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ABSTRACT 

All neural cell types of the brain are derived from neural progenitors (Götz and Huttner, 2005). 

Like all stem cells, neural progenitors / stem cells (NP/NSC) need to balance their capacity to 

self-renew, in order to maintain a stem cell pool, whilst maintaining the capacity to 

differentiate into neural and glial lineages. To achieve this balance NPs need to interpret 

multiple external signals arising from the stem cell niche or systemic circulation, and respond 

in a temporally and anatomically appropriate manner. This process occurs during both 

embryonic development of the brain as well homeostasis of NSCs in specialized niches in the 

adult. One protein ideally placed to coordinate NP/NSC responses to multiple signals and 

mediate rapid and quantitative responses is the deubiquitylating enzyme, USP9X. As a post-

translational modifier USP9X can rapidly alter substrate levels and intracellular localisation 

without the need for gene transcription and translation. The balance between DUB and E3 

ubiquitin ligase activity tightly regulates substrate levels. In addition, USP9X is highly 

expressed in NP/NSC in vivo and can regulate their responses in vivo and in vitro. The 

overarching aim of this project was to investigate the role of USP9X, if any, in the regulation 

of NP/NSC proliferation and by extension its putative role in brain cancer as either an 

oncogene or tumour suppressor.  

 

In the first instance the effect of decreasing USP9x levels on the proliferation of a human 

neural stem cell line, ReNcell VM, was investigated. Depletion of USP9x protein levels by 

inducible shRNA interference in ReNcell VM, resulted in a significant and rapid reduction in 

cell number within 24hrs as determined using xCelligence real time analysis. This was not due 

to increased cell apoptosis, nor increased differentiation, but rather to an accumulation of cells 

in the G0/G1 phase of cell cycle. The accumulation of cells in G0/G1 phase, corresponded with 

reduced mTORC1 signalling as measured by decreased pS6 expression. Further investigation 

revealed that USP9X maintains the levels of RAPTOR, the defining mTORC1 scaffolding 

protein. In addition, the data show USP9X opposes the proteasomal degradation of RAPTOR 

in ReNcell VM cells. Using immunoprecipitation, we detected an interaction between 

endogenous Usp9x and Raptor in mouse embryonic day 16.5 (E16.5) brain lysates. Analysis of 

neurospheres isolated from E18.5 Usp9x KO mice revealed a reduction in sphere diameter, 

which not only supports a role for Usp9x in maintaining NP proliferation, but which 

phenocopies Raptor-null neurospheres. These data strongly implicate USP9x directly, in the 

regulation of mTORC1 signalling in the neural progenitors via stabilisation of RAPTOR. 

USP9X is the first DUB shown to directly bind and regulate RAPTOR. 
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USP9x has also been identified as an oncogene in lymphomas, chronic myeloid leukaemia and 

multiple myeloma (Schwickart et al., 2010) as well as a tumour suppressor in both pancreatic 

ductal adenocarcinoma and skin papilloma (Dupont et al., 2009). In the latter instance USP9X 

acts as tumour suppressor downstream of activated Kras (KrasG12D) where it rapidly 

progresses neoplastic cells into full adenocarcinoma, and promotes their metastases. As USP9x 

is known to have a role in neural stem cell regulation, the second aim of this thesis was to 

investigate if USP9x plays a role in brain cancer progression or development. Glioblastoma 

multiforme (GBM) is one of the deadliest brain cancers and initially, several GBM cells lines 

were obtained. To determine USP9x’s role, if any, in GBM mTORC1 activity was investigated 

after USP9x depletion in the GBM lines. In contrast to ReNcell VM an increase in mTORC1 

activity was observed indicating USP9x may suppress proliferative mTORC1 activity in some 

GBM tumours. This suggested USP9x may act as a tumour suppressor in GBM, similar to its 

role in KrasG12D mediated pancreatic cancer transformation (Pérez-Mancera et al., 2012). 

Therefore, a similar approach was taken to activate KrasG12D in conjunction with Usp9x 

deletion from the forebrain of mice to determine if the rate of tumour development was 

accelerated.  

 

However, it was observed that activation of KrasG12D expression alone was sufficient to 

dramatically alter embryonic brain development. No offspring, with the active mutation, 

survived after birth. Analysis of late stage embryos revealed severely disorganised neocortical 

structure with no defined cortical layering consistent with the amplification of progenitor cells. 

Cerebral swelling and tissue fragility were also features in late stage embryos, and 

neuropsheres could not be propagated. This result was somewhat surprising as previously, the 

activation of KrasG12D alone from neural progenitors results in glial tumour formation only 

after months (Ghazi et al., 2012, Holmen and Williams, 2005), which is reduced to weeks once 

on a background of tumour suppressor deletion.  

 

Timely and controlled neural progenitor proliferation is crucial for appropriate progenitor 

expansion and differentiation. The data presented herein show that these processes can be 

strongly affected by disrupting substrate regulators, such as the post-translational modifying 

protein USP9x, or by the activation of major oncogenic proteins, such as KrasG12D.  
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1.0  CHAPTER ONE - General Introduction 

1.1 Neural Development 

Neural progenitors arise from the highly polarised neuroepithelial cell layer of the embryonic 

neural plate of the developing embryo (Götz and Huttner, 2005). The cells of the 

neuroepithelia are neural stem cells which ultimately give rise to all neuronal and glial cell 

types within the CNS (Corbin et al., 2008, Tamai et al., 2007, Takanaga et al., 2009, Tohyama 

et al., 1992). Therefore, intricate control of their proliferation and fate is critical for the 

appropriate development of subsequent cell types. Proliferation and expansion of the 

neuroepithelial layer is initiated to establish the neural stem cell niche and prepare for 

differentiation into fate-restricted lineages, occurring later during the processes of neurogenesis 

and gliogenesis. The length of the G1 phase of the cell cycle plays an important role in the 

regulation of neuroepithelial fates and proliferation. If the G1 phase is short, symmetric 

division of the neuroepithelial cells prevails, resulting in neural stem cell (NSC) self-renewal 

and expansion of the population (Calegari and Huttner, 2003). 

 

As embryogenesis progresses, the length of the G1 phase of the cell cycle is increased in 

neuroepithelial cells (Götz and Huttner, 2005), resulting in more asymmetric cell divisions and 

the generations of daughter cells with post-mitotic neuronal fates, that is, neurogenesis 

(Calegari and Huttner, 2003)(Figure 1.1). In the same process neuroepithelial cells can also 

transition into another type of neural stem cell namely, radial glial progenitors (Takahashi et 

al., 1995, Corbin et al., 2008). These cells share properties of both neuroepithelia and astroglia, 

expressing markers Nestin, SOX2 (both NSC markers), BLBP and GFAP (astrocyte markers). 

They extend their cell body from the apical ventricular zone to the basal lamina at the pial 

surface. Radial glial progenitors undergo mitosis at the apical surface, to give rise to neurons, 

astrocytes, radial glial progenitors (Götz and Huttner, 2005) or TBR2-positive intermediate 

basal progenitor cells (Malatesta et al., 2000) (Figure 1.1). Intermediate basal progenitors 

detach from the apical surface of the ventricular zone at the beginning of neurogenesis and 

migrate basally, forming the sub-ventricular zone. Here, they undergo a limited number of 

symmetric mitoses within the SVZ, giving rise to post-mitotic daughter neurons; the future 

neurons of the developing cortex (Figure 1.1).  
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Figure 1.1. Interkinetic Nuclear Migration of Polarised Neruoepithelial, Radial Glia and Basal 

Progenitors. (A) In the neuroepithelial cells, the nucleus migrates along the entire apical-basal length 

during G1 phase, reaching the basal lamina during S phase and migrating back the apical axis during 

G2 Phase, only to divide at the apical surface (M phase). (B) In radial glia cells, nuclear migration that 

occurs during S phase ceases at the apical-basal boundary and returns to the apical membrane in G2, 

dividing at the apical membrane. (C) In basal progenitors, the nucleus migrates to the basal surface of 

the ventricular zone, as for radial glial progenitors, whilst detaching from the apical surface during S 

phase and G2 phase before dividing at the basal surface of the ventricular zone. (Gotz and Huttner 

2005)(Reviewed by Gotz and Huttner, 2005, Licence # 3726830908686) 

 

Considering that each neural progenitor cell type (neuroepithelia, radial-glia and intermediate) 

dictates not only their own proliferation and fate but those of their derivatives, mutations 

affecting cell division and proliferation can have a dramatic outcome on the composition, and 

therefore the function, of the brain. It is not unreasonable to suggest that mutations affecting 

early neural progenitors will have the greatest impact on terminally differentiated neural cell 

function. Dysfunction of neural progenitors occurs in a variety of neurodevelopmental 

disorder’s including schizophrenia (Brown et al., 2014), epilepsy (Lugert et al., 2010) and 

mental retardation (Reif et al., 2006, Waldau and Shetty, 2008). It is also common in the 

development of neural tumours. Neural tumour cells can propagate an entire tumour from one 

cell (Chen et al., 2012), just as a neural progenitor propagates an entire subset of neural cells in 

the brain (Götz and Huttner, 2005). Mutations of tumour suppressor genes and activation of 
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oncogenes including TP53, PTEN, c-myc, PDGFRA and EGFR, have been commonly reported 

in brain cancers such as GBM. These genes, when mutated in healthy neural, radial-glial, or 

astroglial progenitors, can lead to either the survival of quiescent cells or an uncontrolled 

cellular proliferation, by increasing progression through the cell cycle. These hyper-

proliferative cells divide, expand and infiltrate healthy neighbouring neural tissues in an 

uncontrolled manner resulting in neural tumours.  

 

There are many similarities between neural progenitors and brain cancer stem cells (Sandberg 

et al., 2013, Qiao et al., 2013). They can both proliferate, self-renew, differentiate and give rise 

to entire tissues, all through common signalling pathways including Notch, Wnt, mTORC1, 

pRb and p53 (Zohrabian et al., 2009, Albert et al., 2009). The difference being, that these 

processes and pathways become dysregulated or unable to be switched off in brain cancers. 

Therefore, understanding how stem cell propagation, proliferation and differentiation occurs in 

healthy neural progenitors and observing how the cell cycle and signalling pathways can be 

perturbed in brain cancer, is critical in comprehending how healthy neural progenitor cells 

become cancerous. This would assist the development of therapies that target the mutated 

neural progenitor of origin, which improves on the current method of treatments targeting the 

bulk of the tumour but not necessarily the cancer-initiating cell.   

 

1.2 Neural / Cancer Stem Cell Hypothesis 

The cancer stem cell hypothesis has been a hot topic for several years. In theory the derivation 

of cancer can occur from a single mutated cell, whether this is a stem cell capable of giving rise 

to multiple cell types remains to be confirmed. Many types of cancer cells can metastsise from 

the primary site into other organs, where they proliferate and divide causing invasion into 

surrounding tissues. Aggressive brain cancer, on the other hand, does not metastasise outside 

the CNS, but may result from mutations in a population of stem cells creating cancer-like stem 

cells (Beghini et al., 2003, Qiang et al., 2009). Cancer-like stem cells have been isolated from 

GBM cell lines derived from patient tumours, creating a homogenous population of “cancer 

stem cells” and have been characterised as stem cells according to the presence of common 

neural stem cell markers (Beghini et al. 2003, Qiang et al. 2009). In these populations 

decreased expression of neuronal and astrocytic markers has been observed indicating these 

cells are undifferentiated (Qiang et al., 2009). However, it has been shown that the isolation of 

these “stem cells” alone is not always effective at recapitulating the tumour in vivo. One reason 

for this is the markers used to isolate “stem-cells” are simply upregulated or expressed within 
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the tumour cells, as cancer cells undergo frequent mutation. Instead the use of neurosphere 

forming assays from dissected tumour, to propagate true stem cells that are capable of self-

renew, in conjunction with in vivo transplantation of the original tumour cells, has provided 

stronger evidence for the existence of glioma-initiating stem cells (Pavon et al., 2013). These 

cells give rise to a heterogeneous population of tumour cells, just as a neural stem cell gives 

rise to a heterogenous population of neural cells, (Figure 1.2). The true determinant of defining 

a brain tumour initiating cell is its ability to recapitulate the original tumour in vivo. 

 

Figure 1.2 Similarities between brain tumour initiating cells and neural stem cells.  Brain tumour 

initiating cells self-renew and give rise to heterogenous tumour cells, just as neural stem cells self-

renew and give rise to hetergenous neural cells. They both have similar regulatory pathways including 

Wnt, Notch and TGF-β (From Future Neurology. 2008;3(3):265-273 

http://www.medscape.com/viewarticle/578097_3) . 

 

1.3 Brain Cancer – GBM 

Brain cancers arise from the transformation of different types of healthy neural cells, whether 

they are early progenitor populations or those further differentiated. The cell type a tumour 

arises from usually dictates how brain cancers are classified and is also becoming the basis for 

treatment design. Brain cancers are classified into ascending grades depending on their 

http://www.medscape.com/viewarticle/578097_3
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severity, in accordance with the World Health Organisation. There are four grades of brain 

cancer, with a grade one tumour having the lowest malignancy, through to a grade four tumour, 

which has the highest malignancy and is most virulent (Chandrika, G et al., 2016). An example 

of a grade four tumour is Glioblastoma Multiforme (GBM) which develops either as a primary 

tumour, ‘de novo’, or a secondary, derived from a lower grade tumour (Figure 1.3), (Ohgaki 

and Kleihues, 2007). GBM accounts for approximately 69% of gliomas and 40% of all primary 

brain tumours making it the most frequent and malignant brain tumour (Ciammella et al., 2013, 

Martinez and Esteller, 2010). GBM has a survival rate of fewer than nine months (Carter et al., 

2008). The poor prognosis is related to the high degree of infiltration and proliferation of the 

tumour (Biernat et al., 1997, Ueki et al., 1996). This is due to deletion of multiple tumour 

suppressors and/or activation of multiple oncogenes involved in cell cycle regulation, 

progenitor cell maintenance (Jin et al., 2004), projection outgrowth (Sierra et al., 2015) or 

epithelial to mesenchymal transition (Waldau and Shetty, 2008) all of which can be mutated in 

many brain cancers, not just GBM. 

 

Figure 1.3. Altered gene expression leading to primary and secondary Glioblastoma development. 

Astrocyte or progenitor stem cells can either undergo multiple spontaneous genetic alterations to 

develop primary GBM or gradual genetic alterations developing secondary GBM. Primary GBM has 

higher percentage of gene alteration in all genes listed, except TP53,  as its alteration is the most 

common initial alteration leading to the disease. Both primary and secondary are classified as GBM 

based on their severity in accordance with WHO classification (Ohgaki  and Kleihues, 2007)(Ohgaki 

and Kleihues, 2007, Licence#  3731050145774). 
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1.4 Gene alterations determine GBM Subtypes 

There are four subtypes of GBM: Neural, Proneural, Mesenchymal and Classical, that have 

been categorised based on neural gene expression and mutation clustering studies (Verhaak et 

al., 2010). The mutated genes of each subtype can also be attributed to promote cell 

proliferation and cell cycle progression. The tumour suppressor, TP53, was the most frequently 

mutated gene in all subtypes of GBM except Classical, according to the cancer genome atlas 

research network 2008 (Verhaak et al., 2010). TP53 prevents progression into S phase until any 

DNA damage has been repaired. Inactivation of TP53 results in the progression of DNA 

damaged cells into S phase, as TP53 normally repressors CDK2/Cyclin E by the Cip/Kip 

family repressors, until repair is complete (Figure 1.4A,B). For Classical GBM, the most 

common mutations are amplification of the EGF receptor, and deletion of CDKN2A, which 

mutates the tumour suppressor, Retinoblastoma (Rb), preventing Rb from inhibiting G1-S 

phase progression (Figure 1.4B). Proneural GBM can be characterised by oncogenic PDGFRA 

alterations and p21Cip1 (CDKN14) down regulation. Hyper-activation of PDGFRA results in 

hyper activation of Ras and PI3K pathways which lead to uncontrolled proliferative growth 

(Figure 1.4A). Normally p21Cip1 inhibits Cyclin A-CDK2, Cyclin E-CDK2 and Cyclin D-

CDK4/6. When p21Cip1 is downregulated, this inhibition is lost and proliferation through these 

checkpoints prevails (Figure 1.4B). Both Neural and Mesenchymal subtypes have frequent 

mutations in PTEN, which normally inhibits PIP3 signalling (Figure 1.4A), with the 

mesenchymal subtype also exhibiting an NF1 deletion (Verhaak et al., 2010). This study 

illustrates that GBM patients can be further categorised into well-defined subgroups, based on 

the expression patterns of integral pathways that promote the tumourigenesis and proliferative 

capacities of the GBM tumour. These findings may indicate why some GBM patients do not 

respond to generic cancer treatment schemes, and are also useful for predicting survival 

outcomes. However, there is also a need to understand what pathways those subtype mutations 

effect in healthy neural brain cells. Within each subtype mutation, there may be a cascade of 

overlapping pathways that contribute to the severity of resulting tumour grade. If specific 

proteins involved in those pathways can be identified and their interaction with other pathways 

predicted, then effective treatments may be developed. It is important to note that the 

identification of these subtypes is insufficient in predicting the rate of tumourigenesis, as 

patients with the same subtype of GBM may experience different rates of tumour progression 

and metastasis. Cell signalling and cell cycle progression are key processes that need to be 

investigated in both diseased and non-diseased neural progenitors, in order to understand how 

the microenvironment of a healthy niche is effected by the diseased population. This will allow 
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treatments to provide better stabilisation of the healthy population, but target the diseased 

population in patients, achieving better treatment and survival. 
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Figure 1.4. Commonly mutated genes in GBM causing increased cell cycle progression. (A) 

Amplification of EGF receptor, PDGFR and mTOR components as well as the inactivation or deletion 

of the tumour suppressors: CDKN2A , RB, TP53 and the Ink family genes result in increased 

proliferation, primarily at (B), the G0-S phase of the cell cycle at G0-G1 and G1-S phase checkpoints. 

B 

A 
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For example, the p53 inactivation which is common to all except classical GBM, causes less 

inhibition of CDK2-Cyclin E and CDK4/6-Cyclin D by the Cip/Kip family of repressors resulting in 

uncontrolled progression from G1 into S phase and Early G1 into Late G1, respectively. This results 

in the hyper proliferation of a lot of brain cancers (Strauss et al., 2012, Huse and Holland, 2010). 

Progression through G1 phase and into S phase is determined transcription and translation of genes 

required for checkpoint progression, including cyclin E, CDK2, cyclin A and CDK 4/6, and for DNA 

replication. The transcription factor required for the transcription of these genes is E2F and can only 

be activated once released from retinoblastoma protein (Rb). Rb phosphorylation is required for E2F 

release is performed by the two complexes: cyclin D-CDK4/6 and cyclin E-CDK2. There are multiple 

inhibitors of S phase progression that belong to the two families listed, which are considered tumours 

suppressors. These include p15 (Ink4 family) and p21(Cip/Kip family) that inhibit cyclin d-CDK4/6 

and cyclin E-CDK2 respectively. (Strauss et al., 2012). Huse and Holland, 2010 Licence# 

3727280278230, (Strauss et al 2012 Licence# 3731060898183) 

 

1.5 Current Therapies used in Treatment of Brain Cancer 

Radiation therapy has been used for many years in the treatment of not only brain cancers, but 

other cancers also. There is a mild benefit for GBM from radiation treatment in which patients 

survival increases to 12.1 months with radiation therapy alone, to 14.6 months with combined 

treatment (Stupp et al., 2005). The standard procedure for treatment for GBM treatment is 

surgical extraction followed by treatment with temozolomide in parallel with 60Gy radiation 

and a final 6 weeks of continued temozolomide treatment (Friedman et al., 2000). 

Temozolomide is a DNA methylating drug that is distributed to all tissues including the CNS 

with low toxicity (Denny et al., 1994). Its effectiveness depends on the activity of the opposing 

O6-methylguanine-DNA methyltransferase (MGMT) which removes methyl from DNA, 

rescuing DNA replication in tumour cells (Friedman et al., 2000). Therefore patients with 

elevated MGMT activity in tumours are insensitive to TMZ, which has been a common 

problem, limiting the effect of the treatment. 

 

Immunotherapy has been recently trialled in cancer treatment. It involves boosting the patient’s 

own immune system to fight and attack the cancerous cells (Snook and Waldman, 2013). There 

are two types of immunotherapy that are currently being trialled in GBM treatments, namely 

Adoptive and Active Immunity. Adoptive immunity occurs by the ex vivo activation of patient 

lymphocytes, after their exposure to inactivated tumour proteins, into cytotoxic T lymphocytes 

(CTLs) (Vauleon E, 2010). The CTL are then re-injected into the patient. They are virulent and 

can target the patient’s tumour more specifically and effectively then the patient’s own immune 
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cells (Xu et al., 2012). Active immunity on the other hand, is when the patient produces their 

own CTLs in vivo (Figure 1.5). Patient tumour proteins are isolated and loaded onto immature 

dendritic cells isolated from blood and re-injected back into the patient. The dendritic cells are 

activated in vivo and stimulate the production of the patient’s own CTLs targeted to the 

tumour. These CTLs attack any tumour protein they recognise. This method appears to have 

the most effective response in terms of patient survival so far with patients newly diagnosed 

with GBM having a survival range within 65-234 weeks compared to 0-58 weeks, after 

treatment (Bregya et al., 2013, Xu et al., 2012, Vauleon et al., 2010), however the effectiveness 

of this therapy depends on the patient’s immune system and consequently variation in survival 

occurs. 

 

Figure 1.5. Active immunity is effective in prolonging patient survival. Immature dendritic cells are 

isolated from blood. Tumour protein extracted during surgery is used to produce tumour lysates, 

antigen and peptides that are loaded onto mature dendritic cells and reinjected back into the patient. 

The mature dendritic cells containing the tumour proteins will elicit lymphocyte conversion into 
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cytotoxic T lymphocytes (CTLs). The CTLs are responsible for recognising the patient tumour protein 

and attack any remaining tumour tissues.(Etame, 2014, OncoLive) 

 

1.6 Brain Cancer Development In Vivo 

In order to further understand processes activated during neural tumorigenesis, identifying 

other genes contributing to the development of the disease has been approached using animal 

models. This is the only way to observe how tumor micorenvironment influences the 

development of any disease, as simply extrapolating results from in vitro studies is not 

sufficient. Processes, such as the activation or inactivation of a signalling pathway in vitro, 

may remain unchanged in vivo, and not contribute to the development of the disease; the 

reverse is also true. Thus, in vitro studies illiciting significant results need to be confirmed in 

vivo prior to development of targeted therapies.  

 

Steriotactic  injection of brain cancer cell lines derived from patient tumours is one method 

used to induce murine brain tumours in vivo, and so doing, recapitulates the invasivness of 

the tumour, in most cases (Behar et al., 2008). U-87 MG is a GBM cell line which has 

effectively recapitulated the original tumour of the 44 year old male from whom it was 

derived (Clark et al., 2010). This cell line has been used previously in the in vitro study of 

brain cancer and was thought to recapitulate the original tumour 28 days after transplantation 

in mice (Clark et al., 2010, Markiewicz-Zukowska et al., 2013, Shi et al., 2012, Behar et al., 

2008), until recent findings suggest that there are some discrepancies regarding its 

reproducibility of the human disease in vivo (Jacobs, V et al., 2011). In comparison, the U251 

cell line seems to initiate tumours comparable to the human GBM (Jacobs, V et al., 2011). 

None the less, U-87 MG steriotactic injections into mice have been used to study tumour 

formation, and despite some discrepancies regarding their efficiency to model the human 

disease, they are considered more effective than previous  methods which involved isolating 

the “cancer-stem-cells” from patient tumours using stemness markers (such as CD133) and 

side population analysis are injected into mice, rarely mimic the original tumour (Broadley et 

al., 2011).  

 

Alternatively the transformation of neural progenitor populations into gliomas in vivo has 

also been successful in mice (Uhrbom et al., 2005). Mutations in Ras signalling pathways 

have proven quite effective in generating infiltrative tumour models in mice. Ras signalling is 

critical for the maintenance of neural progenitors and also in brain cancer development, with 
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MAPK inhibitors, which oppose Ras signaling pathways, effectively reducing GBM cell 

proliferation in vitro (Zohrabian et al., 2009, Albert et al., 2009). The expression of genes 

involved in this pathway have been manipulated, in conjunction with other genetic 

alterations, to develop effective animal models of brain cancer (Uhrbom et al., 2005, 

Marumoto et al., 2009, Abel et al., 2009, Holland et al., 2000). The Kirsten rat sarcoma viral 

oncogene homolog (Kras) is a member of the Ras family and, when active, has been shown 

be required for the maintenance of brain cancer (Holmen and Williams, 2005, Abel et al., 

2009). In particular, mutant activation of Ras in the form KrasG12D, in conjunction with p53 

deletion from neural progenitors of the SVZ, resulted in highly infiltrating gliomas (Ghazi et 

al., 2012). Using the same GFAP-Cre targeted KrasG12D activation in the SVZ, less 

infiltrative gliomas also developed (Abel et al., 2009), without the additional need of tumour 

supressor deletion. This was also the case when KrasG12D was activated from radial glial 

progenitors, using BLBP-Cre mediated activation, in both embryonic and post-natal mice. 

Developing in vivo models of GBM and other brain cancers in which the underlying genetic 

alterations are known, allows researchers to identify major changes in cell cycle regulation 

and proliferation which arise. 

 

1.7 Dysregulation of the Cell Cycle in Cancer 

Cellular hyper-proliferation and dysregulation of the cell cycle are common attributes of all 

cancers, not only brain cancers. In healthy cells, cell cycle progression will not occur unless 

specific requirements, such as complete and accurate DNA replication and appropriate cell 

growth, are met. However, cancer arises from mutations in cell cycle checkpoints that control 

these requirements. There are four checkpoints in which mutations can occur and lead to 

cancer namely, G1 to S; S to G2; G2 to M and M to G1, (Figure 1.4B).  Molecular control of 

cycle progression into and out of these phases is dictated by fluctuations in cyclin degradation 

and cyclin-dependent-kinase (CDK) activity. These cyclins and CDKs can be regulated by 

ubiquitin  (Hershko and Ciechanover, 1998) which marks them and other cell cycle proteins for 

degradation by the proteosome. The length of G0/G1 phase determines the period of cell growth 

before DNA replication begins, such that the longer cells remain in this phase, the fewer cycles 

they go through. Progression through G0/G1 and into S phase is predominantly dependent on 

phosphorylation of the Retinoblastoma protein (Rb) which releases the transcription factor 

E2F1, which enhances transcription of cyclin D1 and cyclin E for S phase progression 

(Inoshita et al., 1999) (Figure 1.4B).  
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Cellular quiescence of cancer-initiating or cancer stem cells, is also thought to be a cause of 

failed therapy for GBM (Chen et al., 2012). Quiescence is the state in which a cell is no longer 

proliferating, but still recieves signals to prevent the iniation of apoptosis. Quiescence is a 

characteristic known to be commonly possessed by stem cells. This is different from 

senescence whereby cells are no longer able to divide as they’ve reached their proliferative 

capacity (Hayflick, 1965). Senescent cells are unable to re-enter the cell cycle, however 

quiescent cells retain the ability to re-enter the cell cycle and proliferate upon re-addition of 

growth factors or other stimulants (Crescenzi et al., 1995).  

 

The most common cell cycle entry point into quiescence (G0 phase) occurs within the G1 

phase, when nutritional requirements are insufficient to continue through the cell cycle. Once 

optimal growth conditions and nutritional requirements are achieved, the cells will re-enter at 

the same restriction point from which they exited out of G1 phase (Pardee, 1974). Identifying a 

quiescent cell from a G1 phase cell may become crucial in preventing failed chemotherapies, 

as re-emergence of mutated quiescence cells into the cell cycle, is largely responsible for 

regression. It would be ideal to be able to isolate and target these cells specifically. It is 

difficult to distinuish a quiescent cell (G0) from those in G1 phase as both cell types exhibit 

changes involved with reduced growth and division. For example the two populations of cells 

would have the same amount of DNA content, that is ‘2N’, as assessed by cell cycle analysis 

(Coller et al., 2006), they also show reduced BrdU incorporation as they are not highly 

proliferative (Kingsbury et al., 2005), they have reduced expression of genes required for 

chromatin assembly (Polo et al., 2004) and also have reduced spindle assembly proteins such 

as MAD2L1 (Coller et al., 2006). These changes simply identify G0/G1 populations from 

dividing phases: S and G2/M phase.  

 

Quiescence can be induced by growth factor withdrawal, contact inhibition or prevention of 

cell adhesion (Coller et al., 2006). Although there are some differences, each mechansim of 

induction yields common changes in gene expression related to reduced proliferation or 

preparing for differentiation that occurs during quiescence (Coller et al., 2006). For example, 

the absence of M1-RR expression (Tay et al., 1991), accumulation of an E2F-p130 complex 

(Smith et al., 1996), downregulation of Chromatin Assembly Factor-1(CAF-1) (Polo et al., 

2004), reduced ki67 expression as well as a reduction in mTORC1 activity (reduced p-S6 

235/236 expression) are some common characteristics that distinguish G0 from G1 cells. 
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Multiple pathways are required for the initiation and maintenance of quiescence, including 

Wnt, PI3K, TGF-β and as briefly mentioned above, mTOR. Wnt signalling is required in the 

HSC niche to prevent proliferation (Fleming et al., 2008), block differentiation (Kirstetter et 

al., 2006) and maintain quiescence (Li and Bhatia, 2011) to preserve the stem cell pool. 

