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Abstract 

Metastasis accounts for over 90% of cancer mortality. The first step of metastasis is 

the invasion of cancer cells into the tissue and vasculature surrounding the tumour. 

Despite its clinical importance, our understanding of invasion and its genetic 

determinants is limited. A large-scale, loss-of-function genetic screen in Drosophila 

melanogaster has recently been completed in the Georgiou Lab which identified a 

number of genes that may promote cellular invasion upon their depletion in the 

Drosophila epithelium. This project will focus on the characterisation of some of 

these hits.  

Glioblastoma multiforme is the most frequent and invasive primary tumour of the 

central nervous system. Using the human U87 glioblastoma cell line, human 

orthologs of a number of the aforementioned invasive hits were studied in in vitro 

invasion assays. Knockdown of two of the tested genes, TSNAX and JAG1, reduced 

the invasive capacity of U87 glioblastoma cells and hence could represent targets for 

further research in glioblastoma invasion. 

Gtp-bp is a gene implicated in co-translational protein targeting that was identified as 

possessing pro-invasive capabilities when depleted in the genetic screen. Prior to this 

study, a potential role for the gene in cell fate decisions was also revealed. In this 

project, the effect of Gtp-bp on cell fate decisions and cell specification was further 

explored using the Drosophila posterior midgut as a model system. Adult posterior 

midguts deficient for Gtp-bp show severe disruption of tissue homeostasis and a 

marked reduction in stem cell abundance. Further to this, depletion of Gtp-bp activity 

in the midgut results in an apparent reduction of the enterocyte population, likely 

due to defective differentiation. The results obtained here suggest that Gtp-bp plays 

an important role in intestinal stem cell maintenance and possibly differentiation, 

providing evidence for novel roles of co-translational protein targeting in tissue 

homeostasis and cell fate decisions.  
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1.1  Cancer 

Cancer is one of the leading causes of death worldwide. In 2014, 163,000 cancer 

deaths were recorded in the UK alone, equivalent to 450 deaths per day (Cancer 

Research UK, 2016).  

Cancer is characterised by the presence of abnormal cells which divide without 

control and are able to invade other tissues. Due to the invasive nature of the 

disease, over 90% of cancer fatalities arise from secondary metastatic tumours 

(Mehlen and Puisieux, 2006), yet in spite of its clinical importance, relatively little is 

known about tumour progression and the biology that underlies the transition of a 

cancer cell to malignancy.  

Recent advances in the diagnosis and treatment of cancer have seen survival rates 

improve significantly. In fact, in the last 40 years survival rates are reported to have 

doubled (Cancer Research UK, 2016). However, even with such substantial 

improvement, there remains a clear requirement for more effective treatment 

options for the disease. 

 

1.2 Tumour Formation 

Put simply, cancer is a genetic disease which arises from multiple dynamic changes to 

the genome (Vogelstein and Kinzler, 2004; Hanahan and Weinberg, 2000). Unlike 

many genetic diseases, no single mutation gives rise to cancer. Instead, multiple 

genetic alterations are required for the transformation of normal human cells into a 

malignant cancer. 
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 Genetic alterations in three classes of genes are responsible for tumourigenesis: 

proto-oncogenes, tumour suppressor genes and maintenance genes (Vogelstein and 

Kinzler, 2004). Proto-oncogenes and tumour suppressor genes encode a range of 

proteins implicated in cell growth and proliferation. Proto-oncogenes are normal 

cellular genes that can be mutated into a cancer-promoting oncogene, often 

encoding growth promoting signalling molecules and their receptors, anti-apoptotic 

proteins and sometimes transcription factors. Activation of a proto-oncogene into an 

oncogene generally involves a dominant gain-of-function mutation rendering the 

gene product active under conditions the wild-type is not (Lodish et al., 2000; 

Vogelstein and Kinzler, 2004). Conversely tumour suppressor genes are negative 

regulators of the cell cycle – often transcription factors or regulators of transcription 

factors. Recessive loss-of-function mutations in tumour suppressor genes results in 

their inactivation, increasing the probability that a cell will undergo the neoplastic 

transformation to malignancy (Lodish et al., 2000).  

From a genetic perspective, maintenance genes behave much like tumour suppressor 

genes, yet their mutation promotes tumourigenesis in a different way. Maintenance 

genes are required for both the detection and repair of damaged DNA and the 

inactivation and interception of mutagenic molecules (Hanahan and Weinberg, 2011). 

Their role is to keep genetic alterations to a minimum and hence inactivation can lead 

to DNA instability which in turn promotes greater levels of mutation in other genes 

(Vogelstein and Kinzler, 2004). 

 

 



16 
 

1.2.1 The Hallmarks of Cancer 

Tumourigenesis is a complex, multi-step process involving multiple genetic 

alterations of cells and their physiological control mechanisms, resulting in the 

attainment of certain characteristics. These characteristics have been termed the 

“Hallmarks of Cancer” (Hanahan and Weinberg, 2000). They describe six essential 

biological capabilities thought to be shared by all types of human tumours which 

dictate malignant growth (Figure 1.1). They are: sustaining proliferative signalling, 

evading growth suppressors, resisting cell death, enabling replicative immortality, 

inducing angiogenesis and activating invasion and metastasis (Section 1.3 – Tumour 

Progression) (Hanahan and Weinberg, 2000). More recently, two further hallmarks 

have been proposed, referred to as “emerging” hallmarks. The first, evading immune 

response, describes how in order for a solid tumour to form, it must have either 

evaded the destructive elements of the immune system, or conversely avoided 

detection entirely (Hanahan and Weinberg 2011, Vinay et al., 2015). The second, 

reprogramming energy metabolism, describes the ability of tumour cells to limit their 

energy metabolism largely to glycolysis. Although less efficient than oxidative 

phosphorylation, this “metabolic switch” is more conducive to proliferation and via 

the diversion of glycolytic intermediates, allows the generation of various 

biosynthetic molecules required for the generation of new cells (Hanahan and 

Weinberg, 2011; Heiden et al., 2009). The attainment of a succession of these 

capabilities allows cancer cells to survive, proliferate and ultimately disseminate, 

evolving from a pre-malignant state to an invasive cancer. 
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Fundamental to the acquisition of these capabilities are two “enabling” 

characteristics, proposed by Hanahan and Weinberg in 2011. Genomic instability 

arises from the down-regulation of maintenance genes (Section 1.2 – Tumour 

Formation). Defective genome maintenance and repair accelerates the rate at which 

pre-malignant cells can accumulate mutations, resulting in the aberrant karyotypes 

responsible for hallmark acquisition. An inflammatory microenvironment is an 

essential component of all tumours (Grivennikov et al., 2010). Inflammation and the 

tumour-promoting effects of immune cells are thought to enable both hallmark 

Figure 1.1. The Hallmarks of Cancer. 

The Hallmarks of Cancer, as proposed by Hanahan and Weinberg, describe the six biological 

capabilities (blue text) possessed by all human tumours which are essential for malignant growth. 

Further to these are the “emerging hallmarks” (green text) and “enabling characteristics” (orange 

text). 
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attainment and function by supplying a variety of bio-active and actively mutagenic 

molecules to the tumour microenvironment, enhancing tumour progression 

(Hanahan and Weinberg, 2011; Pagés et al., 2010).  

 

1.3 Tumour Progression 

Metastasis is the leading cause of cancer mortality. In fact, at the point of diagnosis 

half of all cancer patients display clinically detectable metastatic disease. Metastasis 

is a complex process requiring a number of different events which can vary between 

cancer types, however common to all are changes in cell-cell and cell matrix 

adhesion, cell polarity and cytoskeletal organisation (Martin et al., 2013). Broadly, 

metastasis can be divided into two phases. The initial phase involves the spread of 

cancer cells to new tissues and organs, commonly by haematogenous and lymphatic 

routes. The second phase comprises local, intra-organ invasion resulting in tumour 

formation at a competent secondary focus (Cuddapah et al., 2014). This process is 

incredibly inefficient and it is estimated that just 0.01% of circulating cells are able to 

successfully colonise new tissue (Mack and Marshall, 2010).  

It has been suggested that primary tumours may favour certain organs for metastatic 

colonisation, a theory first described almost 30 years ago by Stephen Paget with the 

“Seed and Soil Theory” (Paget, 1889). For example, breast carcinomas commonly 

metastasize to the lung, bone and brain, whereas colorectal and pancreatic 

carcinomas preferentially colonise the liver and lung. Interestingly, this trend is not 

mirrored by malignant gliomas, which although highly invasive and exceedingly adept 
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at infiltrating organs, rarely colonise outside of the brain and instead invade locally 

into adjacent brain tissue (Cuppadah et al., 2014). 

 

1.3.1 Epithelial Cell Polarity 

Epithelial cells make up the most abundant cell type in multicellular organisms. They 

form highly organised layers and act as diffusion barriers, allowing vectorial transport 

from one side of the epithelium to the other (Chen and Zhang, 2013). Polarity is 

fundamental for epithelial cell physiology and function and is defined as the 

asymmetric distribution of proteins, lipids and other macromolecules in the cell 

(Lodish, 2000). Polarisation allows cells to elicit the appropriate response to cues 

from neighbouring cells and the surrounding microenvironment and hence when 

polarity is disrupted cells may become insensitive to signals promoting 

differentiation, apoptosis and senescence (Martin-Belmonte and Perez-Moreno, 

2012). Correspondingly, disrupted cell polarity, tissue disorganisation and excessive 

cell growth are all features observed in cancer, with the loss of apical-basal polarity 

commonly linked to tumour progression (Royer and Lu, 2011).  

 Epithelial polarity mechanisms contribute to tumour suppression in a number of 

ways. First, apical-basal polarity is responsible for the regulation of asymmetric cell 

division, controlling the polarised localisation of cell fate determinants and the 

appropriate positioning of mitotic spindles (Royer and Lu, 2011). Additionally, the 

integrity of apical-basal polarity complexes is crucial for the maintenance of the 

apical junctional complex (AJC). The AJC comprises both adherens junctions and tight 

junctions (septate junctions in Drosophila) – highly organised structures located at 
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the apex of the lateral membrane of polarised epithelial cells, which are required for 

the regulation of cell-cell adhesion, paracellular permeability and cell polarity 

(Vogelmann and Nelson, 2005). 

The mechanisms of cell polarity are complex; however it is known that apical-basal 

polarity in epithelial cells is controlled by the interplay of certain polarity modules. 

Epithelial polarity complexes are highly evolutionarily conserved and were first 

identified in model organisms C.elegans and Drosophila (Martin-Belmonte and Perez-

Moreno, 2012). Four main polarity complexes have now been identified, the apical 

complexes Crumbs and Par and the basolateral complexes Scribble and Yurt/Coracle 

(Figure 1.2). These complexes take part in mutually antagonistic interactions, which 

both restrict the activity of each module to a specific cortical domain and allow the 

correct positioning of adherens junctions (Humbert et al., 2008). 

 

1.3.1.1 Apical Polarity Complexes 

Both Par and Crumbs polarity complexes are responsible for promoting apical 

membrane identity in the cell. The Par complex has been shown to be vital in the 

establishment and maintenance of apical-basal polarity and apical domain 

development in epithelial cells (Royer and Lu, 2011). It is also implicated in cell 

division where it is required for the spatial restriction of the cytoskeleton and 

asymmetry of the spindle (Nance et al, 2003; Munro, 2006). The Par complex 

comprises PDZ domain-containing proteins Par6 and Par3 (Bazooka in Drosophila), 

the serine/threonine kinase atypical protein kinase (aPKC) and small GTPases such as 

Cdc42 (Aranda et al, 2008). Both Par3 and Par6 are multi-modular scaffold proteins, 
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capable of binding to a range of cell polarity proteins and regulators. The interaction 

of Par3 with Nectin – a cellular adhesion molecule – is responsible for the initial 

targeting of the Par complex to the junctional region. Par3 also interacts with the 

Par6/aPKC heterodimer via its PDZ domain. Bound aPKC is then activated by binding 

of the GTP-bound GTPase Cdc42 to Par6, resulting in phosphorylation of Par3 and 

subsequent dissociation from Par6, a process whereby the Par complex is maintained 

at the apical lateral border (Chen and Zhang, 2013). Indeed, phosphorylation plays a 

key role in the maintenance of epithelial cell polarity and aPKC is capable of 

phosphorylating numerous polarity proteins. For example, aPKC-mediated 

phosphorylation of Lethal giant larvae (Lgl), a component of the Scribble complex, 

excludes the protein from the apical membrane, restricting it to the lateral domain. 

 aPKC-mediated phosphorylation is also required for maintaining the correct 

localisation of the Crumbs polarity complex. The Crumbs complex, vital for the 

establishment of adherens junctions and apical-basal polarity, is made up of the 

proteins crumbs, PALS (Stardust in Drosophila) and PATJ. The exact functions of the 

Crumbs complex are largely unknown, however it is understood that phosphorylation 

by aPKC and interaction with Par6 are both vital for the restriction of the Crumbs 

complex to the apical space (Aranda et al, 2008; Chen and Zhang, 2013; Bulgakova 

and Knust, 2009). 

 

 

 



22 
 

 

 

 

 

 

 

 

 

 

1.3.1.2 Basolateral Polarity Complexes 

The Scribble and Yurt-Coracle polarity complexes function to define the basolateral 

domain by their antagonisation of apical polarity modules. The Scribble complex is 

comprised of Scribble (Scrib), Discs large (Dlg) and Lethal giant larvae (Lgl). It localises 

with adherens junctions in mammals and septate junctions in Drosophila to promote 

basolateral membrane identity. The Scribble complex acts to control the expansion of 

the apical domain through a number of antagonistic interactions. Lgl competes with 

Par3 and in doing so restricts the Par complex to the apical domain. The subsequent 

phosphorylation of Lgl by aPKC then restricts Lgl activity to the basal region of the cell 

thus promoting apical-basal polarity (Betshinger et al., 2003; Martin-Belmonte and 

Perez-Moreno, 2012).  

Figure 1.2. Epithelial cell apical-basal polarity is regulated by the interplay of four polarity modules. 
The basolateral Yurt-Coracle and Scribble complexes and apical Crumbs and Par complexes take part 
in mutually antagonistic interactions which define apical and basolateral domains in epithelial cells. 
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In addition to their role in the maintenance of apical-basal polarity, the genes 

encoding the members of the Scribble polarity module – scribble, lethal (2) giant 

larvae and discs large – are also described as neoplastic tumour suppressor genes. 

Concurringly, all three members of the Scribble polarity complex are frequently mis-

localised and/or aberrantly expressed in various human cancers including breast, 

colon, adenocarcinoma and prostate (Zhan et al., 2008; Gardiol et al., 2006; Lisovsky 

et al., 2011; Pearson et al., 2011). In Drosophila mutants of scrib, dlg or lgl, apical 

determinants become mis-localised to the basolateral regions of the cell, preventing 

the proper formation of adherens junctions (Bilder and Perrimon, 2000) and resulting 

in disruption of epithelial cell integrity and cell-cell communication. Furthermore, loss 

of the Scribble complex polarity proteins in Drosophila larval eye imaginal discs leads 

to neoplastic overgrowth and differentiation defects. It is, however, important to 

note that when generated in wild-type tissue the over-proliferative mutant cells are 

out-competed by wild-type tissue by way of c-Jun N-terminal kinase (JNK)-pathway 

mediated apoptosis (Brumby and Richardson 2003; Bilder and Perrimon, 2000). 

Recent work in Drosophila has led to the discovery of novel regulators of polarity 

such as the Yurt-Coracle Group. The group is comprised of the Drosophila FERM 

proteins Yurt (Yrt) (EPB4115 in mammals) and Coracle (Cora), as well as the Na+, K+-

ATPase and Neurexin IV (Nrx-IV). Like the Scribble polarity module, the Yurt/Coracle 

group also interacts antagonistically with the apical determinant Crumbs to promote 

basolateral membrane stability. The two groups however, do not seem to interact 

functionally and instead operate independently to counteract apical determinants at 

different time points during epithelial cell differentiation (Laprise and Ulrich, 2011; 

Laprise et al., 2009). 
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1.3.2 Invasion in Epithelial Cancers - The Epithelial To Mesenchymal 

Transition (EMT) 

As previously described (Section 1.3 – Tumour Progression), metastasis (Figure 1.3) is 

the most life threatening event in patients suffering with cancer and remains one of 

the most cryptic aspects of the disease. The first step of metastasis is the invasion of 

tumour cells into the stroma. A developmental regulatory programme, defined as the 

“epithelial to mesenchymal transition” (EMT) is thought to be vital in the acquisition 

of characteristics that allow epithelial cells to invade, resist apoptosis and 

disseminate (Hanahan and Weinberg, 2010). 

The EMT is a biological process whereby epithelial cells transdifferentiate into motile, 

fibroblast-like mesenchymal cells. Despite being prominently implicated in cancer cell 

invasion, this process is essential for embryonic development, gastrulation, wound 

healing and organ fibrosis (Tania et al., 2014). During EMT, polarised epithelial cells 

lose tight and adherens cell-cell junctions and the apical-basal polarity which defines 

their epithelial character. They also undergo cytoskeleton reorganisation, reprogram 

gene expression to promote invasive capabilities and elevate their resistance to 

apoptosis – all features which allow the development of an invasive mesenchymal 

phenotype (Lamouille et al., 2014; Tania et al., 2014). 

As discussed previously (Section 1.3.1 – Epithelial Cell Polarity), epithelial cells form 

highly organised layers and are characterised by the distinct polarisation of their 

plasma membrane, evidenced by the presence of morphologically distinct, 

intercellular adhesive protein complexes such as tight junctions (TJs) and adherens 

junctions (AJs). The initial stages of the EMT involves the deconstruction of such 
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junctions and disruption of cell polarity. The breakdown of the apically located TJs is 

promoted by decreases in the expression levels of TJ components occludin and 

claudin, as well as the diffusion of zonula occludens 1 (ZO1), impairing TJ stability 

(Huang et al., 2012; Lamouille et al, 2014).  

A key event in the EMT is the loss of E-cadherin - the most abundant adhesion 

molecule in the AJs of epithelial cells – and the subsequent destabilisation of the AJs. 

Indeed, E-cadherin is known to be down-regulated in most, if not all cancers of 

epithelial cell origin (Cavallaro and Christofori, 2004; Martin, 2013). E-cadherin levels 

are diminished by various routes including transcriptional repression mediated by 

transcription factors such as Snail and Twist, as well as at a post-translational level 

where mature E-cadherin can be degraded by secreted matrix metalloproteinases 

(MMP) or released from the plasma membrane via endocytosis (Christofori and 

Yilmaz, 2009). Besides contributing to loss of cell-cell adhesion, recent evidence has 

suggested that the loss of E-cadherin function might also promote tumour 

progression by the activation of certain downstream signalling pathways. For 

example, a reduction in E-cadherin levels can result in the release of β-catenin – a 

protein usually sequestered by E-cadherin in AJ complexes. β-catenin is also a key 

component in the WNT-signalling pathway, a critical mediator of numerous 

developmental events and tissue homeostasis. Normally, non-sequestered β-catenin 

is rapidly phosphorylated by glycogen-synthetase kinase 3β (GSK-3β), which 

associates with adenomatous polyposis coli (APC) - a multi-functional tumour 

suppressor protein which regulates WNT signalling - in the APC– GSK-3β complex. The 

phosphorylated β-catenin is subsequently degraded. However, if APC is mutated and 

non-functional or the WNT pathway itself overactive, as is common in colon cancer, 
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this is not the case and β-catenin accumulates in the cytoplasm. This results in the 

translocation of β-catenin to the nucleus where it can bind TCF/LEF-1 family 

transcription factors, thus activating the expression of TCF/LEF-1 target genes such as 

those important in tumour progression (Christofori and Semb, 1999). 

A further characteristic of EMT is the re-organisation of the actin cytoskeleton into 

one conducive with directional motility, a feat that involves Rho signalling. 

RhoGTPase activation at the onset of EMT promotes actin re-arrangement and the 

formation of membrane protrusions. Specifically, RhoA promotes actin stress fibre 

formation, whereas Rac1 and Cdc42 are implicated in the formation of sheet-like 

protrusions known as lamellipodia and spike-like protrusions known as filopidia. Such 

re-organisation of the actin cytoskeleton is also responsible for the switch from the 

apical-basal polarity that is characteristic of epithelial cells, to the front-rear polarity 

which facilitates the directional movement of mesenchymal cells (Lamouille et al., 

2014; Raftopoulou and Hall, 2004). 

Perhaps the most noticeable hallmark of the EMT is the so-called “cadherin switch” – 

the replacement of E-cadherin expression with mesenchymal N-cadherin expression. 

In addition to the loss of cell-cell adhesion on account of E-cadherin loss, the gain of 

N-cadherin - usually expressed in vascular endothelial cells and nervous tissue - is 

thought to further promote cell migration and invasion (Christoferi and Yilmaz, 2009). 

These changes in cadherin expression are induced by EMT-transcription factors such 

as Twist and Snail, which act early in EMT and are described as master molecular 

switches. By recognising and binding E-box DNA sequences in the promoter region of 

E-cadherin, EMT-transcription factors recruit transcriptional co-factors and histone 
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deacetylases, hence regulating and repressing E-cadherin expression (Tania et al., 

2014). 

