithelial Cells 
Mutant for lethal giant larvae. Developmental Dynamics, 245(8), pp.834–843. 

Calzolari, F. et al., 2015. Fast clonal expansion and limited neural stem cell self-renewal in the adult 
subependymal zone. Nature Neuroscience, 18(4), pp.490–492. 

Carleton, A. et al., 2003. Becoming a new neuron in the adult olfactory bulb. Nature Neuroscience, 
6(5), pp.507–518. 

Castro, D.S. et al., 2011. A novel function of the proneural factor Ascl1 in progenitor proliferation 
identified by genome-wide characterization of its targets. Genes & development, 25(9), pp.930–
45. 



185 
 

Castro, D.S. et al., 2006. Proneural bHLH and Brn Proteins Coregulate a Neurogenic Program through 
Cooperative Binding to a Conserved DNA Motif. Developmental Cell, 11(6), pp.831–844. 

Cavallucci, V., Fidaleo, M. & Pani, G., 2016. Neural Stem Cells and Nutrients: Poised Between 
Quiescence and Exhaustion. Trends in Endocrinology & Metabolism, 27(11), pp.756–769. 

Chaker, Z., Codega, P. & Doetsch, F., 2016. A mosaic world: puzzles revealed by adult neural stem 
cell heterogeneity. Wiley Interdisciplinary Reviews: Developmental Biology, 5(6). 

Chakravarti, A. et al., 2004. The Prognostic Significance of Phosphatidylinositol 3-Kinase Pathway 
Activation in Human Gliomas. Journal of Clinical Oncology, 22(10), pp.1926–1933. 

Chambers, C.B. et al., 2001. Spatiotemporal selectivity of response to Notch1 signals in mammalian 
forebrain precursors. Development (Cambridge, England), 128(5), pp.689–702. 

Chandel, N.S. et al., 2016. Metabolic regulation of stem cell function in tissue homeostasis and 
organismal ageing. Nature Cell Biology, 18(8), pp.823–832. 

Chang, C.-H. et al., 2015. Metabolic Competition in the Tumor Microenvironment Is a Driver of 
Cancer Progression. Cell. 

Chang, S.M. et al., 2005. Phase II study of CCI-779 in patients with recurrent glioblastoma 
multiforme. Investigational New Drugs, 23(4), pp.357–361. 

Chapouton, P. et al., 2010. Notch Activity Levels Control the Balance between Quiescence and 
Recruitment of Adult Neural Stem Cells. Journal of Neuroscience, 30(23), pp.7961–7974. 

Charles, N. et al., 2010. Perivascular Nitric Oxide Activates Notch Signaling and Promotes Stem-like 
Character in PDGF-Induced Glioma Cells. Cell Stem Cell, 6(2), pp.141–152. 

Chavali, M. et al., 2018. Non-canonical Wnt signaling regulates neural stem cell quiescence during 
homeostasis and after demyelination. Nature Communications, 9(1), p.36. 

Chen, C.-L. et al., 2012. Tumor suppression by cell competition through regulation of the Hippo 
pathway. Proceedings of the National Academy of Sciences of the United States of America, 
109(2), pp.484–9. 

Chen, C. et al., 2008. TSC-mTOR maintains quiescence and function of hematopoietic stem cells by 
repressing mitochondrial biogenesis and reactive oxygen species. The Journal of experimental 
medicine, 205(10), pp.2397–408. 

Chen, J. et al., 2012. A restricted cell population propagates glioblastoma growth after 
chemotherapy. Nature, 488(7412), pp.522–526. 

Chen, J. et al., 2010. Inhibition of Notch Signaling Blocks Growth of Glioblastoma Cell Lines and 
Tumor Neurospheres. Genes & Cancer, 1(8), pp.822–835. 

Chen, L. et al., 2015. Glioblastoma recurrence patterns near neural stem cell regions. Radiotherapy 
and oncology : journal of the European Society for Therapeutic Radiology and Oncology, 116(2), 
pp.294–300. 

Cheng, L. et al., 2011. Elevated invasive potential of glioblastoma stem cells. Biochemical and 
biophysical research communications, 406(4), pp.643–8. 

Cheng, L. et al., 2013. Glioblastoma stem cells generate vascular pericytes to support vessel function 
and tumor growth. Cell, 153(1). 

Cheng, Y.-L. et al., 2014. Evidence that neuronal Notch-1 promotes JNK/c-Jun activation and cell 
death following ischemic stress. Brain Research, 1586, pp.193–202. 



186 
 

Chiang, T.-W.W. et al., 2016. CRISPR-Cas9D10A nickase-based genotypic and phenotypic screening to 
enhance genome editing. Scientific Reports, 6(1), p.24356. 

Chiba, T. et al., 2016. MDCK cells expressing constitutively active Yes-associated protein (YAP) 
undergo apical extrusion depending on neighboring cell status. Scientific Reports, 6(January). 

Cho, S. & Hwang, E.S., 2012. Status of mTOR activity may phenotypically differentiate senescence 
and quiescence. Molecules and Cells, 33(6), pp.597–604. 

Choi, B.D. et al., 2009. EGFRvIII-Targeted Vaccination Therapy of Malignant Glioma. Brain Pathology, 
19(4), pp.713–723. 

Clavería, C. et al., 2013. Myc-driven endogenous cell competition in the early mammalian embryo. 
Nature, 500(7460), pp.39–44. 

Clement, V. et al., 2007. HEDGEHOG-GLI1 signaling regulates human glioma growth, cancer stem cell 
self-renewal, and tumorigenicity. Current biology : CB, 17(2), pp.165–72. 

Codega, P. et al., 2014. Prospective identification and purification of quiescent adult neural stem 
cells from their in vivo niche. Neuron, 82(3), pp.545–59. 

Coller, H.A., Sang, L. & Roberts, J.M., 2006. A New Description of Cellular Quiescence S. Elledge, ed. 
PLoS Biology, 4(3), p.e83. 

Colmone, A. et al., 2008. Leukemic Cells Create Bone Marrow Niches That Disrupt the Behavior of 
Normal Hematopoietic Progenitor Cells. Science, 322(5909), pp.1861–1865. 

Cong, L. et al., 2013. Multiplex genome engineering using CRISPR/Cas systems. Science (New York, 
N.Y.), 339(6121), pp.819–23. 

Conti, L. et al., 2005. Niche-independent symmetrical self-renewal of a mammalian tissue stem cell. 
PLoS biology, 3(9), p.e283. 

Coskun, V. et al., 2001. Retroviral manipulation of the expression of bone morphogenetic protein 
receptor Ia by SVZa progenitor cells leads to changes in their p19INK4d expression but not in 
their neuronal commitment. International Journal of Developmental Neuroscience, 19(2), 
pp.219–227. 

Crespo, I. et al., 2015. Molecular and Genomic Alterations in Glioblastoma Multiforme. The American 
journal of pathology, 185(7), pp.1820–33. 

Curtis, M.A. et al., 2007. Human Neuroblasts Migrate to the Olfactory Bulb via a Lateral Ventricular 
Extension. Science, 315(5816), pp.1243–1249. 

Curtis, M.A. et al., 2003. Increased cell proliferation and neurogenesis in the adult human 
Huntington’s disease brain. Proceedings of the National Academy of Sciences of the United 
States of America, 100(15), pp.9023–7. 

Dai, C. et al., 2001. PDGF autocrine stimulation dedifferentiates cultured astrocytes and induces 
oligodendrogliomas and oligoastrocytomas from neural progenitors and astrocytes in vivo. 
Genes & development, 15(15), pp.1913–25. 

Daynac, M. et al., 2016. Hedgehog Controls Quiescence and Activation of Neural Stem Cells in the 
Adult Ventricular-Subventricular Zone. Stem cell reports, 7(4), pp.735–748. 

Demidenko, Z.N. et al., 2009. Rapamycin decelerates cellular senescence. Cell Cycle, 8(12), pp.1888–
1895. 

Deng, W., Aimone, J.B. & Gage, F.H., 2010. New neurons and new memories: how does adult 



187 
 

hippocampal neurogenesis affect learning and memory? Nature Reviews Neuroscience, 11(5), 
pp.339–350. 

Dennis, C. V. et al., 2016. Human adult neurogenesis across the ages: An immunohistochemical 
study. Neuropathology and Applied Neurobiology, 42(7), pp.621–638. 

Denysenko, T. et al., 2010. Glioblastoma cancer stem cells: Heterogeneity, microenvironment and 
related therapeutic strategies. Cell Biochemistry and Function, 28(5). 

Dietl, K. et al., 2010. Lactic Acid and Acidification Inhibit TNF Secretion and Glycolysis of Human 
Monocytes. The Journal of Immunology, 184(3), pp.1200–1209. 

Doetsch, F. et al., 1999. Subventricular Zone Astrocytes Are Neural Stem Cells in the Adult 
Mammalian Brain. Cell, 97(6), pp.703–716. 

Doetsch, F., 2003. The glial identity of neural stem cells. Nature Neuroscience, 6(11), pp.1127–1134. 

Douet, V., Arikawa-Hirasawa, E. & Mercier, F., 2012. Fractone-heparan sulfates mediate BMP-7 
inhibition of cell proliferation in the adult subventricular zone. Neuroscience Letters, 528(2), 
pp.120–125. 

Drapeau, E. et al., 2003. Spatial memory performances of aged rats in the water maze predict levels 
of hippocampal neurogenesis. Proceedings of the National Academy of Sciences, 100(24), 
pp.14385–14390. 

Duan, S. et al., 2015. PTEN deficiency reprogrammes human neural stem cells towards a 
glioblastoma stem cell-like phenotype. Nature communications, 6, p.10068. 

Dulken, B.W. et al., 2017. Single-Cell Transcriptomic Analysis Defines Heterogeneity and 
Transcriptional Dynamics in the Adult Neural Stem Cell Lineage. Cell Reports, 18(3). 