Inhibition of the PI3K/Akt pathway results in fewer quiescent melanoma stem cells, with a 

greater population in G1 (Touil et al., 2013), indicating PI3K signalling is required to maintain 

cells in a quiescent state. TGF-β signalling has also been shown to maintain the differentiation 

capacity and multipotency of HSCs in vitro whilst preventing their division, implicating TGF-β 

in stem cell maintenance (Yamazaki et al., 2009). Lastly, deletion of genes that inhibit mTOR 

signalling result in increased stem cell proliferation (Zhang et al., 2006), which in time 

exhausts the stem cell pool (Li and Bhatia, 2011) indicating mTOR is also involved in 

maintaining stem cell quiescence, (Figure 1.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Convergence of pathways involved in the maintenance of quiescence (G0 phase) 

and entrance into G1 and S phases. TGF-β, Notch, mTOR and PI3K pathways converge to control 

cell cycle progression. TGF-β ligands bind and promote p21 transcription which inhibits Cyclin E-

CDK2 binding and Cyclin D-CDK4/6 binding and therefore entrance into S phase and into G1 phase 
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respectively, thereby preventing both exit from quiescence and from G1 phase; Notch ligands have a 

similar effect. PI3K activates Akt which mediates activation of many downstream complexes including 

mTOR. mTOR activation ultimately activates S6 protein which promotes progression from G0 into G1 

phase.(Pietras et al., 2011)  (Pietras et al 2011, JBC doi: 10.1083/jcb.201102131) 

 

1.8 G1 to S Phase Signalling Pathways 

Genes encoding proteins controlling the G1 to S phase checkpoint are targets of major 

signalling pathways, including TGF-β, Wnt, MAPK/ERK and PI3K/Akt/mTOR. These 

pathways can converge onto the same substrates which then mediate similar, although 

sometimes different roles within cells (Voskas et al., 2010). Therefore identifying changes in 

cell cycle proteins downstream of one signalling pathway doesn’t indicate that that pathway is 

the only one regulating the substrate, as there will almost certainly be multiple feedback 

mechanisms involved (Voskas et al., 2010). 

 

p15 and p21 are two tumour supressor proteins, that prevent progression into S phase, and are 

directly transcribed downstream of TGF- signalling, (Figure 1.4B and 1.7). In TGF- 

signalling, the tyrosine receptor activation results in phosphorylation of Smad2/3 which 

recruits Smad4 before the complex enters the nucleus to mediate transcription of the CDK 

inhibitors. p15 prevents the interaction of Cyclin D with its corresponding kinase: CDK4, and 

p21Cip/Waf1 prevents the formation of Cyclin E-CDK2, both outcomes leading to the 

inactivation of the respective CDK and halting progression from G1 phase (Meulmeester and 

Dijke, 2011), (Figure 1.4B and 1.7).  
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Figure 1.7 TGF-β signalling transcribes G1-S phase inhibitors. Upon binding of TGF-β, there 

is co-receptor activation which phosphorylates R-Smad (Smad2/3) promoting dimerisation with 

Smad4 resulting in a transcription complex that enters the nucleus, mediating transcription of genes 

such as p21 and p15 (Meulmeester and Dijke, 2011, Licence# 3727410931105) 

 

Activated Wnt signalling also positively correlates with cancer. In particular, Wnt signalling 

results in  high β-catenin levels which activates transciption of cyclin D1 in many cancers 

(Chen et al., 2012). Wnt signalling has also been shown to increase cyclin D1 in conjunction 

with MAPK signalling (Diehl et al., 1998). Cyclin D1 is degraded by the proteosome upon 

ubiquitylation, although not exclusively (Germain et al., 2000), which was thought to be 

dependent on phosphorylation of threonine 286 by GSK-3β (Diehl et al., 1998). GSK-3β itself 

is regulated by phosphorylation through c-Akt, which is mediated by crosstalk between 

Ras/PI3K/Akt and Wnt pathways (Diehl et al., 1998) (Massague et al., 2004). Increased GSK-

3β phosphorylation inhibits its kinase activity (Voskas et al., 2010, Vara et al., 2004), resulting 

in less Cyclin D1 phosphorylation and therefore, degradation. Despite this, mechanisms exist 

to remove ubiquitin molecules to prevent Cyclin D1 degradation. Ubiquitin-specific protease 2 

(USP2) can remove ubiquitin from cyclin D1, stabilising it (Shan et al., 2009), but does not 

appear to do so for cyclin E or other D types cyclins indicating ubiquitin proteases can have 

specific cyclin targets. Other ubiquitin specific proteases may be involved in the regulation of 

Cyclin D1. Cyclin D1 is also positively regulated by AP-1 which in turn is positively regulated 

indirectly by apoptosis signal-regulating kinase 1 (ASK1), another ubiquitin ligase substrate 

(Hayakawa et al., 2010) and substrate of another ubiquitin specific protease, (Figure 1.8). 
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Figure 1.8 Cell Cycle and the proteins involved in G1 to S phase transition. G1 to S phase 

transition requires ERK MAP kinase pathway and regulation of retinoblastoma phosphorylation by 

CDK4/6-cyclin D complex. Activated ERK is required for AP-1 transcription complex (dimerised c-

Fos and Jun) activation which promotes cyclin D trancription, which is critical for CDK4/6 complex 

formation to phosphorylate and deactivate retinoblastoma protein (Rb). Phosphorylated Rb activates 

E2F transcription factors that are required for transcription of the S phase cyclin, Cyclin E (modified 

from Hershko and Ciechanover, 1998) 

 

PI3K signalling has also been shown to inhibit p21Cip, p27Kip1 and mTOR, promoting 

accelerated progression into S phase (Pietras et al., 2011). This indicates a convergence of 

pathways is necessary for intricate regulation of cell cycle subrates. These are just a few 

examples of pathways involved in the regulation of cell cycle proteins involved at the G1 to S 

phase transition. 

 

1.9 The Ubiquitin System 

Ubiquitylation is a postranslational modification that is required for most, if not all, cell 

functions including cell cycle control, cell signal transduction, membrane trafficking and DNA 

damage repair (Luise et al., 2011, Sacco et al., 2010). It involves the covalent addition of 

ubiquitin to protein substrates involving three enzymatic reactions requiring the activation, 

ASK1 ASK1 
Ub 

Ub 
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carrying and final ligation of ubiquitin. The addition of ubiquitin to substrates regulates the 

distribution or activity of the substrate (Colland, 2010), can promote exportation of the 

substrate from the nucleus (Dupont et al., 2009) or, upon ubiquitin chain elongation, can 

promote substrate degradation by the 26S proteosome. 

 

Ubiquitin is a highly conserved 76 amino acid polypeptide containing seven lysine residues, 

which enables it to take on diverse polyubiquitin chain structures, enabling functionally 

specific signalling (Pickart and Fushman, 2004). Ubiquitylation involves its activation by 

ubiquitin activating enzymes, E1, which uses ATP to form a thioester bond with the carboxy 

terminus of ubiquitin.  The activated ubiquitin is then transferred to an E2 conjugating enzyme 

(Ramakrishna et al., 2011) in a transthiolation reaction (Bedford et al., 2011). The E2 enzyme, 

containing ubiquitin, forms a complex with an E3 ubiquitin ligase whereby ubiquitin is 

conjugated to the target protein’s lysine residue, through isopeptide bond formation between 

the lysine residue and the C-terminal glycine 76 (Figure 1.9) (Pickart and Fushman, 2004, 

Bedford et al., 2011, Haglund and Dikic, 2005, Colland, 2010). E3 ubiquitin ligases are also 

known to interact with and add ubiquitin to targets through adaptor proteins (Fang et al., 2003).  

Just as phosphoryl groups are added by kinases and removed by phosphatases, ubiquitylation is 

reversed by very specific enzymes known as deubiquitylating enzymes (DUBs). With respect 

to proteosomal degradation, the polyubiquitin K48-linked chain (Chau et al., 1989) increases 

the efficiency for targeting the protein to the 26S proteosome for degradation. A protein 

substrate can escape this degradation if the polyubiquitin chain is removed by DUBs. This is 

one of the functions of USP9x (Schwickart et al., 2010). USP9x is a deubiquitylating enzyme 

that removes ubiquitin molecules from lysine residues of substrates to prevent degradation, 

promote substrate activation or alter localisation. It opposes E3 ubiquitin ligases which add 

monomers or polymers of ubiquitin to a molecule that mark it for both trafficking and 

degradation by the proteasome as reviewed by (Hershko and Ciechanover, 1998).  
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Figure 1.9 Ubiquitin modifcation of substrates dictates fate. In the first step of the process, (1) 

Ubiquitin is activated by E1 enzyme in a reaction dependent of ATP. Secondly, (2) the activated 

ubiquitn is transferred to E2 enzyme which carries the ubiquitin to the E3 ligase which (3) adds 

ubiquitin to a lysine residue on the substrate. At this point, ubiquitin molecules can be removed by (4) 

deubiquitylating enzymes including USP9x, a ubiquitn specific protease. The addition of Ubiquitin 

molecules at lysine residue -48 or -11 results in their (5) degradation by the 26S proteasome. However 

when added linearly at lysine -11 or -63 promotoes the substrates signalling pathway complex 

assembly. (Vucic et al 2011, Licence # 3731061268718) 

 

1.10 Regulation of Proliferative Brain Cancer Genes by Ubiquitin 

Genes required for the maintenance of healthy neural progenitors are also amplified or 

mutated in brain cancers. These include genes involved in progenitor self-maintenance, cell 

cycle and apoptotic regulators, some of which are regulated by the ubiquitin-proteasome 

system, making them substrates of both ubiquitin ligases and deubiquitylating enzymes. 

Genes specific for neural progenitor maintenance including Sox2 (Annovazzi et al., 2011, 

Ellis et al., 2004) and mTOR (Fan Q and Weiss W 2012) are regulated by ubiquitin (Baltus et 

al., 2009, Linares et al., 2014). Cell cycle suppressors such as p53, pRb, p27, p21, E2F1 

(Vlachostergios et al 2012) and cell cycle promoters including Cyclin D1, Pescadillo and c-

myc, are also all regulated by the ubiquitin-proteasome system. 

 

SOX2 is highly expressed in the neural progenitors of the developing brain (Ellis et al., 2004) 

and its expression decreases upon differentiation as progenitors exit the cell cycle (Annovazzi 

et al., 2011). In brain cancer, high SOX2 expression correlates both with hyper proliferative 

regions in gliomas and the malignant grade, with high expression in glioma-derived 
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neurospheres. In contrast, low SOX2 expression is detected in terminally differentiated cells 

within neural tumours (Annovazzi et al., 2011). Nestin is a prominent marker of neural 

progenitors involved in their maintenance and, its expression decreases as differentiation 

proceeds. Glioblastoma cell clones that were characterised with high Nestin expression, gave 

rise to tumours faster, in vivo, than those with low Nestin (Lu et al., 2011).  

 

mTOR signalling is involved in neural progenitor cell cycle and differentiation, and is 

commonly mutated in brain cancers (Kahn et al., 2014). Inactivation of mTORC1 signalling 

reduces neural stem cell proliferation (Cloëtta et al., 2013). mTORC1 signalling occurs in 

response to growth factor stimulation, by EGF/FGF/IGF/HGF, resulting in downstream 

activation of p-S6(s235/236). This promotes neural progenitors to exit the quiescent G0 phase 

and enter the G1-S phase (Eshleman, et al. 2002, Galan-Moya, E.M. et al. 2011, (Rodgers et 

al., 2014). Up regulation of EGFR is a common mutation amongst brain cancers and can lead 

to increased mTORC1 activation, promoting replication of brain cancer cells (Fan and Weiss 

2012). Several components, including Raptor, S6K1 and S6K2, of the mTORC1 complex are 

regulated by the ubiquitin proteasome system(Gwalter et al., 2009, Hussain et al., 2013, 

Agrawal et al., 2012). 

 

TP53 is a tumour suppressor commonly mutated in brain cancer. TP53 is required at both 

G0/G1 and G2/M cell cycle checkpoints, and is activated in response to DNA damage, as 

well as nutrient or growth factor deprivation (Vlachostergios, P et al, 2012). In its inactive 

state TP53 is bound by the E3 Ubiquitin ligase, Mdm2, which shuttles it into the cytoplasm 

and ubiquitylates it, resulting in its proteasomal degradation. However, phosphorylation of 

TP53 by kinases including ataxia telangiectasia mutated (ATM), AMP-activated protein 

kinase (AMPK) or casein kinase 1 (CK1), prior to binding Mdm2 result in TP53 stabilisation 

(Vlachostergios, P et al, 2012).  

 

Cell cycle suppressor TP53/p21Cip1/Rb signalling is an essential component of Ras 

signalling, as knockdown of any of P53, p21Cip1 or Retinoblastoma protein (Rb) restores 

proliferative capacity following H-/N-/Kras cell cycle arrests. Ras signalling transmits 

mitogenic signals to cell cycle machinery, which converges onto Rb, resulting in its 

inactivation (Vlachostergios et al., 2012, Mittnacht and Olson, 1997). Rb is a tumour 

suppressor that, in its unphosphorylated form, associates with E2F1 preventing it from 

transcribing genes, cyclin D1 and cyclin E, which are required for entry into S phase 
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(Inoshita et al., 1999). Perturbations in pRb signalling, by CDKN2A deletion in brain 

cancers, can result in early entry into S phase. E2F1 is also regulated by ubiquitylation 

(Vlachostergios et al., 2012). The addition of ubiquitin by SCF SKP2 E3 ligase promotes 

E2F1 degradation and results in less G1-S phase progression (Galanti et al., 2008).  

 

P27 and p21 are cyclin dependent kinase inhibitors that prevent entry into S phase. Both are 

ubiquitylated and their expression is reduced in many brain cancers (Piva et al., 1999, 

Pamarthy et al., 2007, Schiffer et al., 2002). P27 regulates activation of CyclinD-cdk4, Cyclin 

E-cdk2 and Cyclin A-cdk2 complexes at the G1-S phase checkpoint and itself is 

ubiquitylated by Skp2 (Schiffer et al., 2002), whereas p21 inhibits cdk2 and is ubiquitylated 

by the APC/cdc20 ligase (Amador et al., 2007). Degradation of these proteins result in the 

transcription of G1-S promoting proteins, such as Cyclin D1, resulting in premature entry 

into S phase, increasing proliferation.  

 

Cyclin D1 acts as an oncogene in brain cancer (Wang et al., 2012) and is regulated directly 

by the SCF-FBX4-αβcrystallin E3 Ubiquitin ligase (Lin et al., 2006), but also indirectly via 

its phosphorylation by IKKa (Inhibitor of kappa B kinase alpha) which shuttles it into the 

cytoplasm where it is ubiquitylated and degraded by the proteasome. Positive regulation of 

Cyclin D1 can occur through the stabilisation of NF-kB via the ubiquitin proteasome system, 

which prevents differentiating glioma cells from becoming post-mitotic (Nogueira et al., 

2011). As these cell cycle proteins, which can be regulated by ubiquitylation are mutated in 

brain cancers their potential stabilisation by DUBs, such as USP9x, is worth investigating in 

both healthy and transformed neural progenitors. 

 

1.11 Ras Signalling Pathway 

Ras signalling regulates many cellular functions including cell proliferation, apotosis and 

differentiation (Molina and Adjei, 2006). Constituitive activation of Ras commmonly occurs 

in cancers. Overexpression of growth factor ligands or receptors involved with receptor 

tyrosine kinase (RTK) activation, such as EGFR or PDGFR, occur in brain cancer increasing 

Ras activation and downstream signalling. Constitutive Ras activation by mutations in 

components of Ras/Raf/Erk (a.k.a MAPK) occurrs in astrocytic gliomas and promotes the 

proliferation of astrocytic glioma in vitro (Guha et al., 1997) As mentioned, constituitive 

activation of oncogenic KRas has been used in the development of mouse models of GBM 

and other aggressive cancers (Ghazi et al., 2012, Liang et al., 2010, Pérez-Mancera et al., 
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2012). Interestingly, KrasG12D mutations are not commonly observed in human brain cancer 

but occur in a variety of different cancers, promoting metastatic transformation in many 

cancer models (Pérez-Mancera et al., 2012, Fisher et al., 2001, Moon et al., 2014). Tumour 

suppressor deletion enhances the transformation of KrasG12D induced tumours in other 

cancers also. Of particular interest was the enhanced transformation in pancreatic cancer. 

Intermediate pancreatic tumours (PanIN) develop upon mutation of KrasG12D, however this 

rapidly progresses into the aggressive pancreatic ductal adenocarcinoma (PDA) upon deletion 

of USP9x (Perez-Mancera et al 2012), implicating USP9x as a tumour suppressor. The 

mechanism behind the transformation capacity by the deletion was attributed to the 

destabilisation of Itch (E3 ligase), which was reduced in PDA cells depleted of USP9x, yet no 

other USP9x substrates controlling cell apoptosis or proliferation were changed (Perez-

Mancera et al 2012). Hence, investigating the transformation capacity of KRasG12D induced 

neural tumours into higher infiltrating ones by concurrently deleting USP9x, seemed worth 

pursuing. 

 

Ras activation occurs upon the binding of a growth factor to its tyrosine kinase receptor, 

resulting in tyrosine autophosphorylation (Figure 1.9). This recruits Grb2, Shc, Gab2 and SHP-

2 into a complex, which converts inactive Ras-GDP into active Ras-GTP. It is this active form 

of Ras that predominates in cancer (Molina and Adjei, 2006). Ras-GTP recruits Raf to the 

membrane, activates it, where it goes on to phosphorylate MAPK. MAPK then phosphorylates 

ERK which promotes activation of transcription factors, required for proliferation, survival and 

differenitation (Ward et al., 2012). Interplay between Ras signalling and other pathways that 

respond to growth factor activation, including the mTOR pathway, have been reported. mTOR 

Complex 1 includes the scaffolding and recruitment protein, Raptor. mTORC1 signalling is 

also activated in response to growth factors EGF/FGF and plays an important role in neural 

progenitor proliferation and quiescence. Ras signalling has been shown to be both activated 

and attenuated in response to mTOR Complex 1 signalling (Liang et al., 2010, Carracedo et al., 

2008, Guha et al., 1997, Hoshii et al., 2012). Interplay can occur in a synergistic manner, and is 

largely cell conxtext specific. For example, the hyperactivation of mTORC1 in lung cancer, by 

deletion of upstream inhibitors TSC1/2, results in increased Kras transformation (Liang et al., 

2010).  In murine T-cells, the inhibition of the mTORC1 component, Raptor, inhibits Kras-

mediated proliferation (Hoshii et al., 2012, Guha et al., 1997). Ras-ERK1/2 has also shown to 

activate mTORC1 through its phosphorylation of Raptor. Cross-talk can occur between Ras 

and mTORC1 signalling. Upon the inhibition of one pathway, there can be a corresponding 
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upregulation of the other to counteract its effect and promote tumourigenesis. For example, 

inhibiting mTORC1 with Rapamycin in patient cancers, led to an upregulation of Ras-MAPK 

signalling (Carracedo, A et al 2008). USP9x has been shown to play a role in both mTORC1 

signalling (Agrawal, P et al 2014) and in KrasG12D signalling (Pérez-Mancera et al., 2012). 

Based on the cross talk within these pathways, it is possible that USP9x plays a role in their 

signalling of neural progenitors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 Ras activation results in activation of multiple effector pathways including PI3K. 

Tyrosine kinase receptor activation by growth factors such as EGF, FGF and IGF cause tyrosine 

autophosphorylation which activates Grb2/Gab/SHC/SHP2 complex which then activates SOS1. 

SOS1 converts Ras-GTP into Ras-GDP, opposing NF1 and GAP which mediate Ras conversion to its 

active GTP form. Ras-GTP activates Raf, which continues activation of MEK, which in turn activates 

ERK, which promotes genes required for proliferation. However, Active Ras can also directly bind 

and activate PI3K, to promote stimulation of this pathway required for cell survival, cell cycle 

progression and proliferation. (Schubbert et al 2007, Licence # 3731070141386) 

 

1.12 mTOR Signalling Pathway 

mTOR signalling is involved in the regulation or cell growth, metabolism, differentiation, 

proliferation (Agrawal et al., 2012, Fingar et al., 2004, Laplante and Sabatini, 2009). mTOR 

activation is required for the proliferation of both neural progenitors and brain cancer cells 
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(Galan-Moya et al., 2011, Eshleman et al., 2002). Hyperactivation of mTOR results in 

depletion of the stem cell pool (Castilho et al., 2009). There are two mTOR complexes, 

mTORC1 and mTORC2, that are thought be be involved in the regulation of different cellular 

functions, but can feedback and regulate the activity of each other. They are serine/threonine 

kinases and are defined by their unqiue binding partners. The mTORC2 complex includes its 

binding partner Rictor and functions predominantly in actin organisation and differentiation 

(Agrawal et al., 2012) (Figure 1.11). Activation of this complex is usually measured by the 

phosphorylation of Akt on Serine 473 (Agrawal et al., 2012). It is via pAkt that mTORC2 

mediates other roles as a regulator of cell cycle progression, glycogen metabolism and protein 

synthesis, as well as a both a negative and positive feedback regulator of mTORC2 activity 

(Vara J et al 2004). The mTORC1 is the other complex and can be inhibited by the drug 

Rapamycin which has shown to be effective in reducing the growth of GBM cell lines in vitro 

(Arcella et al., 2013). In mTORC1, mTOR forms an association with Raptor, a recruitment and 

scaffolding protein (Nojima et al., 2003) to mediate regulation of cell growth, proliferation and 

protein synthesis (Figure 1.11). Activitation of this complex is usually measured by the 

phosphorylation of S6 on Serine 235/236 or by the expression of the upstream kinase, P70S6K. 

mTORC1 components, Raptor, p-S6 and P70S6K mediate tight control of critical cell processess 

and fluctuate in response to cellular stress, such as hypoxia (Wolff et al., 2011), cell cycle 

changes, pH changes (Balgi et al., 2011) and nutrient derprivation/abundance (Khapre et al., 

2014), in order to compensate for these changes. 

 

mTORC1 has two immediate downstream targets: p70S6K and 4E-BP1 targets (Figure 1.11) 

(Hara et al., 1998). Firstly, mTORC1 can activate p70S6K, via phosphorylation, in turn 

activating S6 (Kawasome et al., 1998) to promote translation of mRNA encoding translation 

elongation factors and ribosomal proteins (Jefferies et al., 1997). mTORC1 phosphorylates its 

second downstream target: 4E-BP1 which frees elF-4E (translation iniation factor) to promote 

protein translation. In terms of cell cycle, the activation of S6 and elF-4E specificly have been 

shown to enhance progression from the quiescent G0 phase into G1 phase (Fingar et al., 2004). 

USP9x has been shown to negatively regulate mTOR signalling in mouse myoblast cells, 

leading to increased phosphorylated S6, indicating mTORC1 activation, upon USP9x 

depletion, coupled with an increase in myoblast differentiation (Agrawal et al., 2012). As 

mTORC1 regulates transition from G0 into G1 through S6 activation, depleting USP9x could 

promote this transition, resulting in a reduction of cells from the quiescent phase. 

 



41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 mTOR complexes and signalling pathways. The mTOR complexes are defined by the 

different proteins that they bind. mTORC1’s major component is Raptor, whereas mTORC2’s is 

Rictor. mTORC1 mediates the activation of p70SK6 which actives S6 protein for translation of 

elongation factors and ribosomal proteins, whereas mTORC2 mediates the activation of Akt on 

serine473, which mediates processes involved in actin arrangement. (Russell et al., 2011) TSC1/2 

complex inhibits Rheb which required for the activation of mTOR. When TSC2 is phosphorylated it 

can no longer inhibit Rheb, so Rheb activates mTOR. mTORC1 activates p70SK6 which phosphorylates 

S6 to promote transcription of translation elongation factors, ribosomal proteins and transition from 

G0 in to G1  mTORC1 also activates 4E-BP1 which inhibits elF4E. elF4E has been also shown to 

promote G0 to G1 transition. (Wu and Zhou, 2007) (Licence # 3731070799491). 
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1.13 PI3K Signalling Pathway 

Another pathway that links into the Ras and mTOR pathways, and has been reported to be 

mutated in cancer, is PI3K. Genes that are mutated within this pathway are mutated in GBM 

and neural caners. These include: PTEN and Ras which are both downstream of PI3K 

signalling (Wang et al., 2013, Castellano and Downward, 2011) or PI3K directly (Shayesteh et 

al., 1999, Ma et al., 2000). Phosphatidylinositol-3 Kinases (PI3K) are a class of kinase that 

phosphorylate phosphoipids on their inositol group (Fruman et al., 1998). Growth factors such 

as IGF, FGF and EGF bind their receptors and auto-phosphorylate tyrosine (Dilly and Rajala, 

2008, Dey et al., 2010, Shah et al., 2006), recruiting PI3K to the intracellular membrane where 

it binds phosphotyrosine through its SH2 domain. This leads to the activation of PI3Ks 

catalytic subunit by which it converts PIP2 to PIP3. PTEN is a phosphatase that catalyses the 

reverse reaction, preventing PIP3 signalling, and has been found to be requently mutated in 

GBM (Wang et al., 1997). PIP3 recruits PDK1 to the membrane which phosphorylates Akt on 

threonine 308. Akt then diverges to regulate substrates involved in cell cycle progression, 

survival and growth (Vara et al., 2004) (Figure 1.12).  

 

For cell cycle progression, Akt inacivates GSK-3β, which prevents the downstream 

phosphorylation of β-catenin which is required for its degradation. β-catenin is then free to 

enter the nucleus, bind transcription factors and activate transcription of genes such as Cyclin 

D1. Akt also phophorylates p21Cip/Waf1 (Zhou et al., 2001) and p27Kip1(Viglietto et al., 2002, 

Shin et al., 2002), which mediate an inhibitory effect on cell cycle progression through 

association with CDK2, preventing CDK2-Cyclin E binding, which is required for progression 

into S phase. By phosphorylating p21Cip/Waf1 and p27Kip1 it localises them to the cytoplasm 

(Zhou et al., 2001, Shin et al., 2002, Viglietto et al., 2002), preventing its translocation into the 

nucleus so it can no longer interfere with cyclin E-CDK2 binding, losing its ability to inhibit 

cell cycle progression. 
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Figure 1.12 Akt regulation of downstream proteins involved in other signalling pathways. The 

activation of Akt occurs via the phosphorylation of threonine 308 and serine 473 by PDK1 and 

mTORC2 (with PDK2 when in the nucleus) respectively. Akt then goes on to activate substrates 

controlling regulation of checkpoint proteins, such as mdm2 and signalling pathway initiators like 

mTOR. It also inhibits cell apoptotic proteins, such as Bad, Wnt signalling proteins, as in GSK3β and 

cell cycle inhibitors such as p27. This demonstrates the multitude of substrates and processes that can 

be regulated by Akt. (Vara et al., 2004). (Vara et al 2007, Licence # 3731071104512) 

 

p-AktS473 is also regulated by activation of this pathway, where it can mediate control of cell 

growth and proliferation, independently, although, it commonly activates other pathways, such 

as mTORC1 (Figure 1.13). In the presence of growth factors, Akt phosphorylates the upstream 

mTORC1 inhibitor, TSC2 (Inoki et al., 2002) preventing its association with its binding partner 

TSC1. The TSC1/2 complex is active when growth factors are not present and inhibits Rheb, a 

GTPase that activates mTORC1 signalling under these circumstances, to promote protein 

synthesis. 
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Figure 1.13 PI3K signalling converging onto other signalling. Tyrosine kinase receptors bind 

ligands such as EGFR, FGF and IGF which activate Ras and PI3K. Ras signalling promotes 

activation of Raf, MEK, and ERK downstream to promote activation of cell cycle progression 

proteins. Activation of PI3K converts PIP2 to PIP3, (with PTEN phosphatase concurrently opposing 

this conversion) which activates PDK1. PDK1 phosphorylates Akt on threonine 308 which allows it to 

inhibit TSC2 through phosphorylation, preventing its binding with TSC1. TSC1/2 complex inhibits 

Rheb (a GTPase) in absence of growth factors. Rheb is a GTPase that activates mTOR1. (Knowles et 

al., 2009)( Licence # 3731071377400) 

 

1.14 USP9x, Ubiquitin Specific Protease 9 X linked 

USP9x protein contains 2547 amino acids with a molecular weight of ~290kDa. It is involved 

in cell proliferation, signalling, self-renewal and substrate regulation (Dupont et al., 2009, Jolly 

et al., 2009, Li et al., 2011, Xie et al., 2012). It has been categorised as a stemness gene and 

shown to be both present  and required for the maintenace of stem cell populations in 

developing organisms with expression decreasing as differentiation proceeds (Jolly et al., 

2009). Its upregulation in mouse derived embryonic neural stem cells, resulted in an increased 

number of radial glial-like progenitors (Jolly et al., 2009). USP9x regulates the levels (Al-



45 

 

Hakim et al., 2008, Nagai et al., 2009, Xie et al., 2012) or location (Dupont et al., 2009) of its 

substrates via deubiquitylation. USP9x itself is subjected to postranslational phosphorylation 

(Li et al., 2011). Substrates of USP9x can be involved in both tumour supression and tumour 

cell survival (Schwickart et al., 2010, Dupont et al., 2009) 

 

1.15 USP9x and Neural Stem Cells 

Usp9x is highly expressed in neural progenitors of the developing mouse brain (Stegeman et al 

2013) and although its expression decreases in the adult, it remains highly expressed in regions 

of neurogenesis (Jolly et al., 2009). Flutuations in its expression effect the neural organisation 

in vitro and in vivo (Jolly et al., 2009; Stegeman et al., 2013). Slight increases of Usp9x in 

neural progenitors, derived from embryonic stem cells, enhances their self-renewal capacity by 

promoting cell polarisation in highly proliferating radial clusters (Jolly et al., 2009). These 

radial clusters physiologically mimic the highly neurogenic apical and basal domain of 

polarised neural progenitors in vivo, where Usp9x is highly expressed apically, (Jolly et al., 

2009). Usp9x is critical for neural development in vivo, as its deletion from neural progenitors 

of the mouse brain results in embryonic lethality (Stegeman et al., 2013). Nestin-Cre mediated 

deletion of Usp9x result in loss of the protein in developing brain from E10.5 onwards. This 

reulsted in disruption in the organisation of neural progenitors of the cortical plate, ventricular 

and subventricular zones. There was also a reduction in neuronal projections from the 

neocortex to the cortical plate and the culture of embryonic hippoampal neurons confirmed a 

reduction in axonal outgrowth (Stegeman et al., 2013). This in vivo evidence demonstrates that 

Usp9x is required for the regulation of neural progenitors. Preliminary evidence from cultured 

human derived neural stem cells indicates that there is reduction in cellular proliferation after 

USP9x depletion, but no changes in differentiation. Taken together, this provides evidence that 

Usp9x is required for the neural progenitor maintenance, self renewal and proliferation both in 

vitro and in vivo (Jolly et al., 2009; Stegeman, et al 2009; Wood unpublished).  