In addition to the mesenchymal invasion regulated by EMT as described above, it 

should also be noted that two further modes of cancer cell invasion are known. 

“Collective invasion” describes the migration of cancer cells en masse into adjacent 

tissues and is common to cancers such as squamous cell carcinoma. Additionally, 

“amoeboid invasion” describes the movement of individual cancer cells which exhibit 

morphological plasticity, allowing them to slip through pre-existing spaces in the ECM 

(Hanahan and Weinberg, 2010). 

 

 

Figure 1.3. The invasion-metastasis cascade. 

This diagram depicts a simplified version of the complex process of metastasis. Carcinoma cells must 

first invade locally at the site of the primary tumour. They then intravasate into the blood/lymphatic 

system where interaction with platelets, lymphocytes and other blood components facilitates their 

transport through the circulation to distant secondary sites. Upon entrapment in smaller blood vessels, 

the invading cells extravasate to from micrometastases. If successful in their adaptation to the new 

microenvironment, the cancer cells may eventually colonise the new tissue, enabling macrometastasis 

formation.  
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1.3.3 Intravastation and Extravastation 

In the vast majority of cancers, the process of entering the bloodstream/lymphatic 

vessels, termed intravasation, is a crucial step in the development of distant 

metastases (Chiang et al., 2016).  Intravasation is reliant on the access of tumour cells 

to the vasculature and hence angiogenesis plays a crucial role. A sufficient increase in 

tumour mass at the primary site of the tumour results in hypoxia and nutrient 

deprivation, inducing what is described as an “angiogenic switch”. Tumour cells 

release pro-angiogenic cytokines and growth factors, such as vascular endothelial 

growth factor (VEGF), which activate normal, quiescent vasculature to form new 

vessels which supply tumour cells with the required oxygen and nutrients, hence 

facilitating exponential tumour growth. (Hanahan and Weinberg, 2010; Cheresh and 

Weis, 2011; Bergers and Benjamin 2003). Despite its importance in tumour 

progression, the resultant neo-vasculature is structurally abnormal, leaky and 

tortuous (Deryugina and Quigley, 2015). Thus, the weak cell-cell junctions possessed 

by these novel vessels act as points through which cancer cells can migrate and enter 

the bloodstream.  

After cancer cells have successfully intravasated into the lumen of a blood/lymphatic 

vessel, they must then survive both the hydrodynamic shear forces and circulating 

immune cells of the bloodstream before transport to distant sites (Weinberg, 2014). 

Cancer cells are ill-suited to migration through the circulatory system and due to their 

large size often arrest upon encountering capillaries and arterioles, hence inhibiting 

further transport. At this point, invading cancer cells must complete extravasation, a 

process whereby they adhere to the endothelial cell wall and undergo 
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transendothelial migration into the parenchyma of target organs (Weinberg, 2014; 

Reymond et al., 2013).  

After successful extravasation, cancer cells are faced with perhaps the most 

challenging step of the metastatic cascade – colonisation – where cells must both 

survive and proliferate in order to form macroscopic secondary tumours. In order to 

generate micrometastases, extravasated cancer cells first undergo a “mesenchymal 

to epithelial transition” (MET) whereby the pathology of the corresponding primary 

tumour is recapitulated. Challengingly, the foreign tissue environment of the 

secondary site is unfamiliar to the disseminated tumour cells and thus colonisation 

requires a number of complex adaptations and interactions with various components 

of the target organ microenvironment. Due to such restrictive forces, a number of 

disseminated cells will die, or instead remain in a state of proliferative dormancy for 

indefinite periods (Shibue and Weinberg, 2011). In order for eventual macroscopic 

tumour formation, metastasising cells must both be able to survive this period of 

dormancy and have the ability to commence tumour outgrowth when conditions 

become favourable (Nguyen et al, 2009).  

 

1.4 Glioblastoma Multiforme  

The treatment of malignant gliomas presents one of the biggest challenges facing 

cancer research to date. Gliomas comprise all primary central nervous system (CNS) 

tumours of glial cell origin. There are three types of glial cell: astrocytes, 

oligodendrocytes and microglial cells, the most numerous being the “star-shaped” 

astrocytes, which provide nutrition to the surrounding neurons and extracellular 



30 
 

environment (Rao et al., 2003; Paw et al., 2015). Gliomas which develop from 

astrocytes are described as astrocytomas, and can be further graded I-IV based upon 

their degree of abnormality by criteria set by the World Health Organisation. Grades I 

and II describe low-grade, mostly non-malignant astrocytomas whereas grades III and 

IV encompass high-grade, rapidly growing malignant tumours. Grade IV 

astrocytomas, also referred to as glioblastoma multiforme (GBM), are the most 

malignant and deadliest of all gliomas (Paw et al., 2015). Unfortunately, together 

with being the most aggressive brain malignancy of the CNS, GBM is also the most 

common and accounts for over 51% of gliomas (Adamson et al., 2009). The prognosis 

for GBM remains incredibly poor and median survival after diagnosis stands at just 14 

months (Adamson et al., 2009). GBM tumours are characterised histologically by 

wide regions of necrosis and vascular endothelial proliferation (Holland, 2000; Rao, 

2003). The topographically diffuse nature of the disease renders complete surgical 

resection almost impossible, as tumour cells rapidly invade the surrounding regions 

of the brain. Furthermore, GBM tumours are amongst the most resistant to 

radiotherapy and chemotherapy (Cloughesey et al., 2014). It is clear that a deeper 

molecular understanding is required to develop more effective therapy options for 

this fatal disease. 

 

1.4.1 Invasion in Malignant Gliomas 

One of the main hallmarks, and conjointly one of the greatest challenges facing the 

treatment of malignant gliomas is the diffuse invasion of tumour cells into the 

surrounding brain. Even with current microsurgical techniques, gliomas frequently 



31 
 

recur within 1-2 cm of the original tumour border due to tumour cell infiltration into 

surrounding normal brain tissue (Hou et al., 2006). While other aggressive solid 

cancers metastasise other organs, typically utilising the bloodstream and lymphatic 

systems (Section 1.3.2.2 Intravastation and Extravastation), it is estimated that less 

than 2% of gliomas actually metastasize outside of the brain (Beauchesne, 2011). 

Instead, invading glioma cells are thought to migrate through two pathways in the 

extracellular space of the brain: the perivascular space, which surrounds neuronal 

blood vessels, and the interstitial spaces of the brain parenchyma, which describes 

the narrow tortuous spaces lying between neurons and glial cells (Cuddapah et al., 

2014; Paw et al., 2015).  

The transition of glioma cells from a hyper-proliferative to an invasive phenotype is 

thought to be triggered by signals that cause cells to exit from the tumour mass, such 

as those activated by an acidic or hypoxic environment (Hoelzinger et al., 2007). Like 

other solid malignancies, the tumour microenvironment plays an active role in glioma 

invasion and glioma cells switch between proliferative and invasive phenotypes 

depending on the balance of cues from various microenvironmental factors and cell-

cell interactions (Xie et al., 2014). Accordingly, although glioma cells do not rely on 

the circulatory system for transport to new sites, certain brain structures are critical 

to their invasion, such as nerve tracts and specifically blood vessels, where a 

continuous supply of oxygen, nutrients and growth factors are assured. Glioma cells 

are recruited to blood vessels by bradykinin, a signalling peptide which acts as a 

chemoattractant, directing glioma cells to blood vessels which themselves act as 

guides for glioma cell invasion. Binding of bradykinin to its G protein-coupled 

receptor (GPCR), bradykinin-2-receptor, then triggers a signalling cascade which 
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results in an inositol-3,4,5-trisphosphate receptor 3-dependant increase in 

intracellular Ca2+ concentration. The oscillatory changes in Ca2+ level which result 

from prolonged bradykinin exposure in turn promotes the dramatic glioma cell shape 

and volume fluctuations necessary for invasion (Cuddapah et al., 2014; Montana and 

Sontheimer, 2011). 

As in other malignant tumours, invasive glioma cells become morphologically 

polarised and develop membrane protrusions, allowing invading cells to anchor 

themselves to the extracellular matrix and effectively pull themselves forward. This 

transient attachment is mediated by interaction with various cell-cell and cell-matrix 

receptors including integrins, cadherins and neural cell adhesion molecules. Actin-

myosin molecular motors generate the predominant contractile force for cell 

movement and myosin II has been suggested to be particularly important in glioma 

cell invasion (Cuddapah et al., 2014; Beadle et al., 2008). However, unlike other 

tumours, in order to move through the limited extracellular space of the brain, 

glioma cells are also able to dramatically alter their shape and volume by a 

mechanism described as the “Hydrodynamic Mode of Cell Invasion”. 3D time-lapse 

imaging in vivo has shown that glioma cells are able to achieve decreases in cellular 

volume of 30-35%, a feat that requires cells to release essentially all unbound 

cytoplasmic water in a cascade of events involving ligand-induced activation of 

voltage gated Cl- channels and Ca2+-activated K+ channels and the subsequent 

movement of K+ and Cl- ions and cytoplasmic water (Cuddapah et al., 2014; Watkins 

and Sontheimer, 2011). 
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Although interaction with the ECM molecules of the basement membrane is 

important for cell attachment, the ECM also presents a substantial physical barrier to 

the migration of glioma cells. To overcome this, invading glioma cells express a 

number of serine, cysteine and metalloproteinases which penetrate connective tissue 

barriers, breakdown normal brain tissue and promote vascular remodelling. A 

number of proteases have been reported to be upregulated in glioma cells compared 

to their normal cell counterparts, including matrix metalloproteinases (MMPs) 

(specifically MMP2 and MMP9) and cell surface proteases of the ADAMs (a 

disintegrin and metalloproteinase) family (Cuddapah et al., 2014; Rao et al., 2003). 

Additionally, glioma cells are also capable of recruiting stroma cells, including 

microglia, astrocytes and endothelial cells, to secrete proteases. Besides degrading 

the ECM, these proteases also play an important role in the liberation of auto- and 

paracrine growth factors bound to glioma/stroma cell surfaces and the ECM, further 

promoting glioma proliferation and migration (Mentlein et al., 2012). 

 

1.5 Drosophila Melanogaster as a Model Organism 

Drosophila melanogaster is a well-studied and highly tractable model organism, 

which over the past decade has become an important model system for cancer 

studies and the study of tumour progression. The fly was the first complex organism 

to have its genome fully sequenced (Adams et al., 2000) and the high level of 

conservation between the fly and human genome, which was sequenced a few years 

later (Human Genome Sequencing Consortium International, 2004), underscored the 

status of the fly as a useful model organism in the understanding of the mechanisms 
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regulating cell growth, 

differentiation and 

development. Although overall 

identity at nucleotide and 

protein sequence level between 

fly and mammalian homologs is 

usually approximately 40%, it 

can be as high as 90% in 

conserved functional domains. 

Notably, 75% of disease causing 

genes in humans have functional 

homologs in Drosophila, making 

the fly an ideal tool for the study of disease related and developmental processes 

(Pandey and Nichols, 2001; Reiter et al., 2001). 

There are many features of Drosophila that make it a popular model for study. First, 

the fly is easy to manipulate genetically. The genome codes for 14,000 genes on just 

four chromosomes, of which only three carry the bulk of the genome. This, combined 

with the fact that the fly genome is also of low redundancy - namely one, or very few 

genes code for members of the same protein class – allows for far simpler analysis 

when studying the effects of genes on biological processes (Pandey and Nichols, 

2001; Roote and Prokop, 2013). Drosophila also offer a wide range of powerful 

genetic tools and techniques allowing almost any gene to be the target of various 

genetic manipulations.  The capacity to generate clones of mutant tissue in an 

otherwise phenotypically wild-type organism, as well as the existence of promoters 

Figure 1.4. The life cycle of Drosophila melanogaster. 

The figure describes the stages and approximate time 

scale of the Drosophila life cycle at 25
o
C. The 

experiments described in the following research utilised 

Drosophila samples collected at the adult fly stage. 
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which allow gene expression to be targeted to a specific tissue or switched on 

temporally (Miles et al., 2011) are just some of the unique benefits provided by 

Drosophila genetics which allow study of the mechanisms tumour development and 

the genes involved. 

Practically, Drosophila offer numerous advantages over other model organisms. They 

are cheap, relatively simple to keep and can be kept in large quantities permitting 

high throughput experiments. Drosophila also have a rapid life cycle. A single fruit fly 

generation takes just 10 days at 25oC, during which time many progeny are produced 

(Roote and Prokop, 2013), allowing for research to proceed quickly (Figure 1.4). 

 

1.6 The Drosophila Intestinal Tract 

The adult Drosophila gastrointestinal (GI) tract comprises a simple epithelium and is 

surrounded by visceral muscle, nerves and trachea. It is divided into three domains: 

the foregut, the midgut and the hindgut, each with a distinct function and different 

developmental origin. The foregut is ectodermal in origin and contains the pharynx, 

oesophagus and the crop – a temporary food storage pouch. Likewise, the hindgut is 

also of ectodermal origin and is the main site of water and ion reabsorption prior to 

waste excretion. Both the foregut and hindgut epithelium are lined apically by an 

impermeable cuticle. Contrastingly, the midgut epithelium is endodermal in origin 

and is the main site of digestion and nutrient absorption – the functional equivalent 

of the human small intestine. It is lined on the luminal side by the peritrophic matrix, 

a chitin-containing membrane which facilitates digestion and protects the midgut 

epithelium against bacterial infection. Malpighian tubes, a functional analogue of the 
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mammalian kidneys, mark the midgut-hindgut boundary (Lemaitre and Michel-Aliaga, 

2013; Buchon et al., 2013, Kuraishi 2011). 

The midgut exhibits further compartmentalisation along its anterior-posterior axis 

(Figure 1.5). Traditionally, it was divided into three histologically distinct regions: the 

anterior, middle and posterior midgut, however the existence of more complex 

regionalisation is now evident and the midgut is now considered as at least 10 sub-

regions (Buchon et al., 2013; Maraines and Spradling, 2013). Gene expression has 

been shown to vary extensively between these regions. Similarly, each sub-region 

consists of cells with distinct structures and functions, reflecting the different roles 

played by each in digestion. Notably, the middle midgut contains an acidified region 

at the anterior-middle midgut axis thought to behave as a second stomach, which 

comprises morphologically distinct acid-secreting copper cells interspersed with 

specialised enterocytes (Section 1.5.1 – Cellular Organisation Of The Drosophila 

Midgut) known as interstitial cells. Posterior to this lies a domain with large, flat 

enterocytes, followed by an iron-region occupied by enterocytes enriched in ferritin. 

Varying gradients of pH can also be observed throughout the midgut lumen, with the 

Figure 1.5. The Drosophila gastrointestinal tract. 

A depiction of the different regions of the Drosophila intestine. The posterior midgut can be further 

sub-divided into four segments. P1-4 depict the segmentation pattern applied in this study. 
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aforementioned copper cells maintaining a strongly acidic region in the middle 

midgut, a neutral anterior midgut and an alkaline posterior region (Buchon et al., 

2013; Mariannes and Spradling, 2013; Wanninger, 2015). 

 

1.6.1 Cellular Organisation of the Drosophila Midgut 

The adult midgut comprises two major types of differentiated epithelial cell, 

enterocytes (ECs) and enteroendocrine (EE) cells (Figure 1.6). Enterocytes – large, 

absorptive, polyploid cells – make up the majority of the epithelial monolayer. They 

exhibit apical-basal polarity and can be identified by distinct striation present on their 

luminal surface (Perrimon and Micchelli, 2006). ECs are interspersed with hormone-

producing EE cells which make up just 10% of the differentiated epithelium and can 

be recognised by nuclear expression of the transcription factor (TF), Prospero 

(Ohlstein and Spradling, 2006).  

 

 

 

 

 

 

 

Figure 1.6. Cellular organisation of the Drosophila midgut. 

The midgut comprises of a mono-layered epithelium surrounded by visceral muscle. The epithelium 

itself is made up of basally located intestinal stem cells, progenitor enteroblast cells and two main 

classes of differentiated cell - large polyploid enterocytes and small, nucleated enteroendocrine cells. 
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As in mammalian intestines, differentiated gut epithelial cells in Drosophila are 

maintained by a population of intestinal stem cells (ISCs). However, in contrast to 

mammals where stem cells lie in the base of intestinal crypts formed from a highly 

folded mucosa, Drosophila ISCs are scattered across the basement membrane. They 

can be identified by their small nuclear size, unique triangular shape and expression 

of the Notch ligand Delta (Marianes and Spradling, 2013). Midgut ISCs usually 

undergo asymmetric cell division, giving rise to enteroblast (EB) cells which gradually 

differentiate into ECs and less frequently into at least two types of EE cell (Figure 1.9) 

(Buchon et al., 2013; Ohlstein and Spradling, 2007). The midgut epithelium has a high 

turnover rate and is thought to be renewed every two weeks in females and monthly 

in males. Like other cell types in the Drosophila midgut, ISCs appear to be regionally 

distinctive. Notably, ISCs are most rapidly dividing in the posterior sub-regions of the 

midgut – the area upon which most research to date has focused - where they divide 

once daily. Contrastingly, ISC division is substantially slower in the middle region, a 

feature especially prominent in the acidic copper region where ISCs have been 

reported as both entirely quiescent (Strand and Micchellli, 2011) as well as dividing 

every 5 days (Marianes and Spradling, 2013).  

 

1.7 The Notch Pathway 

The Notch pathway is an evolutionarily conserved signalling pathway known to play a 

fundamental role in metazoan development. In addition to the well documented role 

of the Notch pathway in differentiation, it is also implicated in both apoptosis and 

proliferation. Despite the relatively simple molecular design of the pathway, Notch 
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signalling affects multiple cell types at different steps of the cell lineage process and 

consequently, each step comprises a number of regulatory elements and features 

beyond that described hereafter (Andersson et al., 2011; Bray, 2016).  

Mutations in Notch or components of the signalling pathway are associated with 

diseases in a wide-range of organs and tissues. Indeed, the Notch pathway has been 

repeatedly implicated in both tumourigenesis and cancer progression. A role for 

Notch in tumourigenesis was first identified in T-cell acute lymphoblastic leukaemia, 

where a chromosomal translocation giving rise to a constitutively active form of 

Notch protein 1 was detected (Ellisen et al., 1999). Further studies demonstrated that 

the constitutive activity of the Notch pathway that results drives the specification of 

an immature T-cell lineage which then progresses into a highly aggressive monoclonal 

T-cell acute lymphoblastic leukaemia (Radtke et al., 1999; Sethi and Kang, 2011). 

Since then, the Notch pathway has been implicated in the tumourigenesis of a range 

of solid malignancies including non-small cell lung cancer, melanoma, 

medulloblastoma and glioblastoma (Dang et al., 2000; Bedogni et al., 2008; Hallahan 

et al., 2004). Further to the well-documented oncogenic role of Notch signalling in 

cancer, recent evidence has also revealed that loss-of-function mutations in the 

Notch receptors promote the development of basal and squamous cell carcinomas, 

indicative of a tumour suppressive role (South et al., 2012; Wang et al., 2011). Thus, 

Notch signalling has a complex, bi-functional role in human cancer dependent on 

cellular context. 
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Beyond its role in cancer 

initiation, Notch signalling 

is also associated with 

cancer progression via its 

regulation of conserved 

signalling pathways, such 

as the EMT. It has been 

shown that, together with 

TGF-β, the Jag1-Notch 

pathway activates HEY1 – 

a basic helix-loop-helix (bHLH)-type transcriptional repressor – to trigger EMT in 

tumours (Zavadi et al., 2004). Further to this, links between Notch signalling and the 

regulation of MMP-9, VEGF and nuclear factor-κB, proteins critically involved in the 

processes of tumour cell invasion and metastasis, have also been shown (Wang et al., 

2006).  

In brief, the Notch pathway is a short-range communication pathway which controls 

cell fate through local interactions, generally by the process of lateral inhibition, 

whereby a single cell is fated to differentiate upon the interaction of the Notch 

receptor with its ligand, present on an adjacent cell. The Notch gene encodes a single 

pass transmembrane receptor, shown to interact with Delta and Serrate 

transmembrane proteins (Delta and Jagged in vertebrates) (Gu et al., 1995; 

Greenwald, 1998). Following interaction of the extracellular domains of Notch with 

its respective ligand, the Notch receptor undergoes a multi-stage proteolytic cleavage 

Figure 1.7. Delta/Notch signalling and lateral inhibition. 

Interaction of Notch with ligands Delta and Serrate, present on an 

adjacent cell, results in proteolytic cleavage of the Notch receptor 

and release of the NICD. The NICD translocates to the nucleus 

where it forms a complex with Su(H) protein which leads to the 

subsequent recruitment of a transcription activation complex , 

thereby inducing the transcription of Notch target genes.  
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releasing the soluble Notch intracellular domain (NICD). The NICD is then 

translocated to the nucleus, resulting in subsequent activation of the Suppressor of 

Hairless (Su(H)) transcription factor (CBF1/RLBk in mammals) which binds to 

Enhancer of Split (E(Spl)) complex genes, upregulating the expression of encoded 

bHLH proteins. It is these factors which can then affect regulation of downstream 

target genes (Bray, 2016; Artavanis-Tsakonas et al., 1999, Andersson et al., 2011). A 

simplified schematic of the Notch pathway is depicted in Figure 1.7. 