Dunlop, E.A. & Tee, A.R., 2009. Mammalian target of rapamycin complex 1: signalling inputs, 
substrates and feedback mechanisms. Cellular signalling, 21(6), pp.827–35. 

Dupret, D. et al., 2008. Spatial Relational Memory Requires Hippocampal Adult Neurogenesis R. 
Mayeux, ed. PLoS ONE, 3(4), p.e1959. 

Ehm, O. et al., 2010. RBPJkappa-dependent signaling is essential for long-term maintenance of 
neural stem cells in the adult hippocampus. The Journal of neuroscience : the official journal of 
the Society for Neuroscience, 30(41), pp.13794–807. 

Eichenlaub, T., Cohen, S.M. & Herranz, H., 2016. Cell Competition Drives the Formation of Metastatic 
Tumors in a Drosophila Model of Epithelial Tumor Formation. Current biology : CB, 26(4), 
pp.419–27. 

England, B., Huang, T. & Karsy, M., 2013. Current understanding of the role and targeting of tumor 
suppressor p53 in glioblastoma multiforme. Tumor Biology, 34(4), pp.2063–2074. 

Engler, A., Rolando, C., et al., 2018. Notch2 Signaling Maintains NSC Quiescence in the Murine 
Ventricular-Subventricular Zone. Cell Reports, 22(4), pp.992–1002. 

Engler, A., Zhang, R. & Taylor, V., 2018. Notch and Neurogenesis. In Advances in experimental 
medicine and biology. pp. 223–234. 

Eramo, A. et al., 2006. Chemotherapy resistance of glioblastoma stem cells. Cell death and 
differentiation, 13(7), pp.1238–41. 

Eriksson, P.S. et al., 1998. Neurogenesis in the adult human hippocampus. Nature Medicine, 4(11), 
pp.1313–1317. 



188 
 

Ernst, A. et al., 2014. Neurogenesis in the Striatum of the Adult Human Brain. Cell, 156(5), pp.1072–
1083. 

Faiz, M. et al., 2015. Adult Neural Stem Cells from the Subventricular Zone Give Rise to Reactive 
Astrocytes in the Cortex after Stroke. Cell Stem Cell, 17(5), pp.624–634. 

Falk, S. & Götz, M., 2017. Glial control of neurogenesis. Current Opinion in Neurobiology, 47, pp.188–
195. 

Fan, C.-H. et al., 2013. O6-methylguanine DNA methyltransferase as a promising target for the 
treatment of temozolomide-resistant gliomas. Cell death & disease, 4(10), p.e876. 

Fan, X. et al., 2010. NOTCH pathway blockade depletes CD133-positive glioblastoma cells and 
inhibits growth of tumor neurospheres and xenografts. Stem cells (Dayton, Ohio), 28(1), pp.5–
16. 

Fernando, R.N. et al., 2011. Cell cycle restriction by histone H2AX limits proliferation of adult neural 
stem cells. Proceedings of the National Academy of Sciences, 108(14), pp.5837–5842. 

Fischer, K. et al., 2007. Inhibitory effect of tumor cell-derived lactic acid on human T cells. Blood, 
109(9), pp.3812–9. 

Flavahan, W.A. et al., 2013. Brain tumor initiating cells adapt to restricted nutrition through 
preferential glucose uptake. Nature Neuroscience, 16(10), pp.1373–1382. 

Froldi, F. et al., 2010. The lethal giant larvae tumour suppressor mutation requires dMyc oncoprotein 
to promote clonal malignancy. BMC biology, 8, p.33. 

Fu, C. & Ess, K.C., 2013. Conditional and domain-specific inactivation of the Tsc2 gene in neural 
progenitor cells. Genesis (New York, N.Y. : 2000), 51(4), pp.284–92. 

Fuentealba, L.C. et al., 2015. Embryonic Origin of Postnatal Neural Stem Cells. Cell, 161(7), pp.1644–
1655. 

Fuentealba, L.C., Obernier, K. & Alvarez-Buylla, A., 2012. Adult Neural Stem Cells Bridge Their Niche. 
Cell Stem Cell, 10(6), pp.698–708. 

Furutachi, S. et al., 2013. p57 controls adult neural stem cell quiescence and modulates the pace of 
lifelong neurogenesis. The EMBO Journal, 32(7), pp.970–981. 

Galanis, E. et al., 2005. Phase II trial of temsirolimus (CCI-779) in recurrent glioblastoma multiforme: 
a North Central Cancer Treatment Group Study. Journal of clinical oncology : official journal of 
the American Society of Clinical Oncology, 23(23), pp.5294–304. 

Galli, R. et al., 2004. Isolation and characterization of tumorigenic, stem-like neural precursors from 
human glioblastoma. Cancer research, 64(19), pp.7011–21. 

Gan, B. et al., 2010. Lkb1 regulates quiescence and metabolic homeostasis of haematopoietic stem 
cells. Nature, 468(7324), pp.701–704. 

Gan, B. & DePinho, R., 2009. mTORC1 signaling governs hematopoietic stem cell quiescence. Cell 
Cycle, 8(7), pp.1003–1006. 

Gan, H.K., Cvrljevic, A.N. & Johns, T.G., 2013. The epidermal growth factor receptor variant III 
(EGFRvIII): Where wild things are altered. In FEBS Journal. 

Gao, F. et al., 2009. Transcription factor RBP-J-mediated signaling represses the differentiation of 
neural stem cells into intermediate neural progenitors. Molecular and Cellular Neuroscience, 
40(4), pp.442–450. 



189 
 

Germani, F. et al., 2018. The Toll pathway inhibits tissue growth and regulates cell fitness in an 
infection-dependent manner. eLife, 7. 

Giachino, C. et al., 2015. A Tumor Suppressor Function for Notch Signaling in Forebrain Tumor 
Subtypes. Cancer Cell, 28(6), pp.730–742. 

Giachino, C. & Taylor, V., 2009. Lineage analysis of quiescent regenerative stem cells in the adult 
brain by genetic labelling reveals spatially restricted neurogenic niches in the olfactory bulb. 
European Journal of Neuroscience, 30(1), pp.9–24. 

Di Giacomo, S. et al., 2017. Human Cancer Cells Signal Their Competitive Fitness Through MYC 
Activity. Scientific Reports, 7(1), p.12568. 

Gil-Perotin, S. et al., 2006. Loss of p53 Induces Changes in the Behavior of Subventricular Zone Cells: 
Implication for the Genesis of Glial Tumors. Journal of Neuroscience, 26(4), pp.1107–1116. 

Gil, J. & Peters, G., 2006. Regulation of the INK4b–ARF–INK4a tumour suppressor locus: all for one or 
one for all. Nature Reviews Molecular Cell Biology, 7(9), pp.667–677. 

Ginisty, A. et al., 2015. Evidence for a subventricular zone neural stem cell phagocytic activity 
stimulated by the vitamin K-dependent factor protein S. Stem cells (Dayton, Ohio), 33(2), 
pp.515–25. 

Givogri, M.I. et al., 2006. Notch Signaling in Astrocytes and Neuroblasts of the Adult Subventricular 
Zone in Health and after Cortical Injury. Developmental Neuroscience, 28(1–2), pp.81–91. 

Gottfried, E. et al., 2006. Tumor-derived lactic acid modulates dendritic cell activation and antigen 
expression. Blood, 107(5), pp.2013–2021. 

Di Gregorio, A. et al., 2016. Cell Competition and Its Role in the Regulation of Cell Fitness from 
Development to Cancer, 

Grelat, A. et al., 2018. Adult-born neurons boost odor–reward association. Proceedings of the 
National Academy of Sciences, 115(10), pp.2514–2519. 

Guentchev, M. & McKay, R.D.G., 2006. Notch controls proliferation and differentiation of stem cells 
in a dose-dependent manner. European Journal of Neuroscience, 23(9), pp.2289–2296. 

Gupta, A. & Dwivedi, T., 2017. A Simplified Overview of World Health Organization Classification 
Update of Central Nervous System Tumors 2016. Journal of neurosciences in rural practice, 
8(4), pp.629–641. 

Gupta, R.G. & Somer, R.A., 2017. Intratumor Heterogeneity: Novel Approaches for Resolving 
Genomic Architecture and Clonal Evolution. Molecular Cancer Research, 15(9), pp.1127–1137. 

Haapaniemi, E. et al., 2018. CRISPR–Cas9 genome editing induces a p53-mediated DNA damage 
response. Nature Medicine, 24(7), pp.927–930. 

Hai, L. et al., 2018. Notch1 is a prognostic factor that is distinctly activated in the classical and 
proneural subtype of glioblastoma and that promotes glioma cell survival via the NF-κB(p65) 
pathway. Cell Death & Disease, 9(2), p.158. 

Hao, J. et al., 2010. In Vivo Structure−Activity Relationship Study of Dorsomorphin Analogues 
Identifies Selective VEGF and BMP Inhibitors. ACS Chemical Biology, 5(2), pp.245–253. 

Hartman, J. et al., 2004. HES-1 inhibits 17β-estradiol and heregulin-β1-mediated upregulation of E2F-
1. Oncogene, 23(54), pp.8826–8833. 

Hashimoto, M. & Sasaki, H., 2018. Epiblast formation by Tead-Yap-dependent expression of 



190 
 

pluripotency factors and competitive elimination of unspecified cells. bioRxiv, p.449397. 

Hata, A.N., Engelman, J.A. & Faber, A.C., 2015. The BCL2 Family: Key Mediators of the Apoptotic 
Response to Targeted Anticancer Therapeutics. Cancer Discovery, 5(5), pp.475–487. 

Hatakeyama, J. et al., 2004. Hes genes regulate size, shape and histogenesis of the nervous system 
by control of the timing of neural stem cell differentiation. Development, 131(22), pp.5539–
5550. 