 

Usp9x plays a critical part in many signalling pathways including TGF-β, Notch, Wnt, and 

mTOR signalling which regulate key processes including cell growth, proliferation, self-

renewal and differentiation. The reduction in axonal outgrowth that was observed in the Usp9x-

/Y cultures was attributed to a reduction in TGF-β signalling which normally promotes neuronal 

outgrowth. Usp9x has previously been shown to activate SMAD4 (Dupont et al., 2009), the 

TGF-/BMP secondary messenger, in multiple transformed cell lines, which promotes its 
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translocation into the nucleus. This promotes transcription of G1-S phase cell cycle inhibitors 

p21 and p15 which prevents proliferation (Dupont et al., 2009) and inhibits neurogensis in 

neural development (Aigner and Bogdahn, 2008).  

 

Usp9x has also been implicated in the Notch Signalling pathways by interacting with and 

stabilising the ubiquitin ligases Mindbomb-1 (Mertz et al., 2015), and Itch (Mouchantaf et al., 

2006), which regulate Notch in the signal sending and receiving cell, respecitvely. Notch 

signalling is crucial for neural stem cell self-renewal, growth and proliferation (Aguirre et al., 

2010). The interaction and stabilisation of β-catenin (Taya et al 1999), by Usp9x, has also 

implicated in promoting Wnt signalling, which is another critical pathway for neural stem cell 

growth and proliferation (Adachi et al., 2007). Increase β-catenin stability and signalling 

promotes its entry into the nucleus for transcription of cell cycle genes, such as cyclin D1 

(Shtutman et al., 1999) which promote cell proliferation at G1 – S phase.  mTORC1 signalling 

is required for cell growth and cell cycle progression whereby the inactivation of mTORC1 

results in reduced neural stem cell proliferation (Cloëtta et al., 2013). USP9x has recently been 

shown to interact with mTORC1 component, Raptor and p-mTOR but negatively regulates 

mTORC1 signalling in muscle myoblasts, whereby its depletion results in increased mTORC1 

activity and an acceleration of myoblast differentiation (Agrawal et al., 2012). Therefore the 

regulation of neural progenitors by USP9x could involve multiple mechanisms 

 

1.16 USP9x in Cancer 

1.16.a Usp9x as a tumour suppressor 

Usp9x has been suggested to be a tumour suppressor in pancreatic cancer (Pérez-Mancera et 

al., 2012). This study used a mouse model of pancreatic intraepithelial neoplasia (mPanIN), 

which is an intermediate in the development of pancreatic ductal adenocarcinoma (PDA) by 

expressing mutated KrasG12D in the developing pancreas. They then performed a sleeping 

beauty random transposon insertional mutagenesis screen in the developing pancreas to 

identify genes that reduced the latency of progression from mPAnIN to PDA. This screen 

identified USP9x as the most common site for transposon insertion in the PDA tumours. The 

screen result was confirmed using Pdx1-cre mediated conditional deletion of Usp9x, and 

KrasG12D expression, specifically in the pancreas which demonstrated the very rapid 

development of pancreatic cancer from mPanIN (Pérez-Mancera et al., 2012). An interesting 

finding in human studies of PDA, was that there was poor prognosis for patients who had low 

USP9x mRNA expression after having undergone surgery to remove localised tumours (Pérez-
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Mancera et al., 2012). This could also be seen in protein expression of USP9x from the PDA 

patient cell lines. This study strongly implicated USP9x as a tumour suppressor in the 

development of PDA. In addition, the sporadic expression of Pdx1-cre in the skin of these mice 

resulted in large papilloma as well as development of PDA, suggesting Usp9x may also act as a 

tumour suppressor in certain skin cancers (Perez-Mancera et al., 2012).  

 

USP9x regulation of substrates such as ASK1, which mediates oxidative stress-induced cell 

death through activation of p38 MAPK and JNK pathways (Nagai et al., 2009) are also 

consistent with its role as a putative tumour suppressor. USP9x prevents ASK1 degradation 

through removal of ubiquitin (Nagai et al., 2009), increasing ASK1 availability to promote 

stress induced apoptosis and thereby opposing cell proliferation. USP9x also regulates the 

TGF-β signalling pathway (Dupont et al., 2009) which promotes transcription of genes 

inhibiting G0/G1 to S phase transition (Figure 1.7). These genes include p21 and p15 (Dupont 

et al., 2009) which repress cyclinD-Cdk4/6 and cyclinE-cdk2 (Figure 1.7). In early neoplasms, 

the signalling cascade has a growth inhibitory effect; reflective of the cyclin D-Cdk4/6 

complex. In principle USP9x facilitation of TGF- signalling may also be consistent with a 

tumour suppressor role in some instances. 

 

1.16.b USP9x as an oncogene 

USP9x can also act as an oncogene. In blood cancers, USP9x acts as an oncogene and 

stabilises myeloid cell leukemia sequence 1 (MCL-1) through deubiquitylation, promoting 

tumour cell survival (Schwickart et al., 2010). Over expression of USP9x results in poor 

prognosis for patients. MCL1 is a member of the pro-survival BCL-2 family inhibiting 

mitochondrial-mediated apoptosis. This mechanism of cell death involves the activation of 

BH-3-only proteins, which further activates pro-apoptotic proteins Bax and Bak that are 

responsible for pore formation in the mitochondrial membrane, allowing release of cytochrome 

c (Hogarty, 2010). Bcl-2 family proteins, such as MCL1, can either sequester BH3-only 

proteins away, or, bind Bax and Bak preventing their dimerization and membrane pore 

formation (Li and Zhang, 2009). Stabilisation of MCL-1 by USP9x occurs through the removal 

of ubiquitin, added by the ubiquitin ligase Huwe1 which marks MCL-1 for degradation by the 

26S proteasome (Schwickart et al., 2010). USP9x has also shown to increase the sensitivity of 

lung carcinoma cell lines to anti-apoptotic inhibitors and upon the exposure to ionising 
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radiation in lymphoma cells USP9x increases and enhances the stability of MCL-1, resulting in 

less cell death (Trivigno et al., 2012). 

 

Further evidence supporting USP9x as an oncogene may lie in its role in the Wnt signalling 

pathway which maintains cell proliferation (Sacco et al., 2010, Tauriello and Maurice, 2010). 

USP9x stabilises the central protein involved in this pathway, β-catenin, (Voskas et al., 2010, 

Kaldis and Pagano, 2009, Tauriello and Maurice, 2010, Taya et al., 1999) thereby promoting 

its nuclear entry and trasncription of cell cycle promoting genes, such as cyclin D1 (Colland, 

2010) and hence stabilising an oncogenic/proliferative pathway. In the absence of Wnt ligand 

binding, a β-catenin destruction complex involving Axin-1, adenomatous polyposis coli 

(APC), casein kinase-1 (CK-1) and glycogen synthase kinase-3 (GSK-3), (Kaldis and 

Pagano, 2009, Tauriello and Maurice, 2010, Voskas et al., 2010) promotes the ubiquitylation 

of β-Catenin by β-TrCP which marks it for proteosomal degradation (Tauriello and Maurice, 

2010). USP9x has been suggested to stabilise β-catenin by removing ubiquitin and disrupting 

the destruction complex near the APC and Axin-1 binding site (Taya et al., 1999).  

 

The depletion of USP9x from brain tumour cell lines has been reported to reduce their growth 

in vitro. USP9x shRNA targeted depletion in a medulloblastoma cell line, DAOY-MB and two 

GBM cell lines, U118 and U87 resulted in reduced MTT activity and cell density in vitro (Cox 

et al., 2013). This provides supportive evidence that USP9x may act as an oncogene in the 

growth and proliferation of brain cancer cell lines prompting its further investigation in brain 

cancer development both in vivo and in vitro. 

 

There is significant evidence for a requirement of USP9x in the maintenance, proliferation and 

growth of neural stem cells, as well as evidence for its role as either a tumour supressor or an 

oncogene depending on cell context. This project is aimed at elucidating USP9x role in human 

neural stem cell regulation as well as identify its role as either a tumour suppressor or an 

oncogene in the development of brain cancer in an in vivo mouse model. 
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1.17 Broad Project Aims – Investigating the role of USP9x in Brain Cancer Development  

Based on USP9x regulation of neural stem cell function and its role in human tumour 

progression this project aimed to precisely determine the role of USP9x in both healthy and 

diseased neural progenitors and identify the proliferative processes it regulates, using in vitro 

and in vivo approaches. 

 

1.17.2 Aim 1: USP9x regulation of Human Neural Stem Cells 

1. Assess the effect USP9x depletion from the human NSC line ReNcell VM 

2. Assess the effect of USP9x depletion on proliferation and cell cycle progression in 

ReNcell VM 

a. Investigate the molecular mechanism behind changes proliferation and conduct 

cell cycle analysis 

b. Investigate molecular changes at any affected cell cycle checkpoints  

c. Investigate the activity of signalling pathways involved in affected checkpoints 

and screen for changes in expression of proteins involved in these pathways  

d. Isolate the critical substrate of USP9x responsible for changes in proliferation or 

cell cycle 

3. Investigate the possibility of USP9x depletion and cell death in ReNcell VM 

a. Conduct cell apoptosis assays on USP9x depleted ReNcell VM 

b. Investigate expression of cell apoptosis markers 

4. Investigate the possibility of USP9x depletion causing increased differentiation 

a. Investigate any changes in cell morphology and differentiation marker 

expression in USP9x depleted ReNcell VM 

 

1.17.3 Aim 2: USP9x Regulation of Brain Cancer Cells, U-87MG GBM cells 

1. Confirm the USP9x is expressed and can be depleted from U-87MG GBM cells 

a. Develop stable clones containing inducible USP9x shRNAs in ReNcells VM 

b. Induce USP9x depletion and confirm a reduction in USP9x protein  

2. Assess the effect of depleting USP9x from U-87MG GBM cells 

a. Conduct proliferation and cell death assays 

b. Investigate signalling pathways required in healthy USP9x ReNcells VM and 

compare differences in activation in these brain cancer cells 
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1.17.4 Aim 3: Investigate USP9x Deletion and Activation of KrasG12D in the Developing 

Forebrain 

1. Develop animals with KrasG12D and Usp9x deletion from the forebrain 

a. Obtain KRasG12D mice and breed them with USP9xfl/fl to develop 

Kras/Usp9x floxed females 

b. Use Kras/Usp9x floxed females and mate with Emx-1Cre males  

c. Allow Kras/Usp9x females to litter to give (a) Kras/Usp9x mutants), (a’) 

Kras/Usp9x Cre- controls), (b) KrasG12D mutants (b’) KrasG12D Cre- controls 

(c) Usp9x mutants (c’) Usp9x Cre- controls) 

2. Assess the effect of activating KrasG12D alone, compared to activation in conjunction 

with Usp9x deletion 

a. Determine the time taken to develop, or amount of infiltration of tumours, in 

KRasG12D+/USP9x- compared with KrasG12D+ tumours. 
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2.0 CHAPTER TWO - MATERIALS AND METHODS 

 

2.1 Mammalian Tissue Culture 

All cell culture was performed under sterile conditions in a class II biosafety tissue culture 

hood. 

 

2.1.1 Thawing stock cells from liquid nitrogen storage 

Stock vials were obtained from liquid nitrogen stores and transferred on dry ice to -80°C 

freezer and thawed quickly by immersion in a 37°C water bath. Vial contents were 

transferred to 15ml Polypropylene tubes and 9mls of Maintenance Media was added drop 

wise to dilute DMSO with which cells were frozen. Cells were centrifuged for 5mins at 0.3rcf 

to generate a pellet, the solution was aspirated and cells were resuspended in Maintenance 

Media which was then transferred to flasks. Cells were maintained in incubators at 37°C with 

5% CO2.  

 

2.1.2 Passage of Cells 

Upon achieving confluence, media was aspirated and cells were washed with HBSS (life 

technologies). TrypLE (Life Technologies) of volume 1-2mls was then added to the flask and 

placed in the 37°C incubator for 5mins to allow cells to detach. Media was then added to 

dilute trypLE, at least 1 in 10, and the cell suspension was transferred to 15ml polypropylene 

tube, which was then centrifuged at 0.3rcf for 5 minutes. Solution was then aspirated from 

cell pellet. Cells were resuspended in 1ml (for a small pellet that was just visible) and 3mls 

(for large pellet). Cells were then counted to establish cell number for seeding densities. 

Otherwise, cells were split at 1:2 ratio. In situations in which confluence had not been 

achieved during experiment, cells were split 1:1 into a new flask, to ensure cells were treated 

similarly. 

 

2.1.3 Harvesting cells 

Media was aspirated from the flask and cells were washed once with HBSS. TrypLE (1-2mls) 

was added to the flask and incubated at 37°C for 5mins. Flasks were tapped to manually 

detach remaining cells from flask before media was added to dilute trypLE. Cell solution was 

removed and transferred to 15ml polypropylene tubes which were then centrifuged for 5mins 

at 0.3rcf. From this stage, protocols for cell cycle analysis, annexin V-apoptosis, or cell 
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counting for seeding could be conducting. For western blotting, cell pellets were washed once 

in HBSS, re-centrifuged and the dry pellet collected for protein lysis and western blotting. 

 

2.1.4 Counting cells for seeding 

A hemocytometer was used to count cells. 10l of cell suspension was taken into 0.6ml 

eppendorf tube, to which 10l trypan blue was added (1:1 ratio resulting in a dilution factor 

or 2). 10μl of solution was loaded onto one side of the hemocytometer. Cells within the four 

corner squares of the chamber were counted using Phase Contrast Olympus Microscope 

(CKX41) and the total cell number established. 

 

2.1.5 ReNcell VM Cell Lines 

ReNcell VM are a cell line derived from the ventral mesencephalonic region of human fetal 

brain tissue that have been immortalised by retroviral transduction with v-myc oncogene (see 

product datasheet Millipore SCC010). Four ReNcell VM lines were incorporated in 

experiments. The two control lines that were used were wildtype untransduced ReNcell VM 

to control for the ‘behaviour’ of the untransduced cells and scrambled Scr ReNcell VM 

(which have been transduced with a lentiviral vector containing an shRNA with sequence: 

5’ACTACCGTTGTTATAGGTGTTCAAGAGACACCTA TAACAACGGTAGT3’ which 

has no homology to any known gene, including USP9x) to control for the transfection of the 

lentivirus. The two experimental lines used were both ReNcell VM that contain a USP9x 

shRNA, of which the expression is inducible upon Doxycyclin addition. The ReNcell VM 

2193 line was transduced with a lentiviral vector containing shRNA of sequence: 

5'GCTTGATCCTTCCCTGTTAAC3' targeted to USP9x (the first base pair being #2193 in 

the human USP9x sequence) and the ReNcell VM 4774 line was transduced with a lentiviral 

vector containing shRNA of sequence: 5'GCCATAGAAGGCACAGGTAGT3' targeted to 

USP9x (the first base pair being #4774 in the human USP9x sequence). 

 

2.1.6 Maintaining ReNcell VM 

ReNcell VM Media was prepared as described (Donato et al., 2007). Maintenance media 

consisted of DMEMF12 (Life Technologies), 2mM L-Glutamine (Life Technologies), 

gentamicin 50ug/ml (Life Technologies), 1X B27 neural cell supplement mix (Life 

Technologies), 10Units/mL Heparin and was supplemented with 20ng/ml EGF (Chemicon 

Cat # GF144) and 20ng/ml bFGF (Chemicon Cat# GF003). For treatment, ReNcell VM 
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media (containing 20ng/ml EGF and 20ng/ml bFGF) was supplemented with 1µM 

Doxycyclin from a 1mM stock prepared from Doxycyclin Powder (Sigma D9891). Natural 

Mouse Laminin 1mg/ml (Life Technologies Cat# 23017-015) was diluted to 0.5mg/ml with 

UltraPure Distilled Water (Life Technologies) for a working solution. Flasks were coated, 

with Natural Mouse Laminin diluted to 20μg/ml with DMEM/F12 at least four, but up to 

twenty-four hours, prior to seeding/plating cells. Media was changed every two-three days, in 

which cells were washed HBSS (Life Technologies), and fresh supplemented media. Cells 

were passaged upon achieving 70-90% confluence using trypLE dissociation. 

 

2.1.7 The transducible knockdown Lentiviral system 

Lentiviral system used is based on the doxycycline–inducible expression of silencing 

shRNAs (Brown et al., 2010). USP9X-targeting lentiviral vectors (2913 and 4774 Section 

2.1.5) were transduced into ReNcell VM and U-87 MG GBM cells. Pools of EGFP-positive 

cells, which reflect high levels of shRNA expression were isolated by FACS. Cell lines were 

checked periodically to ensure EGFP expression was maintained in the population. 

 

2.1.8 Real Time analysis of cultured cells using Xcelligence 

ReNcell VM cells were seeded in triplicate at 2000 cells/well of a 96well Xcelligence gold 

plate (E-Plate VIEW 96, Roche). The Xcelligence machine was started and paused 24hrs 

later, while Doxycycline was added to cells at a final concentration of 1M. Xcelligence 

analysis was re-initiated and let run for up to 144hrs. For analysis, cell index was normalised 

to the reading prior to Dox treatment and cell indices were compared within treatment for 

each line. 

 

2.1.9 MTT Assay 

ReNcell VM cells were seeded in triplicate at 2000 cells/well (for experiments up to 72hrs) or 

500 cells/well (for experiments up to 168hrs – removal of Dox experiment) on a clear-based 

96well plate (Nunc). At each timepoint, the MTT Reagent was added for 1-2hrs and 

incubated at 37°C prior to reading absorbance at 490nm.  

 

 

 

 



54 

 

2.1.10 Inhibition of USP9X by WP1130  

Wildtype ReNcell VM cells were seeded at 2000 cells/well into a 96 well clear bottom plate. 

24hrs later 5M of WP1130 was added to cells, with 0.1% DMSO vehicle control. MTT 

assay was conducted for each of the following timepoints, 0hrs, 6hrs, 12hrs, 18hrs, 28hrs. 

 

2.1.11 FLOW Cytometry Cell Cycle profile for ReNcell VM 

Cells were seeded at 4-500000 cells/flask into T25 laminin coated flasks, containing 

Maintenance Media. The following day, media was refreshed with 1M Doxycyclin 

supplemented media added to treatment flasks. Cells were maintained, split on day three of 

doxycycline treatment to ensure sub-confluence at day four. Cells were then harvested on the 

fourth day for Propidium Iodide staining and FLOW cytometry analysis.  

 

2.1.12 Propidium Iodide Staining 

Cells were harvested from flasks and pelleted before washing with 1 × HBSS and re -

centrifugation for 5mins at 0.3rcf. HBSS was aspirated and cells were resuspended in 1ml 

HBSS. For fixation, 3mls of absolute ethanol was added (first 2mls added drop wise to 

prevent generation of aggregates) to HBSS/cell suspension. Cells were fixed at 4°C for one 

hour. Cells were then centrifuged at 0.4rcf for 5mins and solution aspirated. Pellet was 

washed with 1 × HBSS and centrifuged at 0.4rcf for 5mins. Tissue culture hood light was 

turned off before pellet was resuspended in 1ml of Propidium Iodide staining solution 

(3.8mM Sodium Citrate, 50ug/ml PI (Sigma P4170), in DPBS) due to light sensitivity of 

propidium iodide. 50l of RNase A stock solution (10g/ml RNase A (Roche Ref # 

10109142001) in DPBS) was added to tubes. Tubes were wrapped in foil and stored at 4°C 

until FACS analysis was performed, by Dr. Bernedette Bellete, Eskitis Institute for Drug 

Discovery, Griffith University. 

 

2.1.13 Apoptosis Assays 

Cells were harvested 24hrs after doxycycline addition and centrifuged at room temperature 

for 5 mins at 0.4rcf before washing once with HBSS and then re-pelleted. At this point 

400l/sample of 1 × Binding buffer and 100l/sample of Annexin V incubation reagents 

(10l 10× binding buffer, 10L Propidium Iodide, 1L Annexin V-biotin, 79L UltraPure 

water; in darkness; on ice) were prepared and 106 cells were resuspended in Annexin 

incubation and left in darkness for 15mins at room temperature. 1× Binding buffer was added 
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to suspension and cells were centrifuged as previously. Cells were then resuspended in 

100L streptavidin-PeCy7 conjugate buffer (Strepavidin-PeCy7 - 488 excitation, 767 

emission - in 100L 1× binding buffer) and incubated in darkness for 15mins at room 

temperature. 400L boding buffer then added to samples and processed by flow cytometry 

within 1 hr, by Dr. Bernadette Bellette. 

 

2.1.14 Immunofluorescence – ReNcell VM cell differentiation 

ReNcell VM cells were seeded in triplicate at 500 cells/well into a 96 well plate and replaced 

with 1M Doxycylin media after 24hrs. ReNcell VM cells were differentiated by EGF/FGF 

withdrawal. After 9 days culture, media was removed, cells were washed and fixed with 4% 

PFA in DBPS for 5mins, washed twice, blocked and permeabilised with 0.2% Triton X-100, 

3% goat serum in DBPS for 45mins-1hr at room temperature, washed twice and incubated 

with primary antibodies (either goat anti-mouse GFAP 1/500, mouse anti-βIIItubulin 1/200 or 

rabbit anti-S100β 1/200 (all from abcam), rabbit anti-USP9x 1/200 (Bethyl)) for 1hr at room 

temperature, before washing as above and addition of secondary antibodies (either goat anti-

mouse 1/500 or anti-rabbit 1/500). Dapi staining was used at 1/5000, to identify nuclei.. 

Immunofluorescence was observed on Olympus IX-70. 

 

2.1.15 mTORC1 stimulation assay 

ReNcell VM cells were treated with 1M doxycycline for 24hrs or 72hrs to induce USP9x 

depletion. Media was then replaced with media lacking EGF/FGF (1M Dox) and cultured 

for 24hrs to deplete mTORC1 and mTORC2 activity, causing cells to enter quiescence. After 

24hrs (i.e. 0min timepoint) cell lysate was harvested for western blotting by adding RIPA 

lysis buffer (150mM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium 

dodecyl sulphate, 50mM Tris, pH 8.0. Stock solution of 10% deoxycholate solution was 

prepared and kept in dark as advised by protocol. 20µl/mL Protease and 20ul/mL 

phosphatase inhibitor was added to prevent protein degradation.) and mechanically scraping. 

For 5min and 15min timepoints, EGF/FGF media was incubated for these times prior to 

protein lysis using RIPA buffer mix. Lysates were prepared for western blotting. 

 

2.1.16 Proteasomal inhibition – mTORC1 activity rescue experiments 

‘4774’ ReNcell VM cells were seeded at 105 cells/well into a 6 well plate and treated with 

1M doxycycline for 72hrs, at which time EGF/FGF was removed in preparation for 
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mTORC1 stimulation assay. 18hrs after, 25nM Expoxomicin (0.1% DMSO as a control) was 

added to inhibit the proteasome and by the 24th hour, EGF/FGF stimulation was conducted 

(as per mTORC1 stimulation experiment materials and methods above). 

 

2.1.17 Immunoprecipitation 

Immunoprecipitation was conducted using the Co-Immunoprecipitation kit in accordance 

with manufacturer’s instructions (Thermo Pierce Scientific). 0.5mg of ReNcell VM cell 

lysate was precipitated with 3g USP9x antibody and precipitated proteins run on SDS 

PAGE gel and subjected to western blot analysis.  

 

2.1.18 Nucleofection of ReNcell VM cells 

Nucleofection of ReNcell VM cells was conducted using Lonza Amaxa Cell Line 

Nucleofector Kit V in accordance with manufacturer’s instructions (Lonza). 2 × 106 ReNcell 

VM cells were transfected with between 2g and 4g of purified plasmid DNA. Cells were 

monitored for pDESTEGFP or pmax-GFP controls to determine transfection efficiency as 

determined by the percentage of cells ex 

pressing EGFP from control plasmids.   

 

2.1.19 mTORC1 Plasmids 

The following mTORC1 plasmids were obtained from Addgene: myc-mTOR (Addgene 

#1861) and Ha-Raptor (Addgene #8513) and Ha-S6K1 (Addgene #8984). Plasmid maps can 

be found in Appendix. These were expanded and purified for transfection into ReNcells VM. 

 

2.1.20 U-87 MG GBM Cell lines 

U-87 MG GBM cell lines were received as a kind gift from Dr. Adrian Medeeniya, Griffith 

University. U-87 MG cells were transduced with lentiviral DNA vectors, as described for 

ReNcell VM experiments (Section 2.1.7).  

 

2.1.21 Maintaining U-87 MG GBM cell lines 

U-87 MG cells were maintained in media consisting of: 10% FBS (Life Technologies), 1.5% 

PenStrep (life Technologies) in DMEM-F12 (Life Technologies) and refreshed every 2-3 

days depending on confluence. U-87 MG cells achieve confluence when ~60% of the culture 

flask was covered. If cells were left for longer period, spheres formed due to contracting and 
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detaching from bottom of flask. Upon achieving confluence, cells were passaged using 

trypLE (Life Technologies) dissociation. N.B. Other GBM cell lines later obtained were 

routinely cultured as per U-87 MG culturing. 

 

2.1.22 shRNA transduction of U-87 MG cells 

U-87 MG cells were transduced with the same USP9x and control lentiviral vectors as for 

ReNcells VM, ie.‘Scr’, ‘2193’ and ‘4774’ shRNA constructs. Stock plasmids were 

transformed, expanded and confirmed before proceeding to transfection and transduction, in 

which GFP expression was monitored for successful transfection, before FACS sorting to 

obtain homogenous populations. 

 

2.1.23 Lentiviral Plasmid Amplification for U-87 MG 

Plasmids were amplified as per routine laboratory protocols. JM109 E. coli cells were 

transformed with plasmid DNA using the heat shock method and were grown on Ampicillin 

or Kanamycin plates as described (Froger and Hall, 2007). Plasmid minipreps were 

performed by alkaline lysis as described (Birnboim and Doly, 1979). Plasmid midi-preps 

were performed using Qiagen Midi Prep Kit (25) Cat# 12143 as per the manufacturer’s 

instructions. Plasmid integrity was determined using restriction enzyme digestion (Sambrook 

et al., 1989) 

 

2.1.24 Cell Transduction 

2.1.24.1 293FT viral packaging cell line 

293FT cells were thawed as previously described in 2.1.1 and maintained in 10% FBS in 

DMEMF12. Viral packaging cell line 293FT cells were obtained from Dr. Lyndal Mason 

(Griffith University, Eskitis Institute, QLD, Australia) and used to produce viral supernatant 

according to manufacturer’s instructions, (Life Technologies). Cells were cultured in D-

MEM high glucose (Invitrogen) supplemented with 10% FBS (Bovogen), 0.1mM MEM 

Non-Essential Amino Acids (NEAA) (Invitrogen), 6mM L-Glutamine (Invitrogen,) and 1mM 

MEM Sodium Pyruvate Solution (Invitrogen,). No antibiotics were incorporated in media as 

ViraPower packaging step 5 (Invitrogen, ViraPower Lentiviral Expression Systems, 2006) 

recommends no antibiotics for viral packaging.  
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2.1.24.2 ViraPower Lentiviral Packaging 

293FT cells were transfected with plasmid DNA for viral packaging according to 

manufacturer’s instructions (Invitrogen, 2006 ‘ViraPower Lentiviral Expression Systems’). 

Viral supernatant was collected after three days and centrifuged at 3000rpm for 15mins to 

pellet debris. Supernatant was aliquoted into cryovials and stored at -80 degrees until required 

for transduction.  

 

2.1.24.3 Transduction of U-87 MG GBM cells 

The transduction of U-87 MG cells was performed according to Manufacturer’s instructions 

(Invitrogen, 2006 ‘ViraPower Lentiviral Expression System Manual’) and successfully 

transduced GFP+ cells were clonally sorted into a 96 well plate for Scr, 2193 and 4774 

constructs. The yield achieved for wells containing single GFP+ cells was less than 10%. 

Clones were expanded until all cells were GFP+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Representative packaging with virapower and lipofectamine. 24hrs after 

packaging of Lentivirus into 293FT (viral packaging cell line). 293FT cells transfected with 

Scrambled Lentivral Supernatant 2193 Lentivral Supernatant 

GFP 

Bright 

Field 
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Scrambled DNA (A GFP positive cells, C Bright field) and 2193 DNA (B GFP positive cells 

and D Bright field). 100µm scale bar magnification. 

 

2.1.25 Culturing of GBM cell lines U118, U-87 MG, U251,D645,D270 

Five mycoplasma free GBM cell lines were obtained from Dr. Andrew Boyd at the 

Queensland Institute for Medical Research, Brisbane. They were U118, U-87 MG, U251, 

D645, D270 and have all been classified and routinely used as GBM grade tumour cells. 

Cells were grown and cultured in maintenance medium consisting of 10% FBS, 1-2% 

PenStrep in DMEMF12, and stock vials were made and frozen in liquid nitrogen. 

 

2.1.26 USP9x siRNA interference in GBM cell lines 

USP9x siRNA interference was conducted using Thermo Scientific DharmaFECT 

Transfection Protocol (Thermo Scientific) in accordance with the manufacturer’s instructions. 

A pool of four USP9x siRNAs was used to knockdown USP9x and were obtained from 

Millenium Science (SMARTpool ON-TARGETplus USP9x siRNA Cat# L-006099-00-0005 

5nmol) as well as non targeting scrambled control siRNA (ON-TARGETplus Non-targeting 

Pool Cat# D-001810-10-05 5nmol). siRNAs were prepared to 5M stock solutions and final 

transfection concentration was 25nM in accordance with manufacturer’s recommendations. 

The GBM cells were seeded at 75000 cells/well into a 6 well plate. Prior to transfection 

1600µL of complete media was added in preparation for the addition of the 400uL of siRNA 

mix. For each well, tube 1 was prepared containing 10L of 5M stock siRNAs was diluted 

with 190L of Serum-Free OptiMEM media (Life Technologies), and tube 2 was prepared 

containing: 10L of DharmaFECT (Millenium Science) diluted in Serum-Free OptiMEM 

media. Each tube was incubated for 5mins at room temperature prior to their combination for 

20mins at room temperature. USP9x siRNA and control siRNA mixtures were added 

dropwise to each well of each GBM cell line. After 72hrs, wells were collected for western 

blot expression or prepared for mTORC1 activity stimulation. 