 

1.7.1 The Role of the Notch Signalling Pathway in ISC Maintenance and 

Differentiation 

Notch signalling plays a key role in the regulation of midgut ISC maintenance and 

differentiation, both promoting the asymmetric cell division of ISCs and controlling 

the fate of resultant EBs (Takashima and Hartenstein, 2012). In contrast to the 

mammalian intestine where Notch activation promotes ISC proliferation, Notch is 

absent in the Drosophila midgut ISC population and forced activation of Notch has 

been shown to promote ISC differentiation (Ohlstein and Spradling, 2006; Ohlstein 

and Spradling, 2007; Michelli and Perrimon, 2006).  

ISC identity is maintained by the transcriptional repression of Notch target genes - 

namely those of the E(spl) complex - by Hairless. The bHLH transcriptional activator 

Daughterless (Da) is also thought to be essential for ISC maintenance, promoting the 

ability to self-renew and express the Notch ligand Delta. Following mitosis, 

asymmetric Delta expression can be observed between ISCs and their EB daughters, 
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with only the ISC retaining punctate Delta expression (Ohlstein and Spradling, 2007). 

Delta then activates Notch signalling in the adjacent EB, relieving the suppression of 

Notch target genes by Hairless. These genes include bHLH transcriptional repressors 

which have been suggested to down-regulate Da-dependant bHLH activity, effectively 

“switching off” ISC identity and promoting differentiation (Figure 1.8). Fundamental 

to this process is tight adhesion between the ISC and daughter EB. In the absence of 

the cell adhesion protein E-cadherin, Delta signalling is ineffective, preventing Notch 

activity and hence inhibiting differentiation (Maeda et al., 2008). 

 

A further layer of complexity arises from the additional role of Notch signalling in the 

determination of EB cell fate. Disruption of Notch signalling in the midgut has been 

shown to block EC cell production and instead lead to the expansion of ISC-like and 

EE cells, indicating that the determination of EE cell fate occurs in a Notch-

Figure 1.8. Delta/Notch signalling and ISC division.  

Post-mitosis, the newly emerged ISC retains Delta expression. Delta binds to a Notch receptor on the 

neighbouring EB, resulting in the release of the NICD which competes with Hairless for Su(H) binding 

and in doing so activates expression of Notch target genes. The resultant down-regulation of Da-

dependant bHLH activity promotes differentiation and switches off ISC identity within the EB cell.  



43 
 

independent manner (Ohlstein 

and Spradling, 2007; Michelli 

and Perrimon 2006). It has 

therefore been suggested that 

ISCs expressing high levels of 

cytoplasmic Delta stimulate 

high Notch activity within their 

EB daughters, inducing their 

differentiation towards ECs. In 

contrast, ISCs with low levels of 

Delta have the opposite effect, 

stimulating low Notch activity 

in their daughter EB, thus promoting the EE cell fate (Figure 1.9) (Ohlstein and 

Spradling, 2007). 

 

1.8 The Genetic Screen 

The genes upon which the following report is based were identified in a large-scale 

loss-of-function genetic screen which took place in the Georgiou Lab between 2013 

and 2017 (data unpublished). 

Recent developments in sequencing, deep sequencing and microarray technologies 

have resulted in the analysis of a wide range of tumour types, the results of which 

have revealed many genes to be heavily mutated, or their expression levels altered, 

in certain tumours. In light of this, the genes studied in the aforementioned screen 

Figure 1.9. ISC cell lineage in the Drosophila midgut. 

Upon normal Delta expression and Notch pathway 

activation, ISCs divide asymmetrically giving rise to 

daughter EB cells which differentiate into EC cells, or less 

frequently EE cells in a manner dependant on Delta/Notch 

signalling. Purple arrows represent cell division, while blue 

arrows represent differentiation. Steps dependent on 

Notch signalling are indicated. 
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were selected on the basis that they have been shown to be frequently mutated, or 

their expression down-regulated in various cancers, although have not yet been well 

characterised. The aim of the screen was therefore to identify novel genes that 

promote or inhibit tumour progression using Drosophila melanogaster as a model 

system. 

The screen used a novel in vivo system to generate neoplastic tumours within the 

epithelium of the fly. Complex Drosophila genetic techniques such as the MARCM 

system (Section 2.2.2.3 - Mosaic Analysis with a Repressible Cell Marker (MARCM) 

System) were utilised to allow the generation of homozygous mutant cells in wild 

type (WT) heterozygous tissue via mitotic recombination. Clones arising from 

transformed cells were homozygous mutant (-/-) for tumour suppressor gene lgl 

(Section 1.3.1.2 – Basolateral Polarity Complexes) while simultaneously expressing an 

RNA interference (RNAi) construct to knockdown a specific target gene. This system is 

highly advantageous in the fact that it is possible to knock down target gene function 

in a small subset of cells and examine the resulting phenotypes in an otherwise 

phenotypically wild-type organism. Crucially, mutant tissue also expresses a GFP 

reporter gene, hence permitting the detailed study of shape, behaviour and dynamics 

of transformed cells in high temporal and spatial resolution.  

The screen is now complete and over 600 genes have been successfully screened. A 

number of phenotypes have been recorded, such as increased/decreased levels of 

clonal tissue coverage, epithelial multi-layering, the appearance of basal protrusions 

and the presence of invading cells. In order to identify specific genes that promote or 

inhibit tumour progression, the screen employed a qualitative scoring system 
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whereby different phenotypes were given numerical scores based upon the strength 

of the phenotype, relative to that displayed by the lgl homozygous mutant. Lgl-/- 

clones display disrupted apical-basal polarity with slight multi-layering and increased 

levels of invasion (Figure 1.10) in contrast to WT clones, in which epithelial cells lie in 

highly organised layers with a characteristically polygonal apical shape (Section 1.3.1 

– Epithelial Polarity). The subtle but visible phenotype presented by lgl -/- clones thus 

facilitates the detection of different phenotypic effects upon RNAi-mediated gene 

knockdown, with those most representative of that seen in lgl -/- animals awarded a 

score of 0 and positive and negative effects scored accordingly on a scale of -2 to 2. 

 

 

Genes that upon RNAi-mediated knockdown resulted in a pro-invasive phenotype, 

namely a high number of cells existing beneath the epithelium, were chosen for study 

in this project. Invasion was quantified in terms of the amount of invading cells; with 

none represented by a score of -2, few invading cells a score of -1, medium levels of 

invading cells a score of 0, lots of invading cells a score of 1 and extensive invading 

cells a score of 2. Over 70 genes were identified as presenting an invasive phenotype 

Drosophila Gene Average Score for Invasion 

Serrate (Ser) 1.0 

I[[h]] channel (Ih) 1.3 

Transilin-associated factor X (Trax) 1.5 

GTP-binding protein  (Gtp-bp) 0.9 

Table 1.1. Chosen Genes 

The table presents the genes selected for study in this project and the scores awarded for each for 

invasion by the scoring system utilised in the screen. 
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A  B lgl -/- lgl -/- + Gtp-bp RNAi 

Figure 1.10 Depletion of Gtp-bp promotes invasion and reduces clonal tissue area in combination 

with lgl -/- in the Drosophila epithelium. 

(A-B) Confocal images of mutant clones the Drosophila notum. Clones of GFP positive cells in the 

notum expressing homozygous mutant tumour suppressor gene lgl (A), or simultaneously expressing 

Gtp-bp RNAi in lgl -/- mutant clones (B). WT tissue is GFP-negative. Arrows indicate invading cells 

beneath the epithelium. A notable increase in the number of invading cells and decrease in GFP-

marked clonal tissue is observed upon knockdown of Gtp-bp. Images are maximum intensity z-

projections in x/y. Images courtesy of Georgiou lab. 

when depleted in combination with lgl -/- in the Drosophila epithelium. On account 

of the substantial increases in the number of invading cells observed, further 

research into the potential roles of these genes in tumourigenesis is warranted. As 

such, four of these pro-invasive hits were chosen as a basis for further study in this 

project (Section 1.9 – Aims), presented in Table 1.1.  

One of these genes, Gtp-bp, gave a particularly interesting phenotype when depleted 

in combination with lgl -/- in the Drosophila epithelium. In addition to increased 

levels of invasion, clones also displayed drastically reduced clonal tissue size and 

increased multi-layering, where cells appear disorganised and appear in different 

planes, compared to the lgl -/- mutant (Figure 1.10). Gtp-bp encodes a component of 

the SRP-dependent protein targeting pathway, a universally conserved process which 
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ensures correct targeting of nascent secretory and membrane proteins to the ER. The 

essential cellular role of this pathway makes this gene an especially interesting 

candidate for further research. 

 

1.9  Aims 

The progression of normal cells into a malignant invasive cancer is a complex process 

not yet fully understood. In recent years, a number of genes have been found to be 

mutated or aberrantly expressed in various cancers, yet for many, their biological role 

in tumour progression remains largely unknown. For this reason the characterisation 

and study of potential regulators of this process is an important area of research. As 

such, the main aim of this thesis was to begin characterisation of a number of genes 

identified as possessing pro-invasive capabilities when knocked down in the above-

mentioned genetic screen.  

In order to do this, this project was split into two parts. In the first, human orthologs 

of four of these pro-invasive hits (Table 1.1): signal recognition particle receptor 

alpha subunit (SRPRA), jagged 1 (JAG1), hyperpolarization activated cyclic nucleotide 

gated potassium channel 2 (HCN2) and translin associated factor X (TSNAX), were 

studied in in vitro invasion assays using the U87 human epithelial-like glioblastoma 

cell line. The objective of this work was to identify new potential targets for 

glioblastoma research, by testing whether genes that promote invasion in an in vivo 

Drosophila model could also mediate cellular invasion in human brain cancer cell line. 
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Previous research on the pro-invasive hit Gtp-bp, the fly ortholog of SRPRA, carried 

out in the Georgiou lab has suggested a further potential role of this gene in cell 

specification in the Drosophila notum. As such, the second aim of this project was to 

further examine the role of Gtp-bp in cell fate decisions in a different tissue. On 

account of the recent discovery of ISCs in the Drosophila GI tract (Micchelli and 

Perrimon, 2006; Ohlestein and Spradling, 2006), the posterior midgut (PM) is now 

considered as a new model system in which to study stem cell biology. To this end, 

my research aimed to establish and optimise this system in the lab and then go on to 

use the posterior midgut as a model system in which to examine the role of Gtp-bp in 

cell fate decisions and differentiation.   
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2.1  Materials 

2.1.1  Drosophila Stocks  

Table 2.1 displays the fly strains utilised in this study. Stocks were maintained at 18oC 

on standard fly food media (Section 2.1.9 –Standard Fly Food Media). 

 

Stock Genotype  Source 

M16 yw, FRT19A ; ; ; ;  Bloomington 

M634 w, Gtp-bpB, FRT19A / FM7 ; ; ; ; Bloomington  

M776 w, hsflp, ubi-nls-RFP, FRT19A ; ; ; ; Bloomington 

M42 w ; Ubi-p63-E-cad-GFP ; ; ; DGRC Kyoto 

M272 w, hsflp, FRT19A, tubGal80 ; ; MKRS / TM6b ; Georgiou Lab 

M22 w ; ; tubGal4/TM3 ; Gift from Andrew 

Renault 

M147 w ; ; ; ; Bloomington 

M225 w ; UAS-MoeGFP ; ; ; Bloomington 

M826 Gtp-bpBFRT19A / FM7c, Kr-nls-GFP ; IF / CyoGFP 

; ; ; 

Georgiou Lab 

M77 y, w, His2Av[GFP], hsFLP, FRT19A / FM7a ; ; ; ; Bloomington 

M21 w ; esg-Gal4, tubGal80ts, UAS-GFP; UAS-flp, 

Act>CD2>Gal4 (UAS-GFP) / TM6b ; ; ; 

Gift from Julia Cordero 

M191 ; ; UAS-Ras 85D.V12 ; ; Bloomington 

M76 Esg-Gal4, tubGal80ts, GFP / Cyo ; + / TM6b ; ; ; Georgiou Lab 

14877 w ; P{GD6482}v14877 / TM3 VDRC 

Table 2.1 Drosophila stocks  

 

2.1.2 Balancer Chromosomes and Marker Mutations 

The use of balancer chromosomes is vital for the maintenance of fly stocks. Balancer 

chromosomes both prevent meiotic recombination in females during mating schemes 
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and additionally are often lethal in homozygosis, consequently abolishing genotypes 

that differ from the parental combination (Roote and Prokop, 2013). The use of 

balancer chromosomes and genetic markers also allows progeny of the desired 

genotype to be selected for throughout multiple genetic crosses. Those utilised in this 

study are displayed in Table 2.2. 

Name Chromosome Type  Phenotype 

FM7  1 Balancer Kidney-Shaped Eyes 

TM6b  3 Balancer Tubby (rounded 

body), humeral (extra 

macrochaetes) and 

stubble (short bristles) 

TM3  3 Balancer Stubble  

MKRS 3 Marker  Stubble 

CyO 2 Balancer Curled wings 

IF (Irregular 

facets) 

2  Marker Slit-shaped, rough 

eyes 

Table 2.2. Balancers and Genetic Markers 

2.1.3 Transgenic Constructs 

Genetic Construct Function 

hs-flp Flippase (FLP) expression is under control of the heat 

shock (HS) promoter, allowing site specific mitotic 

recombination at equivalent FRT sites when flies are 

subjected to heat shock at 37oC. 

FRT19A Flippase recognition target (FRT) site located at the 19A 

site on the 1st chromosome arm. 
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Kr-nls-GFP GFP expression is driven by the Kruppel (Kr) promoter. 

Expression is limited to the nucleus due to the nuclear 

localisation sequence (nls). 

Ubi-nls-RFP RFP expression is driven by the ubiquitous (ubi) promoter 

and restricted to the nucleus on account of the nls. 

His2Av-GFP GFP expression is targeted to the nucleus due to 

Histone2AV (Variant Histone 2A). 

Tub-Gal4 The tubulin (Tub) promoter ubiquitously drives expression 

of the transcriptional activator Gal4. 

Esg-Gal4 Escargot (Esg) is expressed in both ISCs and EBs, allowing 

ISC/EB-specific genetic manipulation. 

Tub-Gal80 The tubulin promoter drives expression of the Gal4 

repressor protein GAL80.  

UAS-Moe-GFP Moesin (Moe) is tagged by GFP (under the control of the 

UAS promoter) via its actin binding domain and hence GFP 

localises to the actin cytoskeleton. 

CyO-GFP The Curley of Oyster (CyO) promoter drives GFP 

expression in the abdomen.  

Table 2.3. Genetic Constructs 

 

2.1.4 Primers for Real Time PCR (RT-PCR) 

Gene Target Sequence Source 

SRPRA (Forward) CACCATTTTCTCCAAGGGCG Sigma Aldrich 

SRPRA (Reverse) TGTTACCTCCCCGTTCCTGC Sigma Aldrich 

JAG1 (Forward) CTGTCCATGCAGAACGTGAAC Eurofins 

JAG1 (Reverse) AAGCAACGTATAGGACCTCGGC Eurofins 
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TSNAX (Forward) TCTTCACCCGTGATGTTGGC Eurofins 

TSNAX (Reverse) CTTCCATATCAGGAGCACTTGT Eurofins 

HCN2 (Forward) CCGCTACATCCATCAGTGGG Eurofins 

HCN2 (Reverse) ACGAGTGGTTCACCATGCCA Eurofins 

GAPDH (Forward) ATGTTCGTCATGGGTGTGAA  Sigma Aldrich 

GAPDH (Reverse) GTCTTCTGGGTGGCAGTGAT Sigma Aldrich 

Table 2.4. Primers used in RT-PCR.  

All primers were designed with NCBI Primer Blast. 

 

2.1.5 Small Interfering RNA (siRNA) 

siRNA Target Sequence  Source 

SRPRA GCGAGGAGUUCAUUCAGAA 
GAGCUUGAGUCGUGAAGAC 
UCAGACACCUCGGCUCAUU 
UGACGUGCAUCGGCUGUUU 

Dharmacon  

JAG1 GGGAUUUGGUUAAUGGUUA 
GGAACAUACUGCCAUGAAA 
UAACAUAGCCCGAAACAGU 
GAGCAACCCUUGUAGAAAC 

Dharmacon 

TSNAX GUGAAACUUAGUCGGGAUA 
GGAGAAUUGAUGCGGAUGU 
GAGUCACACCUGUCGAUUA 
CCGUGAUGUUGGCCUUUAA 

Dharmacon 

HCN2 CCAGCGCGGUGAUGAGGAU 
CAGCUGACUUCCGCCAGAA 
GUAGGUAGCCGUAGUUGGA 
CGCAAUAAACGACAGCAUU 

Dharmacon 

Non-targeting Control  Dharmacon 

Table 2.5. siRNA oligonucleotides utilised to knockdown target gene expression.  

ON-TARGET plus siRNAs were used to reduce off-targets, ordered in the SMARTpool format – a 

mixture of four different siRNAs as a single reagent to promote specificity and potency. 
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2.1.6 Antibodies 

Antibody Cell Type 

Expression 

Species Dilution for IF Source 

Anti-

Prospero 

Enteroendocrine 

cells, nuclear. 

Mouse 1:50 DSHB  

Anti-Delta Intestinal stem 

cells, cytoplasmic. 

Mouse 1:100 DSHB  

Anti-GFP n/a Rabbit 1:1000 Molecular 

Probes 

Table 2.6. Primary antibodies. 

 

Antibody Dilution for 

IF 

Source 

Alexa Fluor ® 488 goat anti-rabbit 1:500 Molecular Probes 

Alexa Fluor ® 647 goat anti-mouse 1:500* Molecular Probes 

Table 2.7. Secondary antibodies. 

*For Delta staining a concentration of 1:1000 was utilised. 

 

2.1.7 Cells 

Cell Type Description Source 

U87  Human adult glioblastoma 

cell line. 

Gift from Dr Ruman 

Raman. 

Table 2.8. Cancer cell lines utilised in this study. 

The U87 cell line is derived from a malignant glioblastoma astrocytoma and possesses epithelial-like 

morphology.  
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2.1.8 Midgut Dissection and Immunostaining 

Process Reagent Description 

Fixation 4% Paraformaldehyde 

(PFA) 

16% PFA diluted in 0.1% 

PBST 

Permeabilisation 0.1 % PBST Triton X-1000 diluted in 

Dulbecco’s Phosphate-

buffered saline (PBS) 

Blocking 2% Normal Goat Serum 

(NGS) 

100% NGS diluted in 0.1% 

PBST. 

Table 2.9. Solutions utilised in midgut dissection and immunostaining. 

 

2.1.9 Standard Fly Food Media 

All flies in this study were cultured on standard cornmeal medium as described 

below. 

Cornmeal Medium (8L Batch) 

7340 mL H20 

565 mL Golden Syrup 

536 g Cornmeal 

127 g Yeast 

73 g Soya Flour 

42 g Agar 

35.4 mL Propanoic Acid 
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2.2 Methods 

2.2.1 Drosophila Husbandry 

Flies were kept in vials containing standard cornmeal medium (Section 2.1.9 - 

Standard Fly Food Media) and maintained at either 18oC or 25oC through which 

generation time from egg to adult is approximately 21 and 10 days respectively 

(Dahmann, 2008). Flies were cultured by periodic mass transfer of adults to fresh 

food either weekly (18oC) or bi-weekly (25oC) (Parvathi et al., 2009). This process both 

minimises infections and maximises progeny (Roote and Prokop, 2013). 

Flies were examined under both Leica M60 and Leica MZ10F fluorescence 

microscopes, which required prior anaesthetisation using CO2 delivered via a porous 

polyethene gas diffuser and syringe. CO2 exposure of over 20 minutes can result in 

lethality and hence prolonged exposure was limited (Stocker and Gallant, 2008). In 

order to perform genetic crosses females and males of the appropriate genotypes 

were selected by way of genetic markers and balancers. In each case 5-10 males were 

crossed with approximately 20 females. Males were distinguished from females by 

external genitalia. All crosses undertaken required virgin females. Males do not mate 

for 10 to 12 hours after emerging from the pupae (Parvathi et al., 2009) and hence to 

ensure controlled mating virgins were collected every 8 hours when maintained at 

25oC and every 16 hours when kept at 18oC. 
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2.2.2 Genetic Manipulation 

As previously described (Section 1.4 - Drosophila melanogaster as a Model 

Organism), the Drosophila genome, which was fully sequenced in 2000 (Adams et al., 

2000), comprises ~14,000 genes across four chromosomes. Drosophila are diploid, 

namely having two homologous sets of chromosomes in which all genes exist in two 

copies and have one pair of sex chromosomes (heterosomes) and three pairs or 

autosomes. The fourth chromosome harbours very few genes and differs genetically 

from the other chromosomes and hence it is the X, second and third chromosomes 

which are the targets for genetic manipulation (Roote and Prokop, 2013; Dahmann, 

2008). 