Hatanpaa, K.J. et al., 2010. Epidermal growth factor receptor in glioma: signal transduction, 
neuropathology, imaging, and radioresistance. Neoplasia (New York, N.Y.), 12(9), pp.675–84. 

Henke, R.M. et al., 2009. Ascl1 and Neurog2 form novel complexes and regulate Delta-like3 (Dll3) 
expression in the neural tube. Developmental Biology, 328(2), pp.529–540. 

El Hindy, N. et al., 2013. Implications of Dll4-Notch signaling activation in primary glioblastoma 
multiforme. Neuro-oncology, 15(10), pp.1366–78. 

Hitoshi, S. et al., 2011. Mammalian Gcm genes induce Hes5 expression by active DNA demethylation 
and induce neural stem cells. Nature neuroscience, 14(8), pp.957–64. 

Ho, P.-C. et al., 2015. Phosphoenolpyruvate Is a Metabolic Checkpoint of Anti-tumor T Cell 
Responses. Cell, 162(6), pp.1217–1228. 

Hoeck, J.D. et al., 2010. Fbw7 controls neural stem cell differentiation and progenitor apoptosis via 
Notch and c-Jun. Nature Neuroscience, 13(11), pp.1365–1372. 

Hogan, C. et al., 2009. Characterization of the interface between normal and transformed epithelial 
cells. Nature cell biology, 11(4), pp.460–7. 

Holland, E.C. et al., 2000. Combined activation of Ras and Akt in neural progenitors induces 
glioblastoma formation in mice. Nature Genetics, 25(1), pp.55–57. 

Huang, H.S. et al., 1997. The enhanced tumorigenic activity of a mutant epidermal growth factor 
receptor common in human cancers is mediated by threshold levels of constitutive tyrosine 
phosphorylation and unattenuated signaling. The Journal of biological chemistry, 272(5), 
pp.2927–35. 

Huang, J. et al., 2005. The Hippo Signaling Pathway Coordinately Regulates Cell Proliferation and 
Apoptosis by Inactivating Yorkie, the Drosophila Homolog of YAP. Cell, 122(3), pp.421–434. 

Igaki, T., Pagliarini, R.A. & Xu, T., 2006. Loss of Cell Polarity Drives Tumor Growth and Invasion 
through JNK Activation in Drosophila. Current Biology, 16(11), pp.1139–1146. 

Imayoshi, I. et al., 2010. Essential Roles of Notch Signaling in Maintenance of Neural Stem Cells in 
Developing and Adult Brains. Journal of Neuroscience, 30(9), pp.3489–3498. 

Imayoshi, I. et al., 2008. Roles of continuous neurogenesis in the structural and functional integrity 
of the adult forebrain. Nature Neuroscience, 11(10), pp.1153–1161. 

Imayoshi, I. & Kageyama, R., 2014. bHLH Factors in Self-Renewal, Multipotency, and Fate Choice of 
Neural Progenitor Cells. Neuron, 82(1), pp.9–23. 

Inda, M. -d.-M. et al., 2010. Tumor heterogeneity is an active process maintained by a mutant EGFR-
induced cytokine circuit in glioblastoma. Genes & Development, 24(16), pp.1731–1745. 

Inoki, K., Kim, J. & Guan, K.-L., 2012. AMPK and mTOR in cellular energy homeostasis and drug 
targets. Annual review of pharmacology and toxicology, 52, pp.381–400. 



191 
 

Ishibashi, M. et al., 1995. Targeted disruption of mammalian hairy and Enhancer of split homolog-1 
(HES-1) leads to up-regulation of neural helix-loop-helix factors, premature neurogenesis, and 
severe neural tube defects. Genes & development, 9(24), pp.3136–48. 

Jacques, T.S. et al., 2010. Combinations of genetic mutations in the adult neural stem cell 
compartment determine brain tumour phenotypes. The EMBO Journal, 29(1), pp.222–235. 

Jhanwar-Uniyal, M. et al., 2015. Glioblastoma: Molecular Pathways, Stem Cells and Therapeutic 
Targets. Cancers, 7(2), pp.538–555. 

Jiang, L. et al., 2011. Notch1 expression is upregulated in glioma and is associated with tumor 
progression. Journal of Clinical Neuroscience, 18(3), pp.387–390. 

Jiang, X. et al., 2012. Numb regulates glioma stem cell fate and growth by altering epidermal growth 
factor receptor and Skp1-Cullin-F-box ubiquitin ligase activity. Stem cells (Dayton, Ohio), 30(7), 
pp.1313–26. 

Johansson, C.B. et al., 1999. Neural Stem Cells in the Adult Human Brain. Experimental Cell Research, 
253(2), pp.733–736. 

Joppé, S.E. et al., 2015. Bone morphogenetic protein dominantly suppresses epidermal growth 
factor-induced proliferative expansion of adult forebrain neural precursors. Frontiers in 
Neuroscience, 9, p.407. 

Jungk, C. et al., 2016. Spatial transcriptome analysis reveals Notch pathway-associated prognostic 
markers in IDH1 wild-type glioblastoma involving the subventricular zone. BMC Medicine, 
14(1), p.170. 

Kageyama, R., Shimojo, H. & Imayoshi, I., 2015. Dynamic expression and roles of Hes factors in 
neural development. Cell and Tissue Research, 359(1), pp.125–133. 

Kajita, M. et al., 2010. Interaction with surrounding normal epithelial cells influences signalling 
pathways and behaviour of Src-transformed cells. Journal of cell science, 123(Pt 2), pp.171–80. 

Kajita, M. & Fujita, Y., 2015. EDAC: Epithelial defence against cancer-cell competition between 
normal and transformed epithelial cells in mammals. Journal of biochemistry, 158(1), pp.15–23. 

Kale, A. et al., 2015. Apoptotic mechanisms during competition of ribosomal protein mutant cells: 
Roles of the initiator caspases Dronc and Dream/Strica. Cell Death and Differentiation. 

Kao, H.Y. et al., 1998. A histone deacetylase corepressor complex regulates the Notch signal 
transduction pathway. Genes & development, 12(15), pp.2269–77. 

Kaplan, M. & Hinds, J., 1977. Neurogenesis in the adult rat: electron microscopic analysis of light 
radioautographs. Science, 197(4308), pp.1092–1094. 

Katsimpardi, L. et al., 2014. Vascular and neurogenic rejuvenation of the aging mouse brain by young 
systemic factors. Science (New York, N.Y.), 344(6184), pp.630–4. 

Kawaguchi, D. et al., 2013. Dll1 maintains quiescence of adult neural stem cells and segregates 
asymmetrically during mitosis. Nature Communications, 4(1), p.1880. 

Kawai, H. et al., 2017. Area-Specific Regulation of Quiescent Neural Stem Cells by Notch3 in the Adult 
Mouse Subependymal Zone. The Journal of Neuroscience, 37(49), pp.11867–11880. 

Khalifa, J. et al., 2017. Subventricular zones: new key targets for glioblastoma treatment. Radiation 
Oncology, 12(1), p.67. 

Kim, D. et al., 2013. TopHat2: accurate alignment of transcriptomes in the presence of insertions, 



192 
 

deletions and gene fusions. Genome Biology, 14(4), p.R36. 

Kim, H.S. et al., 2012. Gliomagenesis arising from Pten- and Ink4a/Arf-deficient neural progenitor 
cells is mediated by the p53-Fbxw7/Cdc4 pathway, which controls c-Myc. Cancer research, 
72(22), pp.6065–75. 

Kim, W.Y. & Sharpless, N.E., 2006. The Regulation of INK4/ARF in Cancer and Aging. Cell, 127(2), 
pp.265–275. 

Kippin, T.E., Martens, D.J. & van der Kooy, D., 2005. p21 loss compromises the relative quiescence of 
forebrain stem cell proliferation leading to exhaustion of their proliferation capacity. Genes & 
development, 19(6), pp.756–67. 

Knoth, R. et al., 2010. Murine Features of Neurogenesis in the Human Hippocampus across the 
Lifespan from 0 to 100 Years P. Callaerts, ed. PLoS ONE, 5(1), p.e8809. 

Kobayashi, T. & Kageyama, R., 2014. Expression Dynamics and Functions of Hes Factors in 
Development and Diseases. In Current topics in developmental biology. pp. 263–283. 

Kokovay, E. et al., 2012. VCAM1 Is Essential to Maintain the Structure of the SVZ Niche and Acts as 
an Environmental Sensor to Regulate SVZ Lineage Progression. Cell Stem Cell, 11(2), pp.220–
230. 

Kolahgar, G. et al., 2015. Cell Competition Modifies Adult Stem Cell and Tissue Population Dynamics 
in a JAK-STAT-Dependent Manner. Developmental Cell, 34(3). 

Kopan, R. & Ilagan, M.X.G., 2009. The Canonical Notch Signaling Pathway: Unfolding the Activation 
Mechanism. Cell, 137(2), pp.216–233. 

Korotchkina, L.G. et al., 2010. The choice between p53-induced senescence and quiescence is 
determined in part by the mTOR pathway. Aging, 2(6), pp.344–352. 

Krämer, A. et al., 2014. Causal analysis approaches in Ingenuity Pathway Analysis. Bioinformatics, 
30(4), pp.523–530. 

Kriegstein, A. & Alvarez-Buylla, A., 2009. The Glial Nature of Embryonic and Adult Neural Stem Cells. , 
32(1). 

Kroonen, J. et al., 2011. Human glioblastoma-initiating cells invade specifically the subventricular 
zones and olfactory bulbs of mice after striatal injection. International Journal of Cancer, 
129(3), pp.574–585. 

Krop, I. et al., 2012. Phase I Pharmacologic and Pharmacodynamic Study of the Gamma Secretase 
(Notch) Inhibitor MK-0752 in Adult Patients With Advanced Solid Tumors. Journal of Clinical 
Oncology, 30(19), pp.2307–2313. 