 

2.1.27 mTORC1 stimulation in USP9x depleted GBM cell lines. 

Following 72hrs post transfection of USP9x and control siRNAs, mTORC1 stimulation was 

conducted in the same manner as for ReNcells VM (Section 2.1.15). However, as FBS is 

used to provide necessary mitogens, starvation and stimulation was achieved removal and 

addition of FBS.  
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2.1.28 Neurosphere cultures – For USP9xKO and KrasG12D Spheres 

Neurosphere isolation and propagation was conducted as previously described (Homan,  et 

al., 2013). Briefly, embryos were extracted and dissected in cold sterile Hanks solution 

(10×HBSS). Cortex was removed and placed in digestion mix 1:1 PAP (L15 Media, 30U/mL 

papin, 0.24mg/ml cysteine, 40g/ml DNAse, filter steriled): Ovomucoid (L15 media, 

0.86mg/ml ovomucoid trypsin inhibitor, 0.5mg/ml BSA, 40ug/ml DNAse, filter sterilised), 

mechanically digested and incubated at 37°C for 45mins, prior to neutralisation with 

ovomucoid. Tissue was homogenised with a flame polished pipette, settled for 3mins before 

washing through GlutaMax-DMEMF12 and centrifuging at 1.0rpm. Remaining cells were 

resuspended in neurosphere culture media before transferring into flasks. Spheres were 

passaged every four days as necessary by collecting all spheres, resuspending in 1ml 

Versene, centrifuging before resuspending cells in 0.5mL of 1:20 ratio of 10× TrypLE: 

Versene and incubating for 15mins. Ovomucoid (0.5mL) was added to neutralise the reaction 

for 5mins before homogenising with fire polished glass pipette. Cells were washed through 

GlutaMax-DMEMF12 and centrifuged at 1.0rpm before resuspension into Neurosphere 

media (DMEMF12-GlutaMax, 2% B27, 20ng/ml hEGF, 20ng/ml bFGF, 1% PenStrep) and 

passaged into new flasks. 

 

2.1.29 Neurosphere dimensions 

Prior to each passage four or five fields of view were photographed in order to count the 

number of spheres, measure sphere diameter and volume. During each passage, dissociated 

cells were counted in triplicate in order to establish the number of dissociated cells and the 

number of cells / sphere. The diameter of each sphere was ruled, the volume was calculated 

using the ‘volume of a sphere’ formula: 4/3 × π × (diameter/2)3. The number of 

cells/neurosphere was calculated by: # dissociated cells / # of neurospheres per field of view.  

 

2.1.30 mTORC1 stimulation of Neurospheres 

Neuropheres in EGF/FGF media were collected by from flask suspension and centrifuged at 

1.0rpm for 5mins to pellet spheres. Spheres were then resuspended in EGF/FGF deficient 

media for 24hrs before being resuspended in 1mL of EGF/FGF media for 0, 5 15, 25 mins for 

USP9x KO spheres and 0, 10, 20, 30 mins for KrasG12D before collection for western 

blotting. 

 



61 

 

2.1.31 General Molecular Biology / Biochemistry Methods 

2.1.31.1 SDS PAGE and Western Blotting 

Reagents and Solutions 

RIPA Lysis Buffer: (150mM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% 

sodium dodecyl sulphate, 50mM Tris, pH 8.0. Stock solution of 10% deoxycholate solution 

was prepared and kept in dark as advised by protocol. 20µl/mL Protease and 20ul/mL 

phosphatase inhibitor was added to prevent protein degradation.), SDS Lysis buffer: (20% 

glycerol, 1% SDS, 10mM Tris pH 7.4, dH2O to 20mL, 20µl/mL Protease Inhibitor was added 

to prevent protein degradation.), 2 × SDS PAGE loading buffer (100mM Tris pH 6.8, 4% 

SDS, 20% glycerol, dH2O to 20mL, Bromophenol Blue ~20-30µl, Prior to use 100mM DTT 

was added to reduce disulphide bonds), SDS Running buffer (precast gels): (50mL 20× 

NuPAGE SDS Running buffer (Invitrogen cat# NP0002), dH2O to 1 litre). Transfer Buffer 

2× (28.8g Glycine, 6.1g Tris, 200mL methanol, dH2O to 1 litre), Blotting Buffer (3g Tris, 8.8 

NaCl, 0.1% Tween, Adjust pH to 7.4 using HCl), Blocking Buffer (5% skim milk in blotting 

buffer (above)). Antibodies were diluted in blocking buffer and incubated on membrane. 10× 

TBS: (24.23g Tris, 80.06g NaCl, dH2O to 1 litre, adjust pH to 7.4-7.6), TBS Tween: (1M 

TBS, 1mL Tween 20, 900mL dH2O), Ponceau S Stain Solution 

(0.1% Ponceau S and 1% acetic acid in 500ml milliQ water.) 

 

2.1.31.2 Harvesting protein lysate 

At timepoint of interest, cells were harvested by either cell scraping or TripLE to generate 

cell pellet. Pellet was washed twice with HBSS to remove excess media. RIPA lysis buffer 

(containing protease and phosphatase inhibitors) was added to pellet, cells were resuspended 

and vortexed to disrupt membranes. DNA was sheared by repeated passage through a 27G 

needle. Lysates were spun for 10mins at max speed (21,130rcf) in Eppendorf 5424 Benchtop 

Centrifuge at 4 degrees. Supernatant was transferred to a clean Eppendorf tube and BCA 

estimation conducted as per manufacturer’s instructions (Pierce Thermo Scientific). 

 

2.1.31.3 SDS PAGE preparation 

The reducing agent Dithiothreitol (DTT) was added to 2 ×SDS PAGE loading buffer at final 

concentration of 100mM, to reduced disulphide bonds. The required volume of samples (as 

calculated using BCA estimation) along with an equal volume of 2 × SDS PAGE loading 

buffer was added to 1.5ml Eppendorf tubes. Tubes were then heated for 5 minutes at 95°C, to 

denature inaccessible disulphide bonds. Samples were either stored at -80°C or loaded 

http://twice-vacant2.rssing.com/browser.php?indx=1451485&item=163
http://twice-vacant2.rssing.com/browser.php?indx=1451485&item=163
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directly onto relevantly prepared percentage casted-gels. 4µl of Protein ladder (Thermo 

Scientific Cat# SM1811) was loaded into the first lane of gels. Samples were run at 150V for 

60mins, with gels immersed in MES NuPAGE Running buffer (Invitrogen Cat #NP0002). 

Gels were then prepared for Western Blotting. 

 

2.1.31.4 Western Blotting preparation  

Western blotting was conducted as previously described (Stegeman et al., 2013) and in 

accordance with manufacturer’s instructions (BioRad). Antibodies used are listed in the table 

below.  

 

2.1.31.5 Immunoblotting and immunohistochemistry 

Primary Antibody (& Protein 

molecular weight) 

Company Dilution

** 

Raised in 

β-Catenin                        88-94kDa Sigma Cat#C2206 1/1000 Rabbit 

Cyclin D1                            36kDa Cell Sig Tech Cat#2922 1/1000 Rabbit poly 

Cyclin E (HE12)              48-56kDa Cell Sig Tech Cat# 4129 1/1000 Mouse IgG1 

mono 

Cyclin A (BF683)                 55kDa Cell Sig Tech Cat #4656 1/2000 Mouse IgG2b 

mon. 

Cleaved Caspase-3 (Asp175)                                                  

17,19kDa 

Cell Sig Tech Cat# 9661 1/1000 Rabbit 

Caspase-317, 19,                    35kDa Cell Sig Tech Cat# 9662 1/1000 Rabbit poly 

Mcl-1 L.40kDa S.                   32kDa Santa Cruz Cat# sc-819 1/500 Rabbit poly 

N term. USP9x Sww2/1     ~290kDa Affinity Purified* 1/2000 Rabbit 

USP9x C terminal            ~290kDa Bethyl Lab. Cat# A301-

351A 

1/2000 Rabbit 

p-S6(ser235/236) XP 32kDa Cell Signalling Technologies 1/2000 Rabbit 

S6 Cell Signalling Technologies 1/2000 Rabbit 

p-mTOR Cell Signalling Technologies 1/800 Rabbit 

mTOR Cell Signalling Technologies 1/2000 mouse 

Raptor Cell Signalling Technologies 1/800 Rabbit 

Rictor Cell Signalling Technologies 1/800 Rabbit 

P70S6K Cell Signalling Technologies 1/500 Rabbit 
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* by colleague of Dr. Stephen Wood as per Kanai-Azuma et al 2001., ** in 5% skim milk in 

blotting buffer 

 

2.1.31.6 Immunoblotting Procedure 

Primary antibody was added to membrane and incubated overnight at 4°C. The following day 

the membrane was washed three times with blotting buffer and the secondary antibody added 

and incubated for two hours at room temperature. Membrane was then washed three times 

with blotting buffer before ECL Chemiluminescent substrate (Millipore, Cat # WBKLS0500) 

was added and membrane visualised at VersaDoc Imaging station and band expression was 

normalised against loading control antibody expression.  

p-Akt(S473) Cell Signalling Technologies 1/1000 Rabbit 

Akt Cell Signalling Technologies 1/2000 Rabbit 

TBR1 Abcam 1/200 Rabbit 

TBR2 Abcam 1/200 Rabbit 

KrasG12D NewEast 1/25 Mouse 

SOX2 Abcam 1/200 Rabbit 

BLBP Millipore 1/200 Rabbit 

PH3 Abcam 1/200 Rabbit 

βIIItubulin Abcam 1/250 Rabbit 

PAX6 Abcam 1/1000 Rabbit 

S100β Abcam 1/250 Mouse 

E2F1 Millipore 1/1000 Rabbit 

p-Rb Cell Signalling Technologies 1/1000 Rabbit 

Rb Cell Signalling Technologies 1/2000 Mouse 

Loading Controls   Rabbit 

G3PDH~38kDa TREVIGEN Cat# 2275-PC-

100 

1/10000  Rabbit IgG 

mono 

β-tubulin~50kDa Sigma-Aldrich Prod # T0198 1/1000 Mouse IgG1 

mono 

Secondary Antibody Company Dilution

** 

Raised in 

Goat anti Rabbit HRP conjugate Millipore Cat# AP 132P 1/5000 Goat  IgG poly 

Goat anti Mouse HRP Millipore Cat# AP 124P 1/5000 Goat IgG poly 
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2.1.31.7 Reprobing membrane 

After visualisation, membrane was washed for 15 minutes with TBSTween, re-blocked for 10 

minutes at room temperature. Procedure was repeated (Section 2.1.31.6).  

 

2.1.32 Animal Ethics 

Animals ethics was granted for this project under ESK10/12 and ESK04/13. Animals for 

KRasG12D × Emx1 Cre experiments were approved under ESK09/14. All experiments were 

carried out in accordance with the ethical approval. 

 

2.1.33 Genotyping Animals 

PCR was used to determine the genotypes of animals for breeding and resulting litter 

progeny. Animals for breeding and their weaned progeny, were ear notched at 3 weeks and 

genotyped. For embryonic extractions, tail tips were collected during dissection and 

genotyped for KRasG12Dlox, USP9xlox, Emx-1-Cre, using REDExtract-N-Amp Tissue PCR 

Kit (Sigma) in the following reaction: 

PCR Reaction Volume/ Reaction (uL) 

Red Mix 7.5 

Fwd Primer 0.95 

Rev Primer 0.95 

Extraction Buffer 0.95 

Neutralisation Buffer 0.95 

Water 1.7 

DNA sample 2 

 

In order to confirm the presence of the USP9x ‘floxed’ cassette in progeny, primers detecting 

the Neo cassette added to intron 3 as a part of the loxP modification and has been used 

previously (Stegeman et al., 2013). Therefore, animals positive for the ‘Neo’ amplicon 

indicated the presence of a floxed USP9x sequence and termed ‘Neo positive’. The primer 

sequences have an annealing temperature of 60 degrees, producing a 400bp amplicon with 

their sequence:  

  Neof   5’-tgctcctgccgagaaagtatccatcatggc-3’ 

Neor  5’-cgccaagctcttcagcaatatcacgggtag-3’ 

The presence of the modified KrasG12D allele was detected by primers that flank the LoxP 

site of the ‘STOP’ sequence and the modified KrasG12D sequence. Primers sequences were 

designed according to NCI Mouse Repository and have been previously described (Jackson et 
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al., 2001). The forward primer ‘recognises the beginning of the downstream LoxP site 

flanking the ‘STOP’ modification, behind the Kras allele. The reverse primer ‘Kras006’ 

recognises part of the manipulated KrasG12D sequence, further downstream from the final 

LoxP site. The primer sequences have an annealing temperature of 55 degrees (but needed to 

be continuously modified), with the amplicon producing a band of 550bp, and have the 

following sequence below. Animals positive for the KrasG12D sequence have the modified 

KrasG12Dlox gene. 

Kras005f          5’-agctagccaccatggcttgagtaagtctgca-3’ 

Kras006r 5’-cctttacaagcgcagactgtaga-3’ 

The modification of the Emx-1 allele to include the DNA enzyme, Cre recombinase, 

downstream of the Emx-1 gene was detected using forward and reverse primers flanking the 

sequence of Cre recombinase. These primers have an annealing temperature of 53 degrees 

and produced an amplicon of 203bp, (primers sequence below).  

Emx-1Cref 5’-tgatgaggttcgcaagaacc-3’ 

Emx-1Crer 5’-ccatgagtgaacgaacctgg-3’ 

The Sry gene is located on the Y chromosome, and is used to identify male embryos 

(Stegeman et al., 2013). Detection of Sry used the following primers flanking the region of 

the SRY gene: 

  SRYf   5’-gaggcacaagttggcccagcag-3’ 

  SRYr  5’-ggttcctgtcccactgcagaag-3’ 

 

Animals that were ‘KrasG12D’, ‘Neo’ and ‘Cre’ positive meant they were of the genotype: 

KrasG12Dlox/Usp9xlox/Cre+ and expected to express the mutant form of KRasG12D, on the 

background of Usp9x deletion in the forebrain. Animals that were ‘KRasG12D’ and ‘Cre’ 

positive only expressed KrasG12D from the forebrain and animals that were ‘Neo’ and ‘Cre’ 

positive only had USP9x deleted from the forebrain. 

 

2.1.33 In utero extraction – brain collection 

Pregnant mothers were sacrificed using CO2 asphyxiation and embryos were extracted. 

Embryonic heads were removed prior to taking tails for PCR. For western blotting, the brain 

was isolated and the cortices extracted for protein lysis using RIPA lysis buffer containing 

protease inhibitors. For immunohistochemistry, macro-dissection was conducted on heads to 

remove surrounding meninges. Brains were fixed in 4% PFA for 2.5hrs prior to transfer into 

15% sucrose in PBS. Heads were transferred into increasing sucrose gradients (15%, 30%, 
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30%:OCT, OCT) after two days, or upon ‘floating’. Heads were then mounted in OCT blocks 

and stored at -80 degrees until sectioning. 

 

2.1.34 Cryo-sectioning 

OCT blocks were mounted onto chucks and sectioned at 10µm thickness onto SuperFrost 

glass slides using a Leica CM3050 S Cryostat. Slides were dried for 2-3hrs at room 

temperature and frozen at -20 degrees, or taken for Nissl or Immunohistochemisty staining. 

 

2.1.36 Nissl Staining 

Sections were washed in Xylene (2 × 3min) to remove OCT on tissue slides, rehydrated in 

100% alcohol (2 × 3min each), Stained with 0.1% Cresyl Violet in 0.2% in Acetate Buffer (4-

15mins), rinsed in water to remove stain, washed in 70% ethanol, dehydrated in 100% 

ethanol (2 x 3min), cleared in Xylene (2 times) and mounted in DePex, drying in fume hood. 

Images were captured on Olympus BX-50 microscope. 

 

2.1.37 Immunohistochemistry 

Antigen retrieval was conducted on tissue slides using sodium citrate buffer (10mM sodium 

citrate, 0.05% tween pH6.0), and heating to 95-100% in water bath (Shi et al., 1993). Slides 

were then encircled with silicon grease, washed 1×15min PBS 0.02% azide, 1x4 min 1% 

SDS in PBS to permeablise, 3 × 5min PBS 0.02% azide, 1 x 15min BSA in PBS 0.02% azide 

to block, before adding primary antibodies overnight at 4C (Rabbit anti TBR1 1/200 - abcam, 

Chicken anti TBR2 1/200 - abcam, mouse anit PH31/200, rabbit anti PH3 1/500 – abcam, 

mouse anti KrasG12D 1/100  – NewEast, rabbit anti BLBP1/500 – Millipore, ). The 

following day slides were washed in high salt PBS (2 × 5min), PBS 0.02% Azide (1 × 5min) 

and biotin anti rabbit was either added, or secondaries (goat anit mouse 594 1/2000, goat anti 

rabbit 594 1/1000, goat anti rabbit 488 1/1000, goat anti mouse 1/1000 488, rabbit anti biotin 

1/1000) were added for 1hr room temperature. Sections were washed high salt PBS (2 

×5min), PBS 0.02% Azide (1 × 5min) and streptavidin anti biotin was added (Streptavidin 

488) or sections were stained with DAPI and cover slips were mounted using Anti-fade Gold 

DAPI (Life Technologies). Immunofluorescence was observed and images captured using 

confocal. Image J was used to analyse densities of immunofluorescence images. 
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3.0 CHAPTER THREE - USP9X deubiquitylating enzyme maintains RAPTOR 

protein levels, mTORC1 signalling and proliferation in neural progenitors. 
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Chapter 3 - USP9X deubiquitylating enzyme maintains RAPTOR protein levels, 

mTORC1 signalling and proliferation in neural progenitors. 

 

3.2 Introduction 

The proliferation, self-renewal and differentiation of neural stem cells (NSCs), and their 

closely related derivatives, neural progenitors (NPs), in both the developing and adult 

nervous systems, are tightly controlled by both extrinsic and intrinsic signals. Extrinsic 

signals, derived from the stem cell niche or embryonic organising centres, need to be 

recognised, relayed internally, coordinated and interpreted to ultimately produce a precise 

cellular response. Cell polarity, adhesion, cycle length and migration all influence the 

response to extrinsic signals. Concerning the cell cycle, the G0 and G1 phases are particularly 

involved in dictating the fate of a NP (Blomen and Boonstra, 2007). Specifically, it is the 

length of the G1 phase that regulates progenitor differentiation. Cells that linger in these 

phases have increased longevity and retain the capacity to self-renew (Blomen and Boonstra, 

2007). Multiple extrinsic signals influence NP cell cycle progression and the intracellular 

mammalian target of rapamycin (mTOR) pathway responds to many of these growth factors 

by coordinating an appropriate RNA and protein synthesis response and, as such, is a major 

regulator of G0/G1 cell cycle progression.  mTOR is an ubiquitous protein kinase found in 

two complexes, mTORC1 and mTORC2. The mTORC1 complex, which consists of mTOR, 

regulatory-associated protein of mTOR (RAPTOR) and mammalian lethal with SEC13 

protein 8 (MLST8), responds to growth factor stimulation and links this, along with nutrient 

availability, to cell growth and division (Fingar et al., 2004, Dibble and Manning, 2013). In 

particular, mTORC1 response to growth factor stimulation is required for cell cycle 

progression through the G1 phase of the cell cycle (Fingar et al., 2004).  

 

mTOR is a critical regulator of NSC/NP function in vivo and in vitro balancing self-renewal, 

proliferation, differentiation and maturation (Magri and Galli, 2012). Dysregulation of mTOR 

signalling gives rise to neurodevelopmental disorders (Scheffer et al., 2014, Dibbens et al., 

2013). Hyperactivation of the mTOR pathway, due to loss of function mutations in the TSC1 

and TSC2 genes, upstream inhibitors of mTOR, gives rise to Tuberous Sclerosis Complex 

(TSC). TSC is characterized by benign malformations comprised of aberrantly proliferating 

non-malignant cells of the tissue of origin. In the brain, these lesions are ectopic neurogenic 

compartments with enhanced proliferation of NPs and their subsequent premature 

differentiation (Magri and Galli, 2013). Conversely loss of mTORC1 function results in 
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decreased NP proliferation. Deletion of RAPTOR, an essential protein of the mTORC1 

complex, from NPs of the dorsal telencephalon leads to decreased proliferation but not loss of 

self-renewal capacity (Cloëtta et al., 2013). Similarly, these cardinal features are seen in ex-

vivo cultures of murine NSC/NPs grown as free-floating aggregates, called neurospheres, 

lacking mTORC1 function: inhibition of mTORC1 signalling in neurospheres, by addition of 

rapamycin, also decreased proliferation of NPs without affecting the self-renewing capacity 

of the NSCs (Sato et al., 2010). Therefore, mTOR signalling needs to be tightly balanced to 

maintain homeostasis in NPs. 

 

Another protein well placed to integrate extrinsic signals with the intrinsic responses of NPs, 

is the ubiquitin-specific protease 9 located on the X-chromosome (USP9X). USP9X is a 

deubiquitylating enzyme highly expressed in adult and embryonic NPs in vivo, and in vitro 

(Murtaza et al., 2015). Altering Usp9x expression levels affects NP function. Moderately 

increased Usp9x expression in mouse embryonic stem cell-derived NPs in vitro promotes 

their self-renewal leading to a large increase in the number of NPs (Jolly et al., 2009). 

Conversely, Nestin-cre mediated deletion of Usp9x from all NPs of the mouse central 

nervous system disrupted their organisation in the ventricular and sub-ventricular zones and 

results in peri-natal lethality (Stegeman et al., 2013). Deletion of Usp9x from the dorsal 

telencephalon only, is compatible with post-natal survival, but results in a dramatic 75% 

reduction in adult hippocampal size, suggesting NP proliferation is reduced (Stegeman et al., 

2013). Mutations in human USP9X are associated with several neurodevelopmental disorders 

including X-linked intellectual disability and autism (Homan et al., 2014). In addition, 

mutations in Doublecortin that specifically disrupt its ability to interaction with USP9X, 

result in lissencephaly and severe epilepsy, further highlighting the importance of USP9X 

function for normal brain development (Friocourt et al., 2005).  

 

Recently, Usp9x has been implicated in mTOR signalling in C2C12 mouse muscle myoblasts 

(Agrawal et al., 2012). Knockdown of USP9x in these cells increased mTORC1 activity 

(Agrawal et al., 2012). Epitope pull-down assays showed that Usp9x associated with mTOR, 

as well as RAPTOR and RICTOR, signature proteins of the mTORC1 and mTORC2 

signalling complexes, respectively (Agrawal et al., 2012). However altered expression of 

USP9x did not affect the level of mTOR protein in HEK293 cells. Here, we show that 

USP9X is a potent regulator of the mTORC1 signalling in NP/NSCs. Decreasing USP9X 

levels resulted in a rapid arrest of cultured NPs in G0/G1 of the cell cycle. Further we show 
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that USP9X binds RAPTOR in the developing brain and maintains RAPTOR levels in 

cultured NPs suggesting RAPTOR is a critical USP9X substrate.  

 

3.3 Results 

USP9X depletion results in reduced neural stem cell number 

To directly test the role, if any, of USP9X in NPs we altered its levels in the immortalized 

human neural progenitor cell line, ReNcell VM.  To deplete USP9X in these cells, lentiviral 

vectors with doxycycline-inducible expression of shRNAs directed against USP9X were 

generated (Drabsch et al., 2007). The lentiviral vector also expressed EGFP, which was used 

to identify and FACS purify, successfully transduced pools of cells, for subsequent 

experiments. Two independent shRNAs (2193 and 4774, indicating the position of the first 

base pair of the shRNA in the USP9X open reading frame) efficiently depleted USP9X and 

these cell lines were chosen for future experiments. Induction of a scrambled shRNA, as well 

as the addition of doxycycline, had no effect on USP9X protein levels (Figure 3.1A). Partial 

loss of USP9X was evident 24 hours after doxycycline addition in 2193 and 4774 cells, and 

reached maximal levels by 72 hours (Figure 3.1A). To examine the effect of USP9X 

depletion on ReNcell VM and determine the time of maximum effect, cells were analyzed 

using the xCELLigence system, which measures electrical impedance, and so is proportional 

to cell number, in real time. Analysis of two biological replicates revealed that the cell index 

of ReNcell VM cells expressing USP9X shRNAs (2193 and 4774) plateaued approximately 

20 hours after doxycycline addition (Figure 3.1B; Data generated by Dr MC Tan). In 2193 

and 4774 cells the decrease in cell index reached statistical significance (p<0.05) at 34 hours 

and 28 hours, respectively. At 24 hours USP9X protein levels were not yet fully depleted 

(Figure 3.1A). These data indicate that ReNcell VM NPs are particularly sensitive to reduced 

USP9X levels.  

 

USP9X depletion does not result in morphological changes, apoptosis or differentiation of 

ReNcell VM 

The xCELLigence cell index, which measures electrical impedance, does not distinguish 

between effects on cell proliferation, morphology or cell death. Therefore we examined the 

effect of USP9X knock-down on these functions. No changes in ReNcell VM morphology 

were observed but a clear reduction in the cellular density of USP9X depleted ReNcell VM 

could be distinguished at 72 hours after doxycycline treatment (Figure 3.2). An MTT 
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Figure 3.1. USP9x depletion reduces ReNcells VM proliferation. (A) Doxycycline treatment 

depleted USP9X protein levels after 24hrs, 36hrs and 72hrs in ReNcell VM cells harbouring 

USP9X-targeted shRNA (2913 and 4774) but not a nonsense shRNA (Scrambled) or non-

transduced cells (Wildtype). Blot representative of multiple biological replicates. Gels were 

run under the same experimental conditions. Usp9x and β-tubulin proteins at expected 

molecular weights. (B) (Data generated by Dr MC Tan) Reduced Cell index of ReNcell VM 

cells following addition of 1µM Doxycycline (0 hr). xCELLigence real-time measurement of 

increasing electrical impedance plotted on “Y axis” (“Normalised Cell Index”). Cell Index 

of doxycycline treated (+) ‘2193’ RenCell VM cells differed significantly from non-treated 

after 34 hours (p<0.05), 35 hours (p<0.01) and 36 hours (p<0.001). After 72hrs, the cell 

index was approximately 50% of untreated 2193 cells. For ‘4774’ cells, the cell index 

differed significantly at 28 hours p<0.05, 29 hours p<0.01 and 30 hours p<0.001 after 

treatment. After 72hrs, the reduction in cell index was approximately 61% that of untreated 

4774 cells. Analysis was obtained by plotting t-values of the two way ANOVA analysis 

(versus time). Error bars represent standard deviation. wt: wildtype, scr: scrambled, +: 1µM 

doxycycline treated, -: No doxycycline (C) MTT Assay analysis of RenCell VM cells after (i) 

48 hours and (ii) 72 hours treatment with 1µM doxycycline showing reduction in 

proliferation in USP9X knock-down cells. * p <0.05; ** p<0.01. Error bars = standard error 

of the mean. 
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proliferation assay confirmed the reduction in cell numbers in USP9X depleted ReNcell VM 

after 48 and 72 hours doxycycline treatment (Figure 3.1C). Analysis of both Annexin V 

(Figure 3.3A,B) and cleaved caspase 3 (Figure 3.3C) indicated there was no increase in 

apoptosis, after 12 and 72 hours doxycyline treatment, respectively. Immunoblot analysis 

failed to detect any change in the level of the astrocytic marker GFAP or neuronal marker 

βIII-tubulin, indicating that loss of USP9X did not induce the differentiation of ReNcell VM 

cells to post-mitotic cell fates (Figure 3.4, data generated by Dr MC Tan). By 

immunofluorescence there was not obvious increase in differentiation after 9 nine days in 

culture (Figure 3.5), nor after both EGF and FGF were removed from media for the same 

period (Figure 3.6). An enlargement / splaying of the USP9x depleted cells seemed to occur 

over the nine days most probably due to the reduced number of cells (Figure 3.5 and 3.6). 

These data demonstrate that loss of USP9X decreases proliferation of ReNcell VM cells and 

does not alter their morphology, cell death or differentiation. 
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Figure 3.2 USP9x depletion decreases density of ReNcells VM. Phase contrast micrographs of 

Wt (A, A’), Scr (B, B’), 4774 (C, C’) and 2193 (D, D’) after 72hrs treatment with 1µM Doxycyclin 

(A’,B’,C’,D’) to induce USP9x shRNA expression. There is reduced cellular density for 2193 (C’) 

and 4774 (D’). Scale bar represents 100μm in length.  
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Figure 3.3 Annexin V-Biotin Assay Dot plot after 12 hours 1µM Dox addition and total 

Caspase 3 expression after 72hrs 1µM Dox addition. (A) Dot Plot of untreated ‘No 

Doxycycline’ and treated ‘1µM Doxycycline’ ReNcells VM after 12 hours Shown are Viable 

in lower left quadrant, Early Apoptotic in lower right quadrant (Annexin V 

Biotin/Streptavidin APC 647-A positive), Late Apoptotic in upper right quadrant (Annexin V 

Biotin/Streptavidin APC 647-A positive and Propidium Iodide positive). Cells were treated 

with 1µM Doxycycline for 12hrs before collecting for analysis of Early Apoptotic events. 

Analysis courtesy of Dr. Bernadette Bellette. Values in quadrants represent percentage of 

cells in each quadrant. Change in percentage of early apoptotic cells after treatment are as 

follows: Wildtype (0.48%), Scrambled (0.93%), 2193 (1.56%) and 4774 (3.18%). (B) 

Tabulated Dot-Plot Data of Early apoptotic population in USP9x depleted ReNcells VM. (C) 

Western Blot of Caspase 3 in ReNcells VM after 72hrs 1µM Dox adition. No increase in 

Caspase 3 expression in USP9x depleted ReNcells is observed. This is not thought to be the 

cause for the increase in percentage of cell in G0/G1 and reduced proliferation in USP9x 

depleted ReNcells VM. 
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Figure 3.4 USP9x depletion does not result in increased differentiation. Immunoblotting of 

ReNcells VM after (A) three, (B) seven and (C) ten days of 1µM Doxycycline treatment for 

the expression of differentiation markers Beta-III-Tubulin and GFAP. No obvious increase in 

expression was observed in the USP9x depleted ReNcells VM. Beta-Actin was used as a 

loading control. (Data in this figure generated by Dr MC Tan). 
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Figure 3.6 Immunofluorescence of differentiation markers, GFAP (Astrocytes), βIII-

tubulin (Neuron) over 9 days EGF and bFGF removal in presence of 1µM Doxycycline. 