A number of experiments described hereafter utilised genetic mosaic techniques to 

generate genetic manipulations in a subset of cells within a wild-type (WT) 

background. This system allows genetic changes to be studied that would be lethal if 

applied to an entire organism. By juxtaposing WT and genetically altered cells, 

genetic mosaic techniques also allow the effect of mutant cells alongside WT control 

cells to be examined (Blair, 2003). The genetic techniques utilised in this study are 

described below. 
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2.2.2.1 FLP/FRT System (and Negatively Marked Clones) 

FLP/FRT is a site specific recombination system adapted from yeast. In a 

heterozygous parent cell, flippase (FLP) induces mitotic recombination between 

identically positioned flippase recognition target (FRT) sites on homologous 

chromosome arms to generate daughter cells which are either homozygous mutant 

or WT (Theodosiou and Xu, 1998) (Figure 2.1). Marking with cell-autonomous 

markers facilitates the identification of mutant clones and hence allows analysis of 

mutant cells. This site-specific recombination is random and only takes place in a 

small fraction of cells. Surrounding cells that did not undergo FLP-induced 

Figure 2.1.  The FLP/FRT system.  

One chromosome arm of the heterozygous parent cell contains the mutation of interest, FLP and the FRT 

site. The other contains an identical FRT site and a distal cell marker (in this case RFP). Following DNA 

replication, FLP-induced mitotic recombination occurs between FRT sites resulting in chromatid 

exchange between homologous chromosomes. Following chromosome segregation, one daughter cell 

will be homozygous mutant and RFP negative whilst the other will be homozygous WT and carry two 

copies of RFP. 
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recombination will remain heterozygous. The presence of a transgene expressing FLP 

under the control of a heat shock promoter allows induction of recombination 

between homologous FRT sites only when flies are exposed to a heat shock (which in 

this study took place at 37oC). 

 

2.2.2.2 Upstream Activating Sequence (UAS) / Gal4 System 
 

The Gal4-UAS system is a versatile dual component system, again adapted from 

yeast, whereby flies carrying Gal4 expressing constructs are crossed with flies 

carrying UAS-constructs, allowing targeted gene expression in a temporal and spatial 

fashion (Figure 2.2). The transcription factor Gal4 binds to UAS enhancer elements 

located in the 5’ UTR of genes, allowing activation of genes downstream from the 

UAS site. Numerous Gal4 lines exist which express Gal4 in specific tissues or cells at 

specific developmental stages by way of a tissue specific promoter (Roote and Prokop 

2013; Duffy, 2002), for example the Esg-Gal4 line utilised in this study, which restricts 

Figure 2.2. The Gal4-UAS System 

A GAL4-expressing fly line (A) (expressing GAL4 under the control of a tissue specific promoter) is 

crossed to UAS construct fly line (B). Offspring will express the UAS-coupled gene in a tissue specific 

manner controlled by the GAL4 pattern of expression (C).   
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gene expression to the ISC and EB populations of the gut. This allows specific 

expression of the UAS-linked gene, including reporter gene constructs such as Moe-

GFP, a construct used in this study.  

 

2.2.2.3 Mosaic Analysis with a Repressible Cell Marker (MARCM) 

System 

The MARCM system is a genetic mosaic system which combines both Gal4/UAS and 

FLP/FRT systems to allow the generation of positively marked clones (Lee and Luo, 

1999). As well as using the Gal4/UAS and FLP/FRT techniques, the MARCM system 

also requires the introduction of a Gal4 repressor protein and hence the Tub-Gal80 

Figure 2.3. The MARCM System. 

After site-specific recombination, a heterozygous parent cell can produce two daughter cells, one 

homozygous for the mutant gene and one homozygous wild type. When expressed, Gal80 inhibits 

expression of UAS-moesin-GFP, due to its repression of Gal4. Following mitotic recombination, the 

homozygous mutant daughter cell no longer expresses tubulin-Gal80, resulting in GAL4-mediated 

expression of the moesin-GFP marker gene.   



61 
 

transgene, encoding Gal80, a dominant repressor of the Gal4 transcription factor is 

placed downstream of the FRT site and in trans to the gene of interest (Lee and Luo, 

1999). Following FLP/FRT-mediated recombination, the Tub-Gal80 is lost in one of the 

daughter cells, thus enabling Gal4 to drive expression of the UAS-linked transgene in 

this cell (Figure 2.3). The result is homozygous mutant cells able to express any GAL4-

mediated transgene, hence allowing the specific labelling of mutant cells within WT 

tissue (Lee and Luo, 2001). 

 

2.2.2.4 The FLPout System 

The FLPout system (esg-Gal4, Gal80ts, UAS-FLP, Act > CD2 > Gal4, UAS-GFP) is a 

complex genetic technique which allows the analysis both midgut renewal and ISC 

lineage. The system uses the TARGET system (McGuire et al., 2004), which is a 

temperature-sensitive (ts) inducible Gal4 (esg-Gal4, Gal80ts) to express FLP 

recombinase in all intestinal progenitors of the midgut. Using this method, UAS-FLP is 

induced in ISC/EB cells by temperature shift, allowing FLP recombinase to excise the 

FRT-flanked CD2 cassette from the Act > CD2 > Gal4 construct, producing an active 

Gal4 driver which is heritably expressed under the ubiquitous actin promoter (Figure 

2.4). This results in actin-Gal4 mediated activation of UAS-GFP, causing all ISCs and 

their progeny to inherit GFP expression, hence enabling ISC lineage tracking (Houtz 

and Buchon, 2014; Jiang et al, 2009).   
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2.2.3 Drosophila Genotypes Used in This Study 

2.2.3.1 Using the FLP/FRT System to Generate RFP Negatively Marked 

Clones 

To generate negatively marked clones, fly crosses were established and cultured at 

25oC. 3-5 day fertilised female flies were subjected to a 1 hr heat shock (HS) at 37oC 

for clone induction. After heat shock flies were grown at 25oC and transferred to 

fresh food every 2-3 days as to keep nutrition levels constant and maintain midgut 

homeostasis. Midguts were dissected and examined at 15-17 days ACI.  

Flies expressing a mutant form of the Gtp-bp gene were utilised in number of 

experiments in this project. Gtp-bpB contains a point mutation which is believed to 

lead to loss of protein activity.  

Figure 2.4. The FLPout System 
Temperature sensitive expression of FLP recombinase in ISC and EB cells triggers the “flip out” of the 
CD2 cassette and subsequent activation of the Actin-Gal4 ubiquitous driver in ISC progeny, resulting in 
GFP expression. 
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M16, M634, M42 and M776 stocks were utilised. Genotype imaged for WT control: 

hs-flp, ubi-nls-RFP, FRT19A / FRT19A ; ubi-p63E-cad-GFP ; ; ;. Gtp-bpB mutant: hs-flp, 

ubi-nls-RFP, FRT19A / Gtp-bpB, FRT19A ; ubi-p63E-cad-GFP ; ; ;. 

 

2.2.3.2 Using the FLP/FRT System to Generate GFP Negatively Marked 

Clones 

GFP negatively marked clones were generated using the same method as employed 

for RFP negatively marked clone generation.  

M16, M634 and M77 stocks were utilised. Genotype imaged for WT control: FRT19A / 

His-GFP, hs-flp, FRT19A ; ; ; ;. Gtp-bpB mutant: Gtp-bpB, FRT19A / His-GFP, hs-flp, 

FRT19A ; ; ; ;. 

 

2.2.3.3 Using the MARCM System to Generate Positively Marked Clones 

To generate MARCM clones, fly crosses were established and cultured at 25oC. 3-5 

day fertilised female flies were subjected to a 1 hr HS at 37oC for clone induction. 

After HS flies were grown at 25oC and transferred to fresh food every 2-3 days. 

Midguts were dissected and examined at 17-19 days ACI. 

M272, M22, M16, M225, M634 and M826 stocks were utilised. Genotype imaged for 

WT control: hs-flp, FRT19A, Tub-Gal80 / FRT19A ; UAS-Moe-GFP / + ; Tub-Gal4 / +. 

Gtp-bpB mutant: hs-flp, FRT19A, Tub-Gal80 / Gtp-bpB, FRT19A ; UAS-Moe-GFP / + ; 

Tub-Gal4 / +. 
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2.2.3.4 Using an alternative MARCM System to Generate Positively 

Marked Clones 

To generate positively marked clones, fly crosses were established and cultured at 

25oC. 3-5 day fertilised female flies were subjected to a 1 hr HS at 37oC for clone 

induction. After HS flies were grown at 29oC and transferred to fresh food every 2-3 

days. Midguts were dissected and examined at 15-17 days ACI. 

M272, M16, M634, M21 and M826 stocks were utilised. Genotype imaged for WT 

control: hs-flp, FRT19A, Tub-Gal80 / FRT19A ; Esg-Gal4, Tub-Gal80ts, GFP / + ; UAS-

flp, Act>CD2>Gal4 (UAS-GFP) ; ;. Gtp-bpB mutant: hs-flp, FRT19A, Tub-Gal80 / Gtp-

bpB, FRT19A ; Esg-Gal4, Tub-Gal80ts, GFP / + ; UAS-flp, Act>CD2>Gal4 (UAS-GFP) ; ;. 

 

2.2.3.5 Using the Gal4/UAS System to Examine Effect Gtp-bp 

knockdown in a RasV12 Tumour Model 

Fly crosses were established and cultured at 18oC. 3-5 days post-eclosion, fertilised 

female flies were shifted to 29oC to induce RNAi transgene expression. Flies were 

transferred to fresh food every 2-3 days and midguts examined at 3, 8 and 19 days 

after temperature shift. 

M21, M76, M191 and 14877 stocks were utilised. Genotype imaged for RasV12 

alone: Esg-Gal4, Tub-Gal80ts, UAS-GFP / + ; UAS-RasV12 / + ; ; ;. RasV12 + Gtp-bp 

RNAi: Esg-Gal4, Tub-Gal80ts, UAS-GFP / + ; UAS-RasV12 / UAS-Gtp-bpRNAi ; ; ;. 
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2.2.3.6 Using the Gal4/UAS System to Examine Effect Gtp-bp 

knockdown in ISC/EB Population 

To drive Gtp-bp RNAi specifically in the ISC/EB population, the same methods were 

employed as previously described (Section 2.2.3.5). 

M76, M147 and 14877 stocks were utilised. Genotype imaged for WT control: Esg-

Gal4, Tub-Gal80ts, UAS-GFP / + ; ; ; ;. Gtp-bp RNAi: Esg-Gal4, Tub-Gal80ts, UAS-GFP / 

+ ; UAS-Gtp-bpRNAi / + ; ; ;. 

 

2.2.3.7 Using the FLPout System to study ISC/EB Differentiation 

To drive Gtp-bp RNAi specifically in the ISC/EB population and mark subsequent 

progeny, crosses were established and cultured at 18oC. 3-5 days post-eclosion, 

fertilised female flies were shifted to 29oC to induce RNAi transgene expression. Flies 

were transferred to fresh food every 2-3 days and midguts examined at 19 days after 

temperature shift. 

M147, 14877 and M21 stocks were utilised. Genotype imaged for WT control: Esg-

Gal4, Tub-Gal80ts, UAS-GFP ; UAS-flp, Act>CD2>Gal4 (UAS-GFP) / + ; ; ;. Gtp-bp RNAi: 

Esg-Gal4, Tub-Gal80ts, UAS-GFP ; UAS-flp, Act>CD2>Gal4 (UAS-GFP) / UAS-Gtp-bp 

RNAi ; ; ;. 
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2.2.4 Dissection of the Drosophila Midgut 

Fertilised female adult flies were anaesthetised using a CO2 source and submerged in 

95% ethanol for 30s before transfer to a silicon dissecting dish containing cold PBS. 

The entire GI tract was dissected using tungsten forceps under a Leica M60 Light 

Microscope. The reproductive organs, foregut and hindgut were then carefully 

removed to leave the midgut. Midguts were then immediately either mounted for 

live imaging (Section 2.2.4.1 - Live Imaging of the Drosophila Midgut), or transferred 

to a fixative for staining (Section 2.2.5.1 Immunostaining). 

 

2.2.4.1 Live Imaging of the Drosophila Midgut 

For live imaging, dissected midguts were carefully mounted on glass microscope 

slides in a single drop of M3 Insect Medium (Sigma Aldrich). Small glass coverslips (24 

mm x 24 mm) were fixed at each end of the slide to form a bridge over which a long 

glass coverslip (50 mm x 50 mm) was placed, generating an interface between 

coverslip and midgut for imaging. 

 

2.2.5 Cell Culture 

2.2.5.1 Cell Maintenance 

U87 cells were grown at 37oC and 5% CO2 using T75 cell culture flasks in DMEM 

containing 1% L-Glutamine and supplemented with 10% (v/v) FBS and 1% P/S. Cells 

were passaged twice weekly at 70-80% confluence as follows. Growth media was 



67 
 

removed and cells washed in HBSS to remove protease inhibitors. Cells were 

detached by incubation for 5 minutes at 37oC in 10x Trypsin-EDTA. After 

trypsinisation, an equal volume of pre-warmed medium was added to deactivate the 

trypsin and the solution centrifuged at 800 rpm for 5 min. The resultant pellet was re-

suspended in growth medium and desired volumes of cells were seeded into new T75 

flasks containing an appropriate volume of fresh media. 

 

2.2.5.2 Cell Counting 

For cell counting, cells were first washed and trypsinised (Section 2.2.5.1 - Cell 

Maintenance), after which cells were suspended in 1 mL growth media. Equal 

volumes of trypan blue and cell suspension were then gently mixed to form the cell 

counting solution. 10 µl of this solution was then applied to a haemocytometer BS 

748 (Hawksley, UK). The number of viable cells (cells that do not take up the trypan 

blue solution and hence appear clear) in the four corner squares and one centre 

square of the haemocytometer grid were counted and the following equation utilised 

to calculate the number of cells per mL of cell suspension. 

Cells / mL = number viable cells x (trypan dilution / number of squares counted) x 104 

Where 104  represents the haemocytometer value. 
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2.2.5.3 Cell Storage 

To freeze cells, cells were washed and trypsinised as previously described (Section - 

2.2.5.1 - Cell Maintenance). The resulting pellet was re-suspended in 1 mL freezing 

medium comprising 90% FBS and 10% dimethlysulfoxide (DMSO) and counted 

(Section - 2.2.5.2 Cell Counting). Cells were then further diluted in freezing medium 

to give a final concentration of approximately 1 x 106 cells / mL. 1mL of cell 

suspension was then transferred to cryovials and placed in a Mr Frosty at -80oC 

overnight, after which vials were transferred to liquid nitrogen for long term storage. 

 

2.2.5.4 Culturing Cells From Frozen 

To culture cells from frozen, cryovials containing stored cells were removed from the 

liquid nitrogen bank and immediately transferred to a water bath set at 37oC to 

defrost. Meanwhile, an appropriate volume of pre-warmed media was added to a 

fresh T75 culture flask. Cells were then transferred from cryovial to flask by use of a 

plastic Pasteur pipette and incubated at 37oC and 5% CO2 overnight. After incubation 

for 24 hrs the media was replaced with an equal volume of fresh media and cells 

passaged when appropriate. 

 

2.2.5.5 siRNA Transfection  

Prior to transfection, cells were counted (Section 2.2.5.2 Cell Counting) and plated in 

an optimal density of 1 x 105 cells in 2 mL antibiotic-free complete medium per single 
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well of a 6-well plate, after which the plate was incubated at 37oC with 5% CO2 

overnight. A 5 µM siRNA solution was prepared in 1 x siRNA buffer and the solution 

further diluted 1:20 in serum-free phenol-red free medium. In a separate tube, 

DharmaFECT transfection reagent was diluted in serum-free phenol-red free medium 

to give a final concentration of 3 µL/well and both tubes incubated for 5 min at RT. 

Following this, the contents of each tube were mixed and the resultant transfection 

medium incubated for a further 30 min at RT. The transfection medium was then 

further diluted in antibiotic-free phenol-red free complete medium to give a final 

siRNA concentration of 25 nm. Culture medium was subsequently removed from 

each well of the 6-well plate and 2 mL of the appropriate transfection medium was 

added dropwise per well. The cells were then incubated at 37oC in 5% CO2 for 48 hrs. 

Post-transfection, cells were washed, trypsinised and the subsequent pellets 

harvested for downstream application (Section 2.2.5.6 – Invasion Assay or Section 

2.2.6.5 – RT-PCR). 

 

2.2.5.6 Invasion Assay 

In order to perform the in vitro invasion assay, invasion chambers were prepared in 

single wells of a 24-well plate. Inserts containing an 8 µm pore size polycarbonate 

membrane were coated in High Concentration Matrigel Matrix (Corning) which was 

first diluted to 1 µg/µL in serum-free media. Utilising reverse pipetting to avoid air 

bubble formation, 50 µL matrix was added to each insert after which the plate was 

incubated for 1 hr at 37oC. 48 hours post-siRNA transfection, cells were washed and 

trypsinised as previously described (Section 2.2.5.1 - Cell Maintenance) and the 
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resultant pellet re-suspended in 1mL 

serum-free, phenol red-free medium 

containing 0.2% BSA (quenching 

medium). Cells were counted (Section 

2.2.5.2 Cell Counting) and brought to a 

final volume of 2.4x105 cells/mL in 

quenching medium. 250 µL cell 

suspension was then added to each 

insert and 500 µL phenol red-free 

complete culture medium was added to 

the lower chamber. The plate was then 

incubated for 48 hrs at 37oC with 5% 

CO2. Post-incubation, cell suspension 

was removed from the upper chamber 

and the inserts placed into fresh wells 

containing detachment solution (Merk Millipore). The plate was then incubated for 

30 mins at room temperature, during which time it was gently shaken to aid cell 

detachment. CyQuant GR dye (Molecular Probes) was diluted 1:75 with lysis buffer 

(Merk Millipore) and 100 µL added to each well, after which the plate was incubated 

for a further 15 mins at RT.  Samples were then transferred to a 96-well plate and 

read on a fluorescent plate reader with a 480/520 nm filter set and optimal gain. The 

assay is depicted in Figure 2.5.  

 

Figure 2.5. Invasion Assays 

Invasion assays were performed in invasion 
chambers comprising of inserts coated in a thin 
layer of reconstituted basement membrane 
matrix. Invasive cells migrate through the ECM 
layer and cling to the bottom of the membrane, 
where they can be dissociated with cell 
detachment buffer, lysed and detected by 
CyQuant GR dye. 
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2.2.6 Molecular Biology  

2.2.6.1 Immunostaining of the Drosophila Midgut 

For immunostaining, fertilised adult female intestinal tracts were first dissected 

(Section 2.2.4 – Dissection of the Drosophila Midgut) and transferred immediately to 

a glass dish containing 4% PFA for 15-20 min at room temperature (RT). The fixative 

was removed and midguts washed with PBS, after which they were transferred to 2% 

NGS blocking solution (Section 2.1.9 - Midgut Dissection and Immunostaining) and 

incubated for 1 hr at RT. After blocking, specimens were incubated with chosen 

primary antibodies at the aforementioned dilutions (Section 2.1.6 - Antibodies) at 4oC 

overnight. Primary antibodies were rinsed twice with 0.1% PBST and washed twice 

for 15-20 min before the addition of appropriate secondary antibodies (Section 2.1.6 

- Antibodies) for 1 hr at RT. Samples were then washed and rinsed as previously 

described. If DAPI staining was required, guts were rinsed in PBS before incubation in 

1 µg/mL DAPI stain solution for 10 minutes at room temperature. After further 

rinsing with PBS, stained midguts were then mounted in FluoroGel mounting media 

(GeneTex) as described previously (2.2.4.1 Live Imaging of the Drosophila Midgut) 

and kept at 4oC until imaging. 

 

2.2.6.2 RNA Extraction 

To extract RNA from U87 cell lines, a confluent flask of T75 cells was pelleted as 

previously described (Section 2.2.5.3) and 1mL Trizol reagent added, after which the 

sample was incubated for 5 min at room temperature (RT). Following the addition of 
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0.2 mL chloroform, the sample was shaken vigorously for 15s and incubated at room 

temperature for a further 2-3 min. The sample was then centrifuged for 15 min at 4oC 

and 12,000 rpm to separate the organic and aqueous phases. Taking care not to 

disturb the protein-containing interphase layer, the upper aqueous upper layer was 

isolated and transferred to a nuclease-free Eppendorf tube. 0.5 mL 100% isopropanol 

was then added and the sample incubated for 10 min at RT. After centrifugation for a 

further 10 min at 12,000 rpm at 4oC, the supernatant was removed to leave the RNA 

pellet, which was purified and concentrated using GeneJet RNA Purification columns 

(ThermoFischer Scientific) as per manufacturer’s instructions. 

The resultant RNA was then chilled on ice and either used immediately for 

downstream applications (Section 2.2.6.3 – cDNA Synthesis) or transferred to -80oC 

for long-term storage. RNA concentration and absorbance was measured using a 

Nanodrop2000, and denaturing gel electrophoresis used to assess RNA quality. 