Kuhn, H.G., Dickinson-Anson, H. & Gage, F.H., 1996. Neurogenesis in the dentate gyrus of the adult 
rat: age-related decrease of neuronal progenitor proliferation. The Journal of neuroscience : the 
official journal of the Society for Neuroscience, 16(6), pp.2027–33. 

Kwiatkowska, A. et al., 2013. Strategies in Gene Therapy for Glioblastoma. Cancers, 5(4), pp.1271–
1305. 

Kwon, C.-H. et al., 2008. Pten haploinsufficiency accelerates formation of high-grade astrocytomas. 
Cancer research, 68(9), pp.3286–94. 

de la Cova, C. et al., 2004. Drosophila myc regulates organ size by inducing cell competition. Cell, 
117(1), pp.107–16. 



193 
 

De La Cova, C. et al., 2014. Supercompetitor status of Drosophila Myc cells requires p53 as a fitness 
sensor to reprogram metabolism and promote viability. Cell metabolism, 19(3), pp.470–83. 

Laplante, M. & Sabatini, D.M., 2012. mTOR signaling in growth control and disease. Cell, 149(2), 
pp.274–93. 

Lathia, J.D. et al., 2011. Distribution of CD133 reveals glioma stem cells self-renew through 
symmetric and asymmetric cell divisions. Cell death & disease, 2(9), p.e200. 

Latres, E. et al., 2000. Limited overlapping roles of P15(INK4b) and P18(INK4c) cell cycle inhibitors in 
proliferation and tumorigenesis. The EMBO journal, 19(13), pp.3496–506. 

Lee, J.H. et al., 2018. Human glioblastoma arises from subventricular zone cells with low-level driver 
mutations. Nature, p.1. 

Lehtinen, M.K. et al., 2011. The Cerebrospinal Fluid Provides a Proliferative Niche for Neural 
Progenitor Cells. Neuron, 69(5), pp.893–905. 

Lemmon, M.A., Schlessinger, J. & Ferguson, K.M., 2014. The EGFR Family: Not So Prototypical 
Receptor Tyrosine Kinases. Cold Spring Harbor Perspectives in Biology, 6(4), pp.a020768–
a020768. 

Leontieva, O. V., Gudkov, A. V. & Blagosklonny, M. V, 2010. Weak p53 permits senescence during cell 
cycle arrest. Cell Cycle, 9(21), pp.4323–4327. 

Leontieva, O. V et al., 2011. Elimination of proliferating cells unmasks the shift from senescence to 
quiescence caused by rapamycin. PloS one, 6(10), p.e26126. 

Leung, C.T. & Brugge, J.S., 2012. Outgrowth of single oncogene-expressing cells from suppressive 
epithelial environments. Nature, 482(7385), pp.410–3. 

Levayer, R., Dupont, C. & Moreno, E., 2016. Tissue Crowding Induces Caspase-Dependent 
Competition for Space. Current Biology, 26(5), pp.670–677. 

Levayer, R. & Moreno, E., 2013. Mechanisms of cell competition: themes and variations. The Journal 
of cell biology, 200(6), pp.689–98. 

Li, W. & Baker, N.E., 2007. Engulfment is required for cell competition. Cell, 129(6), pp.1215–25. 

Li, W.L. et al., 2018. Adult-born neurons facilitate olfactory bulb pattern separation during task 
engagement. eLife, 7. 

Li, X. et al., 2016. PI3K/Akt/mTOR signaling pathway and targeted therapy for glioblastoma. 
Oncotarget, 7(22), pp.33440–50. 

Liau, B.B. et al., 2017. Adaptive Chromatin Remodeling Drives Glioblastoma Stem Cell Plasticity and 
Drug Tolerance. Cell Stem Cell, 20(2), p.233–246.e7. 

Lim, D.A. et al., 2000. Noggin Antagonizes BMP Signaling to Create a Niche for Adult Neurogenesis. 
Neuron, 28(3), pp.713–726. 

Lim, D.A. & Alvarez-Buylla, A., 2016. The Adult Ventricular–Subventricular Zone (V-SVZ) and 
Olfactory Bulb (OB) Neurogenesis. Cold Spring Harbor Perspectives in Biology, 8(5), p.a018820. 

Ling, F., Kang, B. & Sun, X.-H., 2014. Id Proteins. In Current topics in developmental biology. pp. 189–
216. 

Liu, G. et al., 2006. Analysis of gene expression and chemoresistance of CD133+ cancer stem cells in 
glioblastoma. Molecular cancer, 5, p.67. 



194 
 

Liu, X. et al., 2014. DAPT suppresses the proliferation of human glioma cell line SHG-44. Asian Pacific 
Journal of Tropical Medicine, 7(7), pp.552–556. 

Liu, X. et al., 2005. Nonsynaptic GABA signaling in postnatal subventricular zone controls 
proliferation of GFAP-expressing progenitors. Nature Neuroscience, 8(9), pp.1179–1187. 

Liu, Y.W.J. et al., 2008. Doublecortin expression in the normal and epileptic adult human brain. 
European Journal of Neuroscience, 28(11), pp.2254–2265. 

Liu, Z. et al., 2019. Differential YAP expression in glioma cells induces cell competition and promotes 
tumorigenesis. Journal of cell science, p.jcs.225714. 

Livak, K.J. & Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-time 
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (San Diego, Calif.), 25(4), 
pp.402–8. 

Llorens-Bobadilla, E. et al., 2015. Single-Cell Transcriptomics Reveals a Population of Dormant Neural 
Stem Cells that Become Activated upon Brain Injury. Cell Stem Cell, 17(3), pp.329–340. 

Lois, C. & Alvarez-Buylla, A., 1993. Proliferating subventricular zone cells in the adult mammalian 
forebrain can differentiate into neurons and glia. Proceedings of the National Academy of 
Sciences, 90(5), pp.2074–2077. 

Louis, D.N. et al., 2007. The 2007 WHO classification of tumours of the central nervous system. Acta 
neuropathologica, 114(2), pp.97–109. 

Louis, D.N. et al., 2016. The 2016 World Health Organization Classification of Tumors of the Central 
Nervous System: a summary. Acta Neuropathologica, 131(6), pp.803–820. 

Love, M.I., Huber, W. & Anders, S., 2014. Moderated estimation of fold change and dispersion for 
RNA-seq data with DESeq2. Genome Biology, 15(12), p.550. 

Lyden, D. et al., 1999. Id1 and Id3 are required for neurogenesis, angiogenesis and vascularization of 
tumour xenografts. Nature, 401(6754), pp.670–677. 

Madan, E., Gogna, R. & Moreno, E., 2018. Cell competition in development: information from flies 
and vertebrates. Current Opinion in Cell Biology, 55, pp.150–157. 

Maley, C.C., Reid, B.J. & Forrest, S., 2004. Cancer prevention strategies that address the evolutionary 
dynamics of neoplastic cells: simulating benign cell boosters and selection for chemosensitivity. 
Cancer epidemiology, biomarkers & prevention : a publication of the American Association for 
Cancer Research, cosponsored by the American Society of Preventive Oncology, 13(8), pp.1375–
84. 

Mali, P. et al., 2013. RNA-guided human genome engineering via Cas9. Science (New York, N.Y.), 
339(6121), pp.823–6. 

Mamada, H. et al., 2015. Cell competition in mouse NIH3T3 embryonic fibroblasts is controlled by 
the activity of Tead family proteins and Myc. Journal of Cell Science, 128(4), pp.790–803. 

Marques-Torrejon, M.A., Gangoso, E. & Pollard, S.M., 2018. Modelling glioblastoma tumour-host cell 
interactions using adult brain organotypic slice co-culture. Disease Models & Mechanisms, 
11(2), p.dmm031435. 

Marti-Fabregas, J. et al., 2010. Proliferation in the human ipsilateral subventricular zone after 
ischemic stroke. Neurology, 74(5), pp.357–365. 

Martins, V.C. et al., 2014. Cell competition is a tumour suppressor mechanism in the thymus. Nature, 



195 
 

509(7501), pp.465–70. 

Martynoga, B. et al., 2013. Epigenomic enhancer annotation reveals a key role for NFIX in neural 
stem cell quiescence. Genes & development, 27(16), pp.1769–86. 

Marusyk, A. et al., 2010. Irradiation Selects for p53-Deficient Hematopoietic Progenitors C. Kemp, 
ed. PLoS Biology, 8(3), p.e1000324. 

Marusyk, A. et al., 2014. Non-cell-autonomous driving of tumour growth supports sub-clonal 
heterogeneity. Nature, 514(7520), pp.54–58. 

Maruyama, T. & Fujita, Y., 2017. Cell competition in mammals — novel homeostatic machinery for 
embryonic development and cancer prevention. Current Opinion in Cell Biology, 48, pp.106–
112. 

Marygold, S.J. et al., 2007. The ribosomal protein genes and Minute loci of Drosophila melanogaster. 
Genome Biology, 8(10), p.R216. 

Masaki, H. et al., 2016. Inhibition of Apoptosis Overcomes Stage-Related Compatibility Barriers to 
Chimera Formation in Mouse Embryos. Cell stem cell, 19(5), pp.587–592. 

Mason, H.A. et al., 2006. Loss of Notch Activity in the Developing Central Nervous System Leads to 
Increased Cell Death. Developmental Neuroscience, 28(1–2), pp.49–57. 

Matheu, A. et al., 2004. Increased gene dosage of Ink4a/Arf results in cancer resistance and normal 
aging. Genes & development, 18(22), pp.2736–46. 

Mathews, K.J. et al., 2017. Evidence for reduced neurogenesis in the aging human hippocampus 
despite stable stem cell markers. Aging Cell, 16(5), pp.1195–1199. 

Mehrabadi, M. et al., 2015. The Baculovirus Antiapoptotic p35 Protein Functions as an Inhibitor of 
the Host RNA Interference Antiviral Response. Journal of virology, 89(16), pp.8182–92. 