(A) After nine days of EGF/FGF withdrawal, βIII-tubulin is highly expressed in the neuronal 

processes of the ReNcells in untreated cells. For all Dox treated cells, except the Wildtype, 

there are fewer processes (B) After 9 days EGF/FGF removal, all treated and untreated 

ReNcells express GFAP. Difference in morphology of GFAP positive and βIIItubulin 

ReNcells VM is possibly due to the low confluency as the Scrambled control treated also 

exhibits different morphology to USP9x depleted 2193 and 4774 Dox treated ReNcells. 
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USP9X depletion results in G0/G1 cell cycle arrest 

To investigate if USP9X depletion affected ReNcell VM cell cycle, flow cytometric profiling 

of cellular DNA content was conducted. Knock down of USP9X resulted in an increase in 

cells at the G0/G1 stage of the cell cycle 72 hours after doxycycline treatment (Figure 3.7). 

Over three biological replicates the average increase in cells in G0/G1 following USP9X 

depletion was 12.6% +/-6.3 (p=0.0134) for “2913” and 22.91% +/-8.9 (p=0.0065) for “4774” 

cells. There was no statistically significant alteration in wildtype or scrambled shRNA cells 

exposed to doxycycline. Removal of doxycycline from the culture medium resulted in 

restored levels of USP9X and ReNcell VM proliferation (data not shown). These data 

indicated that USP9X is required for progression of ReNcell VM cells through G0/G1 and/or 

progression into S-phase. To investigate the molecular mechanism contributing to the 

accumulation of cells in G0/G1 phase we examined, by immunoblot, the levels of various 

proteins facilitating the G1/S phase transition. A decrease in the phosphorylated form of 

retinoblastoma protein (pp-RbS780) was detected in USP9X depleted cells, but only after 72 

hours of doxycycline treatment. No consistent changes in other proteins including Cyclin D1 

or E2F1 were observed at any stage of the time course (Figure 3.8). Immuno-precipitation 

was performed to investigate if there was a physical interaction between USP9x and either 

pRb, E2F1 or Cyclin D1. However no interaction was observed (data not shown). As the cell 

index of USP9X depleted ReNcell VM cells plateaued at 24 hours in the xCELLigenece 

assay this suggested that decreases in pp-RbS780 were unlikely to be the mechanism initiating 

the G0/G1 arrest.  
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Figure 3.7. Loss of USP9x results in ReNcell VM cell accumulation in the G0/G1 phase of 

cell cycle. (A) Flow cytometric analysis of ReNcell VM cells after 72 hours of doxycycline 

treatment. Representative of three biological replicates. (Cell samples prepared by Caitlin 

Bridges, Flow analysis performed by Dr B Bellette) (B) Quantitation of percentage of cells in 

each cell cycle phase in (A). ReNcell VM cells accumulate in G0/G1 in 2913 and 4774 cells 

treated with 1µM doxycycline. 
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Figure 3.8 Expression of G1-S Phase cell cycle proteins in USP9x depleted ReNcells VM 

after 24hrs, 36hrs and 72hrs of 1M Doxycycline addition. (A) No consistent change in 
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Cycln D1, E2F1 of Total Retinoblastoma (Rb) protein expression in USP9x depleted cells 

was observed. Reduction of phosphorylated Rb (S780) in USP9x depleted ReNcells VM 

occurs after 72hrs treatment. (B) Significant for 4774 USP9x depleted ReNcells VM. P<0.05. 

Loading control Beta-Tubulin was used in each blot. 
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USP9X depletion in ReNcell VM cells reduces mTORC1 signalling 

It has recently been reported that USP9X interacts with the mTOR signalling pathway 

(Agrawal et al., 2012), a major regulator of progression through the G1 phase of the cell 

cycle. mTOR exists in two complexes, mTORC1 and mTORC2, and the activity of each 

pathway is measured by the phosphorylation of their substrates, S6 and Akt, respectively 

(Rodgers et al., 2014, Agrawal et al., 2012, Leontieva et al., 2014, Leontieva et al., 2012). In 

the absence of growth factor stimulation, cells arrest in G0. However, re-addition of growth 

factors promptly activates mTOR signalling. Therefore we examined the activation of mTOR 

in ReNcell VM cells, by the re-addition of EGF and FGF, in the presence and absence of 

USP9X. ReNcell VM cells were exposed to doxycycline for 72 hours for maximal knock 

down of USP9X, and a further 24 hours in the absence of EGF and FGF to cause G0 arrest. 

Upon the reintroduction of EGF and FGF there was a rapid increase in pS6 levels, dependent 

on the presence of USP9X (Figure 3.9A). A failure to induce pS6, in the absence of USP9X, 

was observed in each of six biological replicates, with a reduction in Raptor expression 

observed in four of the six biological replicates (Figure 3.9C). There were no obvious or 

consistent alterations in pAKT, total S6 or total AKT protein levels across the biological 

replicates (Figure 3.9A, and data not shown), nor was there any change in mTORC2 

component, Rictor, or p-mTOR or t-mTOR expression (Figure 3.9C). To determine if the 

decreased mTORC1 signalling occurred with similar kinetics to the observed cell index 

plateauing (Figure 3.1B) upon USP9X depletion, we examined pS6 protein levels following 

24 hours doxycycline treatment. A similar decrease in pS6 levels in the absence of USP9X 

was detected at this earlier time point (Figure 3.9B) suggesting this may account for the 

plateauing cell index detected in the xCelligence assay. 

 

The levels of pS6 are increased by inhibition of the proteasome in wildtype cells (Figure 

3.10A) suggesting it may be regulated by ubiquitylation. Therefore, we sought to determine if 

the reduction in p-S6 observed in USP9x depleted cells could be rescued by proteasomal 

inhibition, and found this was the case (Figure 3.10B). Interestingly there was also an 

increase in the expression of the kinase that phosphorylates S6 protein, pp70S6K, after 

proteasomal inhibition. This indicates that USP9x is involved in preventing the proteasomal 

degradation of p-S6, possibly through upstream regulators of the S6 protein, such as 

pp70S6K, or further upstream regulators such as Raptor, which had been observed in 

multiple biological replicates (Figure 3.11). These data suggest that USP9x’s deubiquitylating 

activity regulates a step or steps, in the mTORC1 signalling cascade.  
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Figure 3.9. mTORC1 activity and RAPTOR levels in ReNcell VM cells are dependent on 

USP9X. (A) Immunoblot analysis of growth factor induction of mTORC1 and mTORC2 

pathways in absence of USP9X. USP9X was depleted from 2193 and 4774 cells by 72 hours 

exposure to doxycycline before growth factors (EGF/FGF) were removed from ReNcell VM 

medium 24 hours prior to protein collection (0 minutes) and then 5 and 15 minutes after re-

addition of EGF/FGF. Both pS6 and pAkt levels increased upon exposure to EGF/FGF 

(compare 0 to 5 and 15 min) indicating both mTORC1 and mTORC2 pathway activation, 

respectively. However, the extent of induction was markedly reduced in the absence of 

USP9X (compare plus and minus Dox at 5 and 15 mins in 2193 and 4774). Total S6 and 

Total AKT were not affected by USP9X depletion. Representative of multiple biological 
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repeats.  (B) Diminished mTORC1 activation in ReNcell VM cells, as determined by p-S6 

levels, was evident after only 24 hours doxycycline treatment, consistent with the 

xCELLigence data. (C) RAPTOR protein levels are decreased in ReNcell VM cells with 

depleted USP9X (2193 and 4774 plus doxycycline). Phospho-, Total mTOR and Rictor levels 

were unaffected by the absence of USP9X. Representative of multiple biological replicates.  
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USP9X binds RAPTOR and regulates its levels 

RAPTOR is the major scaffolding protein of the mTORC1 complex and also binds p70S6 

kinase  (Hara et al., 2002, Nojima et al., 2003). The level of RAPTOR protein is reportedly 

regulated by ubiquitylation (Hussain et al., 2013, Choi et al., 2014) raising the possibility that 

USP9X maintains mTORC1 signalling by opposing RAPTOR degradation in the ubiquitin-

proteasome system. To determine if USP9X and RAPTOR interact, immunoprecipitation was 

performed on lysate from the frontal cortex of wild-type embryonic mouse brains, as these 

are enriched for NPs. A clear interaction between endogenous USP9X and RAPTOR proteins 

was detected, as was a weaker interaction with p70S6K in both E16.5 (Figure 3.12A, data 

obtained by Mr S Premarathne) and E14.5 (not shown) tissue. Interestingly, no interaction 

between USP9X and mTOR was detected under these conditions. Also no endogenous 

interaction within ReNcell VM cells could be established (Supplementary Figure 3.1), which 

is similar to results from cultured HEK293 and C2C12 cells (Agrawal et al., 2012). This may 

be due to a weak interaction and therefore overexpression of both mTORC1 plasmids with 

USP9x plasmids in ReNcell VM cells was attempted as for other reports (Agrawal et al., 

2012).  However due to the low transfection efficiency into ReNcell VM cells, high levels of 

expression were not achieved (Supplementary Figure 3.2). 

 

Loss of USP9X correlated with decreased levels of RAPTOR (Figure 3.9 and 3.11). To 

further investigate the relationship between these proteins, USP9X was transiently over-

expressed in HEK293 cells (due to low transfection efficiency of ReNcell VM cells). 

Increased levels of USP9X resulted in increased RAPTOR but did not alter the level of other 

mTORC1 pathway components including mTOR, total S6 or phosphor-S6 (Figure 3.12C, 

data from Dr L Jolly). Over-expression of three USP9X mutations, which are associated with 

human intellectual disability but do not affect their deubiquitylating activity (Homan et al., 

2014), also increased RAPTOR levels (Figure 3.12C).    
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Figure 3.10. Proteasomal inhibition rescues USP9x-dependent p-S6 reduction after 15min 

EGF/FGF stimulation. (A) Proteasome inhibition by 25nM Epoxomicin for 6hrs after 

EGF/FGF starved Wildtype ReNcells VM increases ubiquitin and p-S6 expression (B) 

Inhibition of proteasome by 25nM Epoxomicin for 6hrs rescues p-S6 degradation after 

EGF/FGF stimulation for 5min and 15min in USP9x depleted ReNcells VM and increases 

phosphorylated S6 kinase expression, pp-70S6K (Thr389), 70kDa). 
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Figure 3.11. Reduction of RAPTOR expression in USP9x depleted ReNcells after 

EGF/FGF stimulation for 0, 5 and 15min. (A) and (B) Two biological replicates of 

EGF/FGF stimulation experiment demonstrating reduction in RAPTOR protein levels in 

USP9X depleted ReNcell VM cells. (C) Representative reduction of USP9X depletion after 

72hrs doxycycline treatment. Panel (A) and Panel (C) are from the same biological replicate. 
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Figure 3.12 USP9X binds RAPTOR in vivo and opposes its proteasomal degradation in 

neural progenitors. (A) Endogenous USP9X immunopreciptated endogenous RAPTOR from 

E16.5 mouse brain (frontal cortex only to enrich for NPs). An interaction with phsopho-

p70S6 kinase was also detected. Similar results were obtained from E14.5 frontal cortex. (B) 
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RAPTOR protein levels are regulated by proteasomal inhibition (epoxomicin) and 

inactivation of USP9X deubiquiytlating activity (WP1130) in ReNcell VM. Proteasomal 

inhibition following 4 hours exposure to 25nM epoxomicin resulted in increased RAPTOR 

levels. Inhibition of USP9X DUB activity with 5µM WP1130 for 4 hours resulted in 

decreased RAPTOR. Treatment of ReNcellVM cells for 4 hours with WP1130 followed by 4 

hours of epoxomicin resulted in intermediate levels of RAPTOR. DMSO was used as the 

vehicle control for each experiment. Final concentrations of DMSO were – 0.0025% for 

epoxomicin; 0.00005% for WP1130; 0.00255% for WP1130 + Epoxomicin. (C) USP9X over-

expression increased RAPTOR protein levels. Proliferating HEK293T cells were transiently 

transfected with empty vector, full length USP9X (wt) or one of three USP9X variants, which 

do not affect enzymatic activity but are associated with human intellectual disability. Cell 

lysates were collected 24 hours later. Immunblot analysis identified ncreased RAPTOR 

protein but mTOR, total and Phospho-S6 were unaffected. (D) Chemical inhibition of USP9X 

deubiquitylating activity leads to a rapid depletion of RAPTOR protein. ReNcell VM cells 

were treated with 5µM WP1130 and analysed by immunoblot. WP1130 does not deplete 

USP9X protein levels over 4 hours but results in almost complete loss of RAPTOR by 2 

hours. Phospho-p70S6 kinase levels were not affected. Levels of the USP9X substrate MCL1 

were depleted after 4 hours. (E) WP1130 treatment causes reduction in ReNcell VM 

proliferation as early as 6hrs and continues over 28hrs. Proliferation was measured by MTT 

absorbance. Significant reduction in MTT absorbance was observed after 6hrs, 12hrs, 18hrs 

and 28hrs treatment. P<0.05. (Date from panels A,B,D from S. Premarathne; C Dr L. Jolly; 

E by candidate C. Bridges) 
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The above loss- and gain-of-function approaches, in human ReNcell VM cells and HEK293T 

cells, respectively, identified a direct correlation between USP9X and RAPTOR protein 

levels but they do not indicate if USP9X’s deubiquitylating activity is required. Recently a 

small compound, WP1130, has been identified which inhibits USP9X DUB activity, but does 

not affect USP9X protein level (Peterson et al., 2015). In addition, WP1130 rapidly inhibits 

USP9X within hours (Figure 3.12D), compared with days for RNA knock-down approaches 

and thereby circumvents possible induction of compensatory DUB expression (Peterson et 

al., 2015). The addition of WP1130 to proliferating ReNcell VM cells under normal culture 

conditions, in the presence of EGF and FGF, resulted in a rapid decrease in RAPTOR protein 

levels after as little as 2hrs, but had no effect on p70S6K (Figure 3.12D, data from Mr S 

Premarathne). As reported by others, WP1130 did not affect the level of USP9X protein, but 

did deplete another USP9X substrate, MCL1 (Schwickart et al., 2010) after 4 hours, 

indicating USP9x activity was reduced. After 6hrs there was a corresponding decrease in 

MTT proliferation which continued over 28hrs, which correlates with the shRNA induced 

USP9x depleted in the ReNcells VM. This provides evidence that the inhibition of USP9X’s 

deubiquitylating activity by WP1130, leads to a rapid decrease in RAPTOR protein, coupled 

with a corresponding decrease in proliferation in ReNcell VM cells.  

 

USP9X opposes proteasomal degradation of RAPTOR  

The above data are consistent with USP9X opposing the degradation of RAPTOR in the 

ubiquitin-proteasome system. To directly examine this, we measured RAPTOR levels in 

ReNcell VM cells treated with the proteasome inhibitor, epoxomicin (Meng et al., 1999). 

Epoxomicin treatment for 4 hours increased RAPTOR levels (Figure 3.12B lane 2, data from 

S Premarathne) suggesting it is subject to proteasomal degradation in ReNcell VM cells. As 

shown previously, inhibition of USP9X deubiquitylating activity by WP1130 resulted in 

depleted RAPTOR levels (Figure 3.12B lane 4). The combination of epoxomicin and 

WP1130 resulted in intermediate levels of Raptor protein compared with epoxomicin or 

WP1130 alone (Figure 3.12B, compare lane 6 with 2 and 4). These data are consistent with 

USP9X’s deubiquitylating activity opposing degradation of RAPTOR by the proteasome.  

 

USP9X null neurospheres have reduced neural progenitor proliferation but not stem cell self-

renewal. 

(A detailed analysis of USP9x deletion on neurosphere proliferation and expansion was 

performed by Dr L Jolly, see Figure 5 submitted manuscript Bridges et al (Appendix A). 
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However, a pilot study was completed by the candidate Caitlin Bridges and is described 

below).  

 

The mTORC1 pathway is well known to regulate murine NP proliferation. Inactivation of 

mTORC1 signalling in NPs in vivo, by conditional Nestin-cre mediated deletion of the 

Raptor gene in mouse brains, resulted in reduced NP proliferation. When mTORC1 

signalling is inhibited in NSC/NPs cultured ex-vivo as neurospheres, the reduced NP 

proliferation manifested as a reduction of neurosphere size (Cloëtta et al., 2013). Previous 

data indicated deletion of USP9x results in reduced sphere size and sphere-forming capacity 

(data generated by L Jolly, Figure 5, submitted manuscript). This suggested there may be, as 

in ReNcell VM, a similar reduction of mTORC1 activity, as Raptor null neurospheres have 

reduced sphere size, number and a diminished sphere forming capacity (Cloëtta et al., 2013). 

To determine if mTORC1 signalling is reduced in the absence of USP9x, E18.5 neurospheres 

were harvested and propagated over 3 passages, before undergoing growth factor (EGF/FGF) 

withdrawal and re-addition to induce mTORC1 activity. 

 

First the reduction in the number of cells per sphere, sphere diameter and sphere forming 

capacity of E18.5 USP9x KO neurospheres, was confirmed. Over three passages, there was a 

reduction in sphere size (Figure 3.13) and significantly smaller neurosphere diameter (Figure 

3.14). The expression of differentiation markers was investigated and loss of Usp9x did not 

increase expression of the astrocytic marker (GFAP), however a slight increase in NF160 

expression was observed (Figure 3.15), suggesting an increased proportion of neuronal cells 

(Figure 5, Submitted manuscript).  

 

The phenotype of smaller neuropsheres (Figure 3.13, 3.15 and Figure 5 submitted 

manuscript) and reduced NP proliferation but not their self-renewal, is shared with both 

Raptor null or rapamycin treated neurospheres (Cloëtta et al., 2013) and suggests that Usp9x 

may also be required to regulate mTORC1 function in NPs in neurospheres. To further 

investigate, the level of p-mTOR expression was measured in Usp9x KO neursospheres over 

three passages and a slight reduction in p-mTOR expression was observed but only at passage 

3 (Figure 3.16). This provided preliminary evidence that mTORC1 activity may be perturbed 

in Usp9x KO neural progenitors. To further investigate this, mTORC1 activity was assessed 

after EGF / FGF stimulation of the Usp9x KO and control neurospheres. Interestingly, 

instead of a reduction in phospho-S6 (mTORC1 activity) in Usp9x KO an increase was 
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observed, with higher expression of the phosphorylating kinase p70S6K at earlier time points 

(Figure 3.16). This potentially indicated that mTORC1 activity initially peaks in Usp9x KOs, 

but may not be able to be sustained over time. This raised another possibility that we had not 

considered in the ReNcell VM cells that the increase, and eventual decrease, in mTORC1 

activity may differ in ReNcell VM cells and NPs in neurospheres. An initial peak in 

mTORC1 activity after EGF / FGF stimulation in ReNcell VM cells may occur rapidly, but 

we have only observed the decline in mTORC1 activity by collecting samples at 5min and 

15mins. Therefore, to more precisely define the time of activation samples were collected 

following EGF / FGF stimulation at 0, 5, 7, 9, 12 and 15mins. Analysis be immunoblot 

confirmed that there was still reduced mTORC1 activity in USP9x depleted ReNcell VM 

cells during these time points (Figure 3.17).  
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Figure 3.13. Representative reduction in neurosphere size in Usp9x KO. Bright Field 

Microscopy of E18.5 Neurospheres over three passages. 2 Usp9x KO compared to 1 control. 

No neuronal differentiation, sphere attachement nor projectional outgrowth occurs in 2 

USP9x KO cultures compared to 1 Nestin-Cre control. Usp9xfl/Y; Nestin-Cre+/- (KO) and 

Nestin-Cre+/- (CON). 

 

Usp9xfl/Y; Nes-Cre+/- Usp9xfl/Y; Nes-Cre+/- Usp9xwt/Y; Nes-Cre+/- 
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Figure 3.14. Reduction in diameter of E18.5 neurospheres in Usp9x KO compared to 

controls. Graphical representation of the mean reduction in Usp9x KO compared to the 

control (CON) after passage 0 (A), passage 1 (B) and passage 2 (C). *P<0.05 and 

***P<0.0001. Pooled 2 KO vs. 1 CON. Usp9xfl/Y; Nes-Cre+/- (KO) and Nestin-Cre (CON) 
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Figure 3.15. Increased expression of neuronal differentiation marker (NF160) in Usp9x 

KO E18.5 neurospheres. Western Blot analysis on whole neurospheres after passage one, 

two and three show reduced Usp9x expression in Usp9x KO. Expression of neural 

differentiation markers, NF160 (neuron), GFAP (astrocyte) as well as p-mTOR protein was 

investigated. There was a progressive increase in NF160 and possible decrease in p-mTOR 

expression with increasing passage in Usp9x KO. G3PDH, was used as a loading control. 
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Figure 3.16. mTORC1 activity is increased in Usp9x KOs at earlier timepoints. Western 

Blotting of E18.5 EGF/FGF stimulated Neurospheres after passage three. Usp9x is reduced 

in Usp9x KO compared to the control. P-S6 expression is increased in Usp9x KO after 

5mins, 15mins and 25mins compared to the control. P70S6k expression is higher across all 

time points in Usp9x KO compared to the control. 
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Figure 3.17. mTORC1 activity remains repressed between 5min and 15min timecourse in 

ReNcells VM. In USP9x depleted ReNcells, no initial spike in mTORC1 activity at earlier, 

and frequent time points after EGF/FGF activation, as there was for Usp9x KO 

Neurospheres. Reduced Usp9x expression after 1µM Doxycycline treatment. There is a 

reduction in the expression of mTORC1 activity proteins, p-S6(S235/236), P70S6K in USP9x 

KD ReNcells, compared to controls. G3PDH was used as a loading control. 
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3.4 Discussion 

USP9X is a putative “stem-ness” gene that is highly expressed in, and regulates the function 

of NPs both in vivo and in vitro (Jolly et al., 2009, Stegeman et al., 2013). Previously, 

increased expression of Usp9x was shown to regulate NP self-renewal by promoting apical-

basal cell polarity and altering the architecture of NP cultures derived from mouse embryonic 

stem cells (Jolly et al., 2009). Here we show USP9X is also required to maintain proliferation 

of the human NP line ReNcell VM, in a cell autonomous manner, and this probably mediated 

via facilitating mTORC1 pathway signalling.  

 

Inducible knock down of USP9X demonstrated that ReNcell VM cells are exceptionally 

sensitive to USP9X depletion. Within 24 hours of initiating USP9X knock-down, 

proliferation of the ReNcell VM cells halted (Figure 3.1B) despite the presence of mitogenic 

quantities of EGF and FGF. Considering that USP9X protein levels were not completely 

depleted at this time (in some experiments USP9X was only 50% depleted) and, that ReNcell 

VM have a cell cycle time of approximately 30 hours, this indicates that even partial 

depletion of USP9X results in a rapid and comprehensive arrest of proliferation. Although 

apoptosis can quickly alter cell numbers, and the anti-apoptopic protein Mcl1 is a USP9X 

substrate in some cellular contexts (Schwikart et al., 2010), no alterations in Annexin V or 

cleaved caspase 3 levels were detected, indicating no increase in apoptosis (Figure 3.3 A,B 

and C). Nor did USP9X depletion promote the differentiation of ReNcells VM to post-mitotic 

neuronal or glial lineages (Figure 3.4-3.6). Instead the NPs accumulated in the G0/G1 phase 

of the cell cycle (Figure 3.7). This rapid response was not due to alterations in G1/S check-

point proteins, although a delayed decrease in pRb levels was observed (Figure 3.8). 

Retinoblastoma protein (Rb) is phosphorylated by Cycln D1-CDK4/6 and Cyclin E-CDK2, 

which converts it to its inactive form, pRb(S780). When active, Rb is bound to the transcription 

factor E2F, preventing E2F from mediating transcription (Bertoli et al., 2013). Once Rb is 

phosphorylated to form pRb(S780), it releases E2F, allowing it to transcribe genes required for 

entry into S phase. When USP9x was depleted from ReNcell VM, a reduction in pRb(S780) 

was observed (Figure 3.8), which could indicate either that there is more Rb bound to E2F, 

despite the total expression of Rb being unchanged, (Figure 3.8), or that USP9x directly 

regulates p-Rb(S780) expression, as USP9x has a retinoblastoma binding site within its 

sequence. Therefore the reduction in p-Rb(S780) may result from its direct destabilisation. This 

was preliminarily investigated with no interaction between USP9x and p-Rb(S780) observed, 

data not shown. 
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The mTOR pathway regulates progression through the G0/G1 stage of the cell cycle (Fingar 

et al., 2004) and Usp9x influences mTORC1 and mTORC2 pathway activity in the C2C12 

mouse myoblast cell line (Agrawal et al., 2012). Here we show that USP9X is required for 

mTORC1, but not mTORC2, activity in ReNcell VM human NPs. The depletion of USP9X 

levels, loss of mTORC1 signalling, as indicated by failure to induce p-S6, and ReNcell VM 

cell-cycle arrest, all occurred with very similar kinetics strongly suggesting these NPs rely on 

USP9X-dependent mTORC1 activity for proliferation. The reduction in mTORC1 signalling 

in USP9x depleted ReNcells VM is clear, by the consistent reduction in p-S6 levels after 

72hrs and 24hrs. Six biological replicates were conducted of the EGF/FGF stimulation 

experiments and every time, p-S6 expression was reduced in the USP9x depleted cells.  

 

S6 kinases, in particular, p70S6K which phosphorylates S6 to p-S6(S235/236), are known to be 

ubiquitylated and degraded by the proteasome (Wang et al., 2008). P70S6K was reduced in 

USP9x depleted ReNcells VM, and expression was restored in USP9x depleted ReNcells VM 

after proteasomal inhibition, including the expression of its target, p-S6(S235/236) (Figure 

3.10B). Interestingly, P70S6K mediates mTOR phosphorylation at Ser-2448 (Abraham and 

Chiang, 2005). However, in the USP9x depleted ReNcells VM, p-mTOR was not reduced 

(Figure 3.9), when P70S6K was (Figure 3.10B), and only a slight physical interaction 

between USP9x and P70S6K could be established in vivo, (Figure 3.12A). Therefore, if it 

were the case that P70S6K causes p-mTOR reduction, which is leading to the reduction in 

mTORC1 signalling in both the mouse and the cells, it would be expected that this would be 

evident in the less complex ReNcell VM system, but there was not a reduction in p-mTOR 

expression in USP9x depleted ReNcells VM, (Figure 3.9). 

 

Post-translational modification of mTOR proteins, including by ubiquitylation, allow the 

mTOR pathway to respond rapidly to changing extra-cellular signals. Both p-mTOR and 

RAPTOR are targeted for proteasomal degradation by poly-ubiquitylation (Hussain et al., 

2013, Ghosh P et al., 2008). Raptor protein is an mTORC1 scaffolding and recruitment 

protein, enhancing mTORC1 signalling upon phosphorylation of Ser863, which promotes 

phosphorylation on other sites to initiate mTORC1 cascade (Foster et al., 2010). It is known 

to be ubiquitylated by DDB1-CUL4 (Hussain et al., 2013). Here we present several lines of 

evidence identifying the canonical mTORC1 scaffold protein, RAPTOR, as a probable 

USP9X substrate in NP/NSCs. Firstly, we show that endogenous USP9X and RAPTOR 

proteins co-immunoprecipitate from mouse embryonic brain tissue enriched for NPs (Figure 
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3.12A). USP9X did not interact with mTOR under the same conditions. The much weaker 

interaction detected between USP9X and phospho-p70S6K may be direct or indirect via 

RAPTOR, which binds phosphor-p70S6K to recruit it to the mTORC1 complex (Nojima et 

al., 2003). The absence of any alteration in phopho-p70S6K levels following the inhibition of 

USP9X activity (Figure. 3.12D), suggests USP9X does not directly regulate phospho-

p70S6K, but this doesn’t negate the possibility that USP9x regulates Raptor, upstream, which 

leads to the downstream increase in phopsho-p70S6K after proteasomal inhibition (Figure 

3.10B), as phosphor-p70S6K is known to be regulated by Raptor (Nojima et al., 2003). 

 

Second, inducible USP9X-specific shRNA-mediated knockdown (Figure 3.9 and 3.11), and 

transient over-expression (Figure 3.12C) of full length USP9X resulted in a concomitant 

decrease and increase in RAPTOR protein, respectively. Interestingly, the inhibition of the 

proteasome, after inhibiting USP9x activity by using the chemical WP1130, which rapidly 

inhibits USP9X’s deubiquitlyating activity but does not deplete USP9X protein levels, 

restored RAPTOR protein levels (Figure 3.12B). In this case a clear and rapid loss of 

RAPTOR was observed (Figure. 3.12D). The near complete depletion of RAPTOR protein 

within 2 hours strongly suggests that USP9X regulation occurs at the post-translational level. 

This is supported by the observation that the loss of MCL-1, a bona fide USP9X substrate, 

occurred only after 4 hours in the same experiment (Figure 3.12D). However, as WP1130 

inhibition is not restricted to USP9X, we cannot rule out the possibility that other DUBs, in 

addition to USP9X, might also regulate RAPTOR stability.  

 

An obvious hypothesis is that USP9X’s deubiquitylating activity opposes RAPTOR’s 

degradation at the proteasome. Data presented (Figure. 3.12B) confirmed that inhibition of 

the proteasome increased RAPTOR protein levels in ReNcell VM cells as observed in 

HEK293T cells, and that inhibiting the proteasome, in the absence of USP9X activity 

partially rescued RAPTOR levels, but only in HEK293 cells, not ReNcells VM.  