 

2.2.6.3 cDNA Synthesis 

cDNA synthesis was undertaken using RNA extracted from the U87 cell line (Section - 

2.2.6.2 RNA Extraction). To a sterile nuclease-free tube, 1-2 µg template RNA and 1 

µL Oligo (dT)18 primer were added and the reaction mix made up to 12 µL with 

nuclease-free water. The tube was then incubated at 65oC for 5 minutes in order to 

remove RNA secondary structure. Following chilling on ice, the following reaction 

components were added in the described order: 4 µL 5X Reaction buffer, 1 µL 

RiboLock RNase Inhibitor (20 U/µL), 2 µL 10mM dNTP Mix and 1 µL RevertAid Reverse 

Transcriptase (200 U/µL).  The reaction mix was then incubated at 42 oC for 60 min 
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and the reaction terminated by heating to 70 oC for 5 min. The resultant cDNA was 

either kept on ice for immediate use or stored at -20 oC. 

 

2.2.6.4 Temperature Gradient Optimisation of Primers 

In order to improve the efficiency of RT-PCR assays, temperature gradient PCR was 

employed. For each sample, 12.5 µL iQ SYBR master mix, 1 µM of each primer and 50 

ng cDNA template was made up to a final volume of 25 µL in PCR tubes. The reaction 

was then run across a gradient of temperatures between the lowest and highest that 

would be appropriate for each primer pair in order identify the optimum annealing 

temperature. The PCR products were run on a 2% agarose gel and analysed to 

identify the annealing temperature that provided the highest specificity and yield. 

 

2.2.6.5 RT-PCR 

In order to assess relative gene expression levels following siRNA-mediated 

knockdown (Section 2.2.5.5 – siRNA Transfection), RT-PCR was implemented using 

SYBR-green chemistry in order to detect DNA amplification. Each reaction contained 

10 ng cDNA, 5 µM forward and reverse primers and 12.5 µL of iQ SYBR Green 

Supermix, which was made up to a final reaction volume of 25 µL. A Bio-Rad C1000 

CFX96 RT-PCR machine was utilised with the following conditions: 95oC / 10 min; 40 

cycles of: 95oC / 15 sec, 60oC / 1 min, 72oC / 30 sec; 72oC / 10 min. 
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Analysis was conducted using ΔΔCT method outlined below, in which mRNA 

expression was normalised to endogenous reporter gene GAPDH. 

ΔCT sample = CT (target) - CT (GAPDH) 

ΔCT control = CT (target) - CT (GAPDH) 

ΔΔCT = ΔCT sample - ΔCT control 

Fold change = 2 – ΔΔCT 

% Knockdown = (1 - 2 – ΔΔCT) * 100 

Where ΔCT sample represents normalised gene expression value ΔCT for the target 

(the gene being knocked down) in the experimental sample and ΔCT control represent 

the equivalent ΔCT for the non-targeting siRNA-treated sample. 

 

2.2.7 Microscopy and Image Analysis 

Live and fixed gut samples were imaged using either an inverted Leica SP2 confocal 

laser scanning microscope or a Zeiss LSM880C confocal microscope, with either a 10x 

immersion or 40x oil objective and 488 nm, 532 nm, 633 nm and 405 nm lasers. All 

images were taken at 1024x1024 pixel resolution as z-stacks with an appropriate step 

size. The resulting images were then viewed and analysed using Fiji (Image J) 

software. Where cell counting was required, CellProfiler analysis (Carpenter et al., 

2006) of confocal reconstructions was undertaken. 
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2.2.8 Statistical Analysis 

In order to carry out statistical analysis of collected data, Minitab Statistical Software 

was utilised. Where Student’s t-tests were performed, statistical significance was 

accepted at P < 0.05 with *P < 0.05, **P  < 0.01, ***P < 0.001 and ****P < 0.0001. 

Error bars plotted on graphs are presented as the mean ± standard error (SEM) 

unless otherwise indicated. 
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Chapter 3 

In vitro invasion assays using the U87 

glioblastoma cell line. 
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3.1 Introduction 

Glioblastoma represents the most aggressive brain malignancy known. It is a cancer 

characterised by diffuse invasion into the surrounding tissue, which makes treatment 

almost impossible. Thus, research into glioblastoma invasion and the genes involved 

is a vital area of research. 

In order to identify potential mediators of this process, genes were selected for study 

on account of the results obtained in the loss of function (LOF) RNAi-mediated 

genetic screen previously completed in the Georgiou Lab (Section 1.8 – The Genetic 

Screen). As described earlier, a number of genes in the screen were identified as 

presenting an invasive phenotype when depleted in combination with lgl -/- in the 

Drosophila epithelium. From these, four genes - Gtp-bp, Ser, Ih and Trax - were 

selected for further study due to their high scores for invasion in the screen and the 

reasonable % similarity and identity (Table 3.1) they shared with their closest human 

orthologs, SRPRA, JAG1, HCN2 and TSNAX respectively. In addition, each gene had 

either never been linked to cancer invasion previously, or had been implicated in 

invasion however not in the context of glioblastoma. It would therefore be 

interesting to see whether, as in the screen, an invasive phenotype would be 

observed when the human ortholog of each gene was depleted in the U87 

glioblastoma cell line (Section 2.1.7 – Cells) and invasion assays undertaken.  

The assays utilised in this study (Section 2.2.5.5 – Invasion Assays), are based upon 

the widely used Boydon Chamber principle, with the addition of a reconstituted 

basement membrane layer. Such assays were chosen on account of their simple 

design and ease of use, which would allow the screening of multiple candidate genes. 
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Drosophila 

Gene 

Human Gene Identity / % Similarity / % 

Serrate 

(Ser) 

Jagged 1 

(JAG1) 

33 46 

I[[h]] channel 

(Ih) 

Hyperpolarization-activated cyclic 

nucleotide-gated  ion channel. 

(HCN2) 

 

53 68 

Transilin-

associated 

factor X 

(Trax) 

Transilin-associated factor X 

(TSNAX) 

 

36 56 

GTP-binding 

protein  

(Gtp-bp) 

Signal recognition particle receptor 

alpha. 

(SRPRA) 

52 69 

Table 3.1 Pro-invasive hits chosen from the genetic screen. 

The table shows the results obtained from pairwise alignments of orthologous proteins to assess their 

% similarity (% of amino acid residues with similar physiochemical properties) and % identity (% of 

identical residues). 

 

3.1.1  Gtp-bp/SRPRA 

Gtp-bp is a Drosophila gene that spans a 2056 bp region of the X chromosome. The 

gene codes for a 614 amino acid protein called GTP-binding protein (Gtp-bp). 

Together with signal recognition particle (SRP), Gtp-bp is a component of an 

essential, universally conserved protein targeting machine which couples synthesis of 

nascent proteins to their proper membrane localisation. 

As previously described (Figure 1.10), in the genetic screen, a particularly striking 

phenotype was observed upon Gtp-bp depletion in the Drosophila epithelium. In 

addition to increased levels of invading cells, clonal tissue was drastically reduced in 

size and highly multi-layered, with cells losing polarised cell morphology and growing 
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on top of one another. Table 3.2 displays the qualitative scores for key categories 

from the screen, scored as outlined earlier (Section 1.8 – The Genetic Screen) (See 

Appendix K for a full description of the scoring system utilised in the genetic screen). 

Table 3.2 Qualitative scores for key phenotypes in lgl -/- ; Gtp-bp RNAi animals. 

All scoring was relative to the phenotypes displayed by lgl -/-, with those most representative of that 

seen in lgl -/- animals awarded a score of 0. 

 

 The human ortholog of Gtp-bp is SRPRA (SRPRA), which is found on the long arm of 

chromosome 11 and encodes a 638 amino acid protein – signal recognition particle 

receptor alpha (SRPRA). Gtp-bp and SRPRA share a highly conserved N-terminal 

helical bundle domain and GTPase domain (NG domain) (Figure 3.1), which is also 

found in the 54 kDa SRP54 component of SRP. Both proteins also share an AAA-

ATPase smart domain.  

 

 

 

 

 

 

 

 

 

  

 Dividing Cells Invading Cells Clonal Tissue  Multi-layering 

Gtp-bp -0.2 0.9 -1.0 1.2 

Figure 3.1. Conserved domains between Gtp-bp and SRPRA proteins. 

The diagram shows highly conserved N-terminal helical bundle domains (SRP54_N) and GTPase 

domains (SRP54) in Drosophila Gtp-bp (A) and human SRPRA (B). The AAA-ATPase domain is not shown 

due to overlapping domains. Pink boxes represent low complexity regions. Adapted from (Schultz et 

al., 1998). 
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SRPRA, along with signal recognition particle receptor beta (SRPRB) make up the 

signal recognition particle receptor (SRPR), a membrane-bound receptor for the SRP. 

Collectively, SRPR and SRP comprise the major cellular machinery which mediates the 

co-translational transport of roughly 30% of the proteome from the ribosome to the 

endoplasmic reticulum (ER). This allows the proper localisation of proteins to their 

correct cellular destinations, a feat essential for the structure, organisation and 

function of all cells. The process begins upon the emergence of a nascent 

polypeptide, destined for either ER/plasma membrane targeting or secretion, from a 

translating ribosome. SRP recognises the N-terminal signalling sequence on the 

nascent polypeptide via its SRP54 domain, halting translation and allowing 

interaction with the SRPR. The SRPR then mediates targeting to the Sec61 translocon 

at the ER membrane, at which point translation resumes and the nascent chain is fed 

directly from the ribosome into the Sec61 translocon pore in the ER. This results in 

the dissociation of SRP from its receptor such that additional rounds of protein 

targeting can commence (Akopian et al., 2013; Saraogi et al., 2011).  

In eukaryotes, the SRPR is a heterodimeric complex in which SRPRA, a 70 kDa 

peripheral membrane protein, dimerises with SRPRB, an integral membrane protein, 

via its N-terminal X-domain, localising the receptor to the ER membrane. Both 

subunits are GTPases. In fact, it is the multi-state GTPase activity possessed by both 

the SRPR subunits and SRP which provides the high temporal and spatial control 

required for efficient and precise SRP-dependent protein targeting (Shan et al., 2009; 

Jadhav et al., 2015; Zhang et al., 2008). 
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In recent years there has been an abundance of in-depth mechanistic investigations 

regarding SRPR and SRP-dependant protein targeting. However, in spite of this, 

relatively little is known about the consequences that defects or alterations within 

the pathway might have, especially within the context of disease. Furthermore, 

research has revealed that SRPR is the rate-limiting component of SRP-mediated 

protein targeting, suggesting that defects within this component have the potential 

to affect the entire pathway (Lakkaraju et al., 2008). For these reasons, the study of 

SRPRA/Gtp-bp and the potential effects of its depletion, especially within a cancer 

model, is particularly interesting and led to the selection of this gene to research 

further. 

 

3.1.2 Ser/JAG1 

Serrate is a well-characterised Drosophila gene located on the third chromosome. It 

encodes a 1407 amino acid protein with a universally conserved role in the Notch 

pathway (Section 1.6 – The Notch Pathway). Serrate is a single-pass, transmembrane 

protein with 14 EGF-like repeats in its extracellular domain. It plays an important role 

in wing imaginal disc morphogenesis, where its complex expression pattern has been 

shown to regulate position-specific cell proliferation (Speicher et al., 1994).  

When Ser was depleted in combination with lgl -/- in the genetic screen, a strong 

phenotype was observed. Perhaps most striking was the substantial increase in multi-

layering detected, where over half of all clonal tissue appeared dis-organised and 

multi-layered. Multi-layering is a trait frequently seen in conjunction with increased 
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levels of invasion, as was detected upon Ser depletion in this system. Table 3.3 

outlines the qualitative scores for Ser in key phenotypes analysed in the screen (See  

Appendix K for a description of the scoring system used). 

Table 3.3 Qualitative scores for key phenotypes in lgl -/- ; Ser RNAi animals. 

All scoring was relative to the phenotypes displayed by lgl -/-, with those most representative of that 

seen in lgl -/- animals awarded a score of 0. 

 

The human orthologs of Serrate are JAG1 and JAG2, which are amongst the five 

canonical ligands for Notch receptors expressed by mammalian cells. The JAG1 gene 

is located on the short arm of chromosome 20. Encompassing 26 exons, the gene 

encodes a 1218 amino acid protein, which is composed of a relatively small 

intracellular domain, a transmembrane domain and a large extracellular component. 

The extracellular domain of JAG1 is highly homologous to Serrate, with both proteins 

possessing a Delta/Serrate/Lag2 (DSL) domain (Figure 3.2) through which they 

interact with the Notch receptor and trigger Notch pathway activation. Downstream 

of the DSL domain lies 16 tandem EGF-like repeats, similar to those found in Serrate 

(Lindsell et al., 1995; Cordle et al., 2008). 

In addition to its role in Notch signalling, JAG1 is frequently mutated in Alagille 

syndrome, an autosomal dominant disorder characterised by multi-organ 

developmental abnormalities. 94% of Alagille cases arise from mutations in the JAG1 

gene, commonly resulting in a truncated JAG1 protein lacking a transmembrane 

domain (Grochowski et al, 2016). 

 Dividing Cells Invading Cells Clonal Tissue  Multi-layering 

Ser 0.2 1.0 -0.3 1.9 



83 
 

JAG1 has also been implicated in multiple aspects of cancer biology, such as tumour 

angiogenesis, neoplastic cell growth, the EMT and resistance to therapy (Li et al., 

2014).  In glioblastoma, JAG1 has been shown to be directly implicated in tumour 

development and proliferation and as such, it is considered a poor prognosis factor 

for the disease (Qiu et al., 2015; Purow et al., 2005). However, the role of JAG1 in 

glioblastoma invasion has not been widely studied and hence it would be interesting 

to investigate its potential role in invasion in a glioblastoma cell line. 

 

3.1.3 Ih/HCN2 

Ih is a Drosophila gene located on the second chromosome that encodes a 618 amino 

acid protein which functions as a hyperpolarisation-activated cyclic nucleotide-gated 

channel (HCN). HCN channels are responsible for the hyperpolarisation-activated (Ih) 

current, an important regulator of excitability and rhythmicity through control of 

basic membrane properties. Despite having multiple important roles in mammals, the 

Figure 3.2. Conserved domains between Serrate and JAG1 proteins. 

The diagram shows the conserved DSL domains and EGF-like repeats between Serrate (A) and JAG1 (B). 

Blue boxes represent the transmembrane domain while VWC is a von Willebrand factor (vWF) type C 

protein binding domain. Pink boxes represent low complexity regions. Adapted from (Schultz et al., 

1998). 
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physiological role of HCN channels in invertebrates is less clear. Drosophila mutant 

for Ih display altered circadian rhythms and behavioural defects, and it has been 

suggested that Ih current is required for the maintenance of normal dopamine 

fluctuations (Gonzalo-Gomez at al., 2012; Chen and Wang, 2011).  

In the genetic screen, RNAi-mediated knockdown of Ih resulted in a highly invasive 

phenotype. Extremely high levels of epithelial cells were identified beneath the plane 

of the epithelium, accompanied by an increase in the amount of multi-layered tissue 

compared to lgl -/- alone. The average scores for Ih in key categories studied in the 

screen are summarised in Table 3.4. 

Table 3.4 Qualitative scores for key phenotypes in lgl -/- ; Ih RNAi animals. 

All scoring was relative to the phenotypes displayed by lgl -/-, with those most representative of that 

seen in lgl -/- animals awarded a score of 0. 

 

The human orthologs of Ih are HCN1-4 of which HCN2 is most similar. HCN2 is located 

on the short arm of chromosome 19 and encodes an 889 amino acid protein. Both Ih 

and HCN2 share a C-terminal cytoplasmic cyclic nucleotide binding domain, 

conferring sensitivity to cyclic adenosine monophosphate (cAMP) which modulates 

HCN activity (Figure 3.3). HCN channels are pore loop channels that assemble into 

homo- or heterotetrameric complexes found in a number of excitable and non-

excitable cell types. They are responsible for the pacemaker currents in neurons and 

cardiac cells and for this reason have become prominent targets for the treatment of 

cardiac rhythm disorders. In addition to cardiac dysfunction, recent studies have also 

shown HCN channels to be associated with certain neurological disorders such as 

 Dividing Cells Invading Cells Clonal Tissue  Multi-layering 

Ih -0.3 1.3 -0.4 0.6 
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epilepsy and pain (Lewis and Chetkovich, 2011).  Indeed, in 2011 HCN2 was identified 

as the gene responsible for chronic and neuropathic pain (Emery et al., 2011). 

As of yet, HCN2 has not been implicated in cancer. On account of this, and the fact 

that HCN2 is highly expressed in brain tissue, the study of this gene in invasion using a 

brain cancer cell line would be interesting and could contribute to our understanding 

of the potential role of this gene in disease.  

 

3.1.4 Trax/TSNAX 

Trax is a Drosophila gene located on the third chromosome. Upon Trax knockdown in 

combination with lgl -/- in the genetic screen, an interesting phenotype was 

observed. In addition to extremely high levels of invading cells, mutant tissue also 

contained substantially fewer dividing cells than that seen in the lgl -/- mutant alone. 

A summary of the average scores given for key categories during the genetic screen is 

presented in Table 3.5 (See Appendix K for a description of the scoring system used). 

Figure 3.3. Conserved domains between Ih and HCN2 proteins. 
The diagram shows the conserved cyclic nucleotide binding domain (cNMP) between Ih (A) and HCN2 
(B). Blue boxes represent transmembrane domains while pink boxes represent low complexity regions. 
Adapted from (Schultz et al., 1998). 
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Table 3.5 Qualitative scores for key phenotypes in lgl -/- ; Trax RNAi animals. 

All scoring was relative to the phenotypes displayed by lgl -/-, with those most representative of that 

seen in lgl -/- animals awarded a score of 0. 

 

Trax is orthologous to a single human gene, TSNAX, which is located on the long arm 

of chromosome one in humans. Both Drosophila and human genes encode relatively 

small proteins of 298 and 290 amino acids respectively. TSNAX was identified in a 

yeast two-hybrid screen for proteins that interact with Transilin, a single-stranded 

DNA (ssDNA) and RNA binding protein. TSNAX shares conserved sequence similarities 

with transilin and appears to depend on translin interaction for stability (Yang et al., 

2004; Claussen et al., 2006). Due to its ability to bind ssDNA and RNA, the transilin-

TSNAX complex has been implicated in a number of cellular functions such as DNA 

repair (Kasai et al., 1997), RNA trafficking and processing (Chiaruttini et al., 2009) and 

the regulation of cellular proliferation (Yang et al., 2004; Yang and Hecht., 2004).  

Both transilin and TSNAX have also been implicated in a disease context. It has been 

suggested that transilin may play a role in reciprocal chromosomal translocations and 

has been shown to bind consensus sequences within recombination hotspot regions 

in both lymphoid (Aoki et al., 1997) and solid malignancies (Hosaka et al., 2000). 

Furthermore, TSANX is significantly involved in major psychiatric disorders in certain 

populations via its intergenic splicing with disrupted-in-schizophrenia 1 (DISC1), a 

gene located immediately downstream of TSNAX. This genomic region has been 

closely related to susceptibility for bipolar disorder and associated with schizophrenia 

(Okuda et al., 2010). 

 Dividing Cells Invading Cells Clonal Tissue  Multi-layering 

Trax -0.9 1.5 -0.2 0.4 
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There are currently no studies which implicate TSNAX, either independently or within 

the transilin-TSNAX complex, to cancer invasion. On account of both this and a 

number of the suggested cellular functions of this gene, it would be interesting to 

further explore the effect that depletion of TSNAX might have on the ability of cancer 

cells to invade. 
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3.2 Results 

3.2.1 siRNA-mediated knockdown of SRPRA, JAG1, HCN2 and TSNAX  

Depletion of Gtp-bp, Ser, Ih and Trax in a Drosophila epithelial model promotes the 

invasive capabilities of transformed cells. To see whether the human orthologs of 

each of these genes – SRPRA, JAG1, HCN2 and TSNAX respectively – may also act as 

mediators of invasion when knocked down in a human malignant brain cancer model, 

in vitro invasion assays were performed. 

In order to ensure adequate expression levels of each gene in the U87 glioblastoma 

cell line prior to gene knockdown, RT-PCR (Section 2.2.6.5 – RT-PCR) was first 

performed and expression levels measured relative to endogenous reference gene 

GAPDH. Prior to RT-PCR reactions, temperature gradient optimisation of PCR primers 

was undertaken to validate optimum primer annealing temperatures (Appendix A 

and B). All four genes were found to be strongly expressed in the U87 glioblastoma 

cell line and CT values indicative of abundant target nucleic acid were recorded 

(Appendix C-F).  

Accordingly, U87 cells were transfected with non-targeting control siRNA and siRNA 

targeting either SRPRA, JAG1, HCN2 or TSNAX (Section 2.2.5.5 – siRNA Transfection). 

48 hours post-transfection, RT-PCR was undertaken (Figure 3.4) (Appendix G-J) and % 

knockdown calculated using the ΔΔCT method normalised to GAPDH. For all four 

genes, average % knockdown was calculated to be between 97-98.6% (Table 3.6), 

indicative of consistent gene knockdown between independent assays. 
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Figure 3.4. RT-PCR to analyse gene expression post-siRNA transfection.  

To assess effectiveness of siRNA knockdown, U87 cells were transfected with non-targeting control 

siRNA and siRNA targeting SRPRA, JAG1, HCN2 or TSNAX. 48 hr post-transfection, cDNA was 

harvested and analysed by RT-PCR for SRPRA (A), JAG1 (B), HCN2 (C) or TSNAX (D) expression levels. 