Meletis, K. et al., 2005. p53 suppresses the self-renewal of adult neural stem cells. Development, 
133(2), pp.363–369. 

Menéndez, J. et al., 2010. A tumor-suppressing mechanism in Drosophila involving cell competition 
and the Hippo pathway. Proceedings of the National Academy of Sciences of the United States 
of America, 107(33), pp.14651–6. 

Meng, Z., Moroishi, T. & Guan, K.-L., 2016. Mechanisms of Hippo pathway regulation. Genes & 
development, 30(1), pp.1–17. 

Menn, B. et al., 2006. Origin of oligodendrocytes in the subventricular zone of the adult brain. The 
Journal of neuroscience : the official journal of the Society for Neuroscience, 26(30), pp.7907–
18. 

Mercier, F. & Douet, V., 2014. Bone morphogenetic protein-4 inhibits adult neurogenesis and is 
regulated by fractone-associated heparan sulfates in the subventricular zone. Journal of 
Chemical Neuroanatomy, 57–58, pp.54–61. 

Merino, M.M. et al., 2013. “Fitness fingerprints” mediate physiological culling of unwanted neurons 
in drosophila. Current Biology, 23(14). 

Meyer, S.N. et al., 2014. An ancient defense system eliminates unfit cells from developing tissues 
during cell competition. Science, 346(6214), pp.1258236–1258236. 

Mich, J.K. et al., 2014. Prospective identification of functionally distinct stem cells and neurosphere-
initiating cells in adult mouse forebrain. eLife, 3, p.e02669. 



196 
 

Mira, H. et al., 2010. Signaling through BMPR-IA Regulates Quiescence and Long-Term Activity of 
Neural Stem Cells in the Adult Hippocampus. Cell Stem Cell, 7(1), pp.78–89. 

Mistry, A.M., Dewan, M.C., et al., 2017. Decreased survival in glioblastomas is specific to contact 
with the ventricular-subventricular zone, not subgranular zone or corpus callosum. Journal of 
Neuro-Oncology, 132(2), pp.341–349. 

Mistry, A.M., Hale, A.T., et al., 2017. Influence of glioblastoma contact with the lateral ventricle on 
survival: a meta-analysis. Journal of Neuro-Oncology, 131(1), pp.125–133. 

Moldovan, G.-L., Pfander, B. & Jentsch, S., 2007. PCNA, the Maestro of the Replication Fork. Cell, 
129(4), pp.665–679. 

Mooney, R. et al., 2018. Concise Review: Neural Stem Cell-Mediated Targeted Cancer Therapies. 
STEM CELLS Translational Medicine, 7(10), pp.740–747. 

Morata, G. & Ripoll, P., 1975. Minutes: Mutants of Drosophila autonomously affecting cell division 
rate. Developmental Biology, 42(2), pp.211–221. 

Morell, M., Tsan, Y. & O’Shea, K.S., 2015. Inducible expression of noggin selectively expands neural 
progenitors in the adult SVZ. Stem Cell Research, 14(1), pp.79–94. 

Moreno-Jiménez, E.P. et al., 2019. Adult hippocampal neurogenesis is abundant in neurologically 
healthy subjects and drops sharply in patients with Alzheimer’s disease. Nature Medicine, p.1. 

Moreno, E. & Basler, K., 2004. dMyc transforms cells into super-competitors. Cell, 117(1), pp.117–29. 

Moreno, E., Basler, K. & Morata, G., 2002. Cells compete for Decapentaplegic survival factor to 
prevent apoptosis in Drosophila wing development. Nature, 416(6882), pp.755–759. 

Moreno, E. & Rhiner, C., 2014. Darwin’s multicellularity: From neurotrophic theories and cell 
competition to fitness fingerprints. Current Opinion in Cell Biology, 31(1). 

Morizur, L. et al., 2018. Distinct Molecular Signatures of Quiescent and Activated Adult Neural Stem 
Cells Reveal Specific Interactions with Their Microenvironment. Stem cell reports, 11(2), 
pp.565–577. 

Muller, P.A.J., Vousden, K.H. & Norman, J.C., 2011. p53 and its mutants in tumor cell migration and 
invasion. The Journal of Cell Biology, 192(2), pp.209–218. 

Nait-Oumesmar, B. et al., 1999. Progenitor cells of the adult mouse subventricular zone proliferate, 
migrate and differentiate into oligodendrocytes after demyelination. The European journal of 
neuroscience, 11(12), pp.4357–66. 

Nakada, D., Saunders, T.L. & Morrison, S.J., 2010. Lkb1 regulates cell cycle and energy metabolism in 
haematopoietic stem cells. Nature, 468(7324), pp.653–658. 

Nam, H. & Benezra, R., 2009. High Levels of Id1 Expression Define B1 Type Adult Neural Stem Cells. 
Cell Stem Cell, 5(5), pp.515–526. 

Nishikawa, R. et al., 2004. Immunohistochemical analysis of the mutant epidermal growth factor, 
deltaEGFR, in glioblastoma. Brain tumor pathology, 21(2), pp.53–6. 

Noll, J.E. et al., 2012. Tug of war in the haematopoietic stem cell niche: do myeloma plasma cells 
compete for the HSC niche? Blood Cancer Journal, 2(9), pp.e91–e91. 

Norman, M. et al., 2012. Loss of Scribble causes cell competition in mammalian cells. Journal of Cell 
Science. 



197 
 

O’Duibhir, E., Carragher, N.O. & Pollard, S.M., 2017. Accelerating glioblastoma drug discovery: 
Convergence of patient-derived models, genome editing and phenotypic screening. Molecular 
and Cellular Neuroscience, 80, pp.198–207. 

Obernier, K. & Alvarez-Buylla, A., 2019. Neural stem cells: origin, heterogeneity and regulation in the 
adult mammalian brain. Development, 146(4), p.dev156059. 

Ohgaki, H., 2005. Genetic pathways to glioblastomas. Neuropathology : official journal of the 
Japanese Society of Neuropathology, 25(1), pp.1–7. 

Ohsawa, S. et al., 2011. Elimination of oncogenic neighbors by JNK-mediated engulfment in 
Drosophila. Developmental cell, 20(3), pp.315–28. 

Ohtsuka, T. et al., 1999. Hes1 and Hes5 as notch effectors in mammalian neuronal differentiation. 
The EMBO journal, 18(8), pp.2196–207. 

Okano, H. & Temple, S., 2009. Cell types to order: temporal specification of CNS stem cells. Current 
Opinion in Neurobiology, 19(2), pp.112–119. 

Oliver, E.R. et al., 2004. Ribosomal protein L24 defect in belly spot and tail (Bst), a mouse Minute. 
Development (Cambridge, England), 131(16), pp.3907–20. 

Ostrom, Q.T. et al., 2013. CBTRUS Statistical Report: Primary Brain and Central Nervous System 
Tumors Diagnosed in the United States in 2006-2010. Neuro-Oncology, 15(suppl 2), pp.ii1-ii56. 

Otsuki, L. & Brand, A.H., 2018. Cell cycle heterogeneity directs the timing of neural stem cell 
activation from quiescence. Science, 360(6384), pp.99–102. 

Ottone, C. et al., 2014a. Direct cell-cell contact with the vascular niche maintains quiescent neural 
stem cells. Nature cell biology, 16(11), pp.1045–56. 

Ottone, C. et al., 2014b. Direct cell-cell contact with the vascular niche maintains quiescent neural 
stem cells. Nature cell biology, 16(11), pp.1045–1056. 

Pagliarini, R.A. & Xu, T., 2003. A Genetic Screen in Drosophila for Metastatic Behavior. Science, 
302(5648), pp.1227–1231. 

Paik, J. et al., 2009. FoxOs Cooperatively Regulate Diverse Pathways Governing Neural Stem Cell 
Homeostasis. Cell Stem Cell, 5(5), pp.540–553. 

Paliouras, G.N. et al., 2012. Mammalian target of rapamycin signaling is a key regulator of the 
transit-amplifying progenitor pool in the adult and aging forebrain. Journal of Neuroscience, 
32(43), pp.15012–26. 

Palmer, T.D. et al., 2001. Progenitor cells from human brain after death. Nature, 411(6833), pp.42–
43. 

Paredes, M.F. et al., 2016. Extensive migration of young neurons into the infant human frontal lobe. 
Science (New York, N.Y.), 354(6308), p.aaf7073. 

Parker, J.J. et al., 2018. Intratumoral heterogeneity of endogenous tumor cell invasive behavior in 
human glioblastoma. Scientific Reports, 8(1), p.18002. 

Parsons, D.W. et al., 2008. An integrated genomic analysis of human glioblastoma multiforme. 
Science (New York, N.Y.), 321(5897), pp.1807–12. 

Pastrana, E., Cheng, L.-C. & Doetsch, F., 2009. Simultaneous prospective purification of adult 
subventricular zone neural stem cells and their progeny. Proceedings of the National Academy 
of Sciences, 106(15), pp.6387–6392. 



198 
 

Patel, A.P. et al., 2014. Single-cell RNA-seq highlights intratumoral heterogeneity in primary 
glioblastoma. Science, 344(6190), pp.1396–1401. 

Patel, M.S., Shah, H.S. & Shrivastava, N., 2017. c-Myc-Dependent Cell Competition in Human Cancer 
Cells. Journal of Cellular Biochemistry, 118(7), pp.1782–1791. 

Petrova, E., Soldini, D. & Moreno, E., 2011. The expression of SPARC in human tumors is consistent 
with its role during cell competition. Communicative & Integrative Biology, 4(2), pp.171–174. 

Phillips, H.S. et al., 2006. Molecular subclasses of high-grade glioma predict prognosis, delineate a 
pattern of disease progression, and resemble stages in neurogenesis. Cancer Cell, 9(3), pp.157–
173. 