 

USP9X is the first deubiquitylating enzyme shown to directly interact with, and stabilize, 

components of the mTOR pathway namely, RAPTOR. Although another deubiquitylating 

enzyme, UCH-L1 has been shown to impact upon mTORC1 signalling it does so indirectly 

by affecting assembly of the mTORC1 complex. Unlike USP9X, UCH-L1 has no effect on 

the protein levels of mTOR complex components including RAPTOR.  
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USP9X’s regulation of mTOR signalling appears to be very cell context specific. Variation in 

mTORC1 activity between cell types may be attributed to external influences. For example, 

the variability in p-S6 and S6K1 expression in murine liver tissue collected from control mice 

at the same time of day was attributed to feeding habits of the animal (Khapre et al., 2014). 

Similarly slight changes in pH (Balgi et al., 2011) as well as hypoxic conditions (Wolff et al., 

2011) can influence the magnitude of mTORC1 activation. Therefore, different external 

factors may dictate the level of mTORC1 activity that can be stimulated even in the same cell 

type. Recently it was shown in C2C12 muscle myoblasts that epitope-tagged USP9X weakly 

associated with mTOR and both RAPTOR and RICTOR in HEK293T cells and its depletion 

in C2C12 myoblasts accelerated their differentiation to myotubes (Agrawal et al., 2012). In 

contrast to our results in NPs, Usp9x depletion from C2C12 cells led to increased mTORC1 

activity, in response to growth factor stimulation. Interestingly, while Usp9x depletion in 

C2C12 cells altered the downstream mTORC1 and mTORC2 effectors, pS6 and pAKT, 

respectively, no alteration in the levels of the upstream proteins mTOR or RAPTOR, were 

detected. Therefore, in C2C12 myoblasts, the regulation of mTOR signalling by Usp9x may 

be indirect. Cell context specific roles of USP9X have also been observed in other systems 

(Cox et al., 2014, Perez-Mancera et al., 2012, Schickart 2010). Although Usp9x has been 

identified as a putative “stemness” gene / protein (Van Hoof et al., 2006), decreasing Usp9x 

levels does not overtly diminish the proliferation of other progenitor/stem cells including, 

embryonic stem cells (Nagai et al., 2009), T-cell progenitors (Park et al., 2013) or pancreatic 

progenitors (Perez-Mancera et al., 2012). In contrast, the data presented here indicates that 

both cultured human NPs and, those in mouse neurospheres, are particularly sensitive to 

USP9X levels. 

 

mTOR signalling is a major regulator of NP function in both development and disease (Magri 

and Galli, 2012). Our data reveals the phenotype of Usp9x null neurospheres is very similar 

to that reported for rapamycin treated and Raptor depleted neurospheres (Cloëtta et al., 2013) 

and is therefore consistent with Usp9x stabilisation of Raptor in mouse NPs as well. Loss of 

either Usp9x or Raptor resulted in smaller neurospheres but did not affect their capacity for 

serial passage indicating they affected proliferation of NPs without affecting the self-renewal 

capacity of the sphere-initiating NSC. Likewise rapamycin treatment of neurosphere cultures 

resulted in reduced NP proliferation (and reduced neurosphere size) without affecting the 

stem cell state (Sato et al., 2010), and rapamycin delivery to the adult sub-ventricular zone 

neurogenic niche specifically depleted the transiently amplifying NPs but not the stem cell 
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population (Paliouras et al., 2012). Indeed, the loss of Usp9x resulted in more neurosphere 

initiating stem cells at each passage raising the possibility that NSCs acquired quiescence in 

Usp9x’s absence. These data are consistent with retention of transiently amplifying NPs in 

the G0 stage of the cell cycle, a phenomenon reported for adult neural stem cells exposed to 

rapamycin (Paliouras et al., 2012). However, once inhibition has been removed, stimulation 

with growth factors restores mTORC1 signalling (Paliouras et al., 2012). The reason we 

observe an increase in mTORC1 activity after growth factor stimulation in the Usp9x KO 

neurospheres, beyond that of the controls, may be due to the combined effect of the small 

spehere size and a compensatory mechanism, as overall mTORC1 activity is supressed in 

E12.5 neural progentiros, in vivo (data not shown). There were more of the sphere forming 

cells, i.e the transient amplifiers, plus the size of the neurospheres were smaller which meant 

that there was an increased surface area for the EGF / FGF to enter the spheres and initiate 

the mTORC1 activity faster. In conjunction with this, the peak in the Usp9x KO neurospheres 

may also be a compensatory mechanism to activate all the available remaining mTORC1 

components from the stimulating EGF/FGF available. Up regulation of all available 

mTORC1 proteins may be activated in response to the EGF/FGF stimulation in a positive 

feedback manner, hence the reason an early peak in p-S6 is observed initially, but quickly 

declines, as it may not be sustainable in the USP9x KO spheres.  

 

As Usp9x regulates brain development in mice (Stegeman et al., 2013)and is associated with 

several human neurodevelopmental disorders (Brett et al., 2014, Homan et al., 2014) the 

precise role of Usp9x in NPs and stem cells warrants further investigation. Across all 

systems; the ReNcell VM, the cortical brain lysates, the neural progennitors of the USP9x 

KOs and the USP9x KO neurospheres, we have shown that USP9x plays a role in 

mTORC1signalling. 
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3.5 Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3.1 Investigating a physical association between USP9x and 

mTORC1 components in ReNcells VM (A) IP with USP9x antibodies precipitated USP9x in 

both presence and absence of epoxomicin. No interaction with p-S6 was detected under these 

conditions. (B) Neither the presence of epoxomicin or growth factor stimulation promote 

interaction between USP9x and mTORC1 components in ReNcell VM cells.  
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Supplementary Figure 3.2 Ectopic expression of mTORC1 plasmid in conjunction with Usp9x plasmid expression. (A) V5-tagged USP9x, 

HA-tagged Raptor and Myc-tagged mTOR plasmids were transiently transfected into ReNcell VM cells in order to investigate the interaction 

between mTORC1 components and USP9x. Western Blotting for epitope tag expression after nucleofection showed non-specific Anti-V5 

expression but no band of the expected molecular weight. In addition a similar banding pattern was detected in cells transfected with the pMAX-

GFP control plasmid. (B) In a separate experiment, ReNcells VM we again transfected with Ha-Raptor and Ha-S6 in isolation, and faint but 

specific expression of Ha-tag antibody in Ha-Raptor expressed cells.  
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4.0 CHAPTER FOUR RESULTS – USP9x and Glioblastoma Multiforme In Vitro 

4.1 Determining the effect of USP9x depletion from U-87 MG GBM Cells 

USP9x has been implicated as both a tumour suppressor in pancreatic ductal adenocarcinoma 

(Perez-Mancera et al., 2012) and an oncogene in lymphoma and multiple myeloma 

(Schwickart et al 2010). Data presented in Chapter 3 indicates that USP9X facilitates cell 

cycle progression in immortalised ReNcell VM neural stem cells. ReNcell VM cells however, 

are not cancer cells despite being immortalised and proliferating rapidly. They are derived 

from foetal brain tissue and preferentially differentiated into astroglia in vivo (Donato et al., 

2007). Hence, the results in ReNcell VM cells raise the possibility that USP9x may function 

as an oncogene in glial-derived tumours such as GBM. Therefore USP9x’s role in GBM 

derived cell lines was investigated. In these initial studies, U-87 MG GBM cells, which 

recapitulate the tumour in vivo, were studied (Clark et al., 2010, Markiewicz-Zukowska et 

al., 2013, Shi et al., 2012) and USP9x shRNA consturcts were incorporated to study the effect 

of USP9x knockdown on U-87 MG cell proliferation in an in vitro GBM model. 

4.1.1 Development of stable U-87 MG Cells with inducible USP9x knockdown 

Prior to knocking down USP9x, it was important to establish whether USP9x is expressed in 

U-87 MG cells. Immunblot analysis, of three biological replicates, readily detected USP9x 

protein at the correct molecular weight of approximately 290kDa in U-87 MG cells (Figure 

4.1). 

To better study the effect of decreased USP9x protein levels on  U-87 MG cell function, 

stable cell lines containing the same doxycycline-inducible shRNA lentiviral vectors, as used 

in the ReNcell VM cells (Chapter 3) were generated. The lentivrial vectors were packaged as 

described (Section 2.1.24). and added to the parental U-87 MG cells for 24hrs. Forty-eight 

hours after transduction GFP-positive cells, indicating successful transduction, where isolated 

by fluorescence-activated cell sorting (FACS) as described (Section 2.1.11). Surpisingly, the 

resultant cultures contained less than 10% GFP-positive cells, as determined by eye, despite 

gating the FACS for high GFP epxression, (Figure 4.2). Hence, single cell clonal sorting was 

performed, on the previously sorted GFP positive cells. The cells were sorted into 96 well 

plates in order to obtain single cells, containing the shRNA constructs, that could be 

expanded (Figure 4.3). After expanding the clones, GFP positive cells across wells were 

pooled to minimise clonal variation and these pools were used for experimentation. 
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Figure 4.1 U-87 MG cells express USP9x. Immunoblot analysis of USP9x expression from 

triplicate (1, 2, 3) biological replicates of wildtype cultured U-87MG cells.  USP9x 

expression was investigated and is clearly expressed in the cells. Beta-tubulin was used as a 

loading control indicates protein present across all samples. 
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Figure 4.2. FACS sorting of GFP positive U-87 MG cells after lentiviral transduction 

failed to select a pure population. GFP (A,B,C) and bright field (A’,B’,C’) images of U-87 

MG cells transduced with lentiviral vectors containing shRNA including Scrambled (A, A’), 

2193 (B, B’) and 4774 (C, C’). 100µm scale bar. 
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Figure 4.3. Single cell cloning isolated uniformly GFP-positive U-87 MG populations. 

GFP (A, B, C) and Brightfield  (A’, B’, C’) images of U-87 MG cells transduced with 

lentiviral sectors Scrambled (A, A’), 2193 (B, B’) and 4774 (C,C’).  100µm scale bar. 
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4.1.2 USP9x depletion from U-87 MG GBM cells. 

To determine the kinetics of USP9x protein depletion, transduced U-87 MG cells were 

exposed to 1M Doxycycline for 144hrs, as previously described for ReNcell VM cells. 

Doxycycline induced a reduction in USP9x expression and morphological changes in 2193 

U-87 MG cells (Figure 4.4 and Supplementary Figure 1.0). The cells decreased in size, 

developed long, thin, “neural-like” projections and eventually detached from the culture 

surface. Doxycycline had a less dramatic effect on the morphology of 4774 U-87 MG cells 

although a decrease in cell number was observed (Figure 4.4 C,C’). Immunoblotting analysis 

revealed that after 144hrs, a 72% and 14% reduction in USP9x protein was observed for 2193 

and 4774 +Dox cultures respectively (Figure 4.4B and Supplementary Figure 4.1). The 

greater reduction of USP9x protein in 2193 +Dox cultures may explain the more dramatic 

phenotype compared to 4774 +Dox cultures, (Figure 4.4A).   

Optimisation experiments were initiated to quantify cell numbers (Xcelligence), and cell 

cycle analysis. However, at this time it was discovered that all the transduced U-87 MG cell 

lines were highly contaminated with mycoplasma. Antibiotic treatment was not an option as 

the infection was too prominent. Therefore, further analysis of the 2913 and 4774 U-87 MG 

lines was discontinued.  
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Figure 4.4 Doxycycline inducible reduction in USP9x protein in U-87 MG cells after six 

days in culture. (A) Untransduced wildtype U-87 MG cells with (A’) and without 1M 

doxycycline (A). U-87 cells transduced with USP9x 2193 and 4774 shRNA lentiviral vectors 

and six days with (B’, (C’) and without (B), (C) 1M Doxycycline. (B) Immunoblot analysis 

of USP9x protein level confirms depletion in the presence of 1µM Doxycycline in 2193 and 

4774 U-87 MG cells. USP9x expression was normalised against Beta-tubulin loading 

control.  
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4.1.3 mTORC1 activity in GBM cell lines following USP9x depletion 

To continue the investigation of USP9x regulation on GBM cell lines, five mycoplasma-free 

cell lines were obtained (a generous gift from Dr. Andrew Boyd at the Queensland Institute 

for Medical Research, Brisbane). During this time USP9X’s regulation of mTORC1 activity 

in ReNcell VM cells had been preliminarily established. As mTORC1 activation has been 

reported to enhance the tumorigenic capacity of neural tumours, it was appealing to 

determine the status of mTORC1 activity in GBM cell lines, which are of high virulence. In 

addition, incorporating multiple GBM cell lines in the mTORC1 analysis after USP9x 

knockdown, would provide a broader indication of how USP9x affects mTORC1 activity in 

that tumour type. To knockdown USP9x in five GBM cell lines the direct addition of USP9x 

siRNAs were used. Pooled USP9x-targeted siRNAs were obtained from Sigma and consisted 

of a mix of four siRNAs specific for, and validated to deplete, USP9x. A Scrambled siRNA 

was used as a control. 

 

Treatment of GBM cell lines with USP9x-directed siRNA after 40hrs revealed no dramatic 

change in morphology (Figure 4.5) and by 72hrs, resulted in negligible USP9x protein in all 

five GBM cell lines (Figure 4.6 and 4.7). Induction of mTORC1 activity was conducted as 

for ReNcell VM cells by re-addition of serum 24 hours after its removal (Materials and 

Methods, Section 2.1.15) and mTORC1 activation determined by immunoblot analysis of p-

S6(S235/236) levels (Figure 4.7). In three of the GBM cell lines, D270, U118 and U251, 

higher levels of p-S6 induction was observed in USP9x depleted cells (Figure 4.7). (This was 

confirmed in a biological replicate). In U-87 MG and D645 cells the depletion of USP9X had 

no effect on serum-stimulated induction of pS6 levels, as the slight increase in D645 cells 

could not be replicated (Figure 4.7). Interestingly, both U-87 MG and D645 cells expressed 

significantly higher levels of pS6 even at 0min, after 24 hours serum-starvation.  
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Figure 4.5 USP9x siRNA treatment fails to induce morphological changes in GBM cell 

lines. GBM cell lines were imaged 40 hours after addition of USP9x-specific siRNA. 

Untransfected and Scr siRNA transfected controls displayed similar morphology and density 

as USP9x siRNA treatment GBM cell lines. 
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Figure 4.6. USP9x protein levels are reduced in GBM cell lines following 72hrs USP9x siRNA treatment. Total USP9x protein levels were 

clearly reduced in the 4 GBM lines, followingtreatment with USP9x siRNAs. Beta-Tubulin was used as a loading control. Beta-Tubulin staining 

saturation occurred for U118 GBM cells, however obvious reduction of USP9x protein is clear. 
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Figure 4.7 mTORC1 activity in USP9x depleted GBM cell lines. USP9X levels were reduced in U-87 MG, U118, U251, D645 and D270 cell 

lines. Phospho-S6 expression increased in U118, U251 and D270 GBM cell lines. Reduction in phospho-S6 expression was observed in D645, 

but could not be repeated. No obvious increase in U-87 phospho-S6 expression. Beta-tubulin was used as a loading control. 
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4.2 Discussion   

A number of technical issues prevented the generation of U-87 MG cell lines containing 

vectors from which expression of USP9X shRNAs can be induced. A number of 

troubleshooting approaches will be presented in the first section of this discussion, before the 

second section discussing implications of USP9X depletion on mTORC1 signalling in GBM 

cells. 

4.2.1 Generation of inducible USP9x shRNA expression in U-87 MG GBM cells 

The detection of GFP expression in some U-87 MG cells following exposure to lentiviral 

supernatant indicates a successful transduction. However, technical problems arose when 

establishing a pure population of GFP-positive cells as this could not be achieved by bulk 

sorting of the total transduced population. Eventually clonal pools were established, and 

USP9x shRNA induction was successful (Figure 4.4B, Supplementary Figure 2.0). However 

the magnitude of the USP9x depletion for the 2193 and the 4774 pools of U-87 MG cells was 

varied ranging from 74% reduction in 2193 and 14% in 4774 pools. Although we had seen 

some variation in USP9x knockdown in 2913 and 4774 for the ReNcells VM, the magnitude 

was not great. The greater variation observed in the GBM lines, may have been due to the 

presence of GFP negative cells within the 4774 pool. 

The change in morphology of the U-87 MG cells after USP9x depletion was quite dramatic 

(Figure 4.4A) even after three days in culture (data not shown). Interestingly, such a dramatic 

phenotype was not observed in the mycoplasma-free U-87 MG cells using USP9x siRNA 

induction (Figure 4.5). This may have been attributable to the mycoplasma infection. 

However, the source of the cells also varied: QIMR lab versus Eskitis lab, which may also be 

a contributing factor.  

 

4.2.2 mTORC1 signalling in GBM cells 

mTORC1 activity is required for cell growth, proliferation and cell cycle progression in 

healthy, non-transformed neural progenitors. Its expression is low during times of quiescence, 

as in G0 phase of cell cycle. Once stimulated by growth factors, activity increases and 

prompts progression through G1 and into S phase of cell cycle (Fingar et al., 2004). 

mTORC1 activity has been reported to be upregulated in multiple cancer types, including 

aggressive brain cancers such as GBM (Yamada et al., 2014). In GBM cells lines, the 

inhibition of mTORC1 activity significantly reduced proliferation of lines including U-87 and 
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U118 (Eshleman et al., 2002, Gulati et al., 2009), with a corresponding reduction in P70S6K, 

which suggests mTORC1 targeting for therapies may be a promising lead. As USP9x reduced 

the proliferation of immortalised neural stem cells, ReNcell VM, through reduced mTORC1 

signalling, we anticipated there may also be a reduction in mTORC1 activity in GBM cells 

after USP9x is depleted. If this were to be the case, USP9x could potentially be incorporated 

as another target to reduce GBM cell proliferation, instead of targeting mOTRC1 signalling 

directly. However, we instead provide preliminary evidence that there was a corresponding 

increase in mTORC1 activity in the majority of GBM cell lines after USP9x was depleted, 

but observed no increase in cellular proliferation (Figure 4.5). This indicates that the USP9x 

depletion may exacerbate any already elevated mTORC1 activity that exists prior to serum 

starvation.  

 

However, as mTORC1 activity was not measured prior to serum starvation and stimulation, 

the initial activity for these cells in our conditions is not known. Instead activity after serum 

starvation (time 0min) was measured and was high in controls for U-87 MG cells, as well for 

USP9x depleted U-87 MG, D645 and D270. High levels of mTORC1 activity during periods 

of nutrient deprivation may indicate that the GBM cells have adapted compensatory 

mechanisms in order to remain cycling. The variation in mTORC1 activity across the cell 

lines may reflect the responsiveness of the original tumour and its adaptability to stress 

conditions. The five GBM cell lines were derived from five different patients and the way in 

which their tumour adapt to stressors may be different, their response to treatments (which 

induce stress upon the tumour cells) may also be affected by the ability of their tumours to 

adapt to stressors such as nutrient deprivation, as for the U-87MG cells which have high 

mTORC1 activity, despite lack of nutrients although their tumours all categorised as GBM 

originally. 

 

4.2.3 Variation in mTORC1 activity in GBM cells 

Variations in mTORC1 activity can occur between different cell types. A reduction of USP9x 

in ReNcells VM, causes a reduction in mTORC1activity, whereas it causes an increase in 

C2C12 muscle myoblasts and GBM cells. If the molecular target of USP9x is Raptor for both 

the C2C12 and ReNcells VM, then the depletion of USP9x would result in more Raptor 

degradation, and therefore reduced downstream mTORC1 signalling, which make sense in 

our slowly proliferating USP9x depleted ReNcells VM. However, this is counterintuitive for 

the C2C12 myoblasts, as there was increased phosphor-S6 expression after USP9x depletion 
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(Agrawal et al., 2012). The ReNcells VM and C2C12 cells are both progenitors, however 

exhibit opposite responses to USP9x depletion, despite an effect being mediated within the 

same pathway (mTORC1). ReNcells VM are a neural cell type, whereas C2C12 cells are 

muscular. This difference alone may be the reason for the variation, but does not explain why 

mTORC1 activity is increased if Raptor and p-mTOR are the primary targets of USP9x. If the 

depletion of USP9x resulted in the hyerubiquitylation of a negative regulator of mTORC1 

signalling, such as the TCS1/2 complex, then the degradation of this complex would result in 

the hyperactivation of mTORC1 signalling which would explain Agrawal’s results. This 

could be another target in C2C12 cells, that is not a target in ReNcells VM purely because the 

C2C12 are a musclular lineage and the ReNcells, as neural lineage. 

 

GBM cells and ReNcells VM are both neural, and still the mTORC1 response is opposite 

after USP9x depletion, which may come down to the tumorigenic properties of the GBM 

cells. The molecular target of USP9x in the GBM cells could be different to that of the 

ReNcells VM and C2C12 muscle myoblasts. The molecular target of USP9x may be a 

protein regulating the TSC1/2 complex, as loss of this complex has been reported in GBM to 

cause hyperactivation of mTORC1 signalling (Yamada et al., 2014). Raptor and p-mTOR 

may not be the only targets of USP9x for the C2C12 and GBM cells. 

 

The immortalisation of the ReNcells VM with the v-myc oncogene may play a role in the 

differing response compared to the C2C12 and GBM cells after USP9x depletion. 

Immortalisation with v-myc allows cells to continually proliferate, but inhibiting mTORC1 

activity with rapamycin has been shown to reduce c-myc activity in leiomyoma cells 

(Babcock et al., 2013), and in our system if USP9x diminishes mTORC1 activity, this may be 

the cause of the reduced proliferation in the ReNcells VM and was not further investigated. 

 

Another possibility may come down to environmental mTORC1 activity is known to 

fluctuate based on slight changes in environmental conditions, such as in response to pH 

changes, metabolic changes, availability of oxygen, including cell-cell contact mediating 

growth inhibition (Khapre et al., 2014, Balgi et al., 2011, Wolff et al., 2011). Therefore, are 

all three cell types require different biological conditions, both in vitro and in vivo, 

environmental factors would influence their biological mTORC1 activity. 
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4.3 Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 4.1. Densitometry of USP9x expression after 6days 1µM 

Doxycycline induction of USP9x shRNAs in U-87 MG cells. Reduction of 74% and 14% of 

USP9x protein in 2193 and 4774 +Dox cultures respectively. 
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5.0  CHAPTER FIVE – Investigating the KrasG12D oncogene / Usp9x tumour 

suppressor nexus in neural progenitors 

5.1  Determining the effect of KrasG12D activation in conjunction with Usp9x deletion 

on forebrain development 

 

The KrasG12D mutation is frequently detected in a variety of human cancers including 

pancreatic (Pérez-Mancera et al., 2012), colorectal (Moon et al., 2014), and lung (Sasaki et 

al., 2011, Fisher et al., 2001). This mutation results in neoplastic cellular transformation. The 

activation of other oncogenes or deletion of tumours suppressors, in conjunction with 

KrasG12D expression, enhances metastatic progression of low grade tumours into higher, 

more aggressive grades (Fisher et al., 2001, Perez-Mancera et al., 2012, Moon et al., 2014). 

For example, the loss of the tumour suppressor p53, in conjunction with KrasG12D 

activation, accelerates the transformation of both astroglial progenitors (Ghazi et al., 2012) 

and intermediate pancreatic cancer cells (Morton et al., 2010) into high grade gliomas and 

pancreatic ductal adenocarcinoma, respectively. Usp9x deletion in conjunction with 

KrasG12D activation in the pancreas also results in the greatly accelerated progression of 

pancreatic ductal adenocarcinoma from intermediate stage pancreatic cancer, implicating 

USPX too as a tumour suppressor (Pérez-Mancera et al., 2012). 

Whilst the specific KrasG12D mutation is not common in human brain tumours, the 

hyperactivation of Ras signalling, mediated through receptor tyrosine signalling cascade, is 

(The Cancer Genome Atlas Research, 2008) Activation of Ras signalling enhanced glioma 

progression to the aggressive brain cancer, GBM, in vivo, (Marumoto et al., 2009, Holland et 

al., 2000, Abel et al., 2009). In this instance the combined activation of either H-ras or K-ras, 

in conjunction with tumour suppressor depletion and/or additional oncogenic activation, 

resulted in GBM development (Holland et al., 2000, Marumoto et al., 2009). Well 

characterised murine studies have shown that the activation of KrasG12D alone, within mid-

gestation stage neural progenitor populations of the subventicular zone (SVZ) leads to the 

development of infiltrating intermediate grade gliomas with a latency of approximately two 

and a half months post-natal (Abel et al., 2009, Munoz et al., 2013, Ghazi  et al., 2012). This 

time frame is reduced upon tumour suppressor deletion or additional oncogenic activation. 

USP9x has been implicated as a tumour suppressor, acting secondary to KrasG12D initiated 

transformation of intermediate stage pancreatic intraepithelial neoplasia (PanIN), accelerating 
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progression into final stage pancreatic ductal adenocarcinoma (PDA) (Pérez-Mancera et al 

2012). This study showed that USP9X dramatically shortened cancer latency such that at 3 

months all KrasG12D mice presented with early stage PanIN whereas the large majority of 

mice expressing KrasG12D and also null for Usp9x were in final stage PDA (Pérez-Mancera 

et al., 2012). As well as transforming pancreatic epithelial cells loss of Usp9x also promoted 

resistance to anoikis, suggesting an additional role in metastasis. Importantly, the loss of 

Usp9x alone had no affect on normal pancreatic development in this mouse model (Pérez-

Mancera et al., 2012). 

One role of USP9x in the regulation of neural progenitors is to enhance neural stem cell self-

renewal and proliferation, at least in vitro (Jolly et al., 2009 and data in Chapter 3). These 

data are somewhat at odds with the role of USP9X as a tumour suppressor in PDA. However, 

they are consistent with reports of USP9X’s oncogenic role in other cancers, including 

lymphomas (Schwickart et al., 2010) and small cell lung cancer (Sun et al., 2011) where its 

increased expression promotes tumourigenesis. The ability of a protein to act as both 

oncogene and tumour suppressor is however, not unique to USP9X and a context-specific 

role for USP9X has been investigated in established pancreatic cancer cell lines (Cox et al., 

2014). 

Loss of Usp9x alone in neural progenitors does not lead to tumour development (Stegeman et 

al., 2013). To date a single study has identified Usp9x as a common insertion site in a subset 

of GBM in a mouse insertional mutagenesis model (Koso et al., 2012). However, there was 

no report on whether the transposon insertion enhanced or inhibited Usp9x expression or 

function. Therefore, what role, if any, USP9X plays in the transformation of neural gliomas 

into advanced stage gliomas, especially on a KrasG12D activated background, remains to be 

resolved. Therefore the aim of the experiments described herein was to determine if 

KrasG12D has the ability to promote the development of gliomas and, whether deleting 

USP9x promotes tumourigenesis to an aggressive brain cancer such as GBM, analogous to 

the KrasG12D / Usp9x interaction in PDA. To investigate this we activated oncogenic 

KrasG12D, in conjunction with Usp9x deletion (Stegeman et al., 2013), in neural progenitors 

of the embryonic mouse forebrain.  
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5.1.1 Generation of mice with activated KrasG12D and/or USP9x deletion in neural 

progenitors. 

A number of mouse strains were generated to investigate the interaction, if any, of KrasG12D 

activation and Usp9x deletion in neural progenitors. Expression of the KrasG12D mutation 

can be conditionally induced in a tissue and/or time specific manner in mice. In these mice 

(Jackson et al., 2001) the KrasG12D mutation has been introduced into one of the Kras 

alleles. In addition to the G12D mutation in Kras, the targeting vector included a Lox-STOP-

Lox cassette upstream of Kras preventing transcription from this allele. Upon expression of 

Cre recombinase, the Lox-STOP-Lox cassette is deleted and results in KrasG12D expression 

under control of the endogenous Kras promoter. It should be noted that inheritance of the 

Lox-STOP-Lox / KrasG12D modification on both Kras alleles results in embryonic lethality, 

due to no Kras expression. Therefore the KrasG12D mice are maintained as heterozygotes., 

which appear normal (Jackson et al., 2001). (The KrasG12D mice were a kind gift from Dr 

Patrick Humbert, Peter MacCallum Cancer Centre, Melbourne). The generation of the 

“floxed” Usp9x mice, Usp9xfl/fl females and Usp9xfl/Y males has been reported previously 

(Stegeman et al., 2013, Pérez-Mancera et al., 2012). In these mice, exon 3 of Usp9x is deleted 

upon expression of Cre recombinase, which results in loss of the Usp9x protein (Stegeman et 

al., 2013, Pérez-Mancera et al., 2012) to produce Usp9x-/Y males and Usp9x-/+ females. Usp9x 

is an X chromosome-linked gene and so wildtype males are Usp9x+/Y and Usp9x negative 

males designated Usp9x-/Y  

To activate KrasG12D expression and delete Usp9x, mice were crossed with Emx1-cre mice, 

which express Cre recombinase in neural progenitors of the forebrain from E9.5 (Stegeman et 

al., 2013, Guo et al., 2000, Shinozaki et al., 2004). Emx-1 expression occurs specifically in 

the developing dorsal telencephalon, cortex, olfactory bulbs and hippocampus (Shinozaki et 

al., 2004, Guo et al., 2000). The following specific mouse strains were bred to generate loss 

of Usp9x from, and activate KrasG12D expression in, the forebrain (Figure 5.1). The specific 

gene alterations can be found in (Figure 5.2). 
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Figure 5.1 Generation of Kras/Usp9xmutant animals. Mating scheme to generate mice used to investigate role of Kras activation and Usp9x 

deletion in neural progenitors. Heterozygous KrasG12D-Lox-STOP-Lox (referred to hereafter as KrasG12Dlox/wt) mice were mated to USP9xfl/fl 

or Usp9xfl/wt (referred to hereafter as Usp9xlox) females to produce KrasG12Dlox/wt;USP9xlox females (referred to hereafter as Kras/Usp9xlox 
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females). The Kras/Usp9xlox females were mated with Emx-1-Cre males to produced KrasG12Dlox/wt; Usp9xlox/lox; Emx-1-Cre+/- (referred to 

hereafter as KrasG12Dmutant).  
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5.1.2 Activation of KrasG12D results in peri-natal lethality 

Genotyping of weaned litters from Kras/Usp9xlox x Emx1-Cre matings revealed that no 

Kras/Usp9xmutant nor KrasG12Dmutant offspring were produced.  Mendelian mode of 

inheritance predicted that 25% should be Kras/Usp9xmutant, (Figure 5.3) which was not 

observed. This raised the possibility that mice had not inherited the KrasG12Dlox/Usp9xlox 

genotype. The inheritance of KrasG12Dlox/Usp9xlox as well as KrasG12Dlox was investigated 

and inheritance was lower for both with 5.15% and 6.19% inheritance, respectively instead of 

the 50% expected (Figure 5.3). PCR (Figure 5.4) was used to confirm full genetic inheritance 

(Supplementary Figure 5.1). 