Data was normalised to GAPDH and is presented relative to expression levels in the non-targeting 

siRNA control sample. RT-PCR was performed in triplicate. Mean ± SD plotted; data was analysed by 

Student’s t-test and statistical significance set at P < 0.05; n=3; ****P < 0.0001. 
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Gene Average Expression Fold 
Change / 2-ΔΔCT 

 

Average Knockdown / % 

SRPRA 
 

0.0140 98.6 

JAG1 
 

0.0294 97.1 

HCN2 
 

0.0267 97.3 

TSNAX 
 

0.0148 98.5 

Table 3.6 Average % Knockdown 

Expression fold change was calculated using the ΔΔCT method, in which mRNA expression was 

normalised to endogenous reporter gene GAPDH and the non-targeting control. The average fold 

change was then used to estimate % knockdown.  
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3.2.2    Depletion of JAG1 and TSNAX in a human glioblastoma cell line 

suppresses invasion 

Quantitative in vitro invasion assays, in which tumour cell invasion was analysed 

through a basement membrane model (Section 2.2.5.6 – Invasion Assay), were 

performed with transfected glioblastoma-derived U87 cells (Figure 3.5). Notably, 

knockdown of JAG1 resulted in a 55% reduction in the number of invading U87 cells, 

suggesting that loss of JAG1 function partly suppresses the invasive capabilities of 

U87 glioblastoma cells. Likewise, depletion of TSNAX in U87 cells resulted in a 42% 

reduction in the levels of cell invasion, again implying that TSNAX knockdown has a 

repressive effect on the invasive properties of this cell line. Interestingly, these 

results differ from the highly invasive phenotype observed upon knockdown of Ser 

and Trax in the Drosophila genetic screen, suggesting that JAG1 and TSNAX may play 

different roles in cancer cell invasion in a human malignant brain cancer model than 

they do in an epithelial Drosophila model. 

Knockdown of both SRPR and HCN2 did not significantly change the invasive 

capabilities of U87 cells, although it must be noted that there was some variability 

between independent assay repeats. As such, it must be concluded that SRPR and 

HCN2 do not appear to mediate cellular invasion in the U87 glioblastoma cell line. 

These results do not, however, discount the possibility that these genes may have a 

role in U87 cell migration that precedes invasion.  
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Figure 3.5 Depletion of JAG1 and TSNAX results in a significant decrease in invasion of U87 cells. 

Invasion assays were performed using the U87 glioblastoma cell line transfected with siRNA targeting 

the expression of human SRPRA, JAG1, HCN2 and TSNAX genes. The graph displays the effect of each 

gene knockdown on U87 cell invasion relative to the invasion of un-transfected U87 cells (UTC). 

Assays were performed in triplicate. Data was analysed by Student’s t-test and statistical significance 

set at P < 0.05. Mean ± SEM plotted; n = 3; **P < 0.01. 
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Chapter 4 

Further characterisation of Gtp-bp 
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4.1   Introduction 

The Drosophila gene Gtp-bp encodes the alpha component of the signal recognition 

particle receptor, a protein vital for SRP-dependent co-translational protein targeting 

to the ER membrane (Section 3.1.1 – Gtp-bp and SRPRA). As previously discussed, 

Gtp-bp was identified in the genetic screen due to the invasive phenotype presented 

upon its knockdown in lgl -/- mutant cells in the Drosophila notum epithelium. 

Consequently, additional research into the potential roles of this gene in 

tumourigenesis is warranted.  

As such, prior to this project numerous further experiments had revealed many 

interesting findings. Firstly, generation of Gtp-bp loss of function (LOF) clones in a WT 

background results in increased delamination and decreased clonal tissue area 

compared to WT clones. Secondly, labelling of sensory organ precursor (SOP) cells 

within Gtp-bp mutant clones in the Drosophila notum, by way of the neuralized 

promoter to drive GFP expression, showed expansion of the SOP cell population. SOP 

cells are usually evenly spaced cells present within the notum that give rise to the 

external sensory organs, a process in which Delta-Notch signalling plays a pivotal role. 

Neuralized (neur) is a gene expressed in SOP cells that will give rise to macro- and 

microchaetae (bristles). The clumps of SOP cells and perturbed bristle formation that 

resulted from loss of Gtp-bp activity in the clones are suggestive of both defective 

Delta-Notch signalling and cell fate decisions. Further to this, expression of a live 

Notch reporter in Gtp-bp mutant clones in the notum revealed disrupted Delta-Notch 

signalling within the clones. Taken together, these experiments suggest that loss of 
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Gtp-bp function in the Drosophila notum results in a cell specification defect 

influencing cell fate decisions (Data un-published). 

As a result, further examination of the role of Gtp-bp in cell fate decisions was 

required. To do this, the Drosophila midgut was chosen as a model system (Section 

1.5 – The Drosophila Intestinal Tract). The midgut epithelium is maintained by a 

population of intestinal stem cells (ISCs) (Section 1.5.1 – Cellular Organisation of the 

Drosophila Midgut) which, like their mammalian counterparts, require multiple 

signals to maintain their proper function, primarily Notch, Janus Kinase-Signal 

Transducer and Activator of Transcription (JAK/STAT) and epidermal growth factor 

receptor (EGFR). The role of the Notch pathway in cell fate choice and differentiation 

is particularly well-researched and this, combined with the simplicity of the midgut 

cell lineage and its high rate of epithelial turnover were reasons why the midgut was 

chosen to use in this study. 
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4.2   Results  

4.2.1 Loss of Gtp-bp activity in RFP negatively marked clones 

inhibits clonal expansion. 

Previous experiments showed that loss of Gtp-bp expression in clones 

generated within the notum resulted in a decreased clonal area when 

compared to WT clones. In order to see whether the same phenotype would be 

observed in the midgut, negatively marked clones expressing a mutant Gtp-bp 

(Gtp-bpB) (Section - 2.2.3.1 Using the FLP/FRT System to Generate RFP 

Negatively Marked Clones) were generated using the FLP/FRT system. 

As anticipated, single cell and multi-cell clones were detected for both Gtp-bpB 

mutant and WT control genotypes (Figure 4.1 A-B’). Gtp-bpB clones were 

smaller than WT control clones at 15–17 days ACI, with the majority being just 

single cells. In addition, the Gtp-bpB multi-cell clones that did form failed to 

reach the larger clone sizes of those found in the WT control. Gtp-bpB multi-cell 

clones were predominantly made up of just two cells, with only 8% of clones 

reaching a size of 5 cells or greater, in comparison to 37% of WT clones 

reaching this larger size (Figure 4.1 C). 

It was also observed that individual cells were generally smaller within Gtp-bpB 

mutant clones than WT clones. This was particularly noticeable amongst the 

single cell clone population, in which cell area was found to be significantly 

reduced upon Gtp-bpB expression (Figure 4.1.D). This could perhaps be 
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representative of a different cell type in each genotype constituting the 

majority of clones this size.  
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Figure 4.1.  Gtp-bp mutation inhibits clonal expansion. 

Posterior midguts harbouring control (A and A’) or Gtp-bpB mutant (B and B’) clones, 

marked by the absence of RFP (labelled with asterisk). Guts were analysed at 15-17 days 

ACI and cells identified and counted by means of E-cadherin-GFP expression (green). A and 

B show examples of single cell clones, while A’ and B’ show examples of multi-cell clones. 

The graph in (C) shows the distribution of clone size observed. WT: n = 59 clones from 14 

midguts; Gtp-bpB: n = 25 clones from 8 midguts. The graph in (D) shows quantification of 

single cell clone area. Data was analysed by Student’s t-test and statistical significance set 

at P < 0.05. Mean ± SEM plotted; ****P < 0.0001; WT n = 26; Gtp-bpB = 19. 
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4.2.2 Loss of Gtp-bp function in GFP negatively marked clones both 

suppresses clone size and decreases EC population 

In order to further examine the phenotypes recorded in the RFP negatively marked 

clones experiment, it would be important to analyse whether there are any 

differences in differentiated cell type and number between WT and Gtp-bpB mutant 

clones. Due to the inability of RFP expressed in the midgut to maintain fluorescence 

after fixation and lack of an RFP antibody, a new negatively marked system was 

designed, again using the FLP/FRT system but this time with histone-GFP to label cell 

nuclei. 

Consistent with the RFP system, the majority of Gtp-bpB clones were single cells, with 

fewer multi-cell clones than the WT control at 15-17 days after clone induction (ACI) 

(Figure 4.2 E). However, more single cell WT clones were detected in the GFP system. 

Again, Gtp-bpB multi-cell clones that did form tended to contain less cells than WT 

multi-cell clones, with only 6% of Gtp-bpB clones reaching a size of 5 cells or greater in 

comparison to 20% of WT clones which were of this larger size. These results further 

confirm that Gtp-bp mutation impacts clonal expansion, potentially suggestive of 

defective ISC proliferation upon loss of Gtp-bp activity. 

In addition, on average, fewer Gtp-bpB clones in total were detected per posterior 

midgut than WT clones (Figure 4.2 F). Upon statistical analysis, this result was not 

quite significant (p = 0.06), likely due to the small sample size imaged and varying 

levels of clone induction detected between animals, perhaps as a result of the heat 

shock technique used.  
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On account of the smaller cell sizes observed in Gtp-bpB clones in the RFP system, the 

possibility that cell types within WT and Gtp-bpB mutant clones may differ was 

addressed. In order to identify enteroendocrine (EE) cells, posterior midguts were 

stained for Prospero, a transcription factor specific to the EE population. Enterocyte 

(EC) cells were identified by their large size and defined as possessing a nuclear 

diameter of 7 µm or greater (Bardin et al., 2010; Tauc et al., 2017). In the few 

expanded Gtp-bpB clones, it was possible to identify both EE and EC cells, indicating 

that ISCs are still able to divide and differentiate in the absence of proper Gtp-bp 

function. No significant difference was observed between the percentage of WT and 

Gtp-bpB clones possessing at least one Prospero positive cell (Figure 4.2 B). However, 

large variation between posterior midgut samples was found, again likely to be 

attributable to varying levels of clone induction following HS.  

In contrast, approximately half as many Gtp-bpB clones contained an EC cell than WT 

clones. The fact that the EE population appears unaffected upon Gtp-bp loss and yet 

the EC population is significantly depleted from the same midguts is an interesting 

finding and could be representative of a differentiation defect towards the EC cell 

lineage upon loss of Gtp-bp. 
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Figure 4.2. Gtp-bp mutation reduces both enterocyte population and clonal growth. 

Posterior midguts harbouring control (A, A’ ) or Gtp-bpB mutant (C, C’) clones, were dissected at 15-17 

days ACI. Clones were marked by the absence of GFP and DAPI (blue) used to identify cells in GFP-

negative spaces. Prospero (red, nuclear) was used to identify EE cells (arrows), while nuclei with 

diameters >7 µm were classed as EC cells (arrowhead). The percentage of clones harbouring one or more 

EE cells or EC cells are displayed in graphs (B) and (D) respectively. Data was analysed by Student’s t-test 

and statistical significance set at P < 0.05. Mean ± SEM plotted; *P < 0.05; WT n = 4 (B) and 5 (D); Gtp-bpB 

n = 4 (B) and 8 (D). Graph (E) shows the distribution of clone size observed and (F) shows the average 

number of clones detected per posterior midgut (PM). WT n = 5; Gtp-bpB n = 6; mean ± SEM plotted. 
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4.2.3     Positively marked clones in the Drosophila midgut 

In order to further examine the effect of Gtp-bp loss of function on clone size and 

composition, as well as to examine cell morphology, the MARCM system was chosen 

in order to generate clones of marked cells homozygous for Gtp-bpB. Generating 

positively marked clones in the posterior midgut proved difficult throughout this 

study. As a result, it was not possible to obtain a full set of results from either of the 

MARCM systems attempted. Preliminary data obtained, as well as problems 

encountered using these systems are displayed hereafter. 

 

4.2.3.1   MARCM labelling system chosen is ineffective at long time 

points 

In the first MARCM system attempted, the GFP fusion protein, Moesin-GFP was 

utilised in order to mark the actin cytoskeleton of transformed cells and allow 

detailed analysis of midgut cell morphology. 

Upon analysis of WT posterior midguts, huge variability between samples was 

detected. Both clone size and number of clones detected per midgut were 

inconsistent and a high proportion of both WT and Gtp-bpB midguts did not contain 

any clones. Quantification of images collected yielded unexpected results, with larger 

Gtp-bpB clones detected than WT clones, a finding in disagreement with previous 

results obtained from the midgut and the nota (Figure 4.3 A). Controls carried out 

alongside the experimental samples also produced strange results. To test the 

constructs used in this experiment to label transformed cells, UAS-MoeGFP 
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expressing flies were crossed with flies expressing a Tubulin-Gal4 construct (Section 

2.2.2.2 – The Gal4/UAS System). It was anticipated that the resultant progeny would 

express Moesin-GFP ubiquitously on account of the Tubulin-Gal4 driver. At short time 

periods post-heat shock, this was indeed the case and the entire midgut was 

appropriately labelled with GFP (Figure 4.3 B). However, at the longer time periods 

required for this experiment, this labelling mechanism was neither consistent nor 

effective and only a small number of cells appeared to retain Moe-GFP expression 

(Figure 4.3 C). Thus, it is likely that the discrepancies in this labelling system are 

responsible for the variable results obtained in this experiment.  
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Figure 4.3.  The Gal4-UAS system utilised to label MARCM clones is not effective at late time 

points post-heat shock. 

The graph in (A) shows the distribution of clone size observed using the MARCM system to generate 

positively marked Gtp-bpB mutant or WT clones in WT tissue. WT: n = 78 clones in 29 midguts; Gtp-

bpB: n = 37 clones in 17 midguts. (B) and (C) are posterior midgut regions presented as maximum 

intensity z-projections of multiple z-sections in x/y. Flies expressing a UAS-Moesin-GFP transgene 

under the control of Tub-Gal4 were subjected to a 1 hr HS at 37oC and dissected at the time points 

specified. (B) shows Moesin-GFP expression at 8D post-heat shock while (C) represents the depleted 

Moesin-GFP expression observed at 19D post-heat shock. 
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4.2.3.2 Alternative MARCM scheme  

A new MARCM system was then designed which employed TARGET (esg-Gal4ts) and 

FLPout systems in order to generate positively marked clones labelled with GFP. 

Again, this system presented some problems. Substantial GFP background was 

detected in all samples, which made clonal analysis difficult. This is likely to be due to 

background signal from the Gal4/UAS system. Such elevated background levels of 

GFP meant that, although identification of large EC-like cells was simple, detecting 

smaller cells was problematic. As such, fewer small cells than expected were found in 

WT clones, a factor potentially owing to the difficulties of clone identification in this 

system. Interesting however, was that the large EC-like cells which were easily 

detectable and made up almost every WT clone identified (Figure 4.4 A) were rarely 

found in Gtp-bpB clones, which were generally small, single cells (Figure 4.4 B).  

Surprisingly, very few large multi-cell WT control clones were detected in this system. 

Instead, clones existed in large clusters of smaller, one- or two-cell clones and 

independent clones were rare (Figure 4.4 A). Nevertheless, in agreement with 

previous research (Figure 4.1, 4.2), more single cell clones and fewer multi-cell clones 

were detected upon Gtp-bpB expression than in WT clones and the Gtp-bpB multi-cell 

clones that did form were smaller (Figure 4.4 C). Additionally, significantly fewer Gtp-

bpB clones were recorded per posterior midgut than WT clones (Figure 4.4 D), in 

support of trends identified earlier (Figure 4.2). 

The results obtained from the second MARCM system tested appear less variable 

than the first and there were fewer animals in which no clones were detected. 

However, this data must be considered as merely preliminary and further 
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optimisation of this system is required. It will be especially important to validate that 

the labelling system in this MARCM scheme is retained in old flies before it can be 

used reliably.  
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Figure 4.4. Loss of Gtp-bp function may reduce clone number in posterior midguts. 

Posterior midguts harbouring control (A) or Gtp-bpB mutant (B) clones, marked by the expression of GFP. 

Guts were analysed at 15-17 days ACI. Images are maximum intensity z-projections of multiple z-sections 

in x/y. The graph in (C) shows the distribution of clone size observed. WT: n = 92 clones in 7 PMs; Gtp-bpB: 

n = 15 clones in 7 PMs. The graph in (D) shows quantification of the number of clones per PM. Data was 

analysed by Student’s t-test and statistical significance set at P < 0.05. Mean ± SEM plotted; **P < 0.01; WT 

n = 7; Gtp-bpB = 7. 
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4.2.4 Loss of Gtp-bp function influences ISC/EB maintenance  

Results from the negatively marked clone experiments suggested that Gtp-bp may 

have a role in ISC proliferation and cell fate in the posterior midgut. To explore this 

further, Gtp-bp loss in the progenitor populations (ISC/EB) was examined using the 

driver esg-Gal4ts (TARGET system), which is strongly expressed in ISCs and EBs, to 

both drive Gtp-bp RNAi in ISCs/EBs and mark them with GFP. 

Midguts containing ISCs/EBs expressing the Gtp-bp RNAi transgene displayed no 

significant difference in the abundance of ISC/EB cells in the midguts of flies aged to 3 

and 8 days (post-temperature shift to 29oC to induce RNAi expression). However, 

when midguts were examined at a later time point of 19 days post-temperature shift, 

a dramatic and significant reduction in the number of GFP+ cells compared to the 

control was recorded (Figure 4.5), showing that the ISC/EB population is greatly 

reduced.  

In order to directly quantify the nature of the remaining GFP+ cells at 19 days, WT 

and Gtp-bp RNAi-expressing midguts were stained for Delta (Dl), which is specific for 

ISCs (although newly divided EB cells may also retain some Delta expression). 

Although the number of Dl+ GFP+ cells were drastically reduced in midguts 

expressing Gtp-bp RNAi (Figure 4.6 C), the proportion of the  GFP+ population that 

were Dl+ remained similar in both control and Gtp-bp RNAi midguts, suggesting that 

loss of Gtp-bp results in the depression of both the ISC and EB populations (Figure 4.6 

D). It can therefore be concluded that the loss of Gtp-bp activity severely affects ISC 

maintenance in older flies, however whether the ISC loss phenotype observed is due 
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to cell death, differentiation or an ISC proliferation defect requires further 

investigation. 
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Figure 4.5. Driving Gtp-bp RNAi expression in ISC and EB populations affects ISC/EB maintenance at 

late time points. 

Confocal images (top panel) depict GFP fluorescence (marking ISC and enteroblast populations) of 

either control posterior midguts (A-A’’) or posterior midguts expressing a Gtp-bp RNAi transgene (B-

B’’) driven by esg-Gal4 at 3, 8 and 19 days after shifting to 29oC induce transgene expression. Images 

are maximum intensity z-projections of all z-sections in x/y.  P represents the posterior most end of 

the posterior midgut (P4). The graph in (C) shows quantification of the effect of Gtp-bp knockdown on 

GFP-positive cells in the posterior midgut region at increasing time points. Data was analysed by 

Student’s t-test and statistical significance set at P < 0.05. Mean ± SEM plotted; ***P < 0.001; WT 3d n 

= 6; WT 8d n = 3; WT 19d n = 5; Gtp-bp RNAi 3d n = 10; Gtp-bp RNAi 8d n = 7; Gtp-bp RNAi 19d n = 8. 
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Figure 4.6. Gtp-bp knockdown causes a dramatic decrease in GFP+ ISC and EB cell numbers, but does not 

affect the proportion of GFP+ cells expressing Dl. 

Flies expressing esg-Gal4ts-GFP with (B) and without (A) UAS-Gtp-bp RNAi were collected at 19 days post-

RNAi induction and posterior midguts immunostained with GFP antibody (green) to mark ISC and EB 

populations, DAPI (blue)  to identify cell nuclei and Delta antibody (red) to detect ISCs (and newly formed 

EB cells). Images are presented as maximum intensity z-projections of multiple z-sections in x/y and 

magnified sections depict Delta positive GFP+ cells (identified by arrowheads, GFP channel removed to 

facilitate Delta observation). Graph (C) shows quantification of the total number of GFP+ Delta+ cells per 

posterior midgut. Mean ± SEM plotted. Graph (D) depicts the average percentage of GFP+ cells with Delta 

expression per posterior midgut. Data was analysed by Student’s t-test and statistical significance set at P < 

0.05. Mean ± SEM plotted; *P < 0.05; WT n = 3; Gtp-bp RNAi n = 3. 
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4.2.5 Gtp-bp is required for ISC self-renewal and maintenance 

To further examine the role of Gtp-bp in stem cell maintenance and differentiation, 

the inducible esg-FLPout system was employed (Section 2.2.2.4 – The FLPout 

System). Using this system, every progenitor cell and its new progeny would express 

UAS-GFP in addition to the UAS-Gtp-bp RNAi, allowing study of the effect of Gtp-bp 

knockdown on ISC proliferation and the differentiation of subsequent progeny.  

Normally, the posterior midgut epithelium renews itself within about 14 days 

(Ohlstein and Spradling, 2006; Jiang et al., 2009). As such, at 19 days, when the 

midguts were imaged, large portions of control midgut epithelia was replaced by 

GFP+ clones. However, following Gtp-bp RNAi expression, the growth of GFP-marked 

clones was greatly decreased and instead, mainly GFP+ single cells were observed, 

indicating major defects in gut epithelial renewal in the posterior midgut (Figure 4.7).  