Picard-Riera, N. et al., 2002. Experimental autoimmune encephalomyelitis mobilizes neural 
progenitors from the subventricular zone to undergo oligodendrogenesis in adult mice. 
Proceedings of the National Academy of Sciences, 99(20), pp.13211–13216. 

Piccirillo, S.G.M. et al., 2015. Contributions to Drug Resistance in Glioblastoma Derived from 
Malignant Cells in the Sub-Ependymal Zone. Cancer Research, 75(1), pp.194–202. 

Piccirillo, S.G.M. et al., 2015. Genetic and functional diversity of propagating cells in glioblastoma. 
Stem cell reports, 4(1), pp.7–15. 

Pollard, S.M. et al., 2006. Adherent neural stem (NS) cells from fetal and adult forebrain. Cerebral 
cortex (New York, N.Y. : 1991), 16 Suppl 1, pp.i112-20. 

Pollard, S.M. et al., 2009. Glioma stem cell lines expanded in adherent culture have tumor-specific 
phenotypes and are suitable for chemical and genetic screens. Cell stem cell, 4(6), pp.568–80. 

Ponti, G. et al., 2013. Cell cycle and lineage progression of neural progenitors in the ventricular-
subventricular zones of adult mice. Proceedings of the National Academy of Sciences, 110(11), 
pp.E1045–E1054. 

Porlan, E. et al., 2014. MT5-MMP regulates adult neural stem cell functional quiescence through the 
cleavage of N-cadherin. Nature Cell Biology, 16(7), pp.629–638. 

Portnow, J. et al., 2017. Neural Stem Cell–Based Anticancer Gene Therapy: A First-in-Human Study in 
Recurrent High-Grade Glioma Patients. Clinical Cancer Research, 23(12), pp.2951–2960. 

van Praag, H. et al., 2002. Functional neurogenesis in the adult hippocampus. Nature, 415(6875), 
pp.1030–1034. 

Prins, R.M. et al., 2011. Gene Expression Profile Correlates with T-Cell Infiltration and Relative 
Survival in Glioblastoma Patients Vaccinated with Dendritic Cell Immunotherapy. Clinical 
Cancer Research, 17(6), pp.1603–1615. 

Purow, B.W. et al., 2005. Expression of Notch-1 and Its Ligands, Delta-Like-1 and Jagged-1, Is Critical 
for Glioma Cell Survival and Proliferation. Cancer Research, 65(6), pp.2353–2363. 

Quiñones-Hinojosa, A. et al., 2006. Cellular composition and cytoarchitecture of the adult human 
subventricular zone: A niche of neural stem cells. The Journal of Comparative Neurology, 
494(3), pp.415–434. 

Ran, F.A. et al., 2013. Double Nicking by RNA-Guided CRISPR Cas9 for Enhanced Genome Editing 
Specificity. Cell, 154(6), pp.1380–1389. 

Ran, F.A. et al., 2013. Genome engineering using the CRISPR-Cas9 system. Nature Protocols, 8(11), 
pp.2281–2308. 



199 
 

Rangarajan, A. et al., 2001. Notch signaling is a direct determinant of keratinocyte growth arrest and 
entry into differentiation. The EMBO Journal, 20(13), pp.3427–3436. 

Reardon, D.A. & Mitchell, D.A., 2017. The development of dendritic cell vaccine-based 
immunotherapies for glioblastoma. Seminars in Immunopathology, 39(2), pp.225–239. 

Renault, V.M. et al., 2009. FoxO3 Regulates Neural Stem Cell Homeostasis. Cell Stem Cell, 5(5), 
pp.527–539. 

Renner, K. et al., 2017. Metabolic Hallmarks of Tumor and Immune Cells in the Tumor 
Microenvironment. Frontiers in immunology, 8, p.248. 

Rheinbay, E. et al., 2013. An Aberrant Transcription Factor Network Essential for Wnt Signaling and 
Stem Cell Maintenance in Glioblastoma. Cell Reports, 3(5), pp.1567–1579. 

Riedl, S.J. et al., 2001. Mechanism-based inactivation of caspases by the apoptotic suppressor p35. 
Biochemistry, 40(44), pp.13274–80. 

Rispoli, R. et al., 2014. Neural stem cells and glioblastoma. The neuroradiology journal, 27(2), 
pp.169–74. 

Rodrigues, A.B. et al., 2012. Activated STAT regulates growth and induces competitive interactions 
independently of Myc, Yorkie, Wingless and ribosome biogenesis. Development (Cambridge, 
England), 139(21), pp.4051–61. 

Ross, S.E., Greenberg, M.E. & Stiles, C.D., 2003. Basic helix-loop-helix factors in cortical development. 
Neuron, 39(1), pp.13–25. 

Sampson, J.H. et al., 2009. An epidermal growth factor receptor variant III-targeted vaccine is safe 
and immunogenic in patients with glioblastoma multiforme. Molecular Cancer Therapeutics, 
8(10), pp.2773–2779. 

Sanai, N. et al., 2011a. Corridors of migrating neurons in the human brain and their decline during 
infancy. Nature, 478(7369), pp.382–386. 

Sanai, N. et al., 2011b. Corridors of migrating neurons in the human brain and their decline during 
infancy. Nature, 478(7369), pp.382–386. 

Sanai, N., Tramontin, A.D., et al., 2004. Unique astrocyte ribbon in adult human brain contains neural 
stem cells but lacks chain migration. Nature, 427(6976), pp.740–4. 

Sanai, N., Tramontin, A.D., et al., 2004. Unique astrocyte ribbon in adult human brain contains neural 
stem cells but lacks chain migration. Nature, 427(6976), pp.740–744. 

Sancho, M. et al., 2013. Competitive interactions eliminate unfit embryonic stem cells at the onset of 
differentiation. Developmental cell, 26(1), pp.19–30. 

Sandsmark, D.K. et al., 2007. Nucleophosmin Mediates Mammalian Target of Rapamycin-Dependent 
Actin Cytoskeleton Dynamics and Proliferation in Neurofibromin-Deficient Astrocytes. Cancer 
Research, 67(10), pp.4790–4799. 

Sasaki, A. et al., 2018. Obesity Suppresses Cell-Competition-Mediated Apical Elimination of RasV12-
Transformed Cells from Epithelial Tissues. Cell Reports, 23(4), pp.974–982. 

Sathornsumetee, S. et al., 2007. Molecularly targeted therapy for malignant glioma. Cancer, 110(1), 
pp.13–24. 

Schroeder, M.C. et al., 2013. A non-cell-autonomous tumor suppressor role for Stat in eliminating 
oncogenic scribble cells. Oncogene, 32(38), pp.4471–9. 



200 
 

Sharpless, N.E., 2005. INK4a/ARF: A multifunctional tumor suppressor locus. Mutation 
Research/Fundamental and Molecular Mechanisms of Mutagenesis, 576(1–2), pp.22–38. 

Sharpless, N.E. et al., 2004. The differential impact of p16 INK4a or p19 ARF deficiency on cell growth 
and tumorigenesis. Oncogene, 23(2), pp.379–385. 

Shchors, K. et al., 2013. Using a preclinical mouse model of high-grade astrocytoma to optimize p53 
restoration therapy. Proceedings of the National Academy of Sciences, 110(16), pp.E1480–
E1489. 

Shen, Q. et al., 2008. Adult SVZ stem cells lie in a vascular niche: A quantitative analysis of niche cell-
cell interactions. Cell stem cell, 3(3), p.289. 

Shih, A.H. & Holland, E.C., 2006. Notch signaling enhances nestin expression in gliomas. Neoplasia 
(New York, N.Y.), 8(12), pp.1072–82. 

Shih, A.H. & Holland, E.C., 2006. Notch Signaling Enhances Nestin Expression in Gliomas. Neoplasia, 
8(12), pp.1072-IN1. 

Shimojo, H., Ohtsuka, T. & Kageyama, R., 2011. Dynamic Expression of Notch Signaling Genes in 
Neural Stem/Progenitor Cells. Frontiers in Neuroscience, 5, p.78. 

Shin, J. et al., 2015. Single-Cell RNA-Seq with Waterfall Reveals Molecular Cascades underlying Adult 
Neurogenesis. Cell Stem Cell, 17(3), pp.360–372. 

Shiozawa, Y. et al., 2011. Human prostate cancer metastases target the hematopoietic stem cell 
niche to establish footholds in mouse bone marrow. The Journal of clinical investigation, 
121(4), pp.1298–312. 

Signer, R.A.J. et al., 2014. Haematopoietic stem cells require a highly regulated protein synthesis 
rate. Nature, 509(7498), pp.49–54. 

Silva-Vargas, V. et al., 2016. Age-Dependent Niche Signals from the Choroid Plexus Regulate Adult 
Neural Stem Cells. Cell Stem Cell, 19(5), pp.643–652. 

Simpson, P., 1979. Parameters of cell competition in the compartments of the wing disc of 
Drosophila. Developmental biology, 69(1), pp.182–93. 

Simpson, P. & Morata, G., 1981. Differential mitotic rates and patterns of growth in compartments in 
the Drosophila wing. Developmental biology, 85(2), pp.299–308. 

Singh, S.K. et al., 2003. Identification of a cancer stem cell in human brain tumors. Cancer research, 
63(18), pp.5821–8. 

Singh, S.K. et al., 2004. Identification of human brain tumour initiating cells. Nature, 432(7015), 
pp.396–401. 

Sinnaeve, J., Mobley, B.C. & Ihrie, R.A., 2018. Space Invaders. The American Journal of Pathology, 
188(1), pp.29–38. 

Smart, I. & Leblond, C.P., 1961. Evidence for division and transformations of neuroglia cells in the 
mouse brain, as derived from radioautography after injection of thymidine-H3. The Journal of 
Comparative Neurology, 116(3), pp.349–367. 

So, W.-K. & Cheung, T.H., 2018. Molecular Regulation of Cellular Quiescence: A Perspective from 
Adult Stem Cells and Its Niches. In Humana Press, New York, NY, pp. 1–25. 