These data suggested that the Kras/Usp9xmutant, and possibly the KrasG12Dmutant, genotype 

resulted in peri-natal lethality. This was supported by the analysis of stillborn P0 mice from 

Kras/Usp9xmutant litters. Two stillborn pups from one litter (denoted P1 and P2) and three 

stillborn pups from another (denoted ‘d3’, ‘d4’ and ‘d5’) were collected and genotyped. All 

five pups were positive for KRasG12Dlox and Cre, with ‘P2’ (Figure 5.5 A and B), ‘d4’ 

(Figure 5.4 C) and ‘d5’ (Figure 5.4 C) also positive for Usp9xlox. These data indicate that 

Kras/Usp9xmutant and KrasG12Dmutant genotypes may be embryonic lethal. 
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Figure 5.2 Generation of Kras/Usp9xmutant embryos. (A) Ai Modification of Kras, Usp9x and 

Emx-1 alleles in mice used to generate KrasG12D/Usp9x mutations within the forebrain. 

KrasG12Dlox is created by incorporating a STOP sequence flanked by two LoxP sites, 

preventing the activation of the mutant allele. Primers K005 and K006 (B) were used to 

identify the presence of this allele. Upon expression of Emx-1 at E9.5 during embryonic brain 

development, Cre gene will be expressed and will promote the recombination of the LoxP 

sites, on the Kras allele, resulting in excision of the STOP sequence and commence driving 

mutant Kras (KrasG12D) expression from E9.5-E10.  Aii Generation of the Usp9xlox allele as 

previously described (Stegeman et al., 2013) which incorporates loxP sites flanking exon 3 of 

Usp9x. NeoF and NeoR primers (B) are used to detect this modification within the Usp9x 

allele. Aiii Generation of the Emx-1-Cre IRES allele which initiates the expression of Cre 

recombinase from E9.5 in cells expressing the Emx-1 gene. Primers Emx-1F and Emx-1R 

were used to detect this modification (B). (Willaime-Morawek,et al. 2006), (NCI Mouse 

Repository), (Stegeman, et al 2013) 
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Table 5.3. Kras/Usp9xmutant genotype was not observed in weaned offspring. A total of ten 

litters producing 97 weaned animals were examined. The number of animals obtained per 

litter is shown in the second column (i). For each genotype (ii – ix), the number obtained 

number is a ratio of the number expected, based on calculated Mendelian genetic ratios. 

There were no surviving offspring for (ii) Kras/Usp9xmutant or (iii) KrasG12Dmutant. It was 

expected that 25% of animals in each litter should be Kras/Usp9xmutant and 50% should be 

KrasG12Dmutant. The inheritance of the two floxed allele without cre (iv) 

KrasG12Dlox/Usp9xlox and (v) KrasG12Dlox was expected to be 50%, but were 5.15% and 

6.19% respectively. The inheritance of (vi) Usp9xloxand Cre was as expected (50% and  

47.42% observed). For (vii) Usp9xlox and (viii) Emx-1-Cre alone prediction of inheritance 

was difficult as these alleles were expected to be inherited in conjunction with either Kras or 

Usp9x, for (viii) Emx-1-Cre or with Kras, for (vii) Usp9xlox. Hence the predictions were 

calculated based on inheritance of the floxed alleles alone in which 100% inheritance was 

expected for (vii) Usp9xlox and 50% inheritance for (viii) Emx-1-Cre. It was not expected that 

there would be animals in which no modified allele was inherited, however 12 animals were 

obtained (ix). 
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Figure 5.4 Kras/Usp9xmutant genotype is not observed in offspring. Representative 

genotyping by PCR for Usp9xlox ‘Neo’, KrasG12Dlox ‘Kras’ and Emx-1-Cre ‘Cre’ for the first 

fifteen (1-15) weaned mice. (A) genotyping for Usp9x floxed, (A-B) genotyping for 

KrasG12D floxed and (C) genotyping for Emx-1-Cre. A total of 97 post-natal offspring were 

genotyped. 
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5.1.3  Activated KrasG12D results in gross morphological defects in the embryonic brain 

To determine to which developmental stage Kras/Usp9xmutant pups were viable, embryos were 

extracted prior to birth, from E18 to E20. Genotyping detected ‘KrasG12Dlox’ together with 

‘Usp9xlox’ and ‘Cre’ in the expected Mendelian ratios at each stage tested. It was anticipated 

that 25% of the embryos per litter would inherit all three modified alleles, and on average 

34% of embryos per litter did so, (Figure 5.6 Table B). Embryos inheriting the ‘KrasG12Dlox’ 

and ‘Emx-1-Cre’ alleles rarely occurred without ‘USP9xlox’ inheritance, due to the breeding 

with homozygous Usp9xfl/fl mothers, (Figure 5.6 Table C). Both males and females embryos 

that had the mutant genotype were analysed as the potency of mutation may be similar, as X 

chromosome inactivation could mean the wildtype Usp9x is inactivated in some of the female 

embryos’ cells. This was the case during the development of PDA in KRas activated and 

Usp9x deleted mice where tumour frequency in females was the same as males (Perez- 

Mancera et al., 2012). Therefore, the same may apply for the development of neural tumours, 

whereby the Krasmutant/Usp9x-/+ females may be just as potent as the Krasmutant/Usp9x-/Y 

males. However, as the KrasG12Dmutant was so dramatic in males and females, the additive 

effect of Usp9x deletion was not further investigated. 

Upon dissection at E18.5, some embryos were obviously paler, suggesting poor overall body 

vascularisation and, they also appeared to have severe cerebral swelling, (Figure 5.7 A, B). 

Genotyping established that all such embryos were Kras/Usp9xmutant (Figure 5.7 C). 

Interestingly, the phenotype was not dependent on the deletion of Usp9x, as Usp9xlox negative 

embryos had the same phenotype, raising the possibility that activation of the KrasG12D 

mutation alone was causative. To directly test this KrasG12Dlox and Emx-1-Cre animals were 

mated. Embryo genotyping at E17.5 confirmed that inheritance of the KrasG12D allele alone 

correlated with the phenotype including both cerebral swelling and pale colouring. Next, 

embryonic extractions were conducted at E14.5 and E16.5 to determine the earliest 

developmental stage at which a morphological defect could be observed. Pale embryos were 

observed at each stage (E14.5, E16.5 and E17.5). However, at E14.5, (Figure 5.8 Aiii), no 

cerebral swelling was obvious but it was evident at E16.5 (Figure 5.8 Aii) and E17.5 (Figure 

5.8 Ai). Interestingly, this phenotype has not been reported in other studies activating 

KrasG12D in neural progenitors (Marumoto et al., 2009, Holland et al., 2000, Abel et al., 

2009). Therefore the effect of KrasG12D activation on neural progenitors was further 

investigated. 
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Figure 5.5 Kras/Usp9xmutant results in embryonic lethality. Kras/Usp9xmutant pups were born, 

but did not survive. These P0 stage pups were collected during birthing and analysed for 

KrasG12Dlox, Usp9xlox and Emx-1-Cre genotypes. P0 stage pups were collected from 

different litters. (A-B) Litter one: (P1 and P2) and (C) Litter two: (d3, d4, d5). ‘P2’, ‘d4’ and 

‘d5’ were positive for all three genotypes, indicating they were Kras/Usp9xmutant, but all were 

positive KrasG12Dlox and Emx-1-Cre, indicating they were KrasG12Dmutant. This prompted 

the investigation of Kras/Usp9xmutant in embryos. A total of 5 still born mice were analysed. 
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Table 5.6.. Kras/Usp9xmutant embryos are observed in the expected Mendelian ratios. 

Embryos between stages E18-E20 were collected and analysed for inheritance of 

KrasG12Dlox, Usp9xlox and Emx-1-Cre by PCR. (A) The number of embryos inheriting each 

allele is shown for the twelve litters collected. The expected number and percentage of 

embryos per litter was calculated to be 2.5 and 25% respectively, for the inheritance of all 

three alleles (B) and 5.0 and 50% respectively for the inheritance of both KrasG12Dlox and 

C 

B 

A 



137 

 

Emx-1-Cre (C). The number and percentage of embryos obtained per litter calculated and 

compared to the expected numbers. The average number of embryos per litter that were 

positive for all three alleles was 3.5, with a percentage of 34.15% (B). This was greater on 

average than the expected numbers. The average number of embryos per litter that were 

positive for KrasG12Dlox and Emx-1-Cre alone was only 0.167 with a percentage of 2.1% 

(C). KrasG12Dlox was rarely observed without Usp9xlox and Cre. A total of 121 embryos were 

extracted for these studies. 
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Figure 5.7 Kras/Usp9xmutant mice display gross morphological defects. (A) Representative 

phenotype of Kras/Usp9xmutant which are pale, and have cerebral swelling at E18.5. (B) 

Higher magnification of swollen heads of Kras/Usp9xmutant at E18.5 (C) Genotyping of E18.5 

embryos confirms the mutant phenotype observed (Ai, ii and iii) which correlates with 

Kras/Usp9xmutant genotype. Interestingly embryo 73 was also positive for all three alleles, but 

did not show a dramatic phenotype (Aiv). Total number of embryos analysed was 121, of 

which 42 were of the Kras/Usp9xmutant genotype. 
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Figure 5.8. KrasG12Dmutant embryos have the same phenotype as Kras/Usp9xmutant embryos 

(A) Representative phenotype of KrasG12Dmutant embryos at (i) E17.5, (ii) E16.5 and (iii) 

E14.5. Embryos at all stages were pale throughout entire body, especially the viscera. E16.5 

and E17.5 embryos presented with cerebral swelling, which was not consistently observed in 

E14.5 embryos.  
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5.1.4 KrasG12D expression disrupts the architecture of proliferative zones in late- but not 

mid-stage embryos 

 

To refine the analysis of the effect KrasG12D expression on the organisation of the brain, 

Nissl staining was conducted on embryos at E17.5 (Figure. 5.9, and 5.10). It was immediately 

apparent upon cryostat sectioning that the E16.5 and E17.5 KrasG12Dmutant brains were 

extremely fragile making it difficult to preserve tissue organisation. However E14.5 

KrasG12Dmutant brains responded to fixation and sectioning similarly to wildtype. Sections  

that could be obtained from E17.5 KrasG12Dmutant embryos exhibited ventricular 

disorganisation, low cellular packing density and poor neural architecture (Figure 5.9Aiii, 

Biii, Ciii) and (Figure 5.10A, Ai, Aii), and E16.5 (Figure 5.11 Aiii, Biii, Ciii) and (Figure 

5.12A, B, C and D). Higher magnification of the ventricular regions of KrasG12Dmutant, 

brains (Figure 5.13A, B, C and D) detected cellular debris in the ventricles, and the lack of a 

contiguous cell layer bordering the ventricle, which was not observed in controls (Figure 

5.13A’, B’ and C’). Interestingly at E17.5 and E16.5 the ventricles were poorly defined and 

almost absent in KrasG12Dmutant (Figure 5.11A, B, C and D) and (Figure 5.12A, B, C and D). 

The lack of a defined ventricular space, an expansion in cortical size and poorly defined  

cortical layers, is consistent with hyper-proliferation of NPs (Katayama et al., 2011). Hence, a 

marker of mitosis, phosphor-histone 3 (PH3) staining was conducted on E17.5 sections to  

determine the percentage of cells undergoing mitosis in the mutants. However, due to the lack 

of tissue integrity in KrasG12Dmutant the PH3 staining was inconclusive (Figure 5.14Bii). In 

controls PH3 staining was restricted to the ventricular zone as expected. 
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Figure 5.9. KrasG12Dmutant have disrupted neural architecture at E17.5. (A) Gross 

morphology of E17.5 embryos. KrasG12Dmutant (Aiii) is paler than control littermates and has  

 cerebral swelling.(B) Nissl staining of KrasG12Dmutant (Biii) embryos revealed abnormal 

architecture with disorganised ventricular region and poor distinction between VZ and SVZ, 

compared to controls (Bi and Bii). (C) KrasG12Dmutant (Ciii) presence of cell “debris” in 

ventricular space (arrow-head). Scale Bar represents 50µm. A total of 1 E17.5 

KrasG12Dmutant embryo and 3 controls were stained with Nissl. CP – cortical; SVZ – 

subventricular zone; VZ – ventricular zone. 
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Figure 5.10. Disrupted neural architecture of E17.5 KrasG12Dmutant cortex. KrasG12Dmutant 

forebrain (A, Ai, Aii) has poor ventricle architecture, loosely packed cells and poor cortical 

layer definition. Multiple branched ventricle structures develop (arrowed red). 

KrasG12Dmutant  ventricles contain debris at “ventricular zone” (Ai and Aii) (arrowed black). 

KrasG12Dlox/wt and KrasG12Dwt controls have well defined ventricular structure. Scale bar 

represents 50µm. A total of 1 E17.5 KrasG12D mutant and 3 controls were stained. CP- 

cortical plate; SVZ – subventricular zone; VZ – ventricular zone; IZ – intermediate zone. 
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5.1.5 KrasG12D expression alters proportion of neural progenitors and neurons 

Nissl staining revealed that the ventricular regions of KrasG12Dmutant at E17.5 and E16.5 

lacked a clear demarcation between the VZ, SVZ and IZ evident in KrasG12Dlox and 

KrasG12Dwt controls. This raised the possibility that KrasG12D mutant brains were 

comprised mainly of a homogeneous cell population. As Emx-1-Cre activates KrasG12D 

expression in the NPs, the mutation may promote progenitor expansion at the expense of 

differentiation. However, at E14.5 KrasG12Dmutant brains displayed a normal overall 

architecture, at least as can be determined by Nissl staining, although the ventricular space 

was larger compared to controls (Figure 5.15Ai, Bi and Ci). These observations indicate that 

sometime between E14.5 and E16.5, neural progenitor proliferation is perturbed resulting in 

an expansion of either neural progenitors or another neural cell population causing the 

dramatic phenotype at E16.5 and E17.5. As immunohistochemistry was ineffective in 

determining cell types in later embryonic KrasG12Dmutant due to tissue fragility (Figure. 

5.14Aii and Bii) the expression of neural markers was investigated by western blotting.  

 

Protein lysate from E16.5 KrasG12Dmutant cortex was analysed for the expression of apical 

neural progenitors (PAX6 and SOX2), radial progenitors (BLBP), intermediate neural 

progenitors (TBR2) (Figure 5.16), post-mitotic neurons (TBR1), proliferating progenitors 

(PH3) as well as an antibody specific to the KrasG12D mutant protein (Figure 5.17), to 

determine the cell types present. An increase in the expression of SOX2 and TBR2 was 

detected in KrasG12Dmutant samples (Figure 5.16) but there was no change in markers of 

radial progenitors, PAX6 (Figure 5.16) and BLBP (Figure 5.16 and 5.17), although BLBP 

was stronger at a higher molecular weight in mutants (Figure 5.16). These data suggested an 

expansion of intermediate progenitors. There was a reduction in TBR1 expression (Figure 

5.17) indicating the number of post-mitotic neurons was reduced in mutants as well as a 

slight reduction in mitotic PH3 expression, although staining was quite weak and largely 

inconclusive (Figure 5.17). An attempt was made to confirm the expression of the mutant 

KrasG12D protein using a G12D specific antibody, however some of the mutants, by PCR 

and phenotype, did not express it while some of the controls did (Figure 5.17). Thus it was 
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Figure 5.11. KrasG12Dmutant has disrupted neural architecture at E16.5. E16.5 brains were 

sectioned and stained with Nissl to observe morphology of KrasG12Dmutant brain. (A) As for 

stage E17.5, E16.5 KrasG12Dmutant (Aiii) embryos were noticeably paler, had obvious 

cerebral swelling and tissue fragility and cerebral swelling. KrasG12Dlox/wt (Ai) and 

KrasG12Dwt (Aii) controls. (B) Representative Nissl staining of the disorganised neural 

tissue with poorly defined ventricular and subventricular zones in KrasG12Dmutant (Biii) 

compared to KrasG12Dlox/wt (Bi) and KrasG12Dwt (Bii) controls. (C) Higher magnification of 

sections in (B) indicating cellular debris in ventricular spaceof KrasG12Dmutant Scale Bar 

represents 50um. A total of 4 KrasG12Dmutant and 2 KrasG12Dlox/wt and 1 KrasG12Dwt were 

stained with Nissl. CP- cortical plate; IZ-intermediate zone; SVZ – subventricular zone; VZ- 

ventricular zone. 
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Figure 5.12. Neural architecture is perturbed in E16.5 KrasG12Dmutant. Nissl staining of the 

right ventricular region of four E16.5 KrasG12Dmutants (A, B, C, and D) displaying  

disorganised and undefined ventricular architecture in comparison with controls 

KrasG12Dlox/wt (A’ and B’) and KrasG12Dwt (C’). Multiple ventricle branching is prominent 

in two (C and D) of four KrasG12Dmutant. E16.5 KrasG12Dlox/wt and KrasG12Dwt controls 

(A’, B’ and C’) have well defined ventricular architecture and structure. A total of 4 

KrasG12Dmutant, 2 KrasG12Dlox/wt and 1 KrasG12Dwt were examined. Scale bar represents 

50µm. CP- cortical plate; IZ-intermediate zone; SVZ – subventricular zone; VZ- ventricular 

zone. 
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Figure 5.13. E16.5 KrasG12Dmutant have cell debris in the ventricular space. Nissl Staining 

of four KrasG12Dmutant (A, B, C, D) and KrasG12Dlox/wt and KrasG12Dwt controls (A’, B’ 

and C’). Higher magnification of KrasG12D mutants and controls from Figure 5.10. Arrow 

heads indicate cellular debris leaking into ventricular space of the KrasG12Dmutant. A total of 

4 KrasG12Dmutant, 2 KrasG12Dlox/wt and 1 KrasG12Dwt were analysed. Scale bar represents 

50µm. SVZ – subventricular zone; VZ – ventricular zone; IZ – intermediate zone. 
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Figure 5.14. KrasG12Dmutant tissue fragility results in nonspecific and ubiquitous staining 

at E17.5. E17.5 brain sections were stained with BLBP, a marker of radial glia progenitors 

as well as the mitotic marker, PH3. (A) Defined BLBP staining in E17.5 cortex of 

KRasG12Dwt/wt control radial glia progenitors (Ai), which is undefined, ubiquitous, 

nonspecific and mis-localised in KrasG12Dmutant (Aii). PH3 positive neural progenitor cells 

line ventricular zone in KrasG12Dwt/wt controls (Bi). In KrasG12Dmutant PH3 staining is 

displaced from ventricular neural progenitors (Bii). Scale bars represent 50µm. A total of 1 

E17.5 KrasG12Dmutant embryos and 1 control were stained for BLBP and PH3. SVZ – 

subventricular zone; VZ – ventricular zone 
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Figure 5.15. E14.5 KrasG12Dmutant have increased ventricular space. Nissl staining of 

E14.5 KrasG12Dmutant (A’, B’ and C’) show an increase in ventricular space (red arrows), 

compared to KrasG12Dlox/wt (A and B) and KrasG12Dwt (C) controls but the cellular 

architecture of KrasG12Dmutant is normal. Total of 3 KrasG12Dmutant and 2 KrasG12Dlox/wt 

and 1 KrasG12Dwt were used. SVZ – subventricular zone. 
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concluded that the antibody was not specific. Coomassie staining of membranes was included 

to confirm that similar levels of protein were present (Figure 5.16) as the commonly used 

loading controls, beta-tubulin and GAPDH could not be detected (data not shown). Similarly 

(Figure 5.17) beta-tubulin and GAPDH protein levels were much reduced or almost absent in 

the KrasG12D samples. However the detection of equal amount of BLBP in these samples 

suggests this was not due to overall protein degradation or failure to load protein as BLBP 

staining was detected across all samples (Figure 5.16 and 5.17). Overall, these data suggests 

that in E16.5 KrasG12Dmutant there is an expansion of intermediate progenitors at the expense 

of post mitotic neurons, with the caveat that normal loading controls were not informative. In 

addition, the embryonic stage this expansion of intermediate progenitors begins in the mutant 

cortex remained unclear. Therefore the expression of neural markers at a stage in which 

cortical architecture is still normal, that is E14.5, was investigated. 

 

At E14.5 there was no consistent change in BLBP expression in KrasG12Dmutant, (Figure 

5.18), nor was there any consistent increase in SOX2 or TBR2, although staining may be 

inconclusive. No reduction in TBR1 expression was observed at this stage (Figure 5.18). This 

indicated that the intermediate progenitor population, as determined by TBR2 and SOX2 in 

E16.5s, was not the predominant cell population in KrasG12Dmutant E14.5 cortex. To further 

investigate the cell populations present at E14.5 immunofluorescence was conducted to 

investigate expression of neural markers in localised regions of the mutant cortex. The 

expression of the post mitotic neuronal marker, TBR1, intermediate neural progenitor marker, 

TBR2, and mitotic marker, PH3, were assessed. The expression of TBR1 in KrasG12Dmutant 

(Figure 5.19A,B) was significantly reduced in comparison to KrasG12Dlox/wt and KrasG12Dwt 

controls indicating that there were fewer post-mitotic neurons at this stage in the mutants. 

Immunofluorescence revealed no difference in TBR2 expression in KrasG12Dmutant (Figure 

5.20A and Ai). Co-staining for TBR2 and PH3 was also conducted to determine if the 

number of “proliferating” intermediate progenitors (TBR2+/PH3+) was altered at E14.5 in 

mutants, preceding the increased intermediate progenitor population expansion detected at 

E16.5. However, the average number of TBR2+ /PH3+ double positive cells in 

KrasG12Dmutants was unchanged (Figure 5.21A and Ai). This indicated that at E14.5, the 

KrasG12Dmutant intermediate progenitors were proliferating at a similar rate to controls. To 

determine if the apical neural progenitors of the mutants were also proliferating at a similar 

rate, PH3 staining was investigated at the ventricular region of the E14.5 cortex.  
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Figure 5.16. Increased TBR2 and SOX2 expression in E16.5 KrasG12Dmutant cortex. 

Western blotting was conducted on E16.5 brain lysate for the expression of neural progenitor 

markers SOX2 and PAX6, radial glia progenitor marker, BLBP and intermediate neural 

progenitor marker, TBR2. The expression of TBR2 and SOX2 is increased in E16.5 

KrasG12Dmutant cortical lysates (A and B). BLBP expression at expected size is unchanged, 

but runs at a higher molecular weight in KRasG12Dmutant. Reduced PAX6 expression was 

observed in mutant samples (D lower band). Coomassie Stains were used to show equal 

protein loading as housekeeping loading controls were degraded in KrasG12Dmutant lysates. 

KrasG12Dmutant (Kras+, Cre+), KrasG12Dlox/wt (Kras+, Cre-), KrasG12Dwt (Kras-, Cre-). A 

total of 3 KrasG12Dmutant, 4 KrasG12Dlox/wt and 4 KrasG12wt were used for analysis. 
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Figure 5.17. Beta-tubulin and GAPDH proteins are degraded in E16.5 KrasG12Dmutant.  

Immunoblot of E16.5 cortical brain lysates probed for (A) KrasG12D,, (B) PH3, (C) TBR1 

and (D) BLBP. (A) KrasG12D antibody is not specific for KrasG12Dmutant protein, as it also 

binds to KrasG12Dlox/wt and KrasG12Dwt protein at high levels indicating it is a pan Ras 

antibody. (B) PH3 expression faint in all samples, but lower in KrasG12Dmutant compared to 

KrasG12Dwt controls (C) TBR1 expression is low in KrasG12Dmutant compared to 

KrasG12Dwt controls (D) BLBP expression was strong in both KrasG12Dwt and 

KrasG12Dmutant despite degraded beta-tubulin loading control (di). There is degradation of 

beta-tubulin (di) and GAPDH (bi) loading controls in KrasG12Dmutant samples. A total of 3 

KrasG12Dmutant, 4 KrasG12Dwt and 4 KrasG12Dlox/wt were used in analysis. 
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Figure 5.18. Expression of neural markers in E14.5 KrasG12Dmutant. Western blotting was 

conducted on E14.5 brain lysate for the expression of neural progenitor marker SOX2, radial 

glia progenitor marker, BLBP, intermediate neural progenitor marker, TBR2, and post 

mitotic neuron marker, TBR1. The expression of neural markers SOX2 (A), TBR2 (B), BLBP 

(C) and TBR1 (D) was inconsistent for KrasG12Dmutant and controls across the two litters. A 

total of 9 KrasG12Dmutant, 4 KrasG12Dlox/wt and 6 KrasG12Dwt were used in this experiment. 
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Figure 5.19. Reduction in post-mitotic neurons at E14.5 in KrasG12Dmutant 

Immunofluorescence was conducted on E14.5 KrasG12Dmutant (Ai) KrasG12Dlox/wt or 

KrasG12Dwt controls (A) for the expression of the post mitotic neuron marker, TBR1. (B) 

Graphical representation of the mean reduction in TBR1 expression in KrasG12Dmutant 

compared to KrasG12D or KrasG12Dwt. (C) Low magnification representative area of the 

higher magnifications in (A and Ai). Scale Bar represents 50µm. Each section was cut to 

10µm thickness. A total of 3 KrasG12Dmutant compared to 2 KrasG12Dlox/wt or 3 KrasG12Dwt 

controls were used in analysis. CP – cortical plate; IZ – intermediate zone; SVZ – 

subventricular zone; VZ – ventricular zone 
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Figure 5.20. The number of intermediate progenitors at E14.5 in KrasG12Dmutant is 

unchanged. Immunofluorescence was conducted on E14.5 KrasG12Dmutant (Ai) and 

KrasG12Dlox/wt of KrasG12Dwt controls (A) for the expression of TBR2. TBR2 staining at the 

sub ventricular region of E14.5 control (A) and KrasG12Dmutant (Ai) intermediate 

progenitors is unchanged. (B) Graphical representation of mean TBR2 expression as 

determine by the density of staining within the SVZ in the E14.5 cortex. Scale bar represent 

50µm. A total of 3 KrasG12Dmutant, 1 KrasG12Dlox/wt and 2 KrasG12Dwt were used in 

analysis. CP – cortical plate; IZ – intermediate zone; SVZ – subventricular zone; VZ – 

ventricular zone. 
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Figure 5.21. The number of mitotic intermediate progenitors in E14.5 KrasG12Dmutant is 

unchanged. Immunofluorescent co-staining was conducted on E14.5 KrasG12Dlox/wt (A) and 

KrasG12Dmutant (Ai) with intermediate progenitor marker, TBR2, and mitotic marker, PH3 to 

determine the number of proliferating intermediate progenitors. There was no significant 

difference in the number of TBR2/PH3 co-expressing cells in KrasG12Dmutant (Ai) compared 

to controls (A). (B) Graphical representation of the mean number of PH3+/TBR2+ cells 

within the VZ and SVZ region. There was no significant increase observed in KrasG12Dmutant 

compared to controls. The number of PH3+/TBR2+ cells was counted by the resulting 

overlayed yellow (Red PH3+/ Green TBR2+). Scale bar represents 50µm.. A total of 3 

KrasG12Dmutant, 1 KrasG12Dlox/wt and 2 KrasG12Dwt were used in analysis. CP – cortical 

plate; IZ – intermediate zone; SVZ – subventricular zone; VZ – ventricular zone. 
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Figure 5.22. Reduction in mitotic neural progenitors in E14.5 KrasG12Dmutant. 

Immunofluorescence was conducted on E14.5 KrasG12Dmutant (Ai) and KrasG12Dlox/wt of 

KrasG12Dwt controls (A) for the expression of PH3. There was a significant reduction in the 

number of PH3+ mitotic neural progenitors at the ventricular zone lining the ventricles in 

E14.5 KrasG12Dmutant (Ai).  (B) Graphical representation of the  number of PH3+ cells/unit 

length of the ventricular zone (cell#/µM) in KrasG12Dmutants. High intensity PH3+ cells were 

counted along the length of the region lining the ventricular zone. Scale bars represent 

50µm. A total of 4 KrasG12Dmutant, 2 KrasG12Dlox/wt and 3 KrasG12Dwt were used in 

analysis. CP – cortical plate; IZ – intermediate zone; SVZ – subventricular zone; VZ – 

ventricular zone. 
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Interestingly, there was a reduction in the number of PH3 positive cells in KrasG12Dmutant 

(Figure 5.22A and Ai). 

 

The proliferative capacity of the progenitor cells within the KrasG12Dmutant cortex at both 

E14.5 and E16.5 was further investigated using neurosphere assays (Azari, H et al 2011). In 

these assays the volume, the number of spheres, the number of cells/sphere, as well as the 

expression of neural cell markers were determined. Interestingly, 6hrs after dissecting E16.5 

mutant cortex to propagated neurospheres, all KrasG12D mutant cells had died and no 

spheres were generated despite vigorous growth of neurospheres from Kraswt and 

KrasG12Dlox/wt tissues (Figure 5.23). This result was consistent on three occasions, each from 

different litters. The ability to generate spheres from control tissue at the expected frequency 

indicated that the failure of spheres to grow from KrasG12Dmutant tissue was not due to a 

technical problem. As spheres were not able to be propagated from this stage, the propagation 

of spheres from E14.5 was the next logical point of investigation.  

 

Neurospheres were also generated from the cortices of E14.5 embryos. Unlike E16.5 

neurospheres readily appeared and were passaged up to four times from all Kras genotypes. 

Sphere diameter and volume were analysed at each passage, and whole cell lysate was 

collected at passages zero, one, two and four for immunoblot analysis. A marked increase in 

sphere volume was apparent at each passage in KrasG12Dmutant compared to controls (Figure 

5.24A-D) but, by passage four there was a significant reduction in the size of the 

KrasG12Dmutant spheres compared to controls, (Figure 5.24E and Figure 5.25). In addition 

there were fewer KrasG12Dmutant spheres at passage 2 and 3 (Figure 5.25). 