Epithelial turnover is therefore effectively blocked in flies expressing Gtp-bp RNAi, 

suggestive of defective differentiation. However, due to the observation of a small 

number of GFP+ EC-like cells in the Gtp-bp RNAi midguts, it appears that some 

differentiation towards the EC cell fate does still occur upon Gtp-bp knockdown. 

However, it is possible that this could be due to the use of RNAi as a method to 

silence gene expression. The depletion of target, homologous mRNA takes time and 

other factors such as protein stability, turnover and the efficiency of the RNAi itself all 

dictate the effectiveness of target gene knockdown. Nevertheless, these results 

clearly demonstrate that proper Gtp-bp function is required for tissue self-renewal 

and ISC maintenance in the Drosophila midgut and again suggests a potential 

involvement of Gtp-bp in progenitor differentiation.  
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Figure 4.7 Gtp-bp knockdown inhibits proper midgut renewal.  

The FLPout system was used to both drive the expression of GFP (A and C) and GFP with a Gtp-bp RNAi 

transgene (B and D) within midgut progenitors and mark their progeny. Following transfer to 29oC, flies 

were aged a further 19 days and posterior midguts dissected and imaged. Images are maximum 

intensity z-projections of all z-sections in x/y. The graph in (E) shows quantification of the mean GFP 

intensity per PM. Data was analysed by Student’s t-test and statistical significance set at P < 0.05. WT n 

= 3; Gtp-bp RNAi n = 3; P**<0.01, mean ± SEM plotted. 
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4.2.6   Loss of Gtp-bp activity in an oncogenic Ras tumour model 

induces regional specific hyper-proliferation 

In order to further examine whether the ISC loss phenotype observed is due to 

defective proliferation within the ISC community, the effect of Gtp-bp LOF in an 

oncogenic Ras tumour model was explored. In the posterior midgut, EGFR signalling 

is known to activate ISC growth and division via the Ras/Raf/MAPK pathway and 

accordingly, a number of papers have demonstrated ISC hyper-proliferation upon 

expression of activated Ras (RasV12) (Xu et al., 2011; Jin et al., 2015). To this end, the 

esg-Gal4 system was used to express UAS-RasV12 (activated Ras) and UAS-Gtp-bp 

RNAi specifically within the ISC/EB populations. 

Notably, co-expression of both RasV12 and Gtp-bp RNAi within the ISCs of the 

posterior midgut results in their hyper-proliferation at all three time points analysed 

(Figure 4.8 A-B’’). Thus, the loss of ISC phenotype previously observed upon Gtp-bp 

knockdown at 19 days (Figure 4.6) was completely inverted upon expression of an 

enabling Ras mutation, displaying that given stimulation, ISCs lacking proper Gtp-bp 

function are still capable of proliferation.  

However, differential GFP intensity was observed between compartments (Figure 

1.5). A significant increase in intensity was detected in RasV12 + Gtp-bp RNAi 

expressing midguts between the P1 compartment and other compartments of this 

genotype at the 3 day time point (Figure 4.8 B). Interestingly, this regional-specific 

increase in intensity was not detected in the P1 sub-region of posterior midguts 

expressing RasV12 or Gtp-bp RNAi alone (Figure 4.8 C). This finding indicates 

particular sensitivity in the P1 compartment to loss of Gtp-bp in combination with 
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RasV12. Correspondingly, closer analysis of the upper epithelial monolayer 

consistently displayed a visible increase in cell density within the plane of the 

epithelium in this sub-region compared with the same sub-region in midguts 

expressing RasV12 alone (Figure 4.9). 

A significant increase in intensity was also detected in RasV12 expressing midguts 

between the P1 compartment and other sub-regions of this genotype at the 8 day 

time point, however this increase in intensity was not as dramatic as that observed in 

the RasV12 + Gtp-bp RNAi midguts at 3 days. Contrastingly, at all other time points 

GFP intensity remained relatively constant between sub-regions and no significant 

changes were detected.  

These results suggest that, with stimulation (at least by active Ras), Gtp-bp-depleted 

ISCs are capable of proliferating. However, it must be considered that in this system, 

RasV12 and Gtp-bp RNAi expression are switched on simultaneously, but for reasons 

previously described, RNAi may take longer to have an effect. For this reason, it is 

possible that RasV12 could stimulate ISC proliferation before the RNAi can effectively 

deplete Gtp-bp mRNA.  Unexpectedly, in young flies, the hyper-proliferation induced 

in Gtp-bp RNAi expressing ISCs upon RasV12 expression appears to be heightened in 

the P1 sub-region, perhaps due to conditions existing in this particular compartment 

at the 3 day time point that are more conducive to hyper-proliferation. These results 

suggest that, at least under some circumstances, loss of Gtp-bp may promote 

oncogenic Ras-mediated hyper-proliferation. 
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Figure 4.8. Gtp-bp knockdown in a Ras tumour model results in a regional-specific increase in GFP 

intensity. 

Esg-Gal4 was used to drive the expression of GFP and either overactive Ras (RasV12) alone (A-A’’), RasV12 

plus a Gtp-bp RNAi transgene (B-B’’) or Gtp-bp RNAi alone (Figure 4.5) within ISCs/EBs. Following transfer to 

29oC, flies were aged a further 3 (A and B), 8 (A’ and B’) and 19 (A’’ and B’’) days and posterior midguts 

dissected and imaged. Images are maximum intensity z-projections of all z-sections in x/y. Posterior regions 

P1-4 are indicated, with P4 being the posterior-most end. Graph C shows quantification of the relative 

fluorescence intensity of GFP in posterior midgut regions P1-4, normalised to intensity in region P4. Data 

was analysed by Student’s t-test and statistical significance set at P < 0.05. Mean ± SEM plotted; *P = <0.05; 

RasV12 3d n = 13, RasV12 8d n = 11, RasV12 19d n = 8; RasV12+Gtp-bp RNAi 3d n = 13, RasV12+Gtp-bp 

RNAi 8d n = 9, RasV12+Gtp-bp RNAi 19d n = 8; Gtp-bp RNAi 3d n = 10, Gtp-bp RNAi 8d n = 7; Gtp-bp RNAi 

19d n = 8. 
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Figure 4.9. Loss of Gtp-bp may promote Ras-induced ISC proliferation in the P1 sub-region of 

posterior midgut. 

Three days post RNAi induction, posterior midguts of flies expressing esg-Gal4 driven GFP and either 

constitutively active Ras (RasV12) alone (A), or RasV12 plus Gtp-bp RNAi (B) were dissected and 

imaged. ISC and EB cells are marked with GFP. Hyper-proliferation of P1 region can be observed in (A) 

and (B), displayed as multiple z-sections in x/y. 
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4.2.6.1   RasV12 expression alters ISC/EB morphology 

Along with hyper-proliferation, the expression of activated Ras resulted in the 

formation of rounded, large and abnormally-shaped ISC and EB cells, as previously 

reported (Tauc et al., 2017). Interestingly, this change in cell morphology was still 

observed in the presence of Gtp-bp RNAi. The cell shape observed upon RasV12 

expression was in stark contrast to WT control or Gtp-bp RNAi expressing 

progenitors, in which cells appeared small, well-structured and possessed protrusions 

(Figure 4.10). This suggests that Ras activation influences ISC morphology as well as 

proliferation in the Drosophila midgut independently of Gtp-bp. 
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Figure 4.10. RasV12 expression in ISC/EB cells results in rounded and abnormal cell morphology. 

Esg-Gal4 was used to drive the expression of GFP (A) and either Gtp-bp RNAi alone (B), RasV12 

alone (C), or RasV12 + Gtp-bp RNAi (D) within both ISC and EB cells. Following transfer to 29oC, flies 

were aged up to 3 days and posterior midguts dissected and imaged. Images are maximum 

intensity z-projections of multiple z-sections in x/y. 
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4.2.7 Loss of Gtp-bp function restricts RasV12-induced multi-layering 

within the midgut epithelium 

To see whether Gtp-bp knockdown had a further effect on any oncogenic Ras-

induced phenotypes, the extent of multi-layering – a key aspect of tumour 

progression and a pre-requisite for invasion – within the midgut epithelium, was 

analysed. 

On account of the apparent hyper-proliferation detected in the P1 sub-region upon 

co-expression of RasV12 and Gtp-bp RNAi at 3 days, multi-layering was analysed in 

this region and time point. As knockdown of Gtp-bp in the RasV12 model results in 

increased GFP intensity in this region, it was anticipated that the epithelium would 

also exhibit a high degree of multi-layering. Surprisingly no evidence for this was 

found. Although multi-layering was clearly present in both genotypes, the additional 

expression of Gtp-bp RNAi actually appeared to reduce the thickness of multi-layered 

tissue in this region when compared with RasV12 alone (Figure 4.11).  
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Figure 4.11. Gtp-bp knockdown lessens the multi-layering phenotype induced by overactive Ras. 

Three days post RNAi induction, posterior midguts of flies expressing esg-Gal4 driven GFP (A) and 

either overactive Ras (RasV12) alone (B and D), or RasV12 plus a Gtp-bp RNAi transgene (C and E) were 

dissected and imaged. ISC and EB cells are marked with GFP. Clear evidence of multi-layering can be 

observed in (B) and (C), displayed as single z-sections in x/y. White dotted lines in (A) aid midgut 

visualisation. (D) and (E) are reconstructions of all z-sections in y/z. The graph in (F) shows the % of 

lumenal space remaining at the point of most intense multi-layering at the midpoint of each gut. Three 

separate measurements were taken per gut and an average calculated for each. Data was analysed by 

Student’s t-test and statistical significance set at P < 0.05.  Mean ± SEM plotted; *P < 0.05; RasV12 n = 

4, RasV12 + Gtp-bp RNAi n = 4. 
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5.1   In vitro invasion assays using the U87 glioblastoma cell line. 

5.1.1 SRPRA and HCN2 knockdown has little effect on the invasiveness 

of U87 glioblastoma cells 

Depletion of SRPRA and HCN2 did not affect the invasive capabilities of U87 

glioblastoma cells. Although this is at variance with the genetic screen, where 

depletion of Gtp-bp and Ih appears to promote invasion in the Drosophila notum, it is 

important to note that these two systems represent different cancer models; an in 

vivo Drosophila model of epithelial cancer and an in vitro model of human malignant 

brain cancer. In recent years it has become increasingly evident that there are tissue- 

and cell-type specific differences in tumourigenesis and the organisation of oncogenic 

signalling pathways (Schneider et al., 2017) and hence, although the genetic screen 

was used to identify interesting genes, it was not anticipated that the same results 

would necessarily be seen in both systems.  

Invasion in epithelial cancer is largely reliant on the EMT (Section 1.3.2 – the EMT), 

which controls the switch between cancer proliferation and metastasis. In contrast, 

glioblastomas derive from immature astrocytes, not epithelial cells and seldom 

metastasise and therefore, until recently, the EMT had not been linked to 

glioblastoma progression. The transition of glioma cells from a proliferative to an 

invasive phenotype is highly dependent on local micro-environmental cues that 

prompt tumour cells to egress from the primary tumour mass. Most notable are 

signals activated by a hypoxic tumour environment, such as hypoxia inducible factor-

1 (HIF-1), which promotes the expression of genes implicated in glioma cell invasion 

such as MMPs. Interestingly, a recent body of evidence has suggested that EMT-like 
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traits may also play a role in the invasive phenotype of gliomas. For example 

hepatocyte growth factor and TGF-β are strong stimulators of glioblastoma invasion 

and also essential for EMT (Xie et al., 2014; Noh et al, 2017; Hoelzinger et al., 2007). 

Nevertheless, genes that promote invasion in an epithelial model of cancer will not 

necessarily mediate invasion in a model of glioblastoma, as the cell types and 

molecular mechanisms that govern invasion in each vary. Furthermore, the genetic 

screen used a cancer model that is only moderately invasive to begin with, whereas 

the U87 cells utilised in this project represent a highly invasive cell line. Thus, if SRPRA 

and HCN2 are implicated in the acquisition of an invasive phenotype, rather than its 

maintenance, then their depletion may not have an effect in an invasive system that 

has already undergone this process. 

In addition, it is important to note that there was variability between independent 

invasion assay repeats which may have influenced results. This was particularly 

evident upon SRPRA knockdown in which especially high variation between individual 

experiments was detected. This indicates that at present, the assay is running at sub-

optimal conditions. Further optimisation of the assay will therefore be required to 

improve the reliability of results. Accordingly, control experiments testing a range of 

different U87 cell densities and matrix concentrations will be valuable to ensure that 

the density of cells seeded and the ECM-like barrier through which they must invade 

are optimal. By repeating the invasion assays for all four genes in the optimised 

system, it will be possible to generate more reliable results. 

Furthermore, it is now known that for many the pro-invasive hits from the screen, 

the delaminated phenotype observed is not solely due to increased invasion and a 
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proportion of the delaminating cells are actually apoptotic. To this end, gene 

knockdown promotes apoptosis in some of the transformed cells, which then 

delaminate from the epithelium; yet remain GFP+ for long enough to be detected, 

mimicking invading cells (Cornhill, 2016). A proportion of the detected delaminated 

cells do not however, show signs of apoptosis and appear to be truly invasive. It is 

currently unclear as to how many genes originally identified as invasive are also 

apoptotic when knocked down, or indeed the extent of apoptosis between different 

invasive hits.  

The results obtained here indicate that depletion of HCN2 and SRPRA may not alter 

cellular invasion in a metastatic brain cancer. However, further investigation into the 

roles of these genes in the acquisition of an invasive phenotype may be warranted. It 

would be interesting to analyse their effects on a pre-metastatic brain cancer and 

indeed in other cancer types. In fact, by using cBioPortal to analyse expression and 

mutation data from large scale cancer genomics projects (Cerami et al., 2012), it 

appears that both of these genes are frequently amplified, mutated and deleted in a 

number of cancer data sets, especially in prostate and breast cancers (Eirew et al., 

2015; Beltran et al., 2016). Consequently, it would also be of interest to repeat the 

invasion assays using human epithelial cancer cell lines, which are also likely to be 

more representative of the epithelial model used in the screen. The MCF-7 cell line, a 

well-studied human non-invasive epithelial cancer cell line derived from breast 

adenocarcinoma, would be a good candidate for such experiments.  
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5.1.2    Loss of JAG1 and TSNAX may suppress glioblastoma cell invasion 

JAG1, is one of the canonical ligands for Notch receptors and as such, plays a critical 

role in multiple signalling pathways (Section 3.1.2 – Ser and JAG1). Knockdown of 

JAG1 in in vitro invasion assays resulted in a significant reduction in the invasive 

capabilities of the U87 glioblastoma-derived cell line, suggesting that this gene may 

have a potential role in mediating cellular invasion in glioblastoma. Although at 

variance with data previously collected in the Drosophila screen, it is important to 

note that the role of Notch signalling in cancer is complex (Section 1.7 – The Notch 

Pathway) and can have both oncogenic and tumour-suppressive effects depending on 

cellular context (Leong and Karsan, 2006).  

Indeed, the decrease in invasion observed is supported by a range of evidence linking 

the Notch pathway and its ligands to various aspects of tumour biology. High 

expression of JAG1 is associated with increased tumour progression, metastatic 

potential and poor overall survival in a range of cancers including colorectal cancer, 

lung cancer, breast cancer and glioblastoma (Sugiyama et al., 2010; Chang et al., 

2016; Berdanz-Knoll et al., 2016; Qiu et al., 2015). Furthermore, loss of JAG1 

expression in colon and lung cancer cell lines has been shown to decrease the 

invasive and migratory capabilities of cancer cells (Chang et al., 2016; Dai et al., 

2014). In glioblastoma, the majority of research on Notch signalling to date has 

focused on its role in tumour development and proliferation. Notably, Notch-1 has 

been linked to EGF signalling, the major proliferative pathway in glioblastoma, via up-

regulation of EGFR transcription through its regulation of p53, an activator of the 

EGFR promoter (Purow et al., 2008).  Further to this, knockdown of both JAG1 and 
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Notch-1 in glioblastoma cell lines slows cell growth (Purow et al., 2005). Less research 

has been undertaken regarding the role of Notch signalling in glioma invasion, 

however siRNA-mediated down-regulation of Notch-1 has been shown to attenuate 

the invasive capabilities of malignant glioma cells (Xu et al., 2010). 

The results obtained here imply that JAG1 may influence cellular invasion in 

glioblastoma, as in other solid malignancies, suggesting a function for JAG1 in cancer 

cell invasion in different cancer types. However, these results will need to be 

validated upon invasion assay optimisation, as due to the aforementioned variation 

detected in some of the genes tested in this study, the results obtained should be 

considered as unreliable at present. Following this, further research will be useful in 

order to understand how loss of JAG1 might suppress invasion in this system. JAG1 

loss in colon cancer cell lines has been associated with decreased expression of 

MMP2 and MMP9 (Dai et al., 2014). Both MMP2 and 9 are proteases commonly up-

regulated in glioblastoma and implicated in disease progression. For this reason, it 

would be interesting to analyse the effect of JAG1 knockdown on their expression in 

glioblastoma cells by way of immunohistochemistry, qPCR or western blot.   

TSNAX has been implicated in a number of cellular processes with its binding partner 

Transilin (Section 3.1.4 – Trax and TSNAX), including DNA repair and RNA processing. 

Upon siRNA mediated knockdown of TSNAX in U87 glioblastoma cells, a significant 

decrease in invasion was observed, indicating that TSNAX may have a role in the 

regulation of cellular invasion in glioblastoma. As TSNAX has not previously been 

implicated in glioblastoma or cancer invasion before, this is an interesting 

observation worthy of further analysis. In order to validate this novel finding, further 



128 
 

research will be required. The use of a more sophisticated system, such as a 3D cell 

culture model or primary cell line isolated from glioblastoma tissue, would represent 

a more physiologically relevant option in which to investigate the potential role of 

TSNAX in glioblastoma invasion. 

It would also be interesting to see whether TSNAX expression levels are commonly 

altered in glioblastoma, for example by immunohistochemistry of a glioblastoma 

tissue microarray (TMA). As a starting point of such analysis, cBioPortal was utilised 

to analyse expression data from large-scale cancer data sets (Cerami et al., 2012).  No 

genetic alterations in TSNAX were recorded in any of the brain cancer data sets 

present on the database. However, TSNAX was found to be frequently amplified in a 

range of epithelial cancers. This was particularly evident in a number of invasive 

breast cancer and prostate cancer studies (Pereira et al, 2016). On account of such 

findings, repeating the invasion assays using breast cancer and prostate cancer 

epithelial cell lines would also be of interest.  

Interestingly, a role for TSNAX has recently been uncovered independent from 

Transilin in ataxia telangiectasia mutated (ATM)-mediated DNA repair (Wang et al., 

2016). It was demonstrated that TSNAX facilitates the activation of ATM and 

optimises the MRN (Mre11-Rad50-Nbs1) complex – ATM – H2AX repair machinery. 

Furthermore, TSNAX down-regulation was shown to result in the failure of ATM 

activation, impairing DNA repair and causing eventual stress-induced apoptosis in 

mouse fibroblasts. On account of recent evidence regarding the effect of apoptosis 

on delamination in the screen system,  it is tempting to postulate that the increase in 

invasion recorded upon Trax knockdown in the genetic screen could also be linked, at 
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least in part, to an increase in DNA damage-induced apoptosis. If so, the knockdown 

of Trax could increase susceptibility of transformed cells to apoptosis, hence resulting 

in an increased number of delaminated apoptotic cells.  This is, however, just 

speculation and further analysis of apoptosis in the Drosophila screen system, for 

example by way of apoliner live constructs (Bardet at al., 2008) or TUNEL assay 

(Arama and Steller, 2006), would be required to confirm this. 

 

5.2    The further characterisation of pro-invasive hit Gtp-bp 

5.2.1    Loss of Gtp-bp represses ISC proliferation and renewal 

Prior to this study, previous research showed that loss of Gtp-bp function in the 

Drosophila notum both promotes epithelial cell delamination and reduces clonal 

tissue size.  

As in the notum, Gtp-bpB negatively marked clones generated in the midgut were 

substantially smaller than WT clones. The consistent observation of this phenotype 

between different systems is convincing evidence that loss of proper Gtp-bp activity 

inhibits clonal expansion. This was accompanied by a not significant but noteworthy 

reduction in the number of clones detected per posterior midgut upon loss of Gtp-bp 

activity, supported by preliminary MARCM data where Gtp-bpB clones were 

significantly less abundant than WT clones. As the aforementioned clones are mitotic, 

emanating from the only dividing cells in the gut - the ISCs - they can be used as a 

measure of ISC proliferation and number (Apidianakis and Rahme, 2011). Therefore, 

collectively, this data indicates that loss of Gtp-bp function may impact the 
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proliferative capacity of ISCs, hence suggesting a role for Gtp-bp in the regulation of 

ISC proliferation and/or maintenance. 