Sohn, J. et al., 2015. The Subventricular Zone Continues to Generate Corpus Callosum and Rostral 
Migratory Stream Astroglia in Normal Adult Mice. Journal of Neuroscience, 35(9), pp.3756–



201 
 

3763. 

Sorrells, S.F. et al., 2018. Human hippocampal neurogenesis drops sharply in children to 
undetectable levels in adults. Nature, 555(7696), pp.377–381. 

Sottoriva, A. et al., 2013. Intratumor heterogeneity in human glioblastoma reflects cancer 
evolutionary dynamics. Proceedings of the National Academy of Sciences of the United States of 
America, 110(10). 

Spalding, K.L. et al., 2013. Dynamics of Hippocampal Neurogenesis in Adult Humans. Cell, 153(6), 
pp.1219–1227. 

Sriuranpong, V. et al., 2001. Notch signaling induces cell cycle arrest in small cell lung cancer cells. 
Cancer research, 61(7), pp.3200–5. 

Sriuranpong, V. et al., 2002. Notch signaling induces rapid degradation of achaete-scute homolog 1. 
Molecular and cellular biology, 22(9), pp.3129–39. 

Stieber, D. et al., 2014. Glioblastomas are composed of genetically divergent clones with distinct 
tumourigenic potential and variable stem cell-associated phenotypes. Acta Neuropathologica, 
127(2), pp.203–219. 

Stine, R.R. & Matunis, E.L., 2013. Stem cell competition: finding balance in the niche. Trends in Cell 
Biology, 23(8), pp.357–364. 

De Strooper, B. et al., 1999. A presenilin-1-dependent γ-secretase-like protease mediates release of 
Notch intracellular domain. Nature, 398(6727), pp.518–522. 

Stupp, R. et al., 2005. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. 
The New England journal of medicine, 352(10), pp.987–96. 

Sueda, R. et al., 2019. High Hes1 expression and resultant Ascl1 suppression regulate quiescent vs. 
active neural stem cells in the adult mouse brain. Genes & Development. 

Sugiarto, S. et al., 2011. Asymmetry-defective oligodendrocyte progenitors are glioma precursors. 
Cancer cell, 20(3), pp.328–40. 

Suijkerbuijk, S.J.E. et al., 2016. Cell Competition Drives the Growth of Intestinal Adenomas in 
Drosophila. Current biology : CB, 26(4), pp.428–38. 

Sun, Q. et al., 2014. Competition between human cells by entosis. Cell research, 24(11), pp.1299–
310. 

Sun, X. & Kaufman, P.D., 2018. Ki-67: more than a proliferation marker. Chromosoma, 127(2), 
pp.175–186. 

Suzuki, H. et al., 2015. Mutational landscape and clonal architecture in grade II and III gliomas. 
Nature Genetics, 47(5), pp.458–468. 

Tamori, Y. et al., 2010. Involvement of Lgl and Mahjong/VprBP in Cell Competition N. E. Baker, ed. 
PLoS Biology, 8(7), p.e1000422. 

Tamori, Y. & Deng, W.M., 2013. Tissue Repair through Cell Competition and Compensatory Cellular 
Hypertrophy in Postmitotic Epithelia. Developmental Cell, 25(4). 

Tamura, M., Ohye, C. & Nakazato, Y., 1993. Pathological anatomy of autopsy brain with malignant 
glioma. Neurologia medico-chirurgica, 33(2), pp.77–80. 

Tanaka, S. et al., 2015. Strong therapeutic potential of γ-secretase inhibitor MRK003 for CD44-high 



202 
 

and CD133-low glioblastoma initiating cells. Journal of Neuro-Oncology, 121(2), pp.239–250. 

Terzi, M.Y., Izmirli, M. & Gogebakan, B., 2016. The cell fate: senescence or quiescence. Molecular 
Biology Reports, 43(11), pp.1213–1220. 

Testa, U., Castelli, G. & Pelosi, E., 2018. Genetic Abnormalities, Clonal Evolution, and Cancer Stem 
Cells of Brain Tumors. Medical Sciences, 6(4), p.85. 

Thakkar, J.P. et al., 2014. Epidemiologic and molecular prognostic review of glioblastoma. Cancer 
epidemiology, biomarkers & prevention : a publication of the American Association for Cancer 
Research, cosponsored by the American Society of Preventive Oncology, 23(10), pp.1985–96. 

Tyler, D.M. et al., 2007. Genes Affecting Cell Competition in Drosophila. Genetics, 175(2), pp.643–
657. 

Urbán, N. et al., 2016. Return to quiescence of mouse neural stem cells by degradation of a 
proactivation protein. Science (New York, N.Y.), 353(6296). 

Urbán, N. & Guillemot, F., 2014. Neurogenesis in the embryonic and adult brain: same regulators, 
different roles. Frontiers in cellular neuroscience, 8, p.396. 

Venkatesh, V. et al., 2018. Targeting Notch signalling pathway of cancer stem cells. Stem cell 
investigation, 5, p.5. 

Verhaak, R.G.W. et al., 2010. Integrated Genomic Analysis Identifies Clinically Relevant Subtypes of 
Glioblastoma Characterized by Abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell, 
17(1), pp.98–110. 

Vermeulen, L. et al., 2013. Defining stem cell dynamics in models of intestinal tumor initiation. 
Science (New York, N.Y.), 342(6161), pp.995–8. 

Vidal, M., Larson, D.E. & Cagan, R.L., 2006. Csk-Deficient Boundary Cells Are Eliminated from Normal 
Drosophila Epithelia by Exclusion, Migration, and Apoptosis. Developmental Cell, 10(1), pp.33–
44. 

Vigneswaran, K., Neill, S. & Hadjipanayis, C.G., 2015. Beyond the World Health Organization grading 
of infiltrating gliomas: advances in the molecular genetics of glioma classification. Annals of 
Translational Medicine, 3(7). 

Villa del Campo, C. et al., 2014. Cell competition promotes phenotypically silent cardiomyocyte 
replacement in the mammalian heart. Cell reports, 8(6), pp.1741–51. 

Vincent, J.-P., Fletcher, A.G. & Baena-Lopez, L.Al., 2013. Mechanisms and mechanics of cell 
competition in epithelia. Nature Reviews Molecular Cell Biology, 14(9), pp.581–591. 

Vincent, J.P. et al., 2011. Steep Differences in Wingless Signaling Trigger Myc-Independent 
Competitive Cell Interactions. Developmental Cell. 

De Vleeschouwer, S. et al., 2008. Postoperative Adjuvant Dendritic Cell-Based Immunotherapy in 
Patients with Relapsed Glioblastoma Multiforme. Clinical Cancer Research, 14(10), pp.3098–
3104. 

Vousden, K.H. & Prives, C., 2009. Blinded by the Light: The Growing Complexity of p53. Cell. 

Waclaw, B. et al., 2015. A spatial model predicts that dispersal and cell turnover limit intratumour 
heterogeneity. Nature, 525(7568), pp.261–264. 

Wagstaff, L., Goschorska, M., Kozyrska, K., Duclos, G., Kucinski, I., Chessel, A., Hampton-O’Neil, L., 
Bradshaw, C.R., et al., 2016. Mechanical cell competition kills cells via induction of lethal p53 



203 
 

levels. Nature communications, 7, p.11373. 

Wagstaff, L., Goschorska, M., Kozyrska, K., Duclos, G., Kucinski, I., Chessel, A., Hampton-O’Neil, L., 
Bradshaw, C.R., et al., 2016. Mechanical cell competition kills cells via induction of lethal p53 
levels. Nature Communications, 7. 

Wagstaff, L., Kolahgar, G. & Piddini, E., 2013. Competitive cell interactions in cancer: A cellular tug of 
war. Trends in Cell Biology, 23(4). 

Wang, C. et al., 2011. Identification and characterization of neuroblasts in the subventricular zone 
and rostral migratory stream of the adult human brain. Cell Research, 21(11), pp.1534–1550. 

Wang, J. et al., 2010. Notch promotes radioresistance of glioma stem cells. Stem cells (Dayton, Ohio), 
28(1), pp.17–28. 

Wang, Q. et al., 2017. Tumor Evolution of Glioma-Intrinsic Gene Expression Subtypes Associates with 
Immunological Changes in the Microenvironment. , 32(1), p.42–56.e6. 

Wang, X. et al., 2016. Traumatic Brain Injury Stimulates Neural Stem Cell Proliferation via 
Mammalian Target of Rapamycin Signaling Pathway Activation. eNeuro, 3(5), p.ENEURO.0162-
16.2016. 

WANG, X. et al., 2015. NF-κB inhibitor reverses temozolomide resistance in human glioma TR/U251 
cells. Oncology Letters, 9(6), pp.2586–2590. 

Wang, Y. et al., 2009. Expression of Mutant p53 Proteins Implicates a Lineage Relationship between 
Neural Stem Cells and Malignant Astrocytic Glioma in a Murine Model. Cancer Cell, 15(6), 
pp.514–526. 

Watanabe, H. et al., 2018. Mutant p53-Expressing Cells Undergo Necroptosis via Cell Competition 
with the Neighboring Normal Epithelial Cells. Cell Reports, 23(13), pp.3721–3729. 

Watanabe, K. et al., 1996. Overexpression of the EGF Receptor and p53 Mutations are Mutually 
Exclusive in the Evolution of Primary and Secondary Glioblastomas. Brain Pathology, 6(3), 
pp.217–223. 

Webb, A.E. et al., 2013. FOXO3 shares common targets with ASCL1 genome-wide and inhibits ASCL1-
dependent neurogenesis. Cell reports, 4(3), pp.477–91. 

Willard, N. & Kleinschmidt-DeMasters, B.K., 2015. Massive dissemination of adult glioblastomas. 
Clinical Neuropathology, 34(11), pp.330–342. 