 

Neurospheres are composed of a heterogeneous population of cells including neural 

progenitors as well as their differentiated derivatives such as neuroblasts, neurons and 

astrocytes (Jensen and Parmar, 2006). Neural stem cells are the only cell type capable of 

initiating the formation of the neurospheres. Therefore, the observed increase in sphere 

volume may arise from alterations in cell proliferation rates as well as the balance of stem 

cell self-renewal versus differentiation. Therefore the next point of investigation was to 

determine which cell types were present, and in what proportion, in the E14.5 mutant spheres. 

To do this the expression of neural progenitor markers SOX2, PAX6, TBR2, and BLBP were 

investigated (Figure 5.26). SOX2, a marker of neural progenitors, increases with increasing 

passage number, peaking at passage two in controls, before decreasing at passage four. In  
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Figure 5.23. No neurospheres form from E16.5 KrasG12Dmutant. The cortex of E16.5 

embryos was isolated and cultured for neurosphere formation. 6 hrs after dissection there 

was no neurosphere formation or any surviving cells for the (Aii) KrasG12Dmutant compared 

to (A) KrasG12Dwt and (Ai) KrasG12Dlox/wt controls. There was also no evidence of cells or 

neurospheres either after (Bii) 12hours or (Cii) 24hrs. This was observed for a total 3 

KRasG12Dmutant 3 KrasG12Dlox.wt and 4 KrasG12Dwt across three separate litters 
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Figure 5.24. Increased mean volume of neurospheres in E14.5 KrasG12Dmutant.  Isolation 

of murine cortices was performed on E14.5 and neurospheres were generated. The volume of 
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neurospheres was calculated from the diameter of each sphere across at least 3 fields of 

view. Images (at least three fields of view per culture dish) of spheres were taken prior to 

each passage, and the diameter of each sphere was used to calculate the sphere volume in the 

equation: volume = (4/3)πr3, where r = diameter / 2. There was a significant increase in the 

mean sphere volume for E14.5 propagated KrasG12Dmutant spheres compared to controls, 

over three passages. (A) Mean sphere volume for passage zero (A) p<0.001, passage one (B) 

p<0.001, passage two (C) p<0.0001, passage three (D) p<0.000 and passage four (E) 

**P<0.001. Significant increase in KRasG12Dmutant volume compared to controls, n= 

2(KrasG12Dmutant), 2(KrasG12Dwt Cre), 1(KrasG12Dwt No Cre). Controls: KrasG12Dwt No 

Cre (Cre-/Kras-), KrasG12Dwt Cre (Cre+/Kras-) Mutants: KrasG12Dmutant (Cre+/Kras+). 
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Figure 5.25. KrasG12Dmutant neurosphere volume is initially increased. Significant increase in neurosphere volume of KrasG12D mutant 

neurospheres compared to controls from passage zero to passage three. Reduction in KrasG12D mutant neurosphere size after passage four 

compared to controls. Representative bright field microscopy of KrasG12Dmutant neurospheres compared to KrasG12Dwt control neurospheres 

over four passages. 2(KrasG12Dmutant), 2(KrasG12Dwt Cre), 1(KrasG12Dwt No Cre) 
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KrasG12Dmutant however, SOX2 expression remained high at passage four (Figure 5.26C). 

There was no obvious change in another marker of neural progenitors, PAX6 (Figure5.26A). 

This suggests that the proportion of neural progenitors increases in later passages for 

KrasG12Dmutant, whilst they decline in controls. To investigate the overall proliferation in the 

E14.5 mutant neurospheres at passage four, Ki67 expression was investigated and a reduction 

was detected in the KrasG12Dmutant neurospheres at passage four (Figure 2.27). This 

suggested that the neurospheres had slowed in proliferation and may have also entered the G0 

phase, which is the only part of the cell cycle not to express Ki67. Thus the response of 

neurospheres to growth factors may also be impaired such that the KrasG12Dmutant spheres 

can’t be stimulated out of G0. To investigate this possibility, the status of mTORC1 

signalling was investigated after EGF and FGF stimulation (Figure 5.28). To do this, the 

neurospheres were spun down at passage four and resuspended and grown for 24hrs without 

EGF and FGF. The neurospheres were then stimulated with EGF+ and FGF+ media for 0, 10, 

20 and 30mins and mTORC1 activity determined by analysing phospho-S6 (S235/236) 

expression (Figure 5.28). Twenty and 30mins after EGF and FGF stimulation a decline in p-

S6 expression was observed in KrasG12Dmutant (Figure 5.28) suggesting that mTORC1 

activity was in fact impaired. This provides further evidence that proliferation of the spheres 

after passage four becomes impaired in the presence of activate KrasG12D whereby the 

neural progenitors, are not responding to growth factor signals and may be transitioning into 

intermediate progenitors and neuroblasts. 
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Figure 5.26. Increase in SOX2 expression in E14.5 KrasG12Dmutant neurospheres. 

Expression of neural markers in E14.5 neurosphere lysates over four passages. Pax6 (A) and 

SOX2 (C) are markers of NPs, BLBP (B) and TBR2 (D) are markers of intermediate 

progenitors. (A) Pax6 expression was high in passage zero and four in KrasG12Dmutant (v) 

but low in KrasG12Dmutant (iii), and in two KrasG12Dwt controls (i and ii) was low at zero 

and four, but high for KrasG12Dwt (iv) and was therefore inconsistent overall. (B) BLBP 

expression in KrasG12Dmutant (iii and v) was slightly lower than KrasG12Dwt controls (i, ii 

and iv). (C) SOX2 expression increases with passage number to both KrasG12Dwt (i, ii, iv) 

and KrasG12Dmutant (iii, v) but expression remains high at passage four for KrasG12Dmutant 

(iii, v), which declines in KrasG12Dwt  (i, ii, iv). (D) TBR2 expression was largely 

inconclusive. Beta-tubulin expression was used as a loading control. Controls: KrasG12Dwt 

No Cre (Cre-/Kras-), KrasG12Dwt Cre (Cre+/Kras-) Mutants: KrasG12Dmutant 

(Cre+/Kras+). 
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Figure 5.27. Reduced Ki67 in E14.5 KrasG12Dmutant neurospheres. Immunoblot for the 

proliferative marker, Ki67, in E14.5 neurospheres. Expression was low in KrasG12Dmutant 

(iii, v) E14.5 neurosphere lysates after passage zero, one, two and four in comparison with 

three controls (i, ii, iv). Beta-tubulin expression was used as a loading control. Controls: 

KrasG12Dwt No Cre (Cre-/Kras-), KrasG12Dwt Cre (Cre+/Kras-) Mutants: KrasG12Dmutant 

(Cre+/Kras+) 
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Figure 5.28. Reduction in mTORC1 activity in E14.5 KrasG12Dmutant neurospheres. 

Immunoblot for the expression of the mTORC1 activity marker, p-S6 (S235/236), on passage 

four neurospheres lysates after 0, 10, 20, 30mins stimulation with EGF/FGF. There is a 

reduction in mTORC1 activity after 30mins EGF/FGF stimulation in KrasG12Dmutant (iii, v) 

compared to KrasG12Dwt (i, ii, iv) Phospho-S6 expression is used as a measurement of 

mTORC1 activity. Beta-tubulin expression as a loading control. Controls: (Cre-/Kras-), 

(Cre+/Kras-) Mutants: Cre+/Kras+ 
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5.2 Discussion 

The data presented here demonstrates that the activation of the KrasG12D mutation in neural 

progenitors results in embryonic lethality (Figure 5.3-5.6) altering brain morphology 

dramatically (Figure 5.7-5.12) in later stage embryos. The presence of the KrasG12D 

mutation and cre recombinase was 100% associated with brains swollen in size, displaying 

little recognisable neocortical tissue architecture or structure. Molecular and cellular analyses 

suggested this was associated with expansion of a neural progenitor population. It was 

concluded that the dominating cell type at E16.5 was the intermediate neural progenitors, as 

the majority of cells expressed neural progenitor markers such as SOX2 and TBR2 (Figure 

5.16) but no post-mitotic neuron (TBR1) expression (Figure 5.17). This suggests that 

KrasG12D activation promoted intermediate progenitor expansion at the expense of 

differentiation into neurons. The reduction in (TBR1) neurons could already observed by 

immunofluorescence at E14.5, (Figure 5.19Ai and B). The proliferation of the apical neural 

progenitors was also already diminished at this earlier time (Figure 5.22Ai and B). However, 

the propagation of neurospheres from E14.5 mutant cortex resulted in significantly larger 

spheres initially, implicating that the mitotic capacity of neural progenitors could be re-

established ex-vivo resulting in rapid proliferation of progenitors (Figure 5.23-5.25). After 

four passages, however, the volume of mutant spheres was dramatically reduced, with 

majority of the spheres in quiescence based on reduced Ki67 (Figure 5.27) and mTORC1 

activity (Figure 5.28), indicating that there was a decline in neural progenitor self-renewal 

capacity and the spheres were likely undergoing transition into intermediate progenitors. In 

vivo, at E14.5, the only cell type that was not reduced, was the (TBR2) intermediate 

progenitor population, (Figure 5.20Ai and B), providing evidence that the mutant 

intermediate progenitors are stabilised at E14.5, which go on to become expanded in E16.5 

leading to the altered brain morphology observed in Nissl staining at E17.5. 

 

5.2.1 Mutant neural progenitors are sacrificed in vivo, in favour of intermediate 

progenitor expansion. 

By immunofluorescence, there was a reduction in post-mitotic TBR1 positive neurons, 

(Figure 5.19A and Ai) indicating that there is either less differentiation into neurons or these 

cells are deteriorating prior to E14.5. Considering that intermediate progenitors by E16.5, at 

which point there is little post-mitotic neuron expression, this result at E14.5, was not 

surprising. However, the reduction in PH3 positive cells at the ventricular zone at E14.5 was, 
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and indicated there were less mitotic neural progenitors at this stage. This was unexpected, as 

two embryonic days later, at E16.5, there is an obvious expansion of a homogenous 

population of undifferentiated cells. During the process of neural progenitor / radial glia 

division to produce intermediate progenitors, the length of the cell cycle is increased (García-

García et al., 2012, Martı´nez-Cerden et al., 2006) it seemed logical to assume that an 

increase in mitotic neural progenitors may be observed at E14.5. The only population of cells 

that does not decrease at E14.5, that is the (TBR2) intermediate progenitors (Figure 5.20A 

and Ai) and we know that hyperproliferation of this subtype is obvious two days later at 

E16.5. Therefore, the decline of mitotic neural progenitors may indicate their sacrifice in 

favour for the pre-expansion of the intermediate progenitors which occurs by E16.5. Upon 

the propagation of neurospheres from E14.5 mutants, evidence that there was a decline in 

neural stem cell/ neural progenitor population in favour of intermediate progenitor expansion 

was partially established. 

 

Originally the propagation of neurospheres was attempted from E16.5 cortex, however no 

spheres or cells survived beyond 6 hours in culture as there was either not enough viable 

neural  progenitors at this stage to initiate sphere formation, the dissociated cells had poor 

cell-cell adhesion or there was a lot of necrosis and apoptosis. From the immunoblot data, it 

has been established that the remaining cell populations at E16.5 in mutants are intermediate 

progenitors (TBR2 and SOX2 positive). If these are the only existing cell type in E16.5 

mutants, these cells would not be able to propagate themselves as neurospheres over multiple 

passages (Xiong et al., 2011). The fact that the cells do not survive in part provides evidence 

that the mutant cells isolated cannot sustain themselves. However, there is also the possibility 

of poor cell-cell and cell-matrix adhesion, as the cells that were isolated did not congregated 

together, nor did they attach to the flasks. KrasG12D transformation often causes poor cell 

adhesion as a result of the cytoskeletal remodelling, which also promotes their motility in 

cancers (Pollock et al., 2004). Poor attachment to cells or other tissues would explain the 

tissue fragility of the mutant cortex at this stage. Lastly, there may be a substantial amount of 

cell death or apoptosis as a result of the mutation, and the cells are unable to survive as in 

previous studies, the KrasG12D mutation has shown to increased apoptosis and necrosis in 

patient derived colorectal cancers (Liu et al., 2015). Considering the severity of the mutation 

in the brain, by which animals die at birth and the neural tissue deformations that occur, it is 

not unreasonable to expect that there would be a substantial amount of apoptosis, however 
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this was not investigated in this study. As little data could be obtained from the mutant E16.5 

spheres, E14.5 neurospheres were next investigated. 

 

Unlike E16.5, the mutant E14.5 cortex enabled the establishment of neurospheres, despite the 

reduction in mitotic cells at the VZ in vivo (Figure 5.21). Therefore, it was expected that 

spheres may be smaller and have less proliferative capacity, based on the reduced mitotic 

cells at the VZ. Instead, the KrasG12D mutant spheres had significantly larger volumes, 

initially during early passages, (Figure 5.23 - 5.25), which indicated an expansion of either 

neural or intermediate progenitors (Zanni et al., 2015) within the KrasG12D mutant spheres 

contributing to the increased sphere volume. It is likely that the dominant population in 

KrasG12D mutants at E14.5 was intermediate progenitors; as they were sufficiently 

established and able to propagate neurospheres providing an initial proliferative advantage. 

However, by the fourth passage, the sphere volume decreased which occurs in neurospheres 

derived from intermediate progenitors, (Figure 5.24E) (Xiong et al., 2011). Intermediate 

progenitors are able to generate spheres for up to four or five passages before declining, 

whereas spheres derived from neural stem cells and neural progenitors are able to propagate 

spheres for greater than 7 passages (Xiong et al., 2011). Evidence for this is in the declined 

sphere volume in the KrasG12D mutants and, their reduced proliferation determined by Ki67 

expression (Figure 5.27). During which point, the majority of the spheres may be in 

quiescence, based on both the reduced Ki67 expression (Gerdes et al., 1984) and reduced 

mTORC1 activity (phospho-S6 expression) (Figure 5.28) (Rodgers et al., 2014). Therefore, 

passage four was likely to be the point in which the mutant sphere intermediate progenitors 

were unable to continue the propagation of neurospheres. 

 

5.2.2 mTORC1 activity and KrasG12Dmutant signalling 

Interplay between mTOR and Ras signalling has been previously reported (Chung et al., 

1994, Carriere et al., 2011). For example, the activation of Ras/MAPK via growth factor 

(PDGF/IGF) stimulation, resulted in increased mTORC1 activity, due to enhanced Raptor 

phosphorylation (Carriere et al., 2011). Both Ras/MAPK and mTORC1 pathways are known 

to be upregulated during oncogenesis and in a variety of human cancers. However, the way in 

which the pathways integrate is disease specific. The pathways can integrate in direct 

proportion (synergistically) whereby the activation/inactivation of one pathway can 

enhance/inhibit the effect of the other to mediate its tumorigenic transformation or 

proliferative capacity. This has been shown to occur in T-cell lymphoblastic leukaemia, 
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whereby the inactivation of the mTORC1 component, Raptor, inhibited oncogenic Kras-

induced proliferation of murine T-cells (Hoshii et al., 2014). This has also been shown in 

lung cancer progression, in which the hyper activation of mTORC1, via TSC1 deletion, 

results in increased oncogenic Kras transformation, in vivo (Liang et al., 2010), indicating 

that mTORC1 activity enhances Kras mediated transformation. Integration can also occur in 

an indirectly proportional manner, whereby down regulation of either pathway results in 

increased activity of the other. For instance, the inhibition of mTORC1 in patient tumours, by 

Rapamycin administration, led to an up regulation of Ras-MAPK pathway in a variety of 

human cancers (Carracedo et al., 2008). In our KrasG12Dmutant neurosphere assay, after 

starving E14.5 mutant KrasG12Dmutant spheres of EGF/FGF and stimulating the spheres 24hrs 

later, it was found that mTORC1 activity was indirectly proportional to Kras activitation, 

with a reduction in phospho-S6 induction noticeable after twenty and thirty minutes after 

stimulation. This counter balance may be due to the cells in the neurosphere entering 

quiescence. During passage four, the sizes of the mutant spheres were a lot smaller than 

previous passages, implicating a decline in their proliferative capacity. It is likely that the 

KrasG12D mutant spheres were derived from intermediate progenitors, have reached their 

propagative capacity by the fourth passage and have entered quiescence, as they also 

displayed reduced Ki67 expression which is typical of G0 phase cells.  

 

5.2.3 Previous studies of KrasG12D activation in neural progenitors 

Previous investigations into the capacity of the KrasG12D mutation to cause tumourigenesis 

in the mouse, have all driven mutant KrasG12D expression from restricted later stage 

lineages, including the neural-glial lineage using GFAP-Cre and the radial-glial lineage using 

BLBP-Cre. Some of these models have incorporated extra temporal control by the use Tet-R 

induction of GFAP-Cre at varying stages in both embryonic and post-partum development to 

determine if tumourigenesis is impaired with later onset, which can be a great model for brain 

cancer progression in adults. This study was not designed to challenge the current mouse 

models used to mimic brain cancer, but rather to investigate the effect of inducing KrasG12D 

mutation from early neural progenitors (NPs), not at a later restricted lineage. In this study we 

found that KrasG12D activation resulted in no surviving postnatal offspring (Figure 5.2- 5.4). 

In embryos there was a distinct whole body paleness and cerebral swelling.  

 

The majority of previous studies activated KrasG12D in later stage progenitors, targeting it to 

neuro-glia/astrocytic precursor cells expressing either GFAP-Cre or BLBP-Cre expressing. 
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Further studies have developed inducible mutation incorporating tetracycline inducible 

GFAP-Cre, in which the activation of the KrasG12D mutation can be induced in both later or 

early stage neuro-glial subtypes (Muñoz and Hawkins, 2014). For GFAP-Cre the earliest time 

the mutation can be activate is E12 (Mamber et al., 2012) and for BLBP-Cre, E10 (Anthony 

and Heintz, 2008). There has yet to be targeting to earlier stage neural progenitors to a 

specific region of the developing brain, despite it being discovered that early stage induction 

of the mutation with GFAP- and BLBP-Cre enhances tumour transformation and 

proliferation. Early KrasG12D activation from neuro-glial lineages causes tumour formation 

within weeks, which can be advanced to higher grade tumours within days post-partum, when 

in conjunction with tumour suppressor deletion. Here we have utilised Emx-1-Cre to drive 

the expression of KrasG12D to early stage neural progenitors at E9.5 in utero, which is 

earlier than previous studies (Anthony and Heintz, 2008, Holland et al., 2000, Mamber et al., 

2012, Marumoto et al., 2009, Muñoz and Hawkins, 2014).  

Activation of KrasG12D in conjunction with tumour suppressor deletion from glial-

progenitor populations has previously resulted in viable progeny post partum (Ghazi, S et al 

2012), with survival extending beyond weeks. Similarly, the activation of KRasG12D alone 

in glial-progenitor populations using the same GFAP-Cre didn’t result in tumours until 4 

weeks post-partum. Hence, it was anticipated that at least the mutant progeny would survive 

for a few weeks post-partum. If USP9x were acting as tumour suppressor, as in the 

development of PDA from PanIN (Pérez-Mancera et al 2012), then it may have been 

expected that embryos died in utero. However, in our system, activating KRasG12D alone 

from early neural progenitors resulted in embryonic lethality. As to whether the USP9x 

deletion has an effect in this is unclear, as the embryos with the genotype Kras/Usp9xmutant 

(Figure 5.5) had the same phenotype as those with KrasG12Dmutant (Figure 5.6) If USP9x 

were acting as an oncogene, its deletion is clearly not enough to rescue the embryo. It would 

be difficult to study USP9x as a tumour suppressor in this system, as the KRasG12D 

activation is already quite severe. 

 

5.2.4 KrasG12Dmutant non-neural defects 

Paleness and cerebral swelling were consistent phenotypes in all of the mutant embryos, from 

stage E15.5 onwards. At E14.5, although there was paleness, cerebral swelling was not 

prominent at this stage. This phenotype has been originally reported in both an ES cell 

generated Kras gene deletion (Johnson et al., 1997) study, and in KrasG12D mutant studies 
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(Tang et al., 2013, Tuveson et al., 2004). Similarly to us, the deletion of Kras gene yielded no 

viable full term offspring (Johnson et al., 1997), indicating that at least one healthy copy of 

the Kras gene is critical for embryonic survival. 

 

The embryonic deletion (Johnson et al., 1997) and mutation of Kras (Tuveson et al., 2004) 

resulted in growth delay, superficial vasculature, reduced size and paleness evident from 

E11.5, with no embryo surviving past E14.5 . However, no dramatic effect on the brain 

occurred until N-ras deletion was coupled with the Kras mutation, resulting in cell death in 

the forebrain and neural axis, at E9.5 (Johnson et al., 1997). Indicating that in isolation, a 

Kras deletion (Johnson et al., 1997) from the whole embryo is not sufficient to perturb brain 

tissue, unless another Ras protein is also affected. 

 

KrasG12D activation in the fetal liver cells, using Vav-iCre induction was used to study 

childhood leukaemia in a foetal haematopoietic mouse model (Tang et al., 2013). Vav-iCre 

was thought to be expressed exclusively in the haematopoietic cells of the foetal liver. 

However poor vascularisation and systemic haemorrhage was observed within the entire 

embryo at E14.5 and brain haemorrhage became noticeable at E15.5. It was argued that brain 

haemorrhaging may be a result of leaky Kras expression in these tissues. This raises the 

possibility that the Vav-iCre induction may not be as specific for liver tissues as anticipated. 

Thus, it is not the leakiness of the Kras expression in tissues, but rather the leakiness of the 

Cre driven expression: Vav-i or Emx-1 (in our case). No further investigation into side effect 

on the brain tissue after induction with Vav-iCre was investigated further in this study (Tang 

et al., 2013). 

 

Spontaneous recombination between the wildtype and mutant KrasG12D allele has been 

reported in the transformation of somatic cells, of the whole animal, into tumorigenic tissue 

types. This phenomenon occurs at low frequencies but is quite virulent and has resulted in the 

development of skin papilloma, thymic lymphoma as well as hyperplasia and carcinoma of 

the lungs (Johnson et al., 2001). However, no spontaneous activation is reported in neural 

tissues. This may be responsible for the whole body phenotype that we observed in each of 

the KrasG12Dmutant embryos, but should not contribute to the phenotype observed in the brain 

tissue. 
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We have induced KrasG12D activation with Emx1-Cre. Emx1 expression during embryonic 

development has been reported from E9.5. Although it has been shown to be restricted to the 

diencephalic/telencephalic regions, trigeminal ganglionic neural crest cells and front-nasal 

process (Gorski et al., 2002), it is also expressed in the first branchial arches, cranial ganglia 

as well as the developing limb bud during this stage. Expression in the branchial arches and 

developing limb bud, may have contributed to the paleness and poor vascularisation of the 

embryo, as occurred for the Vav-iCre induction of KrasG12D, which was thought to be 

restricted to the foetal liver cells.  
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5.3 Supplementary Figures 
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Supplementary Figure 5.1. Kras/Usp9xmutant genotype is not observed in offspring. The 

obtained numbers and percentages of Kras/Usp9xmutant (Table A), KrasG12Dmutant (Table B), 

KrasG12Dlox/Usp9xlox (Table C) and KrasG12Dlox (Table D) are significantly lower than 

expected. Each table shows the total number of pups obtained in each litter for the first ten 

weaned litters as well as the expected numbers and percentage of those within each litter 

inheriting either: (1) all three alleles KrasG12Dlox,  Usp9xlox and  Emx-1-Cre for 

Kras/Usp9xmutant, (2) two alleles:  KrasG12Dlox and Emx-1-Cre, for KrasG12Dmutant (3) 

KrasG12Dlox and Usp9xlox for KrasG12Dlox/Usp9xlox , or (4) KrasG12Dlox allele only for 

KrasG12Dlox. The actual obtained number, ratio and percentage of mice inheriting each 

allele is shown for each litter.  (A) The average percentage of Kras/Usp9xmutant mice obtained 

per litter was zero, compared to the expected 25%. (B) The average percentage of 

KrasG12Dmutant mice obtained per litter was zero, compared to the expected 50% (C) 

KrasG12Dlox/Usp9x lox mice obtained per litter was 5%, compared to the expected 50%. (D) 

The average  percentage of KrasG12Dlox mice obtained per litter was 8.82%, compared to 

the expected 50%. (E, F, G). 
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6.0 CHAPTER SIX – CONCLUSIONS AND FUTURE DIRECTIONS  

 

Here we provide further evidence that the regulation of neural progenitor proliferation is 

dependent on the presence of USP9x in human cells, in vitro and in murine neurosphere 

cultures ex vivo.  Absence of Usp9x from cultured NPs did not result in their differentiation 

into neuronal or glial subtypes, as might be expected from Usp9x in vivo expression pattern 

which decreases as differentiation proceeds (Wood et al., 1997). Rather NPs accumulated in 

the quiescent phase of the cell cycle for both human neural progenitors and in murine 

neurospheres correlating with the downregulation of mTORC1 signalling. Previous studies in 

murine derived NSCs have shown that modest over-expression of USP9x promotes self-

renewal and enhances proliferation (Jolly et al., 2009). The evidence provided here shows the 

counter situation where Usp9x depletion reduced NP proliferation, and identified a molecular 

mechanisms behind this. Co-immunoprecipitation of endogenous proteins identified Raptor 

as a Usp9x binding partner in murine lysates, and also that Raptor protein is reduced when 

USP9x is depleted, indicating the likely mechanism behind the reduced proliferation is 

reduced mTORC1 signalling. Previous studies had identified an interaction with mTORC1 

components and USP9x, but relied on exogenous over-expression (Agrawal et al., 2012). By 

elucidating the region of Raptor to which USP9x binds, we could confirm the association of 

the two proteins as a direct interaction, without concluding that they are simply in a complex 

together. There are many ways to achieve this, but the best way would be to establish mutants 

of Raptor domains (or cut the Raptor gene into domains) and ligate these into a tagged vector. 

After over expressing these mutants in HEK 293 or ReNcells VM (as the intereaction was 

established in E16.5 neural lysate from tissue, not a specific cell line), an 

immunoprecipitation assay can be conducted using the vector (into which the Raptor mutants 

are inserted) tag antibody to precipitate proteins bound to each of the Raptor mutants. From 

there, the precipitate can be assessed for mutant which fails to yield USP9x protein in the 

precipitate. It would be this region to which USP9x binds, therefore the sequence of this 

region could be established. This would unequivocally establish Raptor as a direct binding 

partner of USP9x. 

 

The reduction in proliferation of neural stem cells implicates Usp9x as an oncogene. We 

investigated it as a candidate target to stop the uncontrolled proliferation of diseased neural 

stem cells that arise in diseases such as GBM. After obtaining GBM cells with uncontrolled 

proliferative capacity and depleting USP9x from them, the anticipated reduction in cellular 
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density did not occur, as had been previously described (Cox et al., 2013). Instead an increase 

in mTORC1 activity was observed in some of the GBM lines analysed our studies, which not 

only contradicts past literature (Cox et al., 2013) but also our observations of the mTORC1 

activity in the USP9x depleted ReNcells VM. These data suggest USP9x might act as a 

tumour suppressor in some GBM cells, similar to its role in pancreatic cancer (Pérez-Mancera 

et al., 2012). Hence, targeting USP9x in GBM tumours in patients may result in the increased 

proliferation and expansion of the diseased cells, which could be detrimental to patient 

survival. This also applies to the recent proposal to use inhibitors of Usp9x function as a 

therapeutic approach in the treatment of lymphoma (Peterson et al., 2015) 

 

The role of USP9x as a tumour suppressor in cancer has been recently established (Pérez-

Mancera et al., 2012, Sun et al., 2011), and we aimed to provide further evidence for (or 

against) this in vivo by studying the activation of KrasG12D in conjunction with a Usp9x 

deletion from the forebrain. Interestingly, the effect of expressing the KrasG12Dmutant alone 

on the forebrain was quite severe, so much so, that the added effect of Usp9x deletion was 

indistinguishable. Previous studies have revealed the importance of the Kras allele in mouse 

development, where knockout or mutation of the gene result in embryonic lethality (Johnson 

et al., 1997), but can be rescued by replacement of H-ras into the Kras locus (Potenza et al., 

2005). The deletion of other Ras genes H-ras and N-ras does not have such a detrimental 

effect (Westcott and To, 2013). Here we provide further evidence that a healthy Kras allele is 

required for embryonic survival, but also that expression of the G12D mutation in the 

forebrain results in severe neural defects. In these mice, there was a mass expansion of 

intermediate progenitors by E16.5 during which stage there was severe deformation of the 

neural architecture. There were no post mitotic neurons present, indicating an impairment in 

neuronal differentiation which is most likely caused from the mass expansion of the 

progenitors. Strikingly, only two days prior, at E14.5, neural architecture appeared normal, 

although there was a reduction in post mitotic neurons and mitotic progenitors, with the only 

unchanged population being the intermediate progenitors. For neural development, this 

indicates that controlled tightly controlled Kras mediated signalling is important for 

intermediate progenitor differentiation (into post-mitotic neurons) especially between E14.5 

and E16.5.  

 

Although these findings largely contribute to the knowledge of Kras in neural development, 

they may be relevant to early neural tumour development. No studies on prenatal human 
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brain tumours have identified Kras as a contributor, however, mutations in the Kras allele 

have been identified in childhood brain tumours (Maltzman et al., 1997), albeit not the 

KrasG12D mutation specifically. Failure to identify Kras mutations in prenatal neural 

tumours may be because they don’t occur, or because they result in early termination due to 

the severity of the mutation on embryonic development. 

 

Overall, this thesis aimed to contribute further knowledge about the role of USP9x in neural 

stem cell proliferation, in the hope of elucidating some of the molecular mechanisms behind 

the changes in proliferation. Also, it was aimed to provide some insight into the interplay 

between Usp9x and KrasG12D in the development of neural tumours, considering the recent 

implication for Usp9x as a tumour suppressor in KrasG12D mediated pancreatic cancer 

transformation. Although Usp9x were abandoned from this second project, and a postnatal 

brain tumour model did not evolve due the severity of the mutation, hopefully some insight 

into the KrasG12D mediated effect on neural development was successful. 
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