The dramatic and significant decrease in ISCs and EBs upon expression of Gtp-bp 

RNAi further supports this. Although little change in progenitor number was observed 

in young flies, at later time points, after the epithelium should have undergone 

extensive renewal, ISC and EB populations expressing Gtp-bp RNAi were greatly 

reduced. Moreover, the expression of Gtp-bp RNAi resulted in a major block in gut 

epithelial turnover, indicating that proper Gtp-bp function is a requirement for ISC 

self-renewal and subsequent differentiation. Such findings are again suggestive of 

impaired ISC proliferation upon loss of proper Gtp-bp activity, although apoptosis 

should also be considered. 

Interestingly, a role for this gene in proliferation has been recorded. Knockdown of 

Srpr in mouse keratinocytes and S.cerevisiae has been shown to inhibit cell 

proliferation. Srpr was shown to regulate cell growth by promoting G1 to S-phase cell 

cycle progression and hence knockdown resulted in cell cycle arrest at G0/G1 and a 

concurrent reduction of cells in S-phase. Notably, no increase in apoptosis was 

observed (Kim et al., 2016; Ogg et al., 1992). On account of the high conservation of 

the SRPR between organisms, it is possible that this role in cell cycle progression is 

also applicable to Drosophila. 

Taken together, these results suggest that loss of Gtp-bp function may disrupt ISC 

proliferation thus suppressing both midgut epithelial renewal and clonal growth. To 

further explore this, experiments should include phosphohistone H3 (PH3) staining to 

assess ISC mitotic responses, or assays for BrdU incorporation – a marker of 
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progression through S-phase of the cell cycle – to monitor the proliferation rate of 

ISCs upon Gtp-bp knockdown. Moreover, staining for apoptosis markers, such as 

cleaved-caspase 3, will also be important to study whether apoptosis plays a role in 

the ISC-loss phenotype observed.  

The expression of activated Ras in the midgut is known to cause hyper-proliferation 

of ISCs via activation of the EGFR/Ras/MAPK pathway (Jin et al., 2015). In this study, 

co-expression of Gtp-bp RNAi and RasV12 was also shown to induce such hyper-

proliferation in ISCs, even at late time points, suggesting that ISCs lacking Gtp-bp are 

indeed capable of proliferation, yet under normal conditions this ability is 

suppressed. However, these results must be interpreted with caution. For reasons 

previously discussed (Section 4.2.5), RNAi-mediated knockdown of Gtp-bp may take 

longer to have an effect than the expression of a mutant, constitutively active Ras. 

Consequently, it is possible that RasV12 expression stimulates hyper-proliferation 

within the ISC population of the midgut before Gtp-bp has been effectively knocked 

down. In order to validate these results, an important further experiment will 

therefore be to utilise the MARCM system to generate Gtp-bpB mutant clones that 

simultaneously express RasV12.  

The phenotypic effects observed upon loss of Gtp-bp activity may also be attributable 

to a disruption in the positive feedback loops which exist in the midgut to stimulate 

ISC proliferation upon alterations in midgut homeostasis. When damaged or aged 

cells are lost from the epithelium, both they and the underlying visceral muscle 

release pro-mitotic EGFR and Unpaired ligands which activate EGFR and JAK-STAT 

pathways respectively in ISCs, promoting growth, division and epithelial 
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regeneration. Moreover, EGFR signalling is also vital for ISC proliferation itself 

(Lucchetta and Ohlstein, 2012; Jiang et al., 2009). If a component of one of these 

pathways was disrupted upon Gtp-bp loss, perhaps as a result of defective protein 

targeting, it is possible that the activation of ISC proliferation and subsequent 

epithelial renewal would be impaired. However, the expression of constitutively 

active Ras (as in this study) within affected ISCs could potentially bypass such a block 

in the feedback system and activate the EGFR/Ras/MAPK pathway further 

downstream, thus restoring ISC division. In order to explore whether ISCs deficient 

for Gtp-bp are capable of responding to damage-induced proliferation cues released 

by dying EC cells, it would be interesting to induce artificial damage in guts expressing 

Gtp-bp RNAi and monitor the ISC proliferative response by way of Dextran Sodium 

Sulphate (DSS) feeding experiments.  

Due to the presence of positive feedback loops in the midgut, it is difficult to 

ascertain what the primary effect of Gtp-bp LOF is. For example, if loss of Gtp-bp 

activity disrupts midgut feedback loops, ISC proliferation and subsequent 

differentiation may be affected. However, if differentiation itself is defective 

(discussed in detail below) resulting in the loss of differentiated cell types, then this 

could influence the effectiveness of the positive feedback loops themselves and 

hence affect ISC proliferation downstream. As such, it is possible that a number of 

different aspects are disrupted upon Gtp-bp LOF in this system. 
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5.2.2 Gtp-bp may be required for specification of the EC cell fate 

Research carried out prior to this project involving the SOP cells of the Drosophila 

notum has suggested that Gtp-bp may play a role in cell fate decisions, likely by 

involvement in Delta/Notch (Dl/N) signalling.  

Loss of Gtp-bp activity in the posterior midgut resulted in a severe disruption in 

midgut homeostasis. Analysis of differentiated cell type abundance in negatively 

marked mitotic clones revealed an apparent reduction in the EC population, an 

observation supported by preliminary MARCM data and suggestive of a potential 

differentiation defect upon loss of Gtp-bp activity. Staining midguts for Pdm-1 – a 

POU domain TF that marks the large polyploid nuclei of ECs – will be useful to further 

validate this. Interestingly, despite a decrease in EC-containing clones, there was no 

significant change in the number of EE-containing clones upon loss of Gtp-bp. This 

could suggest that, rather than inhibiting EB differentiation completely, Gtp-bp loss 

may instead cause a lineage-specific differentiation defect and affect EC cell fate 

specification only. 

Differentiation in the ISC lineage is controlled by Dl/N signalling. As previously 

described (Section 1.6.1 – The role of the Notch pathway in ISC maintenance and 

differentiation), ISCs express Dl which activates N signalling in daughter EBs. The cell 

fate decision between EE or EC cells is regulated by the intensity of the Dl signal, with 

high levels of Dl in the parent ISC promoting high levels N activity in the EB daughter 

resulting in differentiation toward the EC cell fate and low levels of Dl specifying EE 

differentiation (Ohlstein and Spradling, 2006; Micchelli and Perrimon, 2006; Jiang and 

Edgar, 2011). Accordingly, it has been recorded that when Dl/N is suppressed, either 
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by RNAi or clonal deletion, EC cell formation is blocked (Kapuria at al., 2012; Ohlstein 

and Spradling, 2007). On account of such research, the findings observed here could 

suggest that, as in the nota, loss of Gtp-bp disrupts Dl/N signalling, hence restricting 

EC differentiation. In the above-mentioned literature, low levels of Delta or N also 

afforded EE cell accumulation and growing clusters of ISC cells. These so-called “EE 

pools” were not observed within Gtp-bpB clones in this study; however there was 

substantial variation in the number of Pros+ cells detected per posterior midgut and 

hence a larger sample size may yield different results. Furthermore, driving Gtp-bp 

RNAi in the ISC/EB populations by way of Esg-Gal4 and staining for Prospero would 

also be useful to gauge the effect of loss of Gtp-bp function on EE abundance. In 

addition, Delta staining of Gtp-bp LOF clones will be required to see if multiple ISCs 

make up the Pros- EC- cells within Gtp-bpB multi-cell clones. This analysis was in fact 

attempted, however, issues with the consistency of the Delta antibody meant that 

reliable results were not obtained.  

As a result of previous work in the nota and evidence gathered here, it is tempting to 

hypothesise that loss of Gtp-bp may disrupt Dl/N signalling, resulting in inadequate 

Notch pathway activation in EBs and thus suppressing differentiation towards the EC 

cell fate. In order to examine if this is indeed the case, a key experiment will involve 

the analysis of the difference in the Delta expression levels between WT ISCs and ISCs 

expressing Gtp-bp RNAi by immunostaining for Delta and measuring the intensity of 

Delta expression. It may also be of interest to explore the effect of Gtp-bp loss on ISC 

and EB populations separately. As EC cells were observed in a small proportion of 

both Gtp-bpB negatively marked clones and FLPout clones, it is possible that the 

effect on differentiation afforded upon Gtp-bp knockdown is cell-type specific. By 
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using two recently developed Gal4 lines – Delta-Gal4 and Su(H)GBE-Gal4 (Zeng et al., 

2010) – it would be possible to express Gtp-bp RNAi specifically in the ISC or EB 

populations respectively and hence examine this further.  

 

5.2.3   Loss of Gtp-bp function alters oncogenic Ras-induced phenotypes 

In addition to providing further insight into its role in proliferation, analysis of Gtp-bp 

knockdown in an overactive RasV12 model also allowed study of this gene in a 

tumour context. Surprisingly, upon co-expression of Gtp-bp RNAi and RasV12, 

significantly increased GFP intensity was consistently recorded in the anterior-most 

region (P1) of the posterior midgut in young flies, compared to other sub-regions. 

This apparent increase in proliferation is in stark contrast to the decreased clone sizes 

previously recorded upon Gtp-bp LOF, both in the notum and in the midgut, which 

were suggestive of impaired proliferation, alluding perhaps to context-dependent 

functions for the gene. Nevertheless, this finding implies that Gtp-bp knockdown 

promotes Ras-induced hyper-proliferation at this time point, hence exerting an 

oncogenic effect, however interestingly only in this specific posterior midgut region.  

This observation is perhaps related to the complex regionalisation displayed by the 

Drosophila midgut. Recent studies have shown the midgut to comprise 10 sub-

regions, each with variations in cell behaviour and gene expression. Gene expression 

is highly specific and each sub-region expresses 50 - 150 genes 10 times higher than 

any other (Marianes and Spradling, 2013). Regionalisation is largely maintained by 

populations of ISCs which display high levels of transcriptional variation; differing in 
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the levels of effectors and targets of key signalling pathways including 

EGFR/Ras/MAPK and JAK/STAT (Dutta et al., 2015).  

If the regionally specific hyper-proliferation observed in this study is indeed due to 

differences between midgut sub-compartments, it appears to also be dependent on 

age, as older flies displayed more consistent levels of hyper-proliferation across 

midgut sub-regions. Indeed, midgut gene expression, compartmentalisation and ISC 

number and activity have been shown to alter with age (Choi et al., 2008; Buchon et 

al., 2013). However, most ageing research utilises very old flies, usually in the range 

of 30-60 days and hence it is difficult to know whether, at the time points utilised in 

this study, aging would have any impact on regional gene expression.  

Notably, regional epigenetic differences also affect the development of midgut 

tumours. Tumours generated by knockdown of Notch signalling in ISC/EBs by way of 

the esg-Gal4 driver have been shown to preferentially arise in the P1 region, where 

tumours were found to be earliest onset and largest, a finding attributed to pre-

existing variation in Dl/N signalling in this compartment (Marianes and Spradling, 

2013). Thus, this data could further support the claim that Dl/N signalling is 

perturbed upon Gtp-bp loss in the midgut, causing rapid ISC proliferation 

preferentially in this compartment. To explore this further, experiments could include 

driving Notch RNAi expression within ISC/EB populations in the RasV12 model and 

seeing whether a similar phenotype is observed. 

Further analysis of the P1 region also demonstrated that loss of Gtp-bp function 

appears to reduce Ras-induced multi-layering. Due to the high GFP intensity detected 

in this region, this result is unexpected and suggests that although cells proliferate 
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abundantly, loss of Gtp-bp function may promote proper cell-cell adhesion (Section 

1.3.1 – Epithelial Polarity) and organisation of the epithelial monolayer when in 

combination with overactive Ras. These results are at variance with previous 

experiments undertaken in the nota prior to this project which recorded that Gtp-bp 

knockdown stimulates the delamination of invasive cells (Data not shown), as multi-

layering typically precedes invasion. Reasons for these findings are unclear, however 

could again suggest that Gtp-bp has both biphasic and context-dependent roles in 

tumourigenesis. 

Conversely, it is perhaps possible that the reduction in multi-layering observed upon 

Gtp-bp depletion could in fact indicate invasion in this system. If loss of proper Gtp-

bp activity heightened the invasive capacity of cells in the midgut as it does in the 

notum, cells might invade more extensively from multi-layered tissue, hence resulting 

in a concurrent reduction in tissue thickness upon Gtp-bp loss. Unfortunately, on 

account of midgut structure, delaminated cells would likely then enter the lumen and 

be lost and hence it would be difficult to accurately quantify the levels of invading 

cells in this system. 

 

5.2.4    Expression of oncogenic Ras perturbs ISC and EB morphology 

In addition to promoting hyper-proliferation, expression of oncogenic Ras within the 

ISC/EB populations of the Drosophila posterior midgut also appeared to disrupt ISC 

and EB morphology. Interestingly, this change was still evident in the presence of 

Gtp-bp RNAi expression. Cells expressing RasV12 were large and rounded, lacking the 
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triangular shape characteristic of ISCs and the membrane protrusions frequently 

observed in EBs.  

Similar observations in cell morphology upon RasV12 expression have previously 

been recorded in both the midgut (Tauc et al., 2017) and Drosophila wing disc 

(Prober and Edgar, 2000), however reasons for this cell shape change have not been 

researched. In recent years, it has emerged that extensive cross-talk exists between 

Ras and Rho-GTPase families (Popoff and Geny, 2009; Sagi and Hall, 2000). Rho-

GTPases have a pivotal role in actin cytoskeleton regulation (Etienne-Manneville and 

Hall, 2002) and the organisation of actin-based cell protrusions (Georgiou and Baum, 

2010). Conjointly, the rounded morphology characteristic of amoeboid movement in 

cancer cell invasion is attributed to high Rho-GTPase activity which drives increased 

actomyosin contractility (Parri and Chiarugi, 2010). It therefore could be 

hypothesised that the abnormal ISC/EB cell morphology observed upon the 

expression of oncogenic Ras is attributable to changes in the actin cytoskeleton, 

potentially by alterations in Rho-GTPase activity mediated by Ras over-activation. 
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5.3    Concluding Statements 

In this study, four genes identified as presenting pro-invasive phenotypes in a loss-of-

function genetic screen undertaken in the Drosophila epithelium – Gtp-bp, Ser, Ih and 

Trax – were further researched. First, human homologs of these genes were studied 

in in vitro invasion assays using the adult U87 glioblastoma cell line. The results 

obtained provide evidence that both JAG1 and TSNAX may mediate cellular invasion 

in U87 glioblastoma cells and hence could play a role in invasion in glioblastoma, 

although further experiments will be required to confirm this. In the case of TSNAX 

this result is particularly interesting, as the gene has not been linked to cancer 

progression before. 

The study of Gtp-bp in the Drosophila midgut acted to further contribute to the 

characterisation of this gene. Loss of Gtp-bp activity in the posterior midgut was 

shown to both suppress clonal expansion and inhibit ISC self-renewal, indicating a 

potential role for Gtp-bp in the regulation of ISC proliferation. Moreover, analysis of 

the differentiated cell types in the midgut upon Gtp-bp loss of function showed a 

reduction in the enterocyte population, suggesting that Gtp-bp may be required for 

lineage-specific differentiation towards the enterocyte cell fate. Thus, like in the nota, 

loss of Gtp-bp activity in the posterior midgut may impair proper differentiation. 

Finally, the examination of the effect of RNAi-mediated, Gtp-bp depletion in an 

oncogenic Ras tumour model provided some evidence that in certain circumstances, 

loss of proper Gtp-bp function may promote Ras-induced proliferation, suggestive of 

context-dependent roles for this gene in tumourigenesis.  
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In conclusion, this project has begun the characterisation of a number of pro-invasive 

genes identified from a large-scale, loss-of-function genetic screen in Drosophila 

melanogaster and in doing so, has identified two potential targets for further 

glioblastoma research. Furthermore, the study of Gtp-bp in the posterior midgut has 

suggested potential functions for this gene in both proliferation and differentiation, 

supporting prior research carried out in the lab and providing further evidence for 

novel roles of SRP-dependent co-translational protein targeting in cell fate decisions, 

tissue homeostasis and potentially tumourigenesis. 
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Chapter 7. Appendix 

 

Appendix A.    Temperature gradient optimisation of SRPRA and JAG1 

primers 
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Temperature gradient optimisation of SRPR and JAG1 primers. All reactions were evaluated in 

a single run. Lane 1 contains the DNA ladder; lanes 3 and 9 are negative controls; lanes 4-7 are 

SRPRA PCR products at the temperatures indicated; lanes 10-13 are JAG1 PCR products at the 

temperatures indicated. U87 cDNA was used in all reactions. Lower bands represent unwanted 

PCR products such as primer dimers. White box indicates the optimal primer annealing 

temperature. 



160 
 

Appendix B.    Temperature gradient optimisation of HCN2 and TSNAX 

primers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature gradient optimisation of HCN2 and TSNAX primers. All reactions were evaluated 

in a single run. Lane 1 contains the DNA ladder; lanes 3 and 9 are negative controls; lanes 4-7 

are HCN2 PCR products at the temperatures indicated; lanes 10-13 are TSNAX PCR products at 

the temperatures indicated. U87 cDNA was used in all reactions. Lower bands represent 

unwanted PCR products such as primer dimers. White box indicates the optimal primer 

annealing temperature. 
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Appe ndix C.    Expression le  vels of SRPRA in U87 cells.                                           

 

 

 

 

 

 

 

 

 

 

 

Appe ndix D.    Expression le  vels of JAG1 in U87 cells. 

 

  

 

 

 

 

 

 

 

 

  

 

 

RT-PCR amplification curve (A) and melt curve (B) using cDNA harvested from the U87 cell line using SRPRA-

specific primers to validate SRPRA expression in this cell line prior to knockdown. 

A B

RT-PCR amplification curve (A) and melt curve (B) using cDNA harvested from the U87 cell line using JAG1-

specific primers to validate JAG1 expression in this cell line prior to knockdown. 

BA 
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Appe ndix E.    Expression le  vels of HCN2 in U87 cells. 

 

 

 

 

 

 

 

 

 

  

 

Appe ndix F.    Expression le  vels of TSNAX in U87 cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

RT-PCR amplification curve (A) and melt curve (B) using cDNA harvested from the U87 cell line using HCN2-

specific primers to validate HCN2 expression in this cell line prior to knockdown. 

RT-PCR amplification curve (A) and melt curve (B) using cDNA harvested from the U87 cell line using TSANX-

specific primers to validate TSNAX expression in this cell line prior to knockdown. 

A B 
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Appendix G.    Expression levels of SRPRA post-siRNA transfection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RT-PCR to analyse SRPRA expression. In order to assess effectiveness of SRPRA siRNA knockdown, 
U87 Glioblastoma cells were transfected with A) non-targeting control siRNA and B) SRPRA siRNA. 
Following a 48 hour transfection period, RT-PCR was carried out using extracted cDNA using SRPRA-
specific primers (shown) as well as GAPDH-specific primers (for ΔΔCT calculation). RT-PCR was 
carried out in triplicate and repeated twice to ensure knockdown was consistent. 
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Appendix H.    Expression levels of JAG1 post-siRNA transfection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RT-PCR to analyse JAG1 expression. In order to assess effectiveness of JAG1 siRNA knockdown, U87 
Glioblastoma cells were transfected with A) non-targeting control siRNA and B) JAG1 siRNA. 
Following a 48 hour transfection period, RT-PCR was carried out using extracted cDNA using JAG1-
specific primers (shown) as well as GAPDH-specific primers (for ΔΔCT calculation). RT-PCR was 
carried out in triplicate and repeated twice to ensure knockdown was consistent. 
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Appendix I.    Expression levels of HCN2 post-siRNA transfection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RT-PCR to analyse HCN2 expression. In order to assess effectiveness of HCN2 siRNA knockdown, U87 
Glioblastoma cells were transfected with A) non-targeting control siRNA and B) HCN2 siRNA. 
Following a 48 hour transfection period, RT-PCR was carried out using extracted cDNA using HCN2-
specific primers (shown) as well as GAPDH-specific primers (for ΔΔCT calculation). RT-PCR was carried 
out in triplicate and repeated twice to ensure knockdown was consistent. 
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Appendix J.    Expression levels of TSNAX post-siRNA transfection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RT-PCR to analyse TSNAX expression. In order to assess effectiveness of TSNAX siRNA knockdown, 
U87 Glioblastoma cells were transfected with A) non-targeting control siRNA and B) TSNAX siRNA. 
Following a 48 hour transfection period, RT-PCR was carried out using extracted cDNA using TSNAX-
specific primers (shown) as well as GAPDH-specific primers (for ΔΔCT calculation). RT-PCR was 
carried out in triplicate and repeated twice to ensure knockdown was consistent. 
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Appendix K.    Scoring system utilised in the genetic screen 

 

 

 Category 
 

Score 
 

Clonal Tissue  Invading Cells Dividing Cells Multi-layering 

2 
 

50% + Extensive Extensive 50% + 

1 
 

35-50% + Lots Lots 15-50% 

0 
 

15-35% Medium Medium 0-15% 

-1 
 

5-15% Few Few None 

-2 
 

0-5% None None / 

A description of the scoring system used in the screen, where 0 describes the phenotype common of 

the lgl -/- mutant genotype. In each case five animals were independently quantified by two 

scientists and results averaged. Clonal tissue size was quantified as the percentage of the imaged 

notum covered by mutant cones and multi-layering as the percentage of total clonal tissue exhibiting 

multi-layering. 
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