Woodard, L.E. & Wilson, M.H., 2015. piggyBac-ing models and new therapeutic strategies. Trends in 
Biotechnology, 33(9), pp.525–533. 

Wu, Y. et al., 2010. Therapeutic antibody targeting of individual Notch receptors. Nature, 464(7291), 
pp.1052–1057. 

Xing, Y.L. et al., 2014. Adult Neural Precursor Cells from the Subventricular Zone Contribute 
Significantly to Oligodendrocyte Regeneration and Remyelination. Journal of Neuroscience, 
34(42), pp.14128–14146. 

Yamamoto, M. et al., 2017. The ligand Sas and its receptor PTP10D drive tumour-suppressive cell 
competition. Nature, 542(7640), pp.246–250. 

Yan, H. et al., 2009. IDH1 and IDH2 Mutations in Gliomas. New England Journal of Medicine, 360(8), 
pp.765–773. 

Yang, X. et al., 2004. Notch activation induces apoptosis in neural progenitor cells through a p53-



204 
 

dependent pathway. Developmental Biology, 269(1), pp.81–94. 

Yilmaz, Ö.H. et al., 2006. Pten dependence distinguishes haematopoietic stem cells from leukaemia-
initiating cells. Nature, 441(7092), pp.475–482. 

Ying, Q.-L. et al., 2003. Conversion of embryonic stem cells into neuroectodermal precursors in 
adherent monoculture. Nature Biotechnology, 21(2), pp.183–186. 

Yousef, H. et al., 2015. Age-Associated Increase in BMP Signaling Inhibits Hippocampal Neurogenesis. 
STEM CELLS, 33(5), pp.1577–1588. 

Zappaterra, M.W. & Lehtinen, M.K., 2012. The cerebrospinal fluid: regulator of neurogenesis, 
behavior, and beyond. Cellular and Molecular Life Sciences, 69(17), pp.2863–2878. 

Zelentsova, K. et al., 2017. Protein S Regulates Neural Stem Cell Quiescence and Neurogenesis. STEM 
CELLS, 35(3), pp.679–693. 

Zhang, G. et al., 2017. p53 pathway is involved in cell competition during mouse embryogenesis. 
Proceedings of the National Academy of Sciences of the United States of America, 114(3), 
pp.498–503. 

Zhang, J. et al., 2006. PTEN maintains haematopoietic stem cells and acts in lineage choice and 
leukaemia prevention. Nature, 441(7092), pp.518–522. 

Zhang, J. & Jiao, J., 2015. Molecular Biomarkers for Embryonic and Adult Neural Stem Cell and 
Neurogenesis., Hindawi Limited. 

Zhang, Q. Bin et al., 2006. Differentiation profile of brain tumor stem cells: a comparative study with 
neural stem cells. Cell Research, 16(12), pp.909–915. 

Zhang, R. et al., 2004. Activated Neural Stem Cells Contribute to Stroke-Induced Neurogenesis and 
Neuroblast Migration toward the Infarct Boundary in Adult Rats. Journal of Cerebral Blood Flow 
& Metabolism, 24(4), pp.441–448. 

Zhang, R., Engler, A. & Taylor, V., 2018. Notch: an interactive player in neurogenesis and disease. Cell 
and Tissue Research, 371(1), pp.73–89. 

Zhang, R.L. et al., 2011. Ascl1 Lineage Cells Contribute to Ischemia-Induced Neurogenesis and 
Oligodendrogenesis. Journal of Cerebral Blood Flow & Metabolism, 31(2), pp.614–625. 

Zhang, X.-P. et al., 2007. Notch activation promotes cell proliferation and the formation of neural 
stem cell-like colonies in human glioma cells. Molecular and Cellular Biochemistry, 307(1–2), 
pp.101–108. 

Zhang, Y. et al., 2018. The p53 Pathway in Glioblastoma. Cancers, 10(9). 

Zheng, H. et al., 2008. p53 and Pten control neural and glioma stem/progenitor cell renewal and 
differentiation. Nature, 455(7216), pp.1129–1133. 

Zhou, Q. et al., 1998. Interaction of the Baculovirus Anti-apoptotic Protein p35 with Caspases. 
Specificity, Kinetics, and Characterization of the Caspase/p35 Complex †. Biochemistry, 37(30), 
pp.10757–10765. 

Zhu, T.S. et al., 2011. Endothelial cells create a stem cell niche in glioblastoma by providing NOTCH 
ligands that nurture self-renewal of cancer stem-like cells. Cancer research, 71(18), pp.6061–
72. 

Zhu, Y. et al., 2005. Early inactivation of p53 tumor suppressor gene cooperating with NF1 loss 
induces malignant astrocytoma. Cancer Cell, 8(2), pp.119–130. 



205 
 

Ziosi, M. et al., 2010. dMyc Functions Downstream of Yorkie to Promote the Supercompetitive 
Behavior of Hippo Pathway Mutant Cells G. S. Barsh, ed. PLoS Genetics, 6(9), p.e1001140. 

Zong, H., Parada, L.F. & Baker, S.J., 2015. Cell of origin for malignant gliomas and its implication in 
therapeutic development. Cold Spring Harbor perspectives in biology, 7(5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



206 
 

9. Supplemental Figures and Tables 

 

Application Antibody Supplier Dilution 

Western Blot 

α-Tubulin CST 3873 1:1000 

p-rpS6 CST 5364 1:1000 

rpS6 CST 2271 1:1000 

P53 CST 2524 1:1000 

SOX2 R&D Systems AF2018 1:400 

Nestin BD Biosciences 611659 1:1000 

cleaved-PARP CST 95445 1:1000 

cleaved-Caspase 3 CST 9664 1:1000 

PTEN CST 9552 1:1000 

P35 Novus Bio 56153 1:2000 

BCL2 Santa Cruz sc-492 1:1000 

PCNA CST 2586 1:1000 

p-AKT CST 9271 1:1000 

TSC2 CST 4308 1:1000 

p-Myosin II Abcam ab2480 1:1000 

P-SMAD1/5/9 CST 9511 1:1000 

RBPJ CST 5313 1:1000  

NOTCH1 CST 3608 1:1000 

NOTCH2 CST 5732 1:1000  

NOTCH3 Abcam ab23426 1:1000 

p-H3 Millipore 07-145 1:500  

β-Actin CST 4970 1:1000 

KI67 Abcam ab15580 1:1000 

Flow cytometry 

BrdU CST 5292 1:200  

p-rpS6 CST 5364 1:200 

cleaved-Caspase 3 CST 9664 1:1000 

PCNA CST 2586 1:400 

ICC 
KI67 Abcam ab15580 1:200  

Nestin BD 611659 1:200 

 

Table S2.1 Antibodies and dilutions  

Summary of the primary antibodies and dilutions used for the different applications described in this 

report. 
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Target gene Forward primer Reverse primer 

Hes1 GGAAATGACTGTGAAGCACCTCC GAAGCGGGTCACCTCGTTCATG 

Hes5 GCCCGGGGTTCTATGATATT GAGTTCGGCCTTCACAAAAG 

Hes7 CATCAACCGCAGCCTAGAAGAG CACGGCGAACTCCAGTATCTCC 

Hey1 CCAACGACATCGTCCCAGGTTT CTGCTTCTCAAAGGCACTGGGT 

Hey2 TGAAGATGCTCCAGGCTACAGG CCTTCCACTGAGCTTAGGTACC 

Nrarp CAGACAGCACTACACCAGTCAG CCGAAAGCGGCGATGTGTAGC 

Ki67 GAGGAGAAACGCCAACCAAGAG TTTGTCCTCGGTGGCGTTATCC 

Pcna CAAGTGGAGAGCTTGGCAATGG GCAAACGTTAGGTGAACAGGCTC 

Mcm2 CCGTTCCAAGGATGCCATTCTC TGGAAAGCCGTTGGCGGTGTTA 

P35 (baculovirus) CGAACGCAACGACTACTACG TGAGCAAACGGCACAATAAC 

β-actin GGCACCACACCTTCTACAATG GGGGTGTTGAAGGTCTCAAAC 
 

Table S2.2 Primer sequences for RT-qPCR 

Forward and reverse primer sequences for each of the target genes evaluated by RT-qPCR in this 

study. 

 

 

 

Target gene gRNA1 gRNA2 

Rbpj TGCAGTGGACGACGACGAGT  GTGGACGACGACGAGTCGGA  

Notch2 GTCCACCTGCATTGACCGCG  AAGTGCATCGATCACCCGAA  

Tsc2 GAAGGCCGGCCTACCTCATT GCATGGCTCTTACAGGTACA 

P53 GCAGACTTTTCGCCACAGCG  

 

Table S2.3 gRNA sequences for deletion of target genes 

gRNA sequences for each of the genes targeted in this study.  
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Figure S3.1 Map of pPYCAGIP plasmid 

Map of plasmid used for P35 expression and for expression of puromycin resistance in CRISPR/Cas9 

experiments. P35 was cloned between the XhoI and NotI restriction sites. 

 

 

 

 

 
 

Figure S3.2 Generation of BCL2-overexpressing clones 

Western blot showing BCL2 expression in clones following G418 selection. Each clone is shown in the 

presence or absence of doxycycline and robust induction of BCL2 can be observed in all clones. Those 

used for further analysis and experiments are indicated by the blue arrows. 
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Figure S5.1 CRISPR/Cas9 targeting of Notch1 and Notch3 receptors did not generate knock-out 
clones 

A Western blot showing NOTCH1 expression in puromycin-resistant clones that were transfected with 
Notch1-targeting gRNAs. NOTCH1 protein is present in all isolated clones from both gRNAs.  
B Western blot showing NOTCH3 expression in puromycin-resistant clones that were transfected with 
Notch3-targeting gRNAs. NOTCH3 protein is present in all isolated clones from both gRNAs. 